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Motivation  

 

     Production of renewable hydrogen is central to creating sustainable energy 

economy.  Electrochemical water splitting reaction is of key importance. Even 

the best catalysts used for electrochemical water oxidation reaction remain 

poorly understood. The water oxidation side of water splitting reaction is much 

more kinetically complex and demanding than hydrogen evolution reaction. So 

understanding the oxygen evolution reaction is of the crucial importance 

towards the efficient production of hydrogen and implementing green hydrogen 

energy economy. 

     Iridium oxide remains one of the most popular catalysts. Manganese based 

oxides are inspired from nature’s photosynthetic catalyst. The purpose of this 

thesis has been to understand the various bottlenecks in water oxidation reaction 

through electrochemical and spectroscopic techniques.  

     The solar refinery has the primary use to enable fast replacement of fossil 

fuel, throughout the energy systems distributed in the various economies of the 

planet.



 

Summary 

 

     The economy based on hydrogen is a synonym of a green sustainable energy 

system without fossil fuels. Hydrogen obtained in any process is CO2 poor as 

much as the energy used for the production is clean. In order to have sustainable 

and clean hydrogen economy, hydrogen should be produced using energy 

obtained from renewable sources. One way that is recommended is the 

production of hydrogen by electrolysis of water using solar energy. In the 

context of intermittent solar energy, an important feature is that hydrogen is a 

primary energy storage molecule.  

     In order to achieve the hydrogen evolution reaction running with high 

constant rate, oxygen evolution must happen at the same rate at the opposite 

electrode. This work focuses on oxygen evolution half-reaction side of the water 

splitting reaction. This reaction is kinetically more complex than hydrogen 

evolution and the catalysts are still under development and less available.       

     This thesis consists of an introduction and four publications about manganese 

and iridium oxides as catalysts for oxygen evolution reaction in water splitting. 

Two of them are published and two are submitted in different journals. 

     Iridium oxide is one of the most important catalysts for water oxidation. The 

atomic structure of this catalyst remains unknown. We have studied anodically 

grown iridium oxide catalyst films on Ir foil using Raman Spectroscopy. Besides 

deuteration and O18 substitution experiments, theoretical models were also 

constructed using density functional theory to interpret the experimental data. 

The material was characterized over a large potential range that included oxygen 

evolution reaction (0.0-1.8 V). The material was found to be composed of 

[IrO6]n edge sharing polyhedra (with n≥3). Ir centers are connected to each other 

via μ – oxo type oxygen linkages that allow for the Ir centers to electronically 

couple to each other. The most intense peaks in Raman spectra were 

characterized by the stretching modes of Ir-μ – oxo bonds in the basal plane of 



 

the octahedra coupled to OH bending movements of hydroxyl groups bound to 

the Ir centers. Oxidation of Ir3+ to Ir4+ at 0.7-1.2 V within a μ – oxo-linked 

polymeric geometry results in the blue coloration of the material at high 

potentials. Theoretical calculations indicate that the optical transition 

responsible for color is essentially an Ir to Ir charge transfer transition. The 

active compound that carries out oxygen evolution is resistant to further 

structure directing influence of oxidation. In the course of oxidation, it was 

observed that IrO2 with rutile structure could form at potentials greater than 1.2 

V as a side product of the reaction. 

     The structure of anodic IrOx electrodeposited on Au foil has been explored 

using in situ Raman spectroscopy and theoretical calculations. [IrO6]n with n=3 

was used as a model cluster to understand the IrOx material. The oxygen 

evolution reaction was carried out in various electrochemical media. Isotopic 

substitution experiments showed that an Ir=O species was observed using 

oxygen evolution experiments which disappeared as soon as the applied 

potential was removed. The chemical nature of this Ir=O species was explored 

through the [IrO6]n cluster model. Results show that Ir=O is essentially square 

pyramidal at the Ir atom with the SOMO localized at the Ir=O group. 

     The structural and catalytic behavior of electrodeposited MnOx materials was 

studied using in situ Raman Spectroscopy. The catalyst showed structurally 

dynamic behavior depending upon the potentials of investigation and the 

electrolyte. All catalysts were created under equivalent conditions but each 

electrolyte environment resulted in specific spectra. The structure of the catalyst 

evolved into a specific motif depending upon the pH of the electrolyte; activities 

were significantly affected by pH. Oxygen evolution activities of these materials 

were detected using the rotating ring disc electrode. A smaller degree of 

variation was observed in electrolytes containing various ions e.g. Li+ → Cs+. 

Cation-dependent OER activity was observed with activity increasing from Li+ 

→ Cs+. The material structure did not show much effect from either anion or 



 

cation substitution at a given pH. This indicates that ions from the electrolyte do 

not significantly alter the structure of the material which is primarily a function 

of pH and potential. 

     Oxygen evolution and catalyst corrosion were studied for electrodeposited 

MnOx catalysts on Au foil. Measurements using a combination of the 

electrochemical flow cell, atomic absorption spectroscopy and rotating ring disk 

electrode reveal a high sensitivity of oxygen evolution and of manganese oxide 

corrosion towards the presence of ions (alkali metal cations and anions) in the 

electrolyte. The charge to radius ratio of alkali metal ions affected the reactivity 

of the oxides. The OER reaction was affected under both potentiostatic and 

potentiodynamic conditions with Li+, K+, and Cs+ containing electrolytes 

showing the lowest and highest activities respectively. Thermogravimetry in 

combination with mass spectrometry showed significant differences between 

samples treated in different electrolytes. Raman spectroscopy showed that the 

material transformed during oxygen evolution reaction with the phases α-MnO2 

and birnessite-MnO2 being present in the catalyst during oxygen evolution 

reaction. Electronic structure (XANES) studies revealed the significant 

influence of alkali metal ions on the oxidation state of Mn, with the OER-

inactive Mn2+ oxidation state being stabilized with the Li+ ion. It was found that 

selected combinations of anions and cations in the electrolyte and suitable 

potential can significantly stabilize the electrode during OER application. 

 

 

 

 

 

 

 



 

Zusammenfassung 
 

     Die auf Wasserstoff basierende Wirtschaft ist ein Synonym für ein grünes 

nachhaltiges Energiesystem ohne fossile Brennstoffe. Der erhaltene Wasserstoff 

ist CO2 schlecht, sodass die für die Produktion verwendete Energie sauber ist. 

Um eine nachhaltige und saubere Wasserstoffwirtschaft zu erhalten, sollte 

Wasserstoff unter Verwendung von Energie aus erneuerbaren Quellen 

hergestellt werden. Eine Möglichkeit, die empfohlen wird, ist die Herstellung 

von Wasserstoff durch Elektrolyse von Wasser mit Solarenergie. Im Rahmen 

der intermittierenden Solarenergie ist ein wichtiges Merkmal, dass Wasserstoff 

ein primäres Energiespeichermolekül ist. 

     Um eine Wasserstoffentwicklungsreaktion mit hoher konstanter 

Geschwindigkeit zu erreichen, muss die Sauerstoffentwicklung mit der gleichen 

Geschwindigkeit an der gegenüberliegenden Elektrode auftreten. Diese Arbeit 

konzentriert sich auf die Sauerstoff-Evolution-Halbreaktionsseite der 

Wasserspaltungsreaktion. Diese Reaktion ist kinetisch komplexer als die 

Wasserstoffentwicklung und die Katalysatoren befinden sich noch in der 

Entwicklungsphase, weswegen sie kommerziell kaum verfügbar sind. 

     Diese Arbeit besteht aus einer Einführung und vier Publikationen über 

Mangan- und Iridiumoxide als Katalysatoren für die 

Sauerstoffentwicklungsreaktion bei der Wasseraufspaltung. Zwei von ihnen sind 

veröffentlicht. Die anderen beiden Publikationen werden in verschiedenen 

Zeitschriften eingereicht. 

     Iridiumoxid ist einer der wichtigsten Katalysatoren für die Wasseroxidation. 

Die Atomstruktur dieses Katalysators ist weitgehend unbekannt. Wir haben 

Iridiumoxid-Katalysatorfilme auf Ir-Folie anodisch wachsen lassen und mittels 

Raman-Spektroskopie untersucht. Neben Deuterierung und O18-

Substitutionsexperimente wurden theoretische Modelle mit Hilfe der 

Dichtefunktionaltheorie entworfen, um die experimentellen Daten zu 



 

interpretieren. Das Material wurde über einen großen Potentialbereich 

charakterisiert, der die Sauerstoffentwicklungsreaktion (0,0-1,8 V) beinhaltete. 

Es wurde festgestellt, dass das Material aus [IrO6]n-kantenverknüpfenden-

Polyedern (mit n≥3) besteht. Die Ir-Zentren sind über μ – oxo ähnlichen 

Sauerstoff-Verbindungen miteinander verbunden. Diese ermöglichen es, dass 

die Ir-Zentren elektronisch miteinander koppeln. Die intensivsten Peaks in den 

Raman-Spektren sind durch die Streckschwingung von Ir-μ – oxo-Bindungen in 

der Basisfläche des Oktaeders gekennzeichnet, die über OH-

Deformationsschwingungen von Hydroxylgruppen an die Ir-Zentren 

gebundenen sind. Die Oxidation von Ir3+ zu Ir4+ bei 0,7-1,2 V innerhalb einer μ 

– oxo-verknüpften Polymergeometrie führt zu einer blauen Färbung des 

Materials bei hohen Potentialen. Theoretische Berechnungen zeigen an, dass der 

optische Übergang, der für die Farbe verantwortlich ist, im Wesentlichen ein Ir-

zu-Ir-Charge-Transfer-Übergang darstellt. Die aktive Spezies, die die 

Sauerstoffentwicklung durchführt, ist resistent gegenüber einer weiteren 

Struktur, die den Einfluss der Oxidation leitet. Im Laufe der Oxidation wurde 

beobachtet, dass sich IrO2 mit Rutilstruktur bei Potentialen von mehr als 1,2 V 

als Nebenprodukt der Reaktion bilden konnte. 

     Die Struktur von anodischem IrOx, die auf Au-Folie galvanisch abgeschieden 

wurde, wurde unter Verwendung von in situ-Ramanspektroskopie und 

theoretischen Berechnungen untersucht. [IrO6]n mit n=3 wurde als Modellcluster 

verwendet, um das IrOx-Material zu verstehen. Die 

Sauerstoffentwicklungsreaktion wurde in verschiedenen elektrochemischen 

Medien durchgeführt. Isotopen-Substitutionsexperimente zeigten, dass eine 

Ir=O-Spezies unter Verwendung von Sauerstoff-Evolutionsexperimenten 

beobachtet wurde, die verschwunden waren, sobald das angelegte Potential 

entfernt wurde. Die chemische Natur dieser Ir=O-Spezies wurde durch das 

[IrO6]n-Cluster-Modell untersucht. Die Ergebnisse deuteten darauf hin, dass 



 

Ir=O im Wesentlichen quadratisch-pyramidal am Ir-Atom angeordnet ist, wobei 

das SOMO an der Ir=O-Gruppe lokalisiert ist. 

     Das strukturelle und katalytische Verhalten von galvanisch abgeschiedenen 

MnOx-Materialien wurde unter Verwendung von in situ-Raman-Spektroskopie 

untersucht. Der Katalysator wies ein strukturell dynamisches Verhalten in 

Abhängigkeit der verschiedenen Untersuchungspotentialen und dem 

Elektrolyten auf. Alle Katalysatoren wurden unter den gleichen Bedingungen 

hergestellt, aber jede Elektrolytlösung zeichnete sich durch spezifische Spektren 

aus. Die Struktur des Katalysators entwickelte sich in Abhängigkeit von dem 

pH-Wert des Elektrolyten zu einer spezifischen Motiv; Aktivitäten wurden 

durch den pH-Wert signifikant beeinflusst. Die 

Sauerstoffentwicklungsaktivitäten dieser Materialien wurden mittels einer 

rotierenden Ringscheibenelektrode (RRDE) detektiert. Ein kleinere Änderung 

wurde in den Elektrolytlösungen festgestellt, die verschiedene Ionen enthielten, 

z.B. Li+ → Cs+. Kationenabhängige OER-Aktivität wurde beobachtet, wobei die 

Aktivität von Li+ → Cs+ zunahm. Die Materialstruktur hatte kaum Auswirkung 

auf Anionen- oder Kationensubstitution bei einem gegebenen pH-Wert. Dies 

deutet darauf hin, dass Ionen aus dem Elektrolyten die Struktur des Materials, 

das in erster Linie eine Funktion von pH in Abhängigkeit des Potential ist, nicht 

wesentlich verändern. 

     Sauerstoffentwicklung und Katalysatorkorrosion wurden für galvanisch 

abgeschiedene MnOx-Katalysatoren auf Au-Folie untersucht. Messungen, die 

eine Kombination aus der elektrochemischen Durchflusszelle, der 

Atomabsorptionsspektroskopie und der rotierenden Ringscheibenelektrode 

(RRDE) verwenden, zeigen eine hohe Empfindlichkeit der 

Sauerstoffentwicklung und der Manganoxidkorrosion in Anwesenheit von Ionen 

(Alkalimetallkationen und Anionen) im Elektrolyten auf. Das Ladung-zu-

Radiusverhältnis von Alkalimetallionen beeinflusste die Reaktivität der Oxide. 

Sowohl unter potentiostatischen als auch unter potentiodynamischen 



 

Bedingungen mit Li+- und K+- sowie Cs+-enthaltenden Elektrolyten beeinflusste 

die Reaktivität der Oxide die Reaktion erheblich, welches zu niedrigsten 

beziehungsweise zu höchsten Aktivitäten führte. Thermogravimetrie in 

Kombination mit Massenspektrometrie zeigte signifikante Unterschiede 

zwischen den Proben, die in verschiedenen Elektrolyten behandelt wurden. 

Raman-spektroskopische Messungen deuteten darauf hin, dass das Material 

während der Sauerstoffentwicklungsreaktion in Phasen umgewandelt wurde, wie 

etwa die Umwandlung in α-MnO2 und Birnessit-MnO2. Die Struktur des 

Katalysators durchläuft während der Sauerstoffentwicklungsreaktion somit 

verschiedene Umwandlungsstufen. XANES-Studien hoben den Einfluss von 

Alkalimetallionen auf den Oxidationszustand von Mn hervor, wobei der OER-

inaktive Mn2+-Oxidationszustand mit dem Li+-Ion stabilisiert wurde. Außerdem 

wurde festgestellt, dass ausgewählte Kombinationen von Anionen und Kationen 

im Elektrolyten und geeignetem Potential die Elektrode während der OER-

Anwendung signifikant stabilisieren können. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

“If we use our fuel to get our power, we are living on our capital and exhausting it rapidly. 

This method is barbarous and wantonly wasteful, and will have to be stopped in the interest 

of coming generations. The heat of the sun's rays represents an immense amount of energy 

vastly in excess of waterpower...The sun's energy controlled to create lakes and rivers for 

motive purposes and transformation of arid deserts into fertile land...” 

 

 

Nikola Tesla, 1915. 
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1. Introduction 

 

1.1. Energy and storage 

 

"It is important to realize that in physics today, we have no knowledge of what 

energy is. We don’t have a picture that energy comes in little blobs of a definite 

amount. It’s not that way. However, there are formulas for calculating some 

numerical quantity, and when we add it all together it gives “28” – always the 

same number. It is an abstract thing in that it does not tell us the mechanism or 

the reasons for the various formulas."1 - Richard Feynman 

 

     Until now there is no way to explain what truly energy is, but its presence 

can be clearly detected around. It cannot be created or destroyed, just converted 

into different forms. Energy gives motion and existence to all matter and 

particles starting from nano world of protons and electrons to giant planets, 

stars, and galaxies. It is even possible to convert matter into energy, which is 

actually happening every second in the hearts of the stars all over universe while 

converting hydrogen into helium and heavier elements. 

     Living organisms require energy to function properly and move. By 

oxidizing hydrocarbons and other molecules in metabolic processes, human 

body gets supplied by the energy required to function. The energies which we 

deal in everyday life are specific kinds like thermal, mechanical, light 

(electromagnetic), electric (powering our electric devices). Those kinds of 

energies are really important for our society, in the world we know. We 

developed our energy grid based on fossil fuels, less on electricity (which 

actually is mostly produced from fossil or nuclear resources). Fossil fuels are 

energy sources that have been stored for millions of years deep underground. 

Due to the fact that human population is growing rapidly, the consumption of 
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fossil fuels reached the point of poisoning the planet. It is the reason why new 

technologies for storing energy should be developed, primarily the energy from 

practically inexhaustible and free renewable sources of energy (solar, wind, 

geothermal, sea tides and waves, etc.)2 

     Electricity is a noble energy; it doesn’t have a mass and can be distributed to 

any point on the planet instantly without almost any losses. Electricity is noble 

(universal) because of its easy conversion to any other type of energy, like heat, 

lightening, and mechanical work.  It even powers sophisticated nanoelectronics 

in modern electronic devices, computers, and cellphones. That is the point where 

storage of electricity comes up; there is still no large-scale storage of electricity 

available on the market which can last long enough, having enough energy 

density and power, with acceptable price. It would be great that electricity 

storage existed in a time when electric engines were discovered; that could allow 

the possibility of jumping from steam machine technology to remotely powered 

electric vehicles, skipping internal combustion engines. 

     The idea about the energy storage probably follows the human civilization 

from the very beginning. Humans had to collect enough wood (one kind of 

energy storage through biomass), the combustion energy of which was used for 

different applications like lightning, heat, later on for melting metals, making 

metal alloys and different tools out of it.3 Nowadays, the concept of storing 

energy is a bit different. There are so many methods for storing different energy 

forms developed all over the world.  Some technologies provide long-term, the 

others short term energy storage. Some of them have more or less energy density 

or power density. It is possible to store energy in forms of energy like 

mechanical, electrochemical, electric, thermal, and chemical energy (Table 1). 

Some methods of storing the energy are more efficient, the others not that 

efficient, as well some can have mobile applications and the others are very 

robust.  
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Table 1: Comparison and characteristics of different energy storage technologies4 

 

 

Type Technology 

Power 
density 
(W/kg) 

Energy 
density 
(Wh/kg) 

Cost per 

kWh 

Response 

time 
Life time 

Storage 

mangnitude 

Chemical Power-to-gas >104 >104 Medium Slow Low High 

Electrical Capacitors 106 1 Medium Very fast Low Low 

Mechanical 

Fly wheels 5x103 102 High Very fast Low Low-Medium 

Pumped hydro 105 1 Low Slow Low High 

Compressed air 102 2x10-3 Low Slow Low High 

Thermal Hot water 102 102 Low Slow Low High 

Electro- 

chemical 

Li-ion batteries 3x103 3x102 High Fast Medium Low-Medium 

Flow batteries 

(e.g. vanadium, 

ZnBr) 

102 102 High Medium Medium Medium 

 

 

     The most common Mechanical storage systems used for storing the energy 

are pumped hydro storage, compressed air, and flywheel. This energy can be 

returned back into mechanical or electrical with some losses due to the force of 

friction. Hydroelectricity – electricity produced in hydropower stations with 

huge reservoirs (lakes) of water. It is the natural way how nature uses the heat 

provided by the sun to evaporate water to eventually condense and return back 

to higher altitudes. Pumped-storage hydroelectricity is a method of storing water 

which is pumped from a lower elevation to a higher altitude (one of the forms of 

gravitational potential energy). The electric power is produced by water flowing 

through the turbines. The efficiency of the pumped storage is usually between 

70% and 80%, one of the largest-capacity forms of grid energy storage.5 

Compressed air energy storage is basically an underground or above-ground 

structure of the system of tanks and pipes where the compressed air is being 

stored. When electricity is needed, the air gets decompressed onto a gas turbine. 

The advantage of this type of energy storage is its large capacity, and the 

disadvantage is its low efficiency. Flywheel energy storage basically represents 

the rotational energy of a massive rotating body. The energy of the flywheel is 

maintained by holding the rotor at a constant rotation speed. The increase in 

speed results in higher energy storage. The electrical energy is fed to speed up 

the flywheel. With a decrease in the rate of rotation of the flywheel, the 
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electricity is discharged from the system. High level of self-discharge of the 

flywheels is the main disadvantage, which can be improved by using vacuum 

enclosure and electromagnetic bearing system (to avoid air resistance and losses 

in the ball bearings, and therefore low efficiency).6 

     Thermal storage systems are designed to store the energy in the form of heat. 

There are different approaches existing how to store large amounts of heat. One 

of the most promising is the concept of changing the phase of matter. Certain 

materials are capable of holding a great amount of energy when changing from 

one state to another (phase changing materials, e.g. molten salts).  

     Supercapacitors are one of the electrical storage methods of energy. They 

are basically electrochemical capacitors. The main features are very fast 

discharging and charging rates, long life, high reliability, wide temperature 

range of operation, low maintenance. Supercapacitors can reach ten times 

greater specific power density of conventional batteries, but the energy density 

is much lower. Self-discharging is one of the crucial problems. Superconducting 

magnetic coil works on the principle of electrodynamics. Energy is stored in the 

magnetic field of the superconducting coil (which temperature is kept below its 

critical superconducting temperature). The core of the storage system is a coil 

made of materials which have superconducting properties. The main advantage 

of this storage technology is very fast response time, high efficiency and high 

power density. The only disadvantage is the cooling system which consumes the 

energy required for cooling, therefore long-term storage is not desirable.   

    Batteries are usually the representative of electrochemical energy storage. 

Ideally, the electrochemical reactions which take place inside the batteries are 

reversible. A large number of battery technologies already exist, e.g. lithium-

ion, and lithium ion polymer, nickel metal hydride, nickel cadmium, metal-air, 

lead–acid, sodium-sulphur, sodium-nickel chloride, and many others. Each type 

of chemistry has its own lifetime, specific power and energy density, and 

durability. Li-ion batteries are nowadays widely used in mobile electronic 
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devices and electric cars primarily due to their very high specific power and 

energy density. A flow battery is actually a liquid rechargeable battery where 

storage of energy happens in dissolved components of the electrolyte. The 

anodic and cathodic electrolytes flow through porous electrodes, separated by a 

membrane. Charging can be done by electricity like in a usual battery system, or 

by replacing discharged electrolyte. The main characteristics are a low price and 

high durability, but their energy density is too low for mobile applications.  

     Chemical energy storage: Storing energy within chemical bonds such as that 

of hydrogen or synthetic natural gas (methane) is chemical storage. It is one of 

the best ways for storing renewable electrical energy. Different technologies are 

available for pure hydrogen to be used as fuel, or to be converted and then used 

as a synthetic natural gas. Chemicals, in general, are versatile energy sources 

which can be used in various applications such as heating, mobility, chemical 

industry, and transport. Electrolyzers remain a key component in creating H2 

using water splitting. The created hydrogen can be stored in the pressurized gas 

bottles or containers indefinitely. It can be utilized efficiently in the production 

of electricity, through the use of fuel cells when required. Direct storage of H2 

remains a challenge due to its very low critical temperature (of around -250°C, 

depending on the pressure applied) to be turned into a liquid. Even as a liquid, 

hydrogen density is only around 70 g/l. There are many other technologies 

available for hydrogen storage, which are chemical in nature e.g. as metal 

hydrides, adsorbed on palladium,  as organic molecules (as liquid organic 

hydrogen carriers), etc. From an energetic and engineering standpoint, storing of 

hydrogen in form of methane or methanol is a very good solution but a lot needs 

to be done to achieve this goal.7  
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2. Theoretical fundamentals 

 

2.1. Water splitting towards green and sustainable hydrogen 

economy 

 

     Hydrogen is the simplest molecule in the nature with high energy density as 

energy carrier. By being the most important element of which the stars in the 

universe are made, it is the most abundant element. Modern energy intensive 

lifestyle on earth needs renewable sources for energy. Renewable Hydrogen is 

central to this effort.  Electrochemical water splitting (Figure 1 left) to form 

Hydrogen and Oxygen from available renewable electricity is of primary 

importance. Splitting the water contained in an Olympic sized swimming pool 

can provide enough hydrogen to fuel the planet’s demand for three seconds.8   

     Electrochemical water splitting remains an expensive process as the 

technology to carry it out cheaply, and sustainably, does not exist. Hydrogen 

produced by cracking of hydrocarbons is much cheaper but in effect not 

sustainable in the long run as it depends on fossilized sources. At present, global 

hydrogen production coming from water electrolysis is only 4%, and the rest of 

it comes from oil, and natural gas.9 Electrochemical hydrogen production faces 

numerous problems like efficiency, availability, and stability of catalysts, mostly 

for oxygen evolution reaction (anodic reaction). Another problem of a hydrogen 

economy is storing hydrogen or converting it into other useful molecules. 

Efficient utilization of H2 and carriers for energy conversion purpose also 

remains a challenge. Fuel cells (Figure 1 right) might be solutions, but they too 

await the development of O2 electrocatalysts (reduction this time).       
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Figure 1: Schematic interpretation of electrolyzer (left) and polymer exchange membrane fuel 

cell (right). Processes happening at the electrodes in the electrolyzer are oxygen and hydrogen 

evolution reactions. In the fuel cell oxygen gets reduced to water giving the electrical energy. 

All protons travel through the membranes, while electron flow is through the wires in the 

outer electric circuit.  

 

     There are many types of electrolyzers which can be roughly divided into 

three types based on the type of electrolyte used. Alkaline electrolyzers used 

liquid electrolytes, PEM electrolyzers typically use acids and proton exchange 

membrane. High-temperature steam electrolysis uses ceramic membranes. Each 

approach has its own advantage. Water electrolysis in an alkaline solution is the 

industrial method of hydrogen production which has been traditionally used for 

decades. Typically, 25–35 wt % of KOH is used at temperatures of 60–90°C.10 

The cathode materials are usually steel, stainless steel or nickel, and the anode is 

typically made of nickel. All the electrodes can be optimized morphologically 

by increasing the active area (roughness), and catalytically, by applying 

catalysts. Nickel based compounds with molybdenum are used as cathodic 

materials and cobalt as anodic material.11 Alkaline water electrolyzer typically 

has 70–80% of efficiency. Production of normal m3 of H2 needs an electrical 
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energy in the range of 4.5–5 kWh. Oxygen and hydrogen gases produced have 

the purity higher than 99.6 % and 99.8 %, respectively.12 

     The proton exchange membrane (PEM) electrolyzer uses a solid polymer 

Nafion® membrane, which is a proton conductive polymer based on 

perfluorosulfonic acid.12-13 Due to the fact that PEM is a proton conductive 

polymer, this type of electrolyzer requires strong acids as electrolytes. PEM 

electrolyzer usually consists of a stack of several membrane-electrode 

assemblies separated by current collectors which also sometimes double up as 

manifolds for electrolytes and the product gasses. A gas diffusion layer next to 

the electrode allows the water to be transported to the electrode-membrane 

interface and the gases to be removed away. The gas diffusion layer is electro-

conductive and allows current to flow through the electrodes. It is often made of 

porous titanium on the anode side and carbon cloth on the cathode side.13 The 

catalysts for hydrogen evolution are typically based on platinum (often 

supported on carbon), while ruthenium and iridium oxides are commonly used 

as oxygen evolution catalysts. 

     Electrolysis can be developed to fit many scenarios. Electrochemical water 

splitting is often combined with electricity from photovoltaic or wind-based 

harvesting sources. Fundamentally there are many different ways to split water 

into hydrogen and oxygen. Photoelectrochemical water splitting uses sunlight 

(sometimes with additional bias) to produce hydrogen and oxygen.  

Photobiological water splitting is something that happens inside leaves of plants 

but it can be sped up using specific algae that have been engineered to produce 

H2 or other molecules like CH4 inside a bioreactor. Thermal decomposition of 

water into hydrogen and oxygen is possible. At room temperature, the number 

of dissociated water molecules by the heat effect is only 1:1012.14 Water vapor at 

2200 °C has about 3% of molecules dissociated into some of hydrogen and 

oxygen atomic combinations (O, OH, O2, H, and H2, while H2O2 and HO2 are 

minor). When the temperature reaches 3000 °C, less than 50% of the vapor 
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remains as water molecules. Solar – thermal water splitting can be achieved by 

using of concentrating solar power. Chemical production of hydrogen using 

metals like Al is possible. But the reaction results in the formation of both 

hydrogen and oxides of Al. Thus, although these reactions can be used to 

produce hydrogen from water at a site, it is technically not water splitting as the 

oxygen is only present in a bound form alongside Al (oxide and hydroxide). 

Thus Aluminum and its alloys are potential materials for hydrogen delivery 

from the water. 

 

2.2. Reaction mechanism, thermodynamics, and kinetics of the 

electrochemical water splitting reaction 

 

     The oxygen and the hydrogen evolution reactions in acidic or neutral 

electrolytes are described by equations (2.1) to (2.3), while the reactions in the 

alkaline electrolyte are given by equations (2.4) to (2.6).  

 

                                           H2O → 2H+ + ½O2 + 2e-                                       (2.1) 

                                                2H+ + 2e- → H2                                                (2.2) 

                                               H2O → H2 + ½O2                                              (2.3) 

 

                                        4H2O + 4e- → 2H2 + 4OH-                                      (2.4) 

                                         4OH- → 2H2O + O2 + 4e-                                       (2.5) 

                                              2H2O → 2H2 + O2                                              (2.6) 

 

     The reason for the complexity of the oxygen evolution reaction, which is four 

electron transfer reaction, is the fact that this is a multi-stage reaction that 

involves various oxygen intermediates (e.g. *O, *OH, *OOH or *OO) adsorbed 
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on the electrode surface. It is believed that these reactions occur in four discrete 

steps of electron transfer.15 Minimum number of the reaction steps includes 

adsorption of water, creating oxygen-oxygen bonds and releasing molecular 

oxygen. The most widely accepted model was proposed in work of Hammer and 

Norskov16, which consists of four elementary reactions: 

 

                                              H2O → e- + H+ + OHad                                       (2.7) 

                                              OHad → e- + H+ + Oad                                        (2.8) 

                                        Oad + H2O → e- + H+ + OOHad                                (2.9) 

                                          OOHad + 4e- → e- + H+ + O2                                (2.10) 

 

     Even without entering the complexity of reaction transition states, energetics 

at the local catalytic sites, indicate that overpotentials for water oxidation are 

likely to be high. Various species adsorbed at unique surface sites can contribute 

to the potential determining step. Hammer and Nørskov16 point out that the step 

(2.7) is likely to determine the overpotential of the reaction when the interaction 

between the surface of the electrodes and oxidized species is weak. In the case 

of strong interactions, step (2.8) determines the overpotential of oxygen 

evolution.  

     An electrochemical reaction taking place at the electrode/electrolyte interface 

can be represented as follows. 

 

                                           oO  +  ne-  ⇄  rR                                  (2.11) 

 

Depending on the polarization of the electrodes, the reaction (2.11) can happen 

in the direction of reduction (the electrode acts as a cathode), or in the direction 

of an oxidation (the electrode acts as an anode). The standard potential E0 for the 

reaction is given by the equation: 
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                                    E0 =
ΔG0

nF
=  

ΔH0−TΔS0

nF
                              (2.12) 

 

In this equation n shows a number of electrons transferred in the reaction (2.11), 

F represents Faradays constant (F = 96485 As/mol), T is the temperature in K. 

ΔG0 - standard Gibbs energy, ΔH0 - standard enthalpy, ΔS0 – standard entropy 

of reaction (2.11). The value of ΔH0 for the water splitting reaction under 

standard conditions (298 K and 1 atm) is -285.83 kJ, while ΔS0 = 69.95 J/K.17 

Due to the fact that the electrochemical water splitting reaction at room 

temperature has TΔS = 48.7 kJ, the equilibrium water splitting potential is 1.229 

V instead of 1.482 V (the required energy is lower because of more negative ΔG 

- the contribution of the environment).   

    The equilibrium potential of the reaction is given by the Nernst equation as: 

 

                                        Erev = E
0

−
RT

nF
𝑙𝑛 

aR
r

aO
o                                  (2.13) 

 

aR and aO represent the activity of the reduced and oxidized species, 

respectively. At the potential of the reaction at steady state at the actual 

operating conditions, the cathodic current is equal to absolute value to the 

anodic current and the exchange current density: -ic = ia = i0. In the case of the 

potentials different to Erev, the current can be calculated from the Butler-Volmer 

equation which includes the kinetic model in an Arrhenius type equation, where 

overpotential plays a role similar to that of activation energy: 

 

                            i = i0 {e
(

βnF

RT
η

a
)

− e
(

(1-β)nF

RT
η

c
)
}                     (2.14) 
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η – overpotential, i0 – exchange current density, β – symmetry factor. The right 

side of the Butler-Volmer equation represents the partial anodic and cathodic 

currents (their difference). The overpotential can be defined as required excess 

potential (with the respect to thermodynamic reduction equilibrium potential) 

needed to be applied to drive desired electrochemical reaction at a certain rate. 

     

2.3. Catalysts with the highest activity for oxygen evolution 

reaction 

 

     Electrocatalytic water splitting plays an important role in the sustainable 

production of hydrogen from the electricity. The challenge to water splitting is 

the extremely slow kinetics of anodic oxygen evolution reaction and corrosion 

stability of catalysts. In order to produce hydrogen gas (or oxygen) by 

electrolysis of water, both reactions need to take place at the same time with the 

same rate. On Pt electrodes, the best catalysts for hydrogen evolution, oxygen 

evolution proceeds about 1010 times slower than hydrogen evolution process.18 

The low reaction rate is an important factor that oxygen evolution is a major 

bottleneck for the application of renewable energy conversion devices into 

storable fuels. Electrochemical oxygen evolution reaction can be carried out in 

both acidic and alkaline electrolytes.19 Acidic conditions are more demanding 

for the electrode due to corrosion issues.  

     The catalyst should be structurally stable up to high potentials ( to +1.8 V vs. 

RHE and higher). Oxygen evolution catalysts usually contain non-abundant 

metals in form of oxides (RuOx or IrOx). These oxides are very active and IrOx 

is also reasonably stable, but it makes the process very expensive. The reason 

why acidic electrolysis is very favorable is due to the fact that electrolyzers 

which work at low pH values can use proton exchange membrane architecture, 

which allows for the production of hydrogen of compressed hydrogen. 
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Successful alkaline membranes, for exchanging OH- groups, are yet to be 

developed .  

     The best catalysts in the acidic media are essentially combinations of RuO2, 

IrO2 and other oxides like TiO2 and Ta2O5. But these electrodes leave a lot to be 

desired. These materials undergo significant activation protocols before water 

oxidation can be carried out on them and much remains to be learned about their 

active sites.       

 

2.4. Manganese oxide as a catalyst in water splitting 

      

     Photosynthesis is one of the most important reactions of nature. Photosystem 

II complex present inside chloroplasts of plants carries out the water oxidation 

step that is most essential for life on earth. Photosystem II complex (Figure 2) 

has motivated many to investigate water splitting process occurring in natural 

biological systems.20 Tetrameric manganese cluster (CaMn4O5) acts as an 

oxidation catalyst.21 Extensive research has been done at developing water 

oxidation catalysts composed of manganese oxide.22 In comparison with 

naturally occurring Mn catalyst, synthetic Mn catalysts show poor performance. 

Manganese catalysts suffer from a low activity. The overpotential of tetrameric 

Mn cluster of the PSII which catalyzes water oxidation is only 160mV.23 

 

 

 

Figure 2: Photosystem II oxygen-evolving complex; proposed structure of the Mn4CaO5 

cluster and its ligand environment 
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     Besides this, synthesized MnOx catalysts face the challenge of catalyst 

stability under conditions of operation. Catalyst corrosion is a major challenge to 

implementing them in real electrolysers. The biological CaMn4O5 cluster 

undergoes regular enzymatic repair, which is not possible for the synthetic 

system.  Synthetic MnOx offers many challenges. Manganese as an atom has 

various oxidation states which means that it can acquire a lot of different crystal 

structures along with oxygen, allowing for significant structural 

polymorphism.24 Manganese dioxides exist in a huge variety of polymorphs due 

to the small ionic radius of Mn4+. Figure 3 shows MnO2 in tunneled and in 

layered structures of Mn octahedral.   

     Electrical conductivity is a major issue. A variety of factors (thermal 

treatment, water content, compression pressure and temperature) influence 

manganese oxide electrical properties. The electrical conductivity of thermally 

prepared MnO2, which has very poor electric conductivity, can vary significantly 

between 10-6 and 103 Ω-1cm-1, highly depending primarily on manufacturing 

process, origin, etc.25 But MnOx electrochemically prepared, with the overall 

formula similar to MnOx(OH)y(H2O)z, has much better conductivity, but remain 

structurally unknown. 

 

 

 

Figure 3: Structures of MnO2 polymorphs: β-MnO2 (1 x 1) tunnels  (a), γ-MnO2 (2 x 1) 

tunnels (b), and δ-MnO2 layered structure (birnesite) (c) 
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     Challenges of stability, activity, and conductivity have to be solved before 

these nature inspired catalysts can find practical use.  

 

2.5. Raman spectroscopy 

 

     Spectroscopy is the field of science that deals with the study of the 

interaction of radiation with matter.26 The frequency spectrum of 

electromagnetic radiation which can be used may be in the range of frequency of 

the radio waves to γ radiation. The radiation that is made up of particles can 

consist electrons, neutrons, muons, and in some cases whole atoms or ions. 

Information about the matter properties is obtained from the spectrum after 

interaction of radiation with matter.      

     Classification of methods can be done by the type of the source of radiative 

energy or particles used (energies from gamma to radio waves, protons, and 

electrons, acoustic and mechanical), nature of interaction with the sample 

(absorption, impedance, emission, inelastic and elastic scattering and reflection, 

resonance) and type of the sample material (nuclei, crystals, atoms, and 

molecules). According to the size of energy transitions in between energy levels 

happening in excited atoms and molecules, there are rotational, vibrational and 

electronic spectroscopies.  

     Infrared and Raman spectroscopies belong to the family of vibrational 

spectroscopy, where excitations happen within the range of rotational and 

vibrational energy levels. Whereas IR spectroscopy studies absorption and 

emission of the light over the entire range of infrared light (where the sample is 

excited in terms of vibrational levels), Raman phenomenon is actually a physical 

scattering of photons while interacting with the electron clouds of atoms and 

molecules. In order for the vibration to be Raman active, it should contribute in 

changing of polarizability (changing the shape or volume of electron cloud) 

while interacting with the external electric field (photon). IR active vibrations 
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need to be involved in changing of dipole moment of the molecule. The more 

the change, the higher the intensity of the vibration can be obtained. If the 

molecule has the center of symmetry, then a certain vibration can’t be both 

Raman and IR active.  

     An inelastic scattering of an incident monochromatic light is the basic 

phenomenon regarding Raman spectroscopy. Photons which interact with the 

sample change their monochromatic frequency. In simple phenomenology, they 

are absorbed by the sample to be later emitted, wherein the frequency of the 

emitted photon is higher or lower compared to the original one. It is possible to 

obtain the information about low-frequency transitions in the sample 

(vibrational, rotational, etc.). Raman Spectroscopy may be used for studying of 

solid, liquid and gas samples. Raman frequencies are usually expressed in 

wavenumbers (cm-1). 

 

                          Δω (cm-1) = ( 1

λ0(nm)
- 1

λ1(nm)
)  x 107 

(nm)

(cm)
                 (2.18) 

 

 

where Δω is Raman shift, λ0 excitation wavelength and λ1 the wavelength of the 

Raman spectrum. 

     Classical interpretation gives an adequate explanation of the experimental 

results relating to the fine structure of rotational Raman spectra and intensity of 

Stokes and anti-Stokes transitions. When irradiated with monochromatic 

radiation with the frequency ν0, (which is lower than the frequency of the 

electronic excitation of molecules) the molecules that interact move into a 

virtual vibrational energy state (Figure 4). Most of the incident radiation is 

scattered without a change in its energy, which contributes to Rayleigh 

scattering (elastic). This forms the majority of the phenomena. However, a very 

small number of scattering events do it inelastically, and light with altered 

frequency is emitted. Those that are emitted at a lower frequency than the 

original photon (ν0–ν), contribute to the Stokes component of scattered 
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radiation.27 At higher temperatures, a number of molecules can be found in 

excited vibrational states and some of them can interact with incident photons. 

In that case, the molecules return back to a lower vibrational state giving the 

difference in energy (ν0+ν) to incident photons. Such radiation is registered as an 

anti-Stokes component of scattered radiation. As the internal energy of the 

molecule is quantized, the energy of photons can be changed only for the value 

corresponding to the vibrational (or rotational) quanta of molecules. Raman 

vibrational spectra of molecules consist mainly of Stokes scattering while anti-

Stokes occur much less frequently. 

 

  

Figure 4: Diagram that shows the energy transition levels involved in Raman signal. 

 

     Overall intensity of the Raman spectrum depends on source intensity (non-

resonant), the concentration of the sample, and wavelength of light used (λ⁴ 

dependency). Also, different samples have different scattering properties. 

     The position of the molecule in space is defined by 3n (degrees of freedom, 

where n is the number of atoms) space orthogonal coordinates (x, y, z), 3 for 

each atom. There are many ways to describe the exact position of atoms by 

using orthogonal and angular coordinates. For water molecule which has 3 

atoms, for defining the position and orientation it is necessary to define 3 
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orthogonal coordinates of the center of mass and 3 angular coordinates for the 

orientation in space. To specify the internal position of the atoms within the 

molecule, it is necessary to have 2xO-H bond lengths and the angle between 

hydrogen atoms. In total there are 9 coordinates (3n=3x3) establishing the exact 

position of the water molecule. All of those positions are continually changing 

with time. The total motion can be easily described with those 3n coordinates. 

The internal vibrational motion alone can be specified by the relation (total 

number of coordinates) – (3 coordinates (x, y, z) of the center of mass of the 

molecule) – (3 angular orientation coordinates), or 3n-6. The basic modes of the 

vibration or normal modes are independent motions of atoms in a molecule 

without disturbing any other modes (always orthogonal to each other). 

Molecules can undergo many different types of vibrations, like stretching, 

bending, wagging, rocking, twisting etc (Figure 5).28 The frequency of each of 

these vibrations is determined by the masses of the entities (atoms or molecular 

fragments) and the strength of chemical bonds between them. 

 

 

 

 

 

 

Figure 5: Normal vibration modes of a molecule 

 

     The coupling of the vibrations can be nicely explained in case of highly 

symmetric molecules (in terms of masses and geometry) such as O=C=O. It has 

Symmetric stretching Antisymmetric stretching Scissoring 

Rocking Wagging Twisting 
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3x3-5=4 possible normal modes, symmetric stretching, asymmetric stretching 

and two bending modes with the same frequency, because the same bond 

strengths and atomic masses are involved. Vibrational modes with the same 

frequency are degenerate, which combine to create a single motion. Those two 

bending degenerate modes combined appear to be elliptical.  

     Isotopic substitution of atoms has been shown to be very useful in 

determining normal vibrational modes. It can help in determining the vibrational 

modes specific atoms contribute to. Those normal modes can be assigned to the 

changing peak frequencies observed in the spectrum of the molecule following 

isotopic substitution (can be used to determine the force constants of the 

molecules). Theoretical modeling using quantum mechanical calculations can be 

very helpful in assigning the vibrational modes of a Raman spectrum.   

     Plasmonic surfaces like Au and Ag can give significantly enhanced 

intensities. Such Surface-Enhanced Raman Spectroscopy (SERS)can be very 

useful for getting more intense spectra and improve the signal to noise ratios. 

Raman spectra of molecules which are adsorbed on the roughened plasmonic 

metal surface can be several orders of magnitude stronger in intensity than those 

without the SERS enhancement. 

 

2.6. Voltammetry and rotating ring disk electrode theory 

 

     Voltammetric techniques are widely used in investigating electrochemical 

processes. There are potential sweeping methods where the potential (excitation 

signal) is swept at a constant rate between a range of values and the current 

response is recorded. In Linear sweep voltammetry (LSV), the potential is swept 

from lower to a higher value, while in the more commonly used cyclic 

voltammetry (CV), once higher potential is reached, the potential is swept back 

to the original lower value. The current consists of two components, the faradaic 

current, which comes from the reduction or oxidation of the analyte, and non-

faradaic current (capacitive current) resulting from the charging or discharging 
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effect of the electrochemical double layer on the surface of the working 

electrode.29 The shapes of both LSV and CV voltammograms depend on the rate 

of the electron transfer reaction, the chemical reactivity of the electroactive 

species, and the voltage scan rate (for the CV scanned potential window is also 

of a great importance). Obtained voltammogram represents "electrochemical 

spectrum" which shows the potentials of on-going oxidation and reduction 

processes, the contribution of homogeneous reactions in the overall 

electrochemical process, the adsorption of electroactive species and other 

information about the behavior of the system.30 

     Potential step voltammetry (chronoamperometry) is the technique in which 

the applied potential is jumped from V1 to a value V2 (or V3, V4...), where each 

step potential is held for certain time. The resulting current is recorded as a 

function of time. That current immediately rises after the increase of potential 

and slowly begins to drop. The reason for obtaining high current is the fact that 

initially before the potential rise, the electrode surface was fully covered with 

the reactant. The current decreases with time because the concentration gradient 

of the reactant from the solution towards the electrode surface drops down with 

time. Step voltammetry allows the estimation of the diffusion coefficients of the 

species to be obtained. Mass transport effects should also be considered in order 

to have exact form of the voltammogram.  

     Rotating ring disk electrode method is one of the most used tools for probing 

electrochemical reaction kinetics. The system consists of the three-electrode 

electrochemical cell out of which the working electrode holder has the 

cylindrical shape (usually made of Teflon) which is connected to the vertical 

rotating axis. The rotation speed is controlled by the rotation speed controlling 

unit. The cylindrical Teflon head consists of one concentric disk (working 

electrode) and one concentric ring (made of Pt) at the bottom side, which is in a 

contact with the electrolyte. As the result of this rotation, a fluid layer close to 

the electrode obtains rotational velocity and moves away from the central part of 
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the disk electrode. A fresh fluid from the bulk fills this place with the flow 

which is normal to the surface of the electrode. In this way, the velocity of the 

laminar flow can be controlled by the disk rotation speed. Certain flow 

velocities can achieve the conditions in which the current density is controlled 

by the electrolyte flow. The rotating electrode behaves as a pump; it pulls fresh 

electrolyte from the bulk by its rotation. 

     The purpose of the ring in RRDE assembly is the detection of products 

generated by the reaction happening at the disk electrode (e.g. oxygen 

evolution). Disk electrode is supplied by fresh reactants all the time by the flow 

of the electrolyte perpendicular to the rotation of the electrode. After reaching 

the disk, the electrolyte escapes the disk surface in the direction of the rotation 

radially. Now the electrolyte is rich in reaction products and the fraction of it 

can reach the surface of the ring electrode to be detected. Collection efficiency 

(which is usually around 20% depending upon the electrode geometry) and 

transit time are key parameters in overall detection currents. Transit time is an 

average time of the material at the disk electrode to travel to the ring electrode 

(it is a function of both the rotation rate and gap distance).   
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3. Methods 

 

3.1. Raman setup used in the experiments 

 

     In situ electrochemical Raman setup used in the experiments for investigating 

the structural changes of iridium and manganese oxides in various electrolytes 

around water splitting potentials is shown in Figure 1.   

 

 

 

Figure 1: Scheme of in situ Surface Enhanced Raman and electrochemical setup paired. The 

setup consists of Raman spectrometer, Raman probe, Potentiostat, Pt counter electrode, RHE 

reference electrodes and MnOx-(IrOx)/Au as working electrode   

 

     Raman spectra were collected by Ocean Optics QE65 pro spectrometer using 

785 nm Laser source. Laser intensity was maintained at 500 mW (at the source), 

which was focused on a spot size of 0.1 mm2. One mm of the electrolyte was 

always maintained on top of the electrode during all experiments. Sample 

degradation due to heating from the laser could be easily ruled in submerged 

samples. Electrochemical experiments we conducted using a Biologic VSP-300 
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potentiostat. Platinized Pt wire and Reversible Hydrogen Electrode (RHE by 

Gaskatel) were employed as the counter and reference electrodes, respectively. 

The ohmic drop was automatically compensated at 85% using the ZIR method 

as implemented in EC-lab potentiostat software (Biologic, France). The cell 

resistance was obtained using EIS at the high-frequency intercept at 100 kHz 

(amplitude 10 mV). For all in situ SERS experiments, the potential was 

maintained for 30 s at each potential step of 0.1 V (in the potential range of 1.2 

to 2.0 V). Raman spectra collection time was 10 s. 

     Effect of Au substrate may be non-negligible, but it is a necessary evil as one 

needs a conducting substrate to electrodeposit the catalyst. Compared to other 

well-known substrates such as carbon (which corrodes to CO2 under these 

potentials), ITO or FTO, Au is chemically and electrochemically relatively inert 

at potentials of oxygen evolution and allows for consistent interpretation of 

results. Besides this, an Au substrate allows the possibility of Surface 

Enhancement for Raman signals. All gold substrates were always roughened 

before used for MnOx or IrOx catalysts electrodeposition to enhance the Raman 

signal. 

    Ex situ Raman spectra of IrOx on Ir substrate were collected under the Raman 

microscope (Thermo Scientific DXR), using a 780 nm laser at 15 mW focused 

at 0.7 μm2 (50× objective). The collection was carried out at 20 s exposure time 

averaged over 5 exposures.  

 

3.2. Rotating ring disk electrode - experimental setup 

 

     Different electrochemical methods are employed in this work. Basically, 

linear sweep voltammetry (LSV), cyclic voltammetry (CV), potential step 

voltammetry and chronoamperometry (CA) are used in various procedures and 

experiments. Some of them are roughening of Au procedure, electrochemical 

cleaning of the electrodes, electrodeposition of the catalysts, and running the 
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water splitting reaction (in in situ Raman cell, RRDE cell, and small classic 

electrochemical beaker cells). More about the electrochemical methods can be 

found in the Theoretical fundamentals section. All electrochemical experiments 

done in this work were driven using a Biologic VSP-300 potentiostat. Platinized 

Pt wire and Reversible Hydrogen Electrode (RHE by Gaskatel) were employed 

as the counter and reference electrodes, respectively. 

     Rotating ring disk electrode system (standard Pine research glass conical cell, 

rotor with the rotation control and ring-disk head holder) was used for the 

investigation of the MnOx and IrOx catalytic activity (Figure 3). Gold disk (d = 5 

mm) was used as a substrate for the electrodeposition of the catalysts. Gold disk 

as a substrate was always cleaned mechanically with sand paper and 

electrochemically by cycling in the perchloric acid before the electrodeposition 

of the catalyst was done. Platinum ring was always polished and 

electrochemically cleaned in order to detect oxygen or manganates reduction. 

The potential of the ring was always held at 0.4 V for oxygen detection, and at 

1.2 V for MnO4
2- detection vs. RHE. Manganese and iridium oxide catalysts 

were tested in numerous electrolytes with different pH, and cation and anion 

composition. The working electrode was slowly swept in the potential window 

of 1.2 – 2.0 V with the scan rate 5 mV/s, or CA from 1.2 – 2.0 V was applied 

with 0,1 V step for 30 s. More details about the experimental conditions 

(solutions and procedures for the electrodeposition of catalysts, purities of 

chemicals, etc.) and the experiment itself can be found in each chapter 

separately. All electrochemical procedures used in this work are presented in 

Figure 2 as a flow diagram. 
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Figure 2:  Flow diagram of all electrochemical procedures used in this work with all 

parameters used. The potential is presented vs. RHE. 

 

 
 

Figure 3: Cross-section of the rotating ring dick head holder with the laminar flow of 

electrolyte; electrochemical reaction of oxygen evolution on the catalyst layer and oxygen 

reduction on Pt-ring is shown. The diameters of the ring and disk are presented in mm.
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4.1. Abstract 

 

Iridium oxide is one of the most 

important catalysts for water 

oxidation. The atomic structure of 

this catalyst remains unknown. We 

have studied anodically grown 

iridium oxide catalyst films using 

Raman Spectroscopy. Besides 

deuteration and O18 substitution 

experiments, theoretical models 

were also constructed using density functional theory to interpret the 

experimental data. The material was characterized over a large potential range 

that included oxygen evolution reaction (0.0-1.8 V). The material was found to 

be composed of [IrO6]n edge sharing polyhedra (with n≥3). Ir centers are 

connected to each other via μ – o type oxygen linkages that allow for the Ir 

centers to electronically couple to each other. The most intense peaks in Raman 

spectra were characterized by stretching movement of Ir-μ – oxo bonds in the 

basal plane of the octahedra coupled to OH bending movements of hydroxyl 

groups bound to the Ir centers. Oxidation of Ir3+ to Ir4+ at 0.7-1.2 V within a μ – 
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o linked polymeric geometry results in the blue coloration of the material at high 

potentials. Theoretical calculations indicate that the optical transition 

responsible for color is essentially an Ir to Ir charge transfer transition. The 

active compound that carries out oxygen evolution is resistant to further 

structure directing influence of oxidation. In the course of oxidation, it was 

observed that IrO2 with rutile structure could form at potentials greater than 1.2 

V as a side product of the reaction. 

 

Keywords: Iridium oxide, Iridium hydrous oxide, oxygen evolution reaction, 

water electrolysis, electrocatalysis, Raman spectroscopy, electrode 

characterization 

 

4.2. Introduction 
 
 

 

Water oxidation remains one of the central challenges towards solving the 

problem of renewable hydrogen.31 Iridium-based oxides (IrOx) remain the best 

water oxidation catalysts (WOC) under acidic conditions.32 Dimensionally stable 

anodes (DSA) have traditionally used IrO2 either as a catalyst layer or as 

nanoparticles dispersed on a support such as TiO2.
33 But, a DSA material needs 

to undergo elaborate activation protocols involving potential cycling before it 

can be used as a catalyst.34 IrOx materials can be roughly divided into two types; 

those that are thermally synthesized33, 35 and those that are electrochemically 

synthesized.36 A large degree of variation exists in the synthetic methods used in 

the creation of thermal IrOx. Reier et. al. showed thermally prepared IrOx to 

have both crystalline and amorphous components with the latter having higher 

intrinsic activity.35 Electrochemically, IrOx can be grown on Ir foils by potential 

cycling as reported by Buckley and Burke or by anodic deposition of IrOx from 

solution using electroprecipitation as reported by Zhao et. al.36-37 These anodic 

iridium oxide films (AIROFs) are highly hydrous and electrochromic. AIROFs 

are different from thermally formed films (e.g. DSA) which are not hydrated, 
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much higher in density and do not show electrochromism. Besides, AIROFs 

show high oxygen evolution activity from the outset without requiring any 

pretreatment. Although extensively studied, the detailed atomic structure of the 

IrOx catalysts remains unknown. The design of improved IrOx catalysts awaits 

the understanding of the atomic structure of the active site. For the first time, we 

have characterized the atomic structure of anodic IrOx – WOC using Raman 

spectroscopy, isotopic substitution experiments and theoretical calculations. 

Previously, this material has been studied using X-ray absorption spectroscopy 

(XANES, EXAFS)38 and X-ray photoelectron spectroscopy (XPS and UPS).39 A 

singular study by Mo et al. on the IrOx/Au system, used Raman spectroscopy as 

a minor component but the paper essentially focused on XANES to elucidate the 

electronic structure of Ir.38c 

 

Figure 1: AIROF was grown by cycling the Ir foil electrode between 0 and 1.5 V for 200 

cycles. The oxidation and reduction peaks are labeled as per the literature. The peaks with 

light blue background show oxidation of Ir center from +3 to +4 state. Those with dark 

blue background are believed to show Ir oxidation from +4 to +5 state. 
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4.3. Results and discussion 
 

     Catalysis is a transformative process for both the catalyst and the substrate. 

Raman spectroscopy probes all allowed vibrations from all the materials present 

in the zone of inquiry. Since catalysis is a local phenomenon, Raman 

spectroscopy has significant advantages over other techniques such as XRD and 

EXAFS (which show an averaged picture) as a structural probe for the catalyst 

site. Over the potential range of 0 V to 1.5 V, AIROF shows excellent faradaic 

features (Figure 1) and retains its charged state even when the source of applied 

potential is removed. It is this property that has allowed the material to be used 

in electrochromic applications. As a result, the chemical state of the material can 

essentially be tagged to the potential that was last applied before the open circuit 

was achieved. At potentials below 0.7 V, the material is transparent. Reversible 

oxidation peaks can be seen at potentials around   0.7-1.2 V  and   1.4  V.  

 

 

 

Figure 2: The surface of an Ir foil with AIROF grown on it under an optical microscope. 

Samples have an inhomogeneous surface as shown. There are two morphologies, one dull 

dark in color (referred to as type 1) and the other more reflective (outlined in red, referred to 

as type 2). Typical particle sizes are between 3 and 5 μm. 
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Kotz et. al. have explored the electrochemistry of this material using potential 

dependent XPS and UPS.39b, 39d Upon the first oxidation wave, core level Ir 4f 

did not show any shift with respect to applied potential but the Ir:O atomic ratios 

and oxygen O 1s spectra were more revealing. In acidic media, the Ir:O ratio 

remained constant indicating that the charge transfer mechanisms primarily 

involved the movement of protons in and out of the material. The O 1s core 

level spectra showed that most of the oxygen was present as OH (hydroxide) at 

potentials below 0.5 V. As the potentials moved closer to water oxidation 

potential, the O 1s shifts moved closer to shifts obtained from chemisorbed or 

oxidic (e.g. in IrO2) oxygen. In the XANES studies, Ir-O distances and Debye-

Waller (DW) factors remained constant till the charge transfer began around 0.7 

V.38a The first peak at 0.9 V originates from oxidation of Ir3+ to Ir4+ and the 

second peak at 1.4 V is believed to originate from Ir4+ to Ir5+ (Eq. 1 and 2). 

Correlation of Ir valence to L3 edge showed that Ir oxidation state changed 

continuously from +3 at 0.7 V up to +4.8 till oxygen evolution started.38a The 

average Ir-O distances decreased with increasing valence. The average 

coordination number remained around 6±1 over the entire range of potential. 

The DW factor, representative of disorder in the bond distances, jumped up 

around 1.1 V indicating increased heterogeneity in the Ir coordination 

environment. It decreased at higher potentials indicating more ordered 

coordination environments as potentials move above 1.1 V. In a separate 

EXAFS study, using DW factors and their variation with the state of charge, 

Hillmann et. al. suggested a two-site model where both peaks are associated 

with same charge state of Ir but are chemically different thus undergoing 

electron transfer at different potentials with each site undergoing a transfer from 

+3.5 to +4.5 charge state.38e In spite of inconsistencies in the detailed 

interpretation of the oxidation sites, Ir XANES spectra show that average 

oxidation state of Ir changes from  ̴  +3 (at <0.5 V) to values greater than 4 (e.g. 
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in IrO2) till OER starts. Most of the literature has interpreted this high valent 

state prior to OER as a Ir5+ state.38f, 38g, 39b 

 

     Ir3+(OH)x → Ir4+O(OH)x-1 + H+ + e-         .... (1) 

Ir4+O(OH)x-1 → Ir5+O2(OH)x-2 + H+ + e-        .... (2) 

 

Choice of IrOx grown on Ir foil avoids complications arising out of the use of 

substrates such as Au or carbon. IrOx was grown and tested in 0.5 M H2SO4. 

Details are available in the experimental section. Raman spectra (using Raman 

microscope) were collected at multiple sites (Figure 2) within the film. Minor 

variations in peak intensities and positions could be seen from site to site (Figure 

S1 in the supporting information). Concerning material identity, two types of 

sites were observed. In Figure 2, the sites which look dull dark in color are 

labeled as "type 1" sites and those that are shiny and reflective are referred to as 

"type 2" sites. The potential dependent Raman spectra of type 1 sites are shown 

in Figure 3. It’s important to note that the Raman spectrum of the hydrous oxide, 

reported in this work, is very different from Raman spectrum of rutile-IrO2, both 

with respect to peak positions and peak widths.40 For IrO2, Raman peaks for the 

single crystalline material are located at 561, 728 and 752 cm-1 for Eg, B2g and 

A1g vibrations respectively. The Eg band is known to show the strongest 

intensity out of the three. For thin films formed at low temperatures (25-100°C), 

the Eg peak shifts to 550 cm-1 due to the higher microcrystallinity of the films; 

similar redshifts were also seen for B2g and A1g peaks in IrO2 films prepared at 

temperatures between 25 and 100°C. These peaks obtained from material 

synthesized at low temperature also showed higher peak widths compared to 

samples of higher crystallinity prepared at high temperatures. In contrast, the 

hydrous oxide is a very different material with much broader peaks indicating 

that the vibrations are present within an inhomogenous environment. The 

material showed many peaks, some of which changed positions depending upon 
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the potential the film was exposed to. For ease of discussion, we have tagged 

these peaks with Greek alphabets as shown in Table 1. Detailed spectra are 

provided in the supporting information. The Raman spectra from 0.4 to 0.8 V 

were essentially identical. Changes associated with first oxidation wave began to 

be seen onwards from 0.8 V. From 0.8 to 1.2 V, the relative intensity of δ peak 

decreased with peaks γ and ε increasing in relative intensity (see Raman 

spectroscopy sub chapter 2.5, p30). 

 

Peak Labels (1.2 V) Type of vibration (H2O) (D2O) (H2O
18) 

α Ir-O bend 278   278 268 

β Ir-O bend 358 362 340 

γ Ir-O stretch 474 496 465 

δ Ir-O stretch 600 628 591 

ε Ir-O stretch 690 718 675 

Peak Labels (1.6 V) Type of vibration (H2O) (D2O) (H2O
18) 

α Ir-O bend 278 274 - 

β Ir-O bend 358 356 339 

γ Ir-O stretch 445 472 434 

δ Ir-O stretch 548 - 520 

ε Ir-O stretch 681 705 665 

 

Table 1: Peaks obtained in the Raman spectra of IrOx-foil labeled at 1.2 V and 1.6 V 

(attributed to type 1 sites). The peaks tend to move with applied potential and thus their exact 

location can be described only at a certain potential. Individual Raman shifts (in cm-1) are 

shown under the electrolyte used (H2O, D2O, and H2O
18) for growth and testing of the 

material. 

 

     The γ and ε peaks are shifted to lower frequencies with increasing potential 

between 1.1 and 1.6 V. Results of several experimental runs are plotted in 

Figure 3 (bottom). The decrease in intensity of the peak is related to the redshift 

movement of the γ and the ε peaks. But all the particles do not transform in the 

same way. This is reflected in the variation of the peak positions of gamma and 

epsilon peaks. The redshift of γ and ε peaks is also discernible through the 

closing of the gap between and peaks as the potential is increased from 1.1 to 
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1.6 V. Type 1 particles are rich in the hydrous IrOx(OH)y phase, but some of the 

IrO2 rutile phase (peak at 550 cm-1) is also present in type 1 particles (seen at 1.4 

V in Figure 3). This peak at 550 cm-1 can be identified as Eg vibrational mode of 

IrO6 octahedra in IrO2 (rutile structure type).40b Type 2 particles were richer in 

IrO2 (Figure 4). The intensity of the Eg peak increased with increasing potential, 

as seen in type 2 particles. Significant amounts of IrO2 were found between 

potentials 1.6-1.8 V with even the B2g vibrational mode of IrO6 octahedra ( ̴ 720 

cm-1) becoming discernible at these potentials. 

     Identical electrochemical experiments were carried out in H2O
18 and D2O 

based electrolytes. The Raman spectra obtained from these experiments are 

shown in Figures 5 and 6, respectively. The peaks have been tabulated in Table 

1. Significant differences could be seen from sample synthesized in H2O. The 

sample prepared in H2O
18 showed the movement of peaks to lower wavenumber 

indicating that all vibrations α → ε involve Ir-O bonds and the heavier isotope is 

responsible for the expected red-shift. Peaks α and β showed red shifts with O18 

labeled sample with a frequency shift,  Δf, amounting to  ̴  22 cm-1 for β and  ̴  10 

cm-1 for α. α could not be clearly assigned at 1.6 V due to higher noise in the 

spectrum. Deuteration did not shift these peaks in any measurable manner with 

Δf  ̴  0-4 cm-1 for either peak. These peaks are indicative of vibrational modes 

that are dominated by "Ir-O" oscillators that only involve minor coupling to 

H(D) containing species such as OH or H2O in the overall motion. These modes 

can be assigned as those that contain bending movement involving Ir-O bonds.  

     The substitution of hydrogen with deuterium showed a shift in the γ → ε 

bands as expected from an "Ir-O" stretch motion coupled to OH(D) bending 

motion of an Ir-OH(D) or Ir-OH2(D)2 group. Deuteration often results in a 

frequency redshift due to increased mass of the "OD" group compared to the 

"OH". But we actually observed a blueshift with Δf amounting to +22-28 cm-1, 

as would be expected in a case of reduction of effective mass. The observed 

bands gamma, delta, and epsilon are mainly Ir-O stretching vibrations coupled  
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Figure 3: Raman spectra collected from AIROF surface under the potential regime: 0.8 - 1.6 

V is shown (a). This figure reports the spectra collected from type 1 particles as mentioned in 

Figure 2. Details of the data collections are further described in the supporting information 

(Figure S1). At each potential, the spectra have been sampled from various randomly chosen 

particles. The trends shown here are reflected in various particles and represent the average 

behavior of the hydrous oxide phase. Various frequencies have been labeled with Greek 

alphabets. Specifically, γ and ε peak positions tend to move with applied potential and thus 

cannot be assigned a specific frequency. The variation of observed frequencies for γ and ε 

peaks as a function of potential over several runs are shown in the figure (b). (*) marks the 

presence of rutile-IrO2 phase within this particle (chosen at 1.4 V) that is primarily a hydrous 

oxide in nature. 

 

to O-H bending vibrations. Changing hydrogen to deuterium gives rise to much 

lower O-D bending frequencies. Rather than causing a redshift, the movements 

become decoupled, and the bands gamma, delta, and epsilon attain more pure Ir-

O stretching character, thereby blueshifting.     

     The deuterated sample underwent significant changes between 0.4 and 0.8 V 

with a pattern similar to H2O sample emerging around 1.1 V (where α → ε could 

be assigned), although the individual peaks remain significantly shifted from the 

b) 

γ 

ε 
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pattern seen in the H2O containing the electrolyte. The δ peak went down in 

relative intensity and with respect to γ and ε peaks as the potential increased 

from 1.2 to 1.6 V. As observed in the H2O sample, the deuterated sample also 

showed potential dependent redshift of γ and ε peaks between  ̴ 1.2 → 1.5 V, 

indicative of a weakening of the Ir-O bond between these potentials. 

 

Figure 4: Raman spectra of AIROF under the potential regime: 1.3-1.8 V showing the spectra 

obtained from type 2 particles (as mentioned in Figure 2). Formation of solid IrO2-Rutile 

phase can be seen as early as 1.3 V, specifically with the appearance of Eg mode at 550 cm-1. 

The spectrum at 1.3 V clearly shows both IrO2 and IrOx(OH)y present in the samples. At 1.8 

V, fully formed IrO2 with rutile structure type can be seen with Eg and B2g modes at 550 cm-1 

and 720 cm-1 respectively. At potentials above 1.3 V, some particles were found to have some 

IrO2 and some were purely IrOx(OH)y type. As the potential increased the IrO2 signal became 

stronger with sharper peaks. 
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     The CV shown in Figure 1 shows oxidation peak located in this region of 1.2 

to 1.5 V indicating that "Ir-O" bond weakening occurs alongside oxidation of the 

material. Beyond 1.5 V the current increases as result of OER. γ and ε peaks 

eventually remain at 475 and 705 cm-1 respectively from 1.6 to 2.0 V. In the 

D2O media, no sign of IrO2 peak (at 550 cm-1) could be seen over this entire 

potential range. In the O18 labeled samples a small peak could be seen around 

530 cm-1 at potentials greater than 1.4 V (although the signal to noise ratio was 

much poorer compared to the other two samples). This peak could be assigned 

to IrO2 with a Δf  ̴  20 cm-1 (for O18). The behavior of peaks from potentials 0.8 

to 1.2 V (Figure 3) indicates that there are at least two kinds of Ir sites 

undergoing redox chemistry in this potential range. The δ vibrations belong to 

one type whereas the γ & ε vibrations belong to another. With increasing 

potentials the type modes tend to disappear whereas the γ & ε modes both show 

similar (& parallel) redshifts. It indicates that they are linked to the same iridium 

site although they have different "Ir-O" oscillator strengths and undergo redox 

chemistry at the same time. The δ vibration did not show such a red shift 

indicating that it is linked to a different Ir site.  
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Figure 5: The structural transformation of IrOx under the potential regime: from 0.8 to 2.0V. 

IrOx was grown in H2O
18 (0.5 M H2SO4) 98% by cycling from 0.0 to 1.5 V (1000 cycles at 

100 mV/s). The γ and ε peaks redshift with increasing potential (dashed red guidelines). This 

is also discernible through the disappearance of the gap between β and γ peaks. Red asterix 

(*) show the presence of 535 cm-1 peaks, indicative of the formation of Eg band of IrO2
18 at 

these potentials. The Raman data collection was carried out using 20 s exposures averaged 

over five collections, using 24 mW incident energy upon an area of 0.7 μm2. The data was 

smoothed using Savitzky Golay filtering over a window size of 50 points. The peak around 

300 cm-1 at 1.6 V is an artifact of spectral smoothing. The unprocessed (raw) data are 

provided in the supporting section (Figure S6). 
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Figure 6: The structural transformation of IrOx under a potential regime: 0.4-2.0 V. IrOx was 

grown in D2O (0.5 M H2SO4, 98% D2O) by cycling between 0.0 and 1.5 V for 200 cycles at 

100 mV/s. The Raman data was collected using 20 s exposures averaged over five collections. 

A 780 nm laser source was used with 15 mW laser power irradiating an area of 0.7 μm2. 

 

     The growth of IrO2 may be viewed as a chance occurrence of nucleation of 

IrO2 phase in the base oxo-hydroxo matrix that is composed primarily of peaks 

from α → ε. Since deuteration shows significant shift even in the final set of 

peaks in the OER potential range 1.6 to 2.0 V (Figure 3 and 5), these active sites 

still possess contributions from OH or H2O groups. From Raman spectra we 

conclude that under conditions of OER two phases are present in IrOx; one 

which is hydrous and can be described with major peaks (γ and ε) at 445 and 

681 cm-1 and the other being IrO2 with major peaks at 549 and 720 cm-1.  
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     Theoretical calculations based on Density Functional Theory (DFT) were 

carried out to develop a better understanding of our observations, specifically in 

the region of 1.1 to 1.6 V (Figure 7) as the material transformed into a colored 

compound ready to oxidize water. Simplest of models were constructed to 

understand what might be happening in this potential range of treatment. Since 

Ir is known to be coordinated to six oxygen atoms in all experimental scenarios, 

simple models of IrOx involve IrO6 octahedra. Charges on the clusters were 

balanced with adjusting the level of hydration (number of OH or H2O bound to 

Ir). Two major experimental observations; colorification of the material and the 

nature of vibrations contributing to the Raman spectra were explored using these 

theoretical calculations. Details are provided in the supporting information 

(Figure S7-S12). The UV/VIS spectrum from the Ir3+ and Ir4+ containing 

monomers were computed along with Ir4+ (with a μ – oxo bridge) containing 

dimer. The computed spectra of the dimer showed a prominent optical transition 

in the visible region at 500 nm. The difference density plot for this transition 

essentially reflects the change of the electron density upon excitation, i.e., the 

square of the LUMO minus the square of the HOMO for the lowest lying 

transition. The calculation shows that in a dimer linked through μ – oxo bridges, 

an optical transition in the visible region is possible essentially from one Ir 

center to another (an Ir → Ir charge transfer transition). The charge transfer 

between Ir centers happens effectively between d-orbitals of T2g set of the two Ir 

centers (some parts of the orbitals are located on the oxygen atoms indicating 

ligand involvement in such a charge transfer). A transition to a higher lying Eg 

set of orbitals would be much higher in energy, in the UV regime. This indicates 

that in the least a μ – oxo mediated dimer geometry and least one Ir4+ center is 

needed to provide color to the material. A material containing two Ir3+ in a dimer 

geometry would result in all the T2g sets of orbitals completely filled resulting in 

no transition (and no color). Recent reports by Hintermaier et. al. described the 
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in situ formation of a μ – oxo type blue colored dimeric species active for 

OER.41 This also verifies the observation of Hintermaier et. al.  

 

 

 

Figure 7: Iridium "oxo-hydroxo" clusters were computed using DFT calculations. The overall 

cluster is neutral with each Ir atom in the +4 oxidation state and a low spin electronic 

configuration. (a) In the trimer "Ir-O" distances range from 1.93-2.21 Å with the Ir-μ – oxo 

distances ranging from 1.93 to 2.02 Å. Ir-OH distances range from 1.99 to 2.02 Å and Ir-OH2 

ranging from 2.08 to 2.21 Å. (b) Iridium "oxo-hydroxo" cluster used for computing the optical 

spectrum by using TDDFT. (c) Computed difference density for the 500 nm transition. The 

difference density is proportional to  | ψe |2 - | ψg |2  ̴  | ψLUMO |2 - | ψHOMO |2; which is 

equivalent to saying that the blue orbitals show the ground state orbital from which the 

electron leaves and the yellow orbitals show where the electron moves to upon the optical 

transition. The electronic transition that arises out of the dimer is essentially an Ir → Ir charge 

transfer. 
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Figure 8: Various vibrational modes are represented using simplified cartoons. All Ir centers 

are octahedral in coordination but have been simplified in representation to avoid 

overcrowding. The α and β are likely to be the twisting modes of Ir O-Ir around the Ir-Ir axis. 

These vibrations remain even in the finally condensed molecules. The γ and ε vibrations 

essentially are composed of Ir-μ – oxo stretch vibrations coupled to OH bend in Ir4+ 

containing dimers. The δ vibrations are Ir-μ – oxo stretch type (involving the unprotonated 

bridged oxygen) which involve the Ir3+. This vibration disappears as oxidation reaction 

proceeds resulting in the formation of Ir4+ and removal of protons from the bridging oxygens. 

 

     The trimeric molecule shown in Figure 7 captures the essence of the 

vibrations observed in Raman spectra reported in Figure 3. The predicted 

spectrum for the trimer shows intense peaks between 480 and 700 cm-1 (Figure 

S11). Lower intensity peaks appear around 250-400 cm-1. The predicted Raman 

intensities are strongest around 484 and 580 cm-1. The bimodal distribution of 

the intense peaks is comparable to positions of γ and ε peaks obtained 

experimentally. Figure 8 describes the mode assignments. The predicted intense 

vibrations involve stretching movement of Ir-μ – oxo bonds in the basal plane of 

the IrO6 octahedra which are coupled to O-H bending modes. The coupling of an 

Ir-O stretch to OH bend indicates a possible shift in oscillator strength of the 

vibrational mode upon isotopic substitution with deuterium. Some of these 

modes have Ir-(OH) stretch contribution to them but to a much smaller degree. 

For the dimer, the most intense vibrations are primarily composed of OH 

bending movements (not reflected in the experimental data). Since these 

polymeric-IrO6 molecules are not perfectly symmetric unlike rutile IrO2, many 

types of frequencies occur in a relatively small frequency region, resulting in 

γ and ε α and β δ 
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broad bands. Our assignments in Figure 8 are reflective of the composite 

understanding we obtain from experiments and calculations. α and β peaks do 

not involve the stretching of the Ir-O bond. We have assigned these modes to Ir-

μ – oxo bonds twisting around the Ir–Ir axis (Figure 8). These oscillations are 

not affected by Ir-O bond strengths. Vibrations from γ → ε involve stretching of 

Ir-O bonds. The γ and ε are modes that involve strong Ir-μ – oxo stretches that 

are found in the polymeric species that contain all Ir+4. The mode is composed of 

Ir-μ – oxo stretch that involves an Ir3+ centers. The movement includes an Ir-O 

stretch of one of the μ – oxo bonds which is not protonated (calculations 

reported in the Supporting Information, Figure S10). This mode disappears with 

increasing oxidation of Ir3+ to Ir4+ with concomitant deprotonation of the bridged 

oxygens.  

     Further oxidation of the trimer molecule (with all Ir4+) by one electron 

resulted in a complex that was very similar in geometry with only a minor 

decrease in the average Ir-μ – oxo bond length  ̴ 0.1 Å (Supporting Information, 

Figure S12). The two peak pattern with high Ir-μ – oxo contribution is more or 

less conserved along with slight blue shift of the most intense frequencies, 

consistent with the average reduction in Ir-μ – oxo bond lengths.  

     The structure of the catalyst (from the perspective of an Ir-O stretch 

frequencies) that forms upon the first oxidation wave around 0.9 V does not 

change significantly when the second wave of oxidation arrives indicating that 

changes in this potential range are probably happening further away from the 

Iridium coordination sphere. 

     DFT calculations (Figure 7) show that within the trimeric Ir(+4)-oxo-hydroxo 

cluster, Ir-O bond lengths vary from 1.93 → 2.21 Å depending upon the nature 

of the oxygen species bound to Ir center. Although the coordination environment 

of Ir remains octahedral, electronic structure flexibility gets reflected in the 

relatively large spread in the bond lengths around the Ir center. The flexible 

ligand environment also gets reflected in the relatively broad Raman peaks 
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compared to rigid systems like IrO2. Electronic measurements on Ir centers are 

likely to capture only an averaged picture of the coordination environment. On 

the other hand, measurements of the electronic structure of the ligand are likely 

to be more sensitive to these bonding environments. Pfeifer and coworkers used 

O-Kedge NEXAFS, XPS, and theoretical modeling to compare crystalline and 

amorphous IrO2. Not only was amorphous IrOx reported to be of much higher 

activity compared to crystalline IrO2, but the difference between the catalysts 

was better captured in the details of the O-Kedge than Ir core level XPS.42 

     For a covalent system like IrOx, a catalytic model centered entirely on Ir 

oxidation state is not likely to paint a complete picture. So instead of thinking of 

Ir atom center as the redox active unit, one must think of [IrO6]n cluster with 

covalent bonds as one entity with significant contribution from the ligands, 

which help in electronically coupling the Ir centers to each other.  

     Within the μ – oxo connected geometry, once all centers are of +4 type, the 

further demand of electrons can result in oxidation of [IrO6]n cluster or oxidation 

of water molecules present around it. Our act of artificially further oxidizing the 

trimer (in the theoretical calculation) did not show significant changes from the 

unoxidized trimer geometry indicating that the structure directing influence of 

oxidative potential is minimal once all Ir atoms have reached an oxidation state 

of +4. This also gets reflected in the Raman spectrum, which is more or less 

unchanging once the first oxidation wave finishes. The continuous redshift of γ 

and δ peaks is indicative of overall charging of the entire cluster (similar to stark 

tuning). Previously it has been claimed that Ir can reach higher formal oxidation 

states of +6 (IrO3) and +8 (IrO4) in molecular form, but it is usually within an 

extreme confinement of a noble gas matrix.43 In a real environment, where 

condensation chemistry is possible and oxidizable substrates are present, such 

high oxidation states are unlikely.  

     The overall mechanism of electrochromism and OER is summarized by 

Scheme 1. In the potential range around 0.8-1.2 V, the material can be 
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visualized as edge sharing IrO6 polyhedra (containing several units) which are 

hydrated. The octahedra are connected by μ – oxo oxygen bridges that allow the 

Ir atoms to electronically couple to each other. At this stage, the material is 

populated by both Ir3+ and Ir4+ centers and some of the bridged oxygen atoms 

are protonated. Ir+4 centers are responsible for the color of the material. As we 

move across the first oxidation wave the material continues to undergo oxidative 

deprotonation leading to the formation of more Ir4+ centers and resulting color 

intensification. This also causes the suppression of the peak (linked to Ir3+) and 

increased prominence of γ and ε peaks (linked to Ir4+). Once all iridium atoms 

attain +4 oxidation state, formation precipitation of IrO2 becomes possible. 

Structurally, IrO2 can be viewed as a condensed form of IrO6 chains (Figure 9). 

At this state, the [IrO6]n cluster becomes structurally non-responsive to any 

further oxidation. As the potential increases further, another oxidation peak 

results, but this does not result in significant structural changes, only notable 

structural change lies in the redshift of the γ and ε peaks. This structure begins to 

oxidize water as the potential dependent movement of γ and ε peaks stops. 

Formation of IrO2 as a condensation product can be deemed as a deactivation 

mechanism. 

 

 

 

Figure 9: Edge connected IrO6 octahedral chains are structurally linked to rutile IrO2 which 

can be viewed as a condensation of such chains through corner sharing linkages. 
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Scheme 1: The transformation of AIROF over the entire range of potential; 0 V → potential 

regime for OER. The top bar shows the coloration of the material as the applied potential is 

increased. The polymeric material is rich in Ir+3 with bridging μ – oxo species resulting in the 

formation of edge-sharing IrO6 octahedral units. These units are heavily hydrated with some 

of the bridging oxygens remaining protonated. Oxidation results in the formation of Ir4+ 

species along with the concomitant removal of protons from the bridging oxygens. This 

results in the blue color of the material due to the emptying of T2g orbitals of Ir and 

subsequent Ir to Ir charge transfer transition. Further oxidation results in more Ir+4 centers 

leading to in intense blue color. Subsequent oxidation of the material results in overall 

oxidation of the [IrOx]n cluster and gets reflected in the redshifting of γ and ε peaks. 

Formation of IrO2 can result under the conditions, which can lead to deactivation of the 

material. Further oxidation of the Ir trimer and water oxidation mechanism will be discussed 

in detail in the next chapter.  

 

4.4. Conclusion 
 

     We have for the first time described the structure of the active oxygen 

evolving catalyst of IrOx. The material is a heavily hydrated form of polymeric 

IrO6 octahedra which share edges with each other. Ir centers are connected to 

each other via μ – oxo type oxygen linkages that allow the Ir centers to 

electronically couple to each other. Formation of Ir4+ in combination with a μ – 

oxo type geometry results in the blue color observed in these materials at high 

potentials. The frontier orbitals involved in the optical transition also include the 

contribution from oxygen atoms alongside major contributions from adjacent Ir 

centers, indicating the significant role played by the ligands in the overall 

chemistry. The first oxidation wave, which results in colorification of the 
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material, is accompanied by a noticeable structural change that could be 

followed by Raman spectroscopy. Once this oxidation wave is over, the material 

is essentially composed of Ir+4 centers. The second oxidation peak around 1.4 V 

originates from oxidation of the overall [IrO6]n cluster and only an average 

effect on the Ir centers can be seen (by the movement of γ and ε peaks). Once 

the OER starts, the movement of γ and ε peaks stops, indicating that material 

can meet its electronic demand (oxidative pressure) through oxidation of water 

rather than oxidation (or charging) of the catalyst itself. The study shows us that 

[IrO6]n has a flexible ligand environment which accommodates various 

oxidation states with a small adjustment in bond lengths (Table 2). At potentials 

above 1.2 V, the formation of rutile IrO2 was also observed. Formation of IrO2 

as a side product can also introduce complications with respect to interpretations 

of XPS and EXAFS results as they only provide an average picture.  

 

Table 2: Various Ir-O bond lengths of central Ir atom in the trimer with various oxidation 

states. The positions of O atoms are marked by Roman numbers in the 3D model below.  

 

Ir-trimer I  Ir-O II  Ir-O III  Ir-O IV  Ir-O V  Ir-O VI  Ir-O 

Ir4+-Ir3+-Ir4+ 1.89 2.07 2.07 1.91 2.14 (OH) 1.98 (OH) 

Ir4+-Ir4+-Ir4+ 1.98 1.94 1.97 2.02 2.03 (OH) 2.14 (H2O) 

Ir4+-Ir5+-Ir4+ 1.97 1.93 1.93 2.01 2.03 (OH) 2.11 (H2O) 
 

 

 

     We believe this study on anodic iridium oxides is applicable to other IrOx 

systems as well, including those that are thermally synthesized. Structurally, 

rutile IrO2 can be viewed as chains of IrO6 edge-sharing octahedra that 

coalesced forming a 3D structure (Figure 9). IrO2 activation can be explained as 

the unraveling of the 3D structure to create free, heavily hydrated, edge-sharing 

I II 

III IV 

V 

VI 
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[IrO6]n chains as a result of repeated reduction (due to potential cycling) in an 

aqueous environment. Variation in OER activity, from different kinds of 

synthetic methods, can result from various extents of hydration, polymerization 

of IrO6 octahedra and various degrees of coalescence of [IrO6]n chains. 

 

4.5. Experimental Section 
 

     All solutions were prepared from high purity reagents. Millipore Milli-Q 

water (with a resistivity of 18.2 M∙cm) and H2SO4 (Suprapur 96 vol %) were 

used. A 0.05 mm thick Ir foil (Advent Research Materials, 99.9%) was used to 

grow the oxide in 0.5 M H2SO4. Electrochemical experiments we conducted 

using Biologic VSP-300 potentiostat. The ohmic drop was automatically 

compensated at 85% using ZIR method as implemented in potentiostat software 

EC-lab (Bio-logic, France). The cell resistance was obtained using EIS at the 

high-frequency intercept at 100 kHz (amplitude 10 mV). IrOx on Ir foil was 

grown by cycling the applied potential of the foil in 0.5 M H2SO4 from 0-1.5 V, 

at 100 mV/s for 200 times. Electrolytes were prepared by diluting with water, 

D2O or H2O
18. Raman spectra on the foil were collected under Raman 

microscope (Thermo Scientific DXR) using 780 nm laser at 15 mW focused at 

0.7 μm2 (50x objective). The collection was carried out at 2 seconds exposure 

time averaged over ten exposures. Platinized Pt wire and Reversible Hydrogen 

Electrode (Gaskatel) were employed as a counter and reference electrodes, 

respectively. All theoretical calculations were performed using ORCA 

package.44 B3LYP hybrid functional was used for geometry optimization of the 

Iridium-containing clusters.45 The atoms were described with Def2-TZVP basis 

set.46 Relativistic corrections were performed with ZORA.47 Dispersion 

corrections were performed according to Grimme et. al.48 Raman spectra were 

calculated using its implementation within ORCA. The atomic coordinates of 

the calculated clusters are provided in the supporting information (Section 1). 
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4.7. Supporting Information 
 

1. Coordinates of molecules used in DFT Calculations  

IrOx naturally occurs in an octahedral environment. Various Ir complexes 

(chlorides, fluorides) and oxides (rutile IrO2) have an octahedral environment of 

ligands around Ir. Even results from EXAFS studies show a coordination 

number of 6. Thus for all calculations, an octahedral environment around Ir was 

conserved. OH was used for charge balancing and H2O was added at the empty 

coordination sites. Cartesian coordinates of the optimized geometry of the 

molecules are provided below. 

 

a)  Ir(OH)6
-3, Formal charge on Ir: +3 

Ir -2.120936000 1.832755000 -0.597179000 

O -4.126987000 1.385471000 -0.197568000 

H -4.043390000 1.634040000 0.752356000 

O -1.205372000 0.044429000 -0.043287000 

H -0.298713000 0.395150000 -0.208068000 

O -0.111148000 2.280088000 -0.972152000 

H -0.158245000 1.990958000 -1.912895000 

O -2.250359000 2.334325000 1.427309000 

O -3.050050000 3.631540000 -1.136395000 

H -3.944461000 3.289072000 -0.909148000 

O -1.937522000 1.215690000 -2.591257000 

H -1.603622000 0.315025000 -2.405135000 

H -1.859836000 1.512366000 1.783857000 
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b)  Ir2H12O10 -IrOx- Dimer, Formal charges on Ir: +4 

O -0.726465000 0.357513000 -1.129135000 

O 0.354066000 0.280361000 1.059479000 

O 1.666723000 -1.460453000 -0.663311000 

O -2.277907000 1.533519000 0.754717000 

H -1.050508000 -2.601394000 -0.137377000 

H 0.458628000 -1.973944000 -0.002162000 

H 0.849329000 2.892312000 -1.636672000 

H -0.374763000 2.089284000 -1.026625000 

O -0.471201000 -2.115467000 0.463741000 

O 0.521010000 2.501991000 -0.815462000 

Ir 1.244752000 0.496289000 -0.629451000 

Ir -1.403872000 -0.146801000 0.650186000 

H 3.167338000 0.734699000 -1.855163000 

H 2.353793000 -0.172815000 -2.885628000 

H -2.900711000 -1.393042000 2.306956000 

H -1.523652000 -1.398661000 3.032361000 

O 2.358727000 0.699427000 -2.465582000 

O -2.188910000 -0.818016000 2.637920000 

H 2.498804000 -1.539227000 -0.173917000 

H -2.653181000 1.649496000 1.639180000 

O 3.267740000 0.617427000 -0.205757000 

H 3.485409000 1.352990000 0.373320000 

O -2.936840000 -1.236760000 0.129754000 

H -3.123041000 -1.112445000 -0.810193000 

 

c)  Ir3H16O14 – Trimer, Formal charges on Ir: +4 

O -0.567671000 -0.422486000 -1.180306000 

O 0.538457000 -0.318831000 1.008905000 
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O 2.301822000 -1.206230000 -0.696928000 

O -1.908268000 1.076013000 0.912682000 

H -1.528780000 -3.253912000 -0.091911000 

H 1.922355000 -1.588620000 0.126463000 

H 0.378959000 2.854788000 -0.000065000 

O -0.776524000 -2.895668000 0.412982000 

O -0.101465000 2.182307000 -0.498755000 

Ir 1.077533000 0.482260000 -0.706408000 

Ir -1.321736000 -0.837399000 0.599227000 

H 2.631622000 1.697606000 -2.216370000 

H 1.957740000 0.772238000 -3.297951000 

O 1.776935000 1.408778000 -2.596083000 

O -2.050795000 -1.478333000 2.374446000 

H 3.104741000 -0.711482000 -0.416077000 

H -1.682442000 1.220542000 1.842678000 

O 2.909932000 1.301730000 -0.293384000 

H 3.015813000 1.631993000 0.603631000 

O -3.103812000 -1.456414000 0.132489000 

Ir -3.909274000 -1.751252000 1.869354000 

O -5.743219000 -1.935122000 1.185169000 

 

H -6.235967000 -2.652323000 1.600080000 

H -0.898849000 1.862098000 0.075041000 

O -4.665612000 -2.127383000 3.908206000 

H -4.028700000 -1.747213000 4.528710000 

H -4.411404000 -3.074592000 3.784808000 

O -3.599842000 -3.697539000 2.199305000 

H -2.699257000 -3.751498000 2.548761000 

O -4.402633000 0.339618000 1.628281000 
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H -3.640572000 0.747963000 1.145415000 

H -5.158285000 0.269269000 1.023539000 

H -0.957515000 -3.144468000 1.339209000 

 

d)  Ir3H16O14 – Trimer, Formal charges on Ir +4, +4 and +5 

O -0.578168 -0.458585 -1.092697 

O 0.470780 -0.254878 1.083519 

O 2.256407 -1.276643 -0.714813 

O -1.908030 1.130931 0.967043 

H -0.940473 -3.074628 -0.443721 

H 1.979050 -1.809433 0.054081 

H 0.431827 2.862280 -0.093447 

O -0.825558 -2.835081 0.488384 

O -0.067702 2.135647 -0.491557 

Ir 1.068316 0.432579 -0.651560 

Ir -1.337752 -0.799855 0.697471 

H 2.588157 1.558574 -2.432319 

H 1.696142 0.619768 -3.337859 

O 1.691988 1.207434 -2.571297 

O -1.968554 -1.052252 2.585267 

H 3.134261 -0.905920 -0.495739 

H -1.649007 1.308550 1.884469 

O 2.800445 1.312054 -0.223899 

H 2.944380 1.499151 0.710734 

O -3.105108 -1.298798 0.120620 

Ir -3.652813 -1.733640 1.948510 

O -5.509813 -2.170865 1.538179 

H -5.625746 -2.607808 0.684352 

H -0.875850 1.891596 0.101277 
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O -4.383981 -2.279879 3.911044 

H -5.335099 -2.430502 3.766579 

H -4.276831 -1.611157 4.602267 

O -2.939477 -3.554190 1.710575 

H -2.971616 -4.049001 2.539428 

O -4.377709 0.282521 2.009941 

H -3.716474 0.798909 1.486206 

H -5.211270 0.268793 1.511955 

H -1.581437 -3.309231 1.002153 

 

2. Raman data collection 

The sample is inhomogeneous with various particles. Raman spectra collection 

amounts to collecting spectra from individual particles at a time. Since we 

sample many sites (not the same sites during each measurement), variations can 

arise from simply scattering intensity differences or differences in chemical 

composition of individual sites. Small variations also arise from the fact that all 

the measured particles do not transform exactly in the same way (to the same 

extent), at a given potential. As can be seen in Figure S1, although the entire 

IrOx foil was measured at 1.4 V, some particles were more, or less oxidized than 

others e.g. particles P1 and P2 at potentials 1.4 V and 1.6 V. As clearly seen, the 

movement (redshift) of gamma and epsilon peaks are linked to each other, and 

the gap between β and γ peaks, closes as the material is increasingly oxidized. 

We can safely say that as the material gets oxidized, gamma and epsilon peaks 

redshift resulting in the closing of the gap in spectra between beta and gamma 

peaks. 
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Figure S1: Shows IrOx which was grown in H2O at various potentials. Raman spectra were 

collected at various sites in a given sample, at a given potential. Each color represents spectra 

collected from a certain particle P. As can be seen, not all the particles transform in exactly 

the same way. At 1.4 V, particle P1 (pink) is less oxidized that particle P2 (red). In particle 

P1, a hint of δ peak is also visible. At 1.5 V, particle P1 (red) is more oxidized than particle 

P2 (blue). For a single particle, the position of γ and ε are linked to each other and shift 

together. The arrow points at the dip in spectra around 400 cm-1. As the material gets oxidized 

(between 1.1 V and 1.6 V), the γ and ε peaks redshift resulting in the closure of this gap. 
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Figure S2: The structural transformation of IrOx under a potential regime: 0.4-1.2 V. IrOx was 

grown in 0.5 M H2SO4 by cycling from 0.0 to 1.5 V for 200 cycles at 100 mV/s. The Raman 

collection was carried out using 20 s exposures averaged over five collections. A 780 nm laser 

source was used with 15 mW laser power was incident upon an area of 0.7 μm2. 
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Figure S3: The structural transformation of IrOx under a potential regime: 1.2-2.0 V. IrOx was 

grown in 0.5 M H2SO4 by cycling from 0.0 to 1.5 V for 200 cycles at 100 mV/s. The Raman 

collection was carried out using 20 s exposures averaged over five collections. A 780 nm laser 

source was used with 15 mW laser power was incident upon an area of 0.7 μm2. 
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Figure S4: The structural transformation of IrOx under a potential regime: 0.4-1.2 V. IrOx was 

grown in D2O (0.5 M H2SO4, 98% D2O) by cycling from 0.0 to 1.5 V for 200 cycles at 100 

mV/s. The Raman collection was carried out using 20 s exposures averaged over five 

collections. A 780 nm laser source was used with 15 mW laser power was incident upon an 

area of 0.7 μm2. 
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Figure S5: The structural transformation of IrOx under a potential regime: 1.2-2.0 V. IrOx was 

grown in D2O (0.5 M H2SO4, 98% D2O) by cycling from 0.0 to 1.5 V for 200 cycles at 100 

mV/s. The Raman collection was carried out using 20 s exposures averaged over five 

collections. A 780 nm laser source was used with 15 mW laser power was incident upon an 

area of 0.7 μm2. 
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Figure S6: The structural transformation of IrOx under a potential regime: 0.8-2.0 V. IrOx was 

grown in H2O
18 (0.5 M H2SO4, 98% H2O

18) by cycling from 0.0 to 1.5 V for 1000 cycles at 

100 mV/s (left figure). The γ and ε peaks redshift with potential (dashed red guidelines), also 

discernible through the disappearance of the gap between β and γ peaks. The Raman 

collection was carried out using 20 s exposures averaged over five collections at 24 mW 

incident upon an area of 0.7 μm2. The Raman data was smoothed using Savitsky-Golay 

filtering over a window size of 50 points. The peak around 300 cm-1 at 1.6 V is an artifact of 

spectral smoothing. The unprocessed (raw) data are provided in the figure at right. 
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3. UV spectra from calculations 

 

 

 

 

Figure S7: Shows the computed UV-VIS spectra of Iridium oxo-hydroxo monomer and dimer 

complexes. The UV-VIS spectra of monomers with Ir4+ and Ir3+ are essentially colorless. The 

dimer shows a strong band at 500 nm which arises from Ir → Ir charge transfer band. The 

difference density plot is provided in the main text. 
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4. Raman spectra from calculations 

 

 

 

 

 

 

Figure S8: Shows the computed Raman spectrum of iridium oxo-hydroxo dimer complex with 

one Ir3+ and other Ir4+. The calculation resulted in the movement of a hydrogen atom from one 

of the terminal waters to bridging oxygens. The most intense vibrations are shown. The 642 

cm-1 vibration involves the motion of μ – oxo oxygen atom that is not bound to a hydrogen 

atom. The arrows show the magnitude of atomic movement in a particular vibrational mode. 
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Figure S9: Shows the computed Raman spectrum of iridium oxo-hydroxo dimer complex. 

The most intense vibrations are shown. These vibrations involve the significant bending 

movement of the OH group from the water molecules. The arrows show the magnitude of 

atomic movement in a particular vibrational mode. The involvement of μ – oxo moieties is 

minimal in these modes. 
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Figure S10: Shows the computed Raman Spectrum of Iridium oxo-hydroxo trimer complex 

that has Ir4+-Ir3+-Ir4+ centers. The calculation resulted in the movement of a hydrogen atom 

from one of the terminal waters to bridging oxygens. The most intense vibrations are shown. 

The spectrum has one major band composed of Ir-μ – oxo stretches for the oxygen atom not 

bound to a hydrogen atom. The arrows show the magnitude of atomic movement in a 

particular mode. 
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Figure S11: Shows the computed Raman spectrum of iridium oxo-hydroxo trimer complex. 

The Raman spectrum computed for the trimer shows a bimodal distribution of bands as 

observed in the experiments. The vibrations that contribute the most to the Raman spectra are 

shown in the figure. The arrows show the magnitude of atomic movement in a particular 

mode. The strongest Raman intensities correspond to vibrations that involve the strong 

movement of μ – oxo bonds, often coupled to the movement of hydroxides (O-H bending 

modes). 
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Figure S12: Shows the computed Raman spectrum of iridium oxo-hydroxo trimer complex 

oxidized by one electron. So instead of three Ir4+, the complex has two Ir4+ and one Ir5+. 

Quintet state was calculated to be the most stable electronic configuration. The Raman 

spectrum computed for the trimer still shows a bimodal distribution of bands although slightly 

blue shifted compared to the unoxidized trimer. The vibrations that contribute most to the 

Raman spectra are shown in the figure. The arrows show the magnitude of atomic movement 

in a particular mode. Similar to the unoxidized trimer, the strongest Raman intensities 

correspond to vibrations that involve the strong movement of μ – oxo bonds. 
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5.1. Abstract 

 

     We explored the structure of anodic IrOx using in situ Raman spectroscopy 

and theoretical calculations. [IrO6]n with n=3 was used as a model cluster to 

understand the IrOx material. The oxygen evolution reaction was carried out in 

various electrochemical media. Isotopic substitution experiments showed that an 

Ir=O species was observed using oxygen evolution experiments which 

disappeared as soon as the applied potential was removed. The nature of this 

Ir=O species was explored through the [IrO6]n cluster model. Results show that 

Ir=O is essentially square pyramidal at the Ir atom with the SOMO localized at 

the Ir=O group.  

 

5.2. Introduction 

 

     The oxygen electrode remains a central challenge in implementing a 

hydrogen-based economy.31 IrOx remains one of the most important catalysts for 

water oxidation reaction.49 Dimensionally stable anodes (DSA) are composed of 

primarily IrO2.
32-33 These materials require being treated through activation 

protocols before they can be implemented. IrOx materials were shown to be very 

active by Mallouk et. al.37b In the alkaline media, Mallouk et. al. proposed that 
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these materials are unstable and form molecular species that show oxygen 

activity.50 In fact, the activity shown by these materials in alkaline electrolytes 

was much higher than in acidic or neutral electrolytes. We have recently 

characterized the active IrOx material through ex situ Raman spectroscopy on 

anodic IrOx grown on an Iridium foil.51 Attempts to understand the mechanism 

of OER on IrOx has encouraged operando studies using XPS and XAS.38f, 52 

These investigations focused on an Ir centered approach is to understand the 

nature of the active catalyst. XPS studies observed an additional Ir 4f peak at 

higher binding energy (+0.7 eV) during OER and suggested an Ir5+ species 

forming during the catalytic event.52 Minguzzi et. al. suggested the formation of 

both Ir3+ and Ir5+ during OER. But both these studies do not compare the shifts 

to standard Ir-containing compounds. High oxidation states (+5 or greater) are 

only known for fluorine-containing molecules amongst the stable Ir compounds 

or in IrOx molecular species isolated within a noble gas matrix. Reier et. al. and 

Pfeiffer et. al. observed an additional feature at 529 eV in the O-Kedge 

NEXAFS spectra of highly OER active Ir-NiOx and amorphous IrOx 

respectively. Using DFT calculations they have suggested that to be an 

electrophilic oxygen species present in these materials.53 By the nature of their 

inquiry, these studies cannot clarify the exact chemical nature of the IrOx active 

site which is possible through vibrational spectroscopy. Mo et al. carried out in 

situ Raman spectroscopy on IrOx/Au system but essentially used XAS data for 

interpretation of results.38c Frei and coworkers have investigated IrOx clusters as 

OER catalysts using rapid scan FTIR under visible light.54 They reported the 

detection of a transient Ir-OOH species with O-O vibration being detected at 830 

cm-1. In this paper, we have used in-situ Raman spectroscopy to understand the 

behavior of these materials under operando conditions of oxygen evolution. We 

suggest an Ir=O species, with five coordinated square pyramidal Ir as the active 

site for water oxidation and suggest a mechanistic pathway for product 

formation and replenishment of the active site. 
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Peak Labels  H2O D2O H2O
18 1:1 (H2O: H2O

18) H2O
18 tested in H2O 

γ 476 475 423 454, 482 430, 458, 480 

δ 527 554 476 541, 482 554 

ε 595 602 554 605, 552 608 

η* 771 767 712 722, 771 --- 

      

      
Table 1: Peaks obtained in the Raman spectra of IrOx/Au labeled at 0.8 V. The peaks tend to 

move with applied potential and thus their exact location can be described only at a certain 

potential. The Ir-O stretching assignments have been borrowed from Pavlovic et.al.51  

* Collected at 1.7 V. 

 

5.3. Results and discussion 

 

     Cyclic voltammogram of IrOx materials in different electrolytes is well 

known (Figure S1). The material was electro precipitated at 1.5 V onto an Au 

substrate as shown by Mallouk et. al.37b In our previous publication we have 

shown that the anodic Iridium oxide is essentially a hydrous material with OH 

and H2O groups playing important role in its overall structure.51 Experiments of 

IrOx/Au were conducted in an in situ Raman cell, using Biologic VSP-300 

potentiostat. Raman spectra were collected with Ocean Optics QE65 pro 

spectrometer using 785 nm Laser source. The Laser intensity was maintained at 

500 mW per 0.1 mm2 at the sample (collection time of 10 s). The potential was 

scanned from 0.4 - 1.8 V, at steps of 0.1 V. 
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Figure 1: In situ Raman spectroscopy of IrOx/Au system in 0.1 M NaOH. The peaks labeled 

by Greek letters originate from Ir-O stretch vibrations. Rest of the peaks can be assigned to 

Au substrate (supporting information, section 2). η peak is only visible during the process of 

OER and disappears with the removal of applied potential. Peak assignments (in Greek 

letters) have been borrowed from Pavlovic et. al.51 

 

     Results of the in situ Raman experiment are shown in Figure 1. More details 

of the experiments are provided in the supporting information. Peaks at 225 and 

324 cm-1 originate from the gold surface. The peaks from 450 - 780 cm-1 

originate from Iridium-oxygen vibrations. Electrochemically, 4 regions (R) in 

the IrOx CV can be clearly identified; R1 (E < 0.4 V), R2 (0.4 < E < 0.7 V), R3 

(0.7 < E < 1.2 V) and R4 (E > 1.4 V). Whereas R1 corresponds to a colorless 

compound rich in Ir3+, R2 represents the region of first oxidation wave from Ir3+ 
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↔ Ir4+. At the beginning of the experiment at OCP, there is a certain peak 

structure (465, 527, 600, 702 cm-1), but as soon as the potential of 0.4 V is 

applied, a sharp peak at 520 cm-1 is formed. This is the most dominant peak δ in 

the region R1. Region R1 has no ε peak which appears in R2. The ε peak loses 

intensity in R3. R4 shows the significant drift of peaks γ to ε towards higher 

frequencies. At potentials, 1.3 V and higher, oxide on Au surface grows 

(supplementary information). Thus peaks in R4 have substantial Au contribution 

to them. The final peaks observed at OCP in the treated materials are composed 

of both IrOx and AuOx peaks. The peak η at 771 cm-1 is seen in R4. This peak 

disappears as soon as the applied potential is switched off. This peak does not 

exist in experiments done on a bare Au surface and thus must be assigned to 

IrOx material under conditions of water oxidation. Isotopic substitution using 

D2O and H2O
18 as synthesis and reaction media were also carried out. Results 

have been tabulated in Table 1. Figure 1 shows effects of isotopic substitution η. 

In the experiment that has 50:50 (H2O: H2O
18), only two peaks of nearly equal 

intensity were visible. Thus this peak could be assigned to Ir=O vibration (as 

opposed to any other species that contained O-O, or OH vibration). If O 

movement is the primary oscillator in this vibration, then one can expect a shift 

of Δf  ̴  √8 9⁄   ̴ 45 cm-1 upon O18 substitution. Deuterium substitution resulted in 

almost no shift of the peak (Δ f  ̴ 5 cm-1). For Ir-O-OH containing groups, the 

shift reported by Frei et. al. due to deuteration was 30 cm-1.54 Small shifts due to 

deuteration are possible through altered hydrogen bonding contributions from 

the solvent. Vibrations where the motion of the hydrogen atom explicitly 

contributes to the vibrational mode show significant alteration of frequency 

upon deuteration due to the large mass change fD/fH  ̴ 1√2. Figure S4 shows the 

results from various experiments with combinations of H2O, D2O, and H2O
18 

containing electrolytes. Figure 2 shows η peak at OER potentials in various 

labeled electrolytes. Figure S4 (d) shows the results of experiments when 

material was synthesized in H2O
18 and tested in H2O

16. Peaks γ to ε begin to split 
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into two sets of peaks in the beginning of R3 indicating that material exchanges 

oxygens with the electrolyte even at potentials as low as 0.7 V. Even the 

position of η peak only shows the contribution from O16 isotope. 

 

 

Figure 2: Raman spectra of the η peak in various isotopically labeled electrolytes. 

 

     Theoretical calculations using density functional theory were carried out to 

better understand the IrOx system (Figures S5-S7). Specifically, calculations 

were performed to understand the identity of the Ir=O species. The trimeric IrO6 

unit was used to construct a model system for calculation. It was found that an 

Ir-O unit on the central Ir atom resulted in the formation of a square pyramidal 

central Ir atom. [Ir4+-Ir4+-Ir4+] trimeric IrOx clusters were used for computation 
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(Figure 3). The Ir-O vibration was computed to be at 829 cm-1. Furthermore, it 

was found that the vibrations could be significantly modulated through hydrogen 

bonding near the "Ir-O" e.g. the Ir-O vibration was reduced to 766 cm-1 from 

829 cm-1 by placing an H2O molecule near the Ir-O moiety. Besides, the relative 

intensity of this vibration was found to be very strong compared to the other 

vibrations within this molecule. We believe at the optimum potential some of 

the [IrO6]n species turn into the OER active Ir=O species that removes any 

further oxidative strain from the material. Even though present in much less 

quantity, the extremely high Raman activity of the Ir-O stretch vibration makes 

it possible for the active species to be detected within a matrix of [IrO6]n 

containing material. The 771 cm-1 peak can also be detected in acidic media but 

has a much smaller intensity. This is likely because the material is highly 

condensed in the acidic and neutral media and not many exposed active sites 

containing Ir=O species form, which gets reflected in the overall activity of the 

material. Ir-OOH species (Figure S6) were also computed. The frequency of 

vibration of O-O stretch was 715 cm-1, besides the O-O stretch, Raman intensity 

was much smaller. In light of our experimental and computational 

investigations, we assign the observed 770 cm-1 vibrations to Ir=O stretch of a 

square pyramidal Ir site. The frontier orbitals of IrOx were calculated and have 

been visualized in Figure 3. The SOMO (Figure 3 (b)) essentially shows that Ir-

O unit is the most reactive part of the molecule with a major part of the 

molecular orbital localized in this region. The frontier orbitals are antibonding in 

nature between Ir-d and O-p with significant localization on O atom making it a 

suitable target for reaction. We believe this oxygen may be responsible for 

making the important O-O bond during the formation of molecular O2 from 

water (Figure 4). 
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Figure 3: Theoretical calculations were carried out on IrOx species containing the "Ir-O" 

moiety. The calculations resulted in an Ir-O species that was essentially square pyramidal at 

the Ir center. (top) Ir4+ containing species with the central atom containing the Ir-O bond. The 

oxygen atom has been labeled with an O* (top). SOMO of the species is shown in (bottom). 

 

     M-O species responsible for oxidizing water are common in literature. In the 

case of Mn-containing Photosystem II catalyst, the O-O bond formation either 

happens through a nucleophilic attack at the Mn-O center (Mn5+-O, Mn4+-O or 

Mn4+-oxyl) species or by an oxyl-oxyl radical coupling mechanism.55 But the 

exact nature of the species is debatable. It has been suggested in the literature 

that electrophilic oxygen at the active site is essential to make reactions like O-O 

bond formation and C-H bond activation possible.53c, 56 Wang et. al and 

Concepcion, and coworkers suggested an O-O bond formation using the 

nucleophilic attack on Ru=O site.57 Using DFT based theory, Mai et. al. 

suggested that C-H activation essentially consists of two parts, a Fe4+=O species 
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which was a precursor to Fe3+–O.- oxyl species that carried out the hydrogen 

atom transfer.56a Similarly, using DFT calculations Yang et. al. have argued that 

Ru5+=O can act as a precursor to Ru4+–O.- oxyl species which carries out water 

O-O bond formation. For the IrOx cluster shown in Figure 3, the total Löwdin 

charge at the oxygen atom amounts to only -0.12 (as compared to -0.35 for the 

bridging oxo-s) and the Löwdin spin population at the central Ir and oxo 

amounts to 47% and 29%, respectively. Semantically, although this charge 

distribution would be compatible with a metal-oxyl (O.-) species, the spin 

distribution rather indicates a much lower spin population at the oxygen (29%) 

than expected for a radical species (100%). This is the result of a somewhat 

covalent Ir-O π-interaction that involves the spin carrying dxz orbital (t2g in 

octahedral symmetry) at Iridium (see supporting information). We believe what 

we see our experiment, is the structure that is a precursor to the reactive oxyl 

species as proposed by Mai and Yang et. al.56 The observation of a reactive oxyl 

radical species under experimental conditions remains difficult, specifically at 

room temperature. Herlihy et. al. observed an oxyl species on TiOx system using 

in situ ultrafast infrared spectroscopy.58 Based on our data, we can say that we 

see an Ir-O species that can in principle act as a precursor to a highly 

electrophilic oxyl species that reacts with water (or dissociated water) to form an 

O-O bond.  

 

5.4. Conclusion 

      

     The scaffold enabling the OER is derived from a highly hydrous [IrO6]n 

species, where each Ir atom is octahedrally coordinated by oxygens. Whereas, 

the color and vibrational spectroscopy of most of this material can be traced 

using ex-situ spectroscopy, the formation of an active a square pyramidal "Ir–O" 

species is detectable only through in situ spectroscopy under applied potential. 

We have shown that this Ir–O species is the active site within the molecule 
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which is open to attack from H2O molecules leading to the formation of O2 

through the formation of an O–O bond as shown in Figure 4. The OER 

chemistry is likely to proceed primarily in the ligand sphere. 

 

 

 

Figure 4: Proposed active species responsible for water oxidation in IrOx materials. Suggested 

mechanism of oxidation of water and regeneration of the active site is shown. The oxo species 

is likely to go through an oxyl type species before the O-O bond is formed. 

 

5.5. Acknowledgement 

 

The authors thank Bundesministerium für Wirtschaft und Energie (BMWi), 

Germany (EKOLYSER project) for funding this research. 

 

5.6. Supporting Information 

 

1. Experimental Section 

     All the solutions were prepared from high purity reagents: H2IrCl6 (Alfa 

Aesar, 99%), NaOH (Fluka Analytical, 99.9995%), D2O (Sigma-Aldrich, 99.9 

atom % D), H2O
18 (Sercon, 98 atom % O18), HClO4 (Suprapur, 70 vol %), 

H2SO4 (Suprapur 98 vol %), NaCl (SAFC, 5 M solution). All solutions were 

prepared by using Millipore Milli-Q water (18.2 MΩ•cm). Au foil (Alfa Aesar 

Premion, 99.9975%, 0.1 mm) was used as the substrate, Ir foil (Advent Research 

Materials, 99.9%, 0.05 mm). The electrochemical experiments were conducted a 

Biologic VSP-300 potentiostat. A three-electrode cell was used for all 

experiments. Platinized Pt wire and Reversible Hydrogen Electrode (RHE by 
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Gaskatel) were employed as counter and reference electrodes, respectively. All 

the reported potentials in the main text and supporting information are 

referenced to the RHE. The ohmic drop was automatically compensated at 85 % 

using ZIR method as implemented in EC-lab (Bio-logic, France) interface. The 

cell resistance was obtained using electrochemical impedance at the high-

frequency intercept at 100 kHz (amplitude 10 mV).  

     IrOx was investigated as electrodeposited on gold foil. Gold foil was prepared 

by electrochemical roughening using a method highlighted by Liu et. al.59 The 

electrode was cycled from -0.08 to 1.42 V in 0.1 M NaCl. The electrode was 

held at -0.08 V for 10 s and at 1.42 V for 5 s during each cycle. The scan rate 

was 500 mV/s for 25 cycles. The electrode was then cycled in 0.1 M HClO4 

from -0.2 to 2.1 V with scan rate 500 mV/s for 200 cycles. Method highlighted 

by Mallouk et al was used to prepare the solution for electrodeposition.37b The 

solution of IrOx (10 mM) was prepared by dissolving the precursor (H2IrCl6) in 

0.5 M NaOH and heating it at 90°C for 20 minutes. Finally, a blue colored 

solution was obtained which was used for depositing IrOx on Au. For 

electrodeposition, the potential was held at 1.5 V for 5 min. The 

electrodeposition process can essentially be described as electrocoagulation 

(acid condensation) of IrOx monomers to form polymeric species under 

acidification near the electrode surface. 

     For the in situ SERS experiments, the potential was maintained for 30 s at 

each potential step (0.1 V) and Raman spectra were collected for 10 s. 

Experiments of IrOx/Au were conducted in situ Raman cell, using a Biologic 

VSP-300 potentiostat. Raman spectra were collected by Ocean Optics QE65 pro 

spectrometer using 785 nm Laser source. Laser intensity was maintained at 500 

mW (at the source), which was focused on a spot size of 0.1 mm2. One mm of 

the electrolyte was always maintained on top of the electrode during all 

experiments. Sample degradation due to heating from the Laser could be easily 

ruled in submerged samples. Effect of Au substrate may be non-negligible, but it 
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is a necessary evil as one needs a conducting substrate to electrodeposit the 

catalyst. Compared to other well-known substrates such as carbon (which 

corrodes to CO2 under these potentials), ITO or FTO, Au is relatively inert at 

potentials of oxygen evolution and allows for consistent interpretation of results. 

Besides this, an Au substrate allows the possibility of Surface Enhancement for 

Raman signals. 

     The IrOx was deposited on a roughened Au foil at 1.5 V for 5 min from 10 

mM solution of IrOx. It was evaluated in NaOH 0.1 M using cyclic voltammetry 

between 0 - 1.5 V at 100 mV/s. Peaks (Figure S1 (a)) appearing around 0.65 V 

correspond to oxidation of Ir catalyst (Ir3+ → Ir4+).37b Oxidation at 0.9–1.0 V is 

due to further oxidation of the IrOx material towards oxidation state greater than 

Ir4+.37b Oxidation peak at around 1.3 V belongs to the oxidation of the Au 

substrate. The reduction peak at 1.05 V shows the reduction of 

electrochemically formed AuOx. The onset of oxygen evolution reaction (OER) 

can be seen at 1.5 V. CVs of the electrochemically grown oxide (on Ir foil) and 

bare Au foils are shown for comparison. The CV of IrOx/Au is essentially the 

superposition of CVs of IrOx and that of bare Au. The potential region has been 

divided from region R1 to R4 for the ease of discussion in the main text. It is 

well known that the redox behavior of these materials is pH dependent as clearly 

evident in the CVs shown in Figure S1 (c, d). Since the degree of condensation 

is affected by pH, these materials are likely to be polymerized to different 

extents with the alkaline electrolyte showing smaller degrees of polymerization. 
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Figure S1: Cyclic voltammograms of (a) IrOx (on Au foil), (b) bare Au foil and (c) IrOx 

(grown on Ir foil) in NaOH 0.5 M at 500 mV/s scan rate; (d) IrOx (grown on Ir foil) in H2SO4 

0.5 M at 100 mV/s. 

 

     The in situ Raman experiments on IrOx/Au were also performed in acidic 0.5 

M H2SO4 media. The potential dependent Raman Spectra are shown in Figure 

S2. Experiments on Au foil on (without IrOx) are shown in Figure S3.  

     Peaks at 225 cm-1 and 316 cm-1 originate from the Au surface. Peaks in the 

range of 445 – 700 cm-1 originate from Ir – O stretch vibrations (sometimes 

coupled to OH bending movements). In our previous publication,51 we have 

shown that the chains of edge-sharing octahedral- [IrO6]n provide a good model 

for describing the anodically formed Ir oxides. These octahedra are linked to 

each other via μ-oxo type linkages. In our previous paper, we have shown that 

Ir- O stretch vibrations in this material can be assigned gamma, delta and epsilon 

modes with the gamma and epsilon characteristic of Ir4+ oxidation state and 

delta mode characteristic of Ir3+ oxidation state. The blue color is associated 

R1 R2 R3 R4 
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with mu-oxo geometry and presence of Ir4+. Upon oxidation gamma and epsilon 

peaks increase in intensity and delta peak decreases in intensity as the material 

oxidizes from Ir3+ to Ir4+. Besides increasing intensity, there is a red shift of 

gamma and epsilon peaks, evidenced by the decreasing gap around 400 cm-1. 

The in situ Raman experiment in 0.5M H2SO4 for the electrodeposited material 

was deposited at 1.5 V is shown in Figure S2. 

 

Figure S2: Potential dependent, in situ Raman spectra of IrOx/Au electrode in 0.5 M H2SO4. 

 

     The structure of the material at OCP shows that both Ir3+ and Ir4+ are present 

in the as-deposited material. At 0.4 V, the material begins to reduce, visible in 
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the blue shift of the gamma peak and relative decrease in the delta peak from 0.4 

to 1.0 V. Beyond 1.0 V, the material oxidizes again (redshift of gamma peak). 

The delta peak almost disappears around 1.3 V and the material essentially has 

gamma and epsilon peaks. The structural behavior is essentially the same as that 

observed in IrOx/Ir-foil. In this case, the AuOx peak at 600 cm-1 interferes with 

clearly seeing the epsilon peak. Au SERS spectra are reported in Figure S2. The 

redox behavior of the materials are qualitatively similar in phosphate buffer (pH 

7.4), but one can see that the delta peak associated with the Ir3+ sites does not  

 

 
 

Figure S3: In situ Raman experiments of clean Au foil in 0.5 M H2SO4 (a) and 0.5 M NaOH 

(b), under the potential regime of 0.4-1.8 V. Potential step of 0.1 V, Raman spectra collection 

time 10 s. 

 

really reduce completely. The material has mixed composition even at potentials 

as high as 1.3 V. AuOx peaks tend to hide the material at higher potentials. The 

story is similar in alkaline pH with all the three peaks visible even at high 

(a) (b) 
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potentials. The material is more redox active in alkaline pH, it shows almost 

complete reduction to Ir3+ at 0.4 V, with the delta peak becoming very dominant. 

 

 
 

Figure S4: In situ Raman experiments of IrOx/Au in 0.5 M NaOH, under the potential regime 

of 0.4-1.8 V, potential step 0.1 V, collection time 10 s. Electrodeposition, as well as testing of 

IrOx, are done in the same electrolyte, (a) D2O
16, (b) H2O

18, and (c) H2O
16: H2O

18 = 1:1. (d) 

IrOx was electrodeposited in H2O
18 and tested in H2O

16. 

 

 D2
16O H2

18O 

H2
16O :H2

18O (1:1)  Synthesis, H2
18O,  

Testing in H2
16O  

(a) (b) 

(c) 
(d) 
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     Each of those subfigures in the last 3 figures have unique scaling with the 

respect to the intensity of the strongest peak which varies in all those separate 

experiments. The spectral lines in each figure are shifted vertically in order to 

have better view and for better following and comparison of the peaks. The first 

two peaks at around 220 cm-1 and 320 cm-1 belong to gold vibrations. 

 

2. Theoretical Calculations 

     All calculations have been performed with the ORCA program package.44 

Geometry optimizations of trimeric model systems were carried out by using 

starting structures constructed by hand For this purpose, a bis-(μ-O2-) bridged 

linear chain of three low-spin Ir(IV) atoms was built, which was saturated for 

each Ir to octahedral geometry by adding water molecules and two hydroxides 

on each terminal Ir(IV) in order to balance the total charge. The calculations 

employ the BP86 functional45 together with the def2-SVP basis set60 and the 

resolution of identity (RI) approximation. Relativistic corrections were taken 

into account in zeroth order regular approach.47, 61 Calculations of the Raman 

spectra have been performed as implemented in ORCA. In order to crudely 

simulate the effect of surface modification, a water molecule on the middle Ir4+ 

has been replaced by either an oxo or hydroperoxo entity. Optimization of these 

structures rendered the central Ir4+ to be 5- coordinate with an approximate 

trigonal bipyramidal coordination geometry (Figure S5-S7). In the case of the 

oxo model, the total Löwdin charge at the oxygen atom amounts to only −0.12 

(as compared to −0.35 for the bridging oxo’s) and the Löwdin spin population at 

the central Ir and oxo amounts to 47% and 29%, respectively. Semantically, 

although this charge distribution would be compatible with a metal-oxyl (O−.) 

species, the spin distribution rather indicates a much lower spin population at the 

oxygen (29%) than expected for a radical species (100%). This is the result of a 

somewhat covalent Ir-O π-interaction that involves the spin carrying dxz orbital 

(t2g in octahedral symmetry) at Iridium (see supporting information). 
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3. Coordinates of molecules used in DFT Calculations  

 

a)  Ir3O14H16 (All Ir4+ cluster) 

 

 

 

O -0.567671000 -0.422486000 -1.180306000 

O 0.538457000 -0.318831000 1.008905000 

O 2.301822000 -1.206230000 -0.696928000 

O -1.908268000 1.076013000 0.912682000 

H -1.528780000 -3.253912000 -0.091911000 

H 1.922355000 -1.588620000 0.126463000 

H 0.378959000 2.854788000 -0.000065000 

O -0.776524000 -2.895668000 0.412982000 

O -0.101465000 2.182307000 -0.498755000 

Ir 1.077533000 0.482260000 -0.706408000 

Ir -1.321736000 -0.837399000 0.599227000 

H 2.631622000 1.697606000 -2.216370000 

H 1.957740000 0.772238000 -3.297951000 

O 1.776935000 1.408778000 -2.596083000 

O -2.050795000 -1.478333000 2.374446000 

H 3.104741000 -0.711482000 -0.416077000 

H -1.682442000 1.220542000 1.842678000 

O 2.909932000 1.301730000 -0.293384000 

H 3.015813000 1.631993000 0.603631000 

O -3.103812000 -1.456414000 0.132489000 
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Ir -3.909274000 -1.751252000 1.869354000 

O -5.743219000 -1.935122000 1.185169000 

H -6.235967000 -2.652323000 1.600080000 

H -0.898849000 1.862098000 0.075041000 

O -4.665612000 -2.127383000 3.908206000 

H -4.028700000 -1.747213000 4.528710000 

H -4.411404000 -3.074592000 3.784808000 

O -3.599842000 -3.697539000 2.199305000 

H -2.699257000 -3.751498000 2.548761000 

O -4.402633000 0.339618000 1.628281000 

H -3.640572000 0.747963000 1.145415000 

H -5.158285000 0.269269000 1.023539000 

H -0.957515000 -3.144468000 1.339209000 

 

 

b)  Ir3O14H15 (OXO) (All Ir4+ cluster), Charge = -2, Spin Multiplicity (2S+1) = 2 

 

 

 

 O -1.340503000 0.394446000 -0.893689000 

O 0.149248000 0.821433000 1.017758000 

O 0.975354000 -1.176260000 -0.076400000 

O -2.377000000 2.236265000 1.410330000 

H -1.540102000 -1.401215000 -1.220835000 

H 0.197309000 -1.718210000 -0.444528000 
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H 1.507839000 2.548732000 -2.137816000 

O -1.234936000 -2.343164000 -1.120484000 

O 0.585043000 2.200393000 -2.225783000 

Ir 0.639405000 0.835001000 -0.901765000 

Ir -1.845229000 0.624841000 0.907393000 

H 3.577195000 -0.045732000 -0.707079000 

H 3.097439000 -1.430684000 -0.377710000 

O 3.941514000 -0.968679000 -0.546616000 

O -1.868380000 -0.700089000 2.259204000 

H 0.658192000 -0.791358000 0.806455000 

O 2.631734000 1.407830000 -0.833544000 

H 2.700491000 1.814348000 0.048940000 

O -3.630241000 -0.235305000 0.578866000 

Ir -3.641713000 -1.627001000 1.984842000 

O -5.540726000 -2.423657000 1.614208000 

H -5.643055000 -3.106448000 2.302143000 

O -3.469561000 -3.344103000 3.527277000 

H -2.917698000 -2.807682000 4.125853000 

H -2.834034000 -3.592818000 2.736628000 

O -2.339205000 -3.090773000 1.344647000 

H -1.494378000 -2.634041000 1.562277000 

O -5.109821000 -0.178972000 2.589432000 

H -4.843032000 0.328570000 1.754859000 

H -5.747061000 -0.912806000 2.247613000 

H -1.803475000 -2.692358000 -0.384451000 
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c)  Ir3O15H15 (OXO) (All Ir4+ cluster), Charge = -1, Spin Multiplicity (2S+1) = 2 

 

 

 

O -0.793295000 0.983098000 -0.872834000 

O 0.067357000 0.163684000 1.252367000 

O 0.859852000 -1.481605000 -1.037988000 

O -2.440304000 2.288923000 1.326612000 

H -1.857025000 -2.310106000 -0.421620000 

H 0.061328000 -2.015815000 -0.596128000 

H 1.724859000 2.879890000 -0.527755000 

O -1.081008000 -2.831620000 -0.118644000 

O 1.506193000 2.345726000 0.259635000 

Ir 1.030333000 0.573342000 -0.421677000 

Ir -1.702368000 0.631896000 0.902827000 

H 2.957145000 0.526294000 -1.575355000 

H 1.968187000 0.288967000 -2.844670000 

O 2.246812000 0.974349000 -2.209726000 

O -2.550973000 -0.008246000 2.673706000 

H 1.681697000 -1.787977000 -0.599943000 

O 2.999649000 -0.138683000 -0.189394000 

H 3.400940000 0.339301000 0.555945000 

O -2.900047000 -0.647850000 0.223292000 

Ir -3.585109000 -1.535916000 1.830205000 

O -4.735513000 -2.968579000 0.782685000 
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H -5.051505000 -3.621790000 1.431095000 

O -3.998943000 -2.562144000 3.726979000 

H -3.979758000 -1.806344000 4.345363000 

H -3.012398000 -2.817025000 3.595296000 

O -1.873091000 -2.488114000 2.414023000 

H -1.386757000 -1.700044000 2.764747000 

O -5.464051000 -0.728679000 1.203476000 

H -5.205566000 -0.161468000 0.448117000 

H -5.519960000 -1.747168000 0.825674000 

H -1.236271000 -2.804759000 0.883329000 

O -3.029879000 2.406234000 2.671349000 

H -3.015022000 1.364072000 2.897887000 
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Figure S5: Computed Raman spectrum for the IrOx-oxo species. The Ir-O stretch vibration for 

the oxo species is very strong and located at 829 cm-1. The vibration is shown with arrows. 

The size of the arrows shows the relative contribution of various movements to the overall 

mode. 
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5. The active site for the water oxidizing anodic IrOx probed through in-situ Raman Spectr.103 

 

 

 

 

Figure S6: Computed Raman spectrum for the IrOx-peroxo species. The O-O stretch vibration 

for the peroxo species is located at 715 cm-1. The intensity of this mode is minor compared 

other Raman active modes. 
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5. The active site for the water oxidizing anodic IrOx probed through in-situ Raman Spectr.104 

 

 

 

 

Figure S7: Computed Raman spectrum for the IrOx-oxo with a water molecule near the Ir-O 

species. The Ir-O stretch vibration tends to couple with the OH bend of the water molecule 

which can drag it down to 766 cm-1. The vibration is shown with arrows. The size of the 

arrows shows the relative contribution of various movements to the overall mode. 
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6.1. Abstract  

 

     Oxygen evolution and catalyst corrosion 

were studied side by side for electrodeposited 

MnOx catalysts. Measurements using a 

combination of the electrochemical flow cell, 

atomic absorption spectroscopy and rotating 

ring disk electrode reveal a high sensitivity of 

oxygen evolution and of manganese oxide 

corrosion towards the presence of ions (alkali metal cations and anions) in the 

electrolyte. Charge to radius ratio of alkali metal ions affected the reactivity of 

the oxides and was seen to influence reaction under both potentiostatic and 

potentiodynamic conditions with Li+ and (K+, Cs+) containing electrolytes 

showing the lowest and highest activities respectively. Thermogravimetry in 

combination with mass spectrometry showed significant differences between 

samples treated in different electrolytes. Raman spectroscopy showed that the 

material transformed during oxygen evolution reaction with multiple phases a-

MnO2 and birnessite-MnO2 being present in the catalyst during oxygen 
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evolution reaction. Electronic structure (XANES) studies revealed a significant 

influence of alkali metal ions on the oxidation state of Mn, with the OER-

inactive Mn2+ oxidation state being stabilized with the Li+ ion. It was found that 

selected combinations of anions and cations in the electrolyte and suitable 

potential can significantly stabilize the electrode during OER application. 

 

KEYWORDS: manganese oxide, oxygen evolution reaction, water electrolysis, 

electrolyte effects, electrocatalysis, electro-corrosion 

 

6.2. Introduction 
 

     Hydrogen production from water electrolysis is likely to play a central role in 

addressing energy sustainability and environmental emissions.31a Chemical 

storage of electrical energy within bonds of H2 molecule allows bridging the 

fundamental gap between intermittently available renewable electricity and its 

optimum usage within the whole energy system. Large scale production of H2 

from water splitting faces two fundamental hurdles: 1) the high overpotential for 

anodic water oxidation reaction, i.e., oxygen evolution reaction (OER); and 2) 

the lack of stable electrocatalysts at least for OER.62 The challenges have 

remained for a long time; most anode catalysts remain susceptible to corrosion 

under operating conditions.63 Understanding chemical limitations of catalysts 

under operational conditions is critical to systematically tackle this challenge.31a  

     Nature uses a Mn4O5Ca cluster embedded in an enzyme to oxidize water in 

photosystem II.55a, 64 Inspired by nature’s catalyst and the abundance of Mn, 

many groups such as Zaharieva et al.,65 Spiccia et al.,66 Yano et al.,67 Kurz et 

al.,68 Dismukes et al.69 and Nocera et. al.,70 etc. have worked towards developing 

MnOx catalysts for OER. MnOx systems were synthesized and studied for OER 

catalysts employing electrochemical65-67 and non-electrochemical68-69 

procedures. The detailed structure of active MnOx electrocatalysts is difficult to 

describe due to: 1) the complexity of structures in the Mn-O-H phase diagram; 
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2) chemical dynamics of semiconducting oxides in aqueous environments with 

acids, bases, and counterions acting on the parent manganese oxide. The most 

stable species under normal temperature and pressure that contains all Mn4+ is β-

MnO2 (rutile structure) which has a band gap of 0.27 eV.71 The band gap is even 

higher (1.32 eV) for α-MnO2 that has a more open structure, although the 

electronic structure of the electrode material is likely to be much more complex 

in an electrolyte where there is abundance of various other ions.72 

     For a heterogeneous reaction, alongside the choice of the electrocatalyst, the 

composition of electrolytes and the potential of operation determine the course 

of the desired catalytic process as well as undesired stoichiometric reactions 

between the catalyst and the reacting environment. Multiple synthetic 

methodologies, electrochemical pretreatments and testing methods were found 

to affect the catalytic performance as a result of the overall kinetic control of 

reversible and irreversible surface reactions. To date, the effects of the 

composition of aqueous electrolytes are poorly investigated and reported in the 

MnOx system. Thermodynamic data in the form of Pourbaix diagrams73 remain 

a valuable guide but they typically only incorporate effects of pH and potential. 

     These data allow concluding that MnO2, albeit a semiconductor in its purest 

form,71-72, 74 offers a stable surface for water oxidation with respect to its deep 

oxidation to permanganate. This does not exclude, however, various other 

undesired oxidation pathways in which the stoichiometric oxide becomes non-

stoichiometric with respect to an exchange of O2- with OH- or exchange of 

intercalated ions and the related changes in the formal oxidation state of Mn. 

Such redox pathways can be evidenced in the chemistry of MnO2 based Li-ion 

battery cathodes studied by Thackeray et al.75 Literature presents a variety of 

catalysts each synthesized in a unique way.76 Most studies include only the 

electrolysis current as an indicator of O2 evolution activity. Less attention has 

been paid to catalyst corrosion. Most results only use current values as 

indicators of stability.76c-e Although stable currents over a long time do indicate 
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stability of the current producing reactions, they are no guarantee of either O2 

evolution or absence of corrosion. 

     Drawing generic chemical conclusions from such studies is difficult. The fact 

that most MnOx systems can show bulk redox behavior renders the 

interpretation of current-time results even more demanding. With a focus on 

electrolytes, Marković and coworkers revealed that the strength of non-covalent 

interactions between hydrated alkali cations (M+(H2O)x) (M = Li, Na, K, Cs) and 

adsorbed hydroxyl (OHad) on Pt inversely impacts the reactivity in alkaline fuel 

cells. The formation of OHad
- M+(H2O)x clusters on Pt surface can effectively 

block O2 adsorption and inhibit the oxygen reduction reaction, hydrogen 

oxidation reactions, and the oxidation of methanol.77 Afterward, Sitta et al.,78 

Mayrhofer and coworkers79 expanded the effects of the non-covalent 

interactions for electrocatalytic oxidation of alcohols, formate and H2O2 using a 

Pt electrode. In the context of OER on IrO2, Suntivich, et al. proposed that the 

adsorption energy of oxygen intermediates may be electrostatically modified by 

alkali cation.80 Kitchin and coworkers have recently showed the promotive 

effects of alkali metal cations and small quantities of Fe on NiOx catalysts in 

their recent report.81 Nocera and coworkers have carried out kinetic studies on 

Ni-Borate catalysts showing inverse first order dependence of OER rate on 

B(OH)4
-1 ion activity and inverse third order dependence on proton activity 

under alkaline conditions.82 However, previous studies on the ionic effects only 

focus on reactivity; investigations have rarely touched effects of ions on 

catalyst’s instability issue due to electro-corrosion. One exception being 

Mayrhofer et al. who have developed a scanning flow cell-based system to 

measure corrosion even in potentiodynamic experiments.83 In addition to the 

mentioned “noncovalent” interactions of electrolyte components, a whole range 

of additional reaction channels exists with oxide electrodes. If we suppose that 

the termination layer of an oxide in contact with water is not composed by M=O 

groups, then we can assume that hydroxyl groups constitute a substantial 
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fraction of the solid-liquid interface. This gives ample opportunity for ion 

exchange reactions both with cations and anions according to the polarity of the 

O-H bond, which in turn is controlled by the oxidation state of the cations in the 

hydrous oxide structure. Upon charging with an electrochemical potential the 

termination layer may grow into the bulk of the oxide and convert it into a sub-

stoichiometric hydrated oxide of complex structure that exhibits exchange 

capacities for electrolyte components in three dimensions according to the initial  

 

Scheme 1: Schematic diagram of MnOx/Au catalysts tested for OERa 

 

 
aIn addition to electrochemical currents, the catalysts were evaluated for O2 evolution (via 

RRDE) and corrosion stability (via a combination of the flow cell and ex-situ AAS). The 

influences of alkali-metal cations and anions were systematically studied. The water oxidation 

reaction (reaction 1) and MnO2 corrosion (reaction 2) are indicated, including their 

equilibrium potentials with respect to the reversible hydrogen electrode. 
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surface reactivity. The effects of aqueous ions have not, to our knowledge, 

previously been studied in the context of OER specifically in the case of 

manganese oxides. It is thus the impact of aqueous cations and anions on 

activity and durability of MnOx electrodes that constitutes the focus of this work 

(as described in Scheme 1). 

 

6.3. Results and discussion 

 

     Herein we use a combination of the electrochemical flow cell (EFC) and ex-

situ atomic absorption spectrometer (AAS) to detect the effects of aqueous ions 

on corrosion products of an electrodeposited MnOx electrode. Ex situ 

measurements give an average picture of corrosion compared to what can be 

obtained using a scanning flow type in situ technique.83 Conductivity issues and 

synthetic variability were avoided by using a simple process described in the 

experimental section. The electrodeposited oxide formed at 1.6 V has a flake 

like microstructure (seen in SEM) often seen in electrodeposited MnOx (Figure 

1).84 O2 was detected using Rotating Ring-Disk Electrode (RRDE) experiments 

as described in the supporting section. A pH of 13 for aqueous alkali hydroxides 

and 9 for anion containing solutions (e.g. borate buffer) were chosen for our 

experiments. These pH values are reflective of typical testing conditions for 

manganese oxides. These mild to strongly alkaline pH values do not allow for 

any corrosion of manganese as Mn2+ under non-OER potential regimes. At the 

chosen pH values, oxidative corrosion of MnOx is possible at very high 

potentials as per reaction 2 in Scheme 1. 

      Figure 2 shows the currents from EFC system obtained in aqueous MOH 

electrolytes. The variation in the currents goes as Cs+ > K+ >Na+> Li+. The 

oxidation currents for MnOx do not only represent OER activity but merely are 

indicative of the superposition of all oxidation events including both OER 

(Reaction 1, Scheme 1) and oxidative corrosion (Reaction 2, Scheme 1). The 

current increases can be correlated with increasing ionic radii and decreasing 
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energies of hydration (inset, Figure 2).85 In general interactions of metal ions 

with surface-bound hydroxyl groups are strongly linked to experimentally 

observed hydration energies of metal ions. As discussed by Strmcnik et al.77 the 

double layer near a hydroxyl terminated electrode surface is essentially 

composed of OHad
- ̶ M+(H2O)n or OHad

- ̶ (H2O) ̶ M+(H2O)n species. 

 

 

 

Figure 1: SEM secondary electron image of the electrodeposited MnOx electrode. 

 

Figure 2: Current behavior for electrodeposited MnOx using chronoamperometry within EFC 

setup in aqueous 0.5 mol/l LiOH, NaOH, KOH and CsOH. The horizontal axis shows the IR-

corrected potential axis vs. RHE. The vertical axis shows average current value obtained 

during each run. Inset: current density at 1.7 V (°) and 1.8V (x) versus hydration energies of 

ions. The dotted lines are merely a guide for the reader's eye. 
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     The former structure being preferred in case of small ions like Li+ and the 

latter being preferred in case of larger ions such as Na+, K+ and Cs+. In the case 

of Li+ the surface OH becomes a part of the hydration shell of the metal ion 

itself. Hydration energy can be shown to be a function of charge/radius ratio of 

metal ions with Li+ having the highest value amongst the alkali metals.85 

Strongly bound ions present in the double layer can inhibit reactions that might 

need surface hydroxyl species (such as oxygen evolution) or simply block the 

surface to other reactants e.g. O2 in the case of ORR. In battery literature, LiOH 

has been shown to increase the overpotential of OER on NiOx and stainless steel 

electrodes.86 Although the surface of manganese oxide is very different from a 

pristine Pt surfaces on which the model studies mentioned above were carried 

out, the sensitivity of current onset to ions does indicate at inhibitory effects the 

hydration shells of ions can have on hydrous manganese oxides. 

     Figure  3 shows the absolute oxidation currents (disc) and O2 detection (ring) 

currents obtained in RRDE experiments. The currents obtained from potential 

scan experiments (5 mV/s) in general shows a very different behavior from 

currents obtained in static experiments shown in Figure 2. The current-potential 

relationship seen here is not the typical kinetic activation behavior 

(exponentially rising currents) seen in the static (chronoamperometry based) 

experiment (Figure 2) and there is a significant mismatch between oxidation 

(disc) and oxygen detection (ring) currents. Since the overall disc current is a 

superposition of O2 evolution, catalyst oxidation, and oxidative corrosion it is 

understandable that the ring current that corresponds specifically to dissolved O2 

detection at Pt ring has a qualitative mismatch from overall disc current. For 

example, in the case of oxygen reduction reaction (ORR) (where ring disc 

experiments are often used to detect H2O2), the product selectivity is essentially 

a competition between 4e- mechanistic pathway for ORR (reduction to water) 

vs. 2e- pathway for ORR (reduction to H2O2).  
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Figure 3: Rotating ring disk experiments on electrodeposited MnOx carried out with alkali 

metal hydroxides labeled in the figure. The horizontal axis shows the IR-corrected potential 

axis vs RHE. The vertical axis shows disk (black) and ring (red) currents. 
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Figure 4: Effects of alkali-metal cations on electro-corrosion of MnOx under 

chronoamperometric conditions. Mn corroded from the electrode in the EFC setup was 

detected by ex situ AAS. Corrosion measurements were carried out between 1.2 V and 2.0 V 

at intervals of 0.1 V. Red dashed lines merely guide the eye to see trends. Normalized ring 

currents (black solid line) show the oxygen evolution at MnOx disk electrodes in aqueous 0.5 

mol/l LiOH, NaOH, KOH, and CsOH. RRDE O2 detection and normalization methods are 

detailed in Figures S2 and S3 in the Supporting Information. 

 

As shown by Di Noto and co-workers,87 in a RRDE experiment faradaic 

efficiency (selectivity) of 4e reduction (FeORR) can be calculated as: FeORR = (I4e) 

/ Itotal  ̴  (Itotal  ̶  I2e) / Itotal = (Itotal  ̶  Iring) / Itotal , where ring detects H2O2 and Iring 

has been corrected for collection efficiency. For ORR, Itotal  ̴  I4e + I2e because 

metal (catalyst) redox chemistry has minimal role towards the overall observed 

current. In case of OER, Itotal = IOER + Ioxidation + Icorr . OER results in both 

dissolved and undissolved oxygen (gas bubbles) and only dissolved oxygen can 

be detected by the ring. Thus; IOER = Idissolved O2 + Igaseous O2 = Iring + Igaseous O2 . 
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Since O2 solubility in water is low, IgaseousO2 is non negligible under typical 

operating conditions. Furthermore, Iring / Igaseous O2 only decreases with increasing 

applied potential. Also, Ioxidation is not an innocent term when it comes to 

release of O2, as oxides can release lattice O2 (which does not originate from 

H2O) and this can contribute to the currents detected at the ring. Thus, in a 

RRDE experiment Iring can serve as means to simply detect oxygen evolved but 

not as means to quantify OER selectivity; FeOER = IOER / Itotal . Thus ring currents 

reported in the paper should only be taken as qualitative indicators of OER with 

respect to the applied potential. For NaOH, KOH and CsOH containing 

solutions oxidation peaks can be seen around 1.4-1.5 V. In KOH and CsOH this 

event is even associated with oxygen evolution (seen in ring currents) resulting 

in early onset of OER (as early as 1.45 V). But this is not true for LiOH where 

OER onsets around 1.8 V. The oxidation event between 1.5-1.8 V is not 

associated with any OER. In general, over the potential range of 1.2-2.0 V the, 

oxidation currents do not show activation based behavior as is expected from a 

purely OER based current. The qualitative nature of ring currents (from O2 

sensing) showed high sensitivity to applied potential indicating differing oxygen 

evolution mechanisms over the entire potential range.  

     The normalized O2 detection current at Pt ring electrode indicates that O2 

evolution starts around 1.8 V in aqueous LiOH, 1.6 V for NaOH, and 1.45 V in 

KOH and CsOH (Figure 4). The onset potentials for detecting O2 evolution shift 

to lower values by enlarging the charge-to-radius ratio of the monovalent cation. 

One may conclude that the OER activity (Figure 4) is inversely related to 

hydration energy of ions where smaller ions, i.e. Li+, tend to ion-exchange with 

protons in the terminating surface hydroxyl groups making the surface 

unavailable for OER.77 On the other hand, the corrosion of MnOx behaves quite 

differently. Generally the electro-corrosion increases with increasing applied 

potential. But beyond a critical potential, the electro-corrosion diminishes and 

no Mn could be detected using AAS for electrolytes containing Li+, K+ and Cs+. 
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Particularly the electrodes retain MnOx on their surface under these potentials as 

can be clearly seen from optical images of the electrodes after corrosion 

experiments (Figure S1, supplementary materials). This indicates that corrosion 

is suppressed (most likely due to the formation of a passivating oxide) at the 

critical potential without much effect on OER as the O2 detection currents 

remain high. No passivation was detected with Na+ ions present in the 

electrolyte indicating that the Na form of the oxi-hydroxide is not stable against 

dissolution in the electrolyte used.  

     In spite of identical synthetic conditions, significant variability in corrosion 

and oxygen evolution behaviors amongst various electrolytes indicates at 

emerging differences between the samples under operational conditions. Such 

differences get highlighted during further characterization of the used electrode 

materials using thermogravimetry in conjunction with mass spectroscopy (TG-

MS) (Figure 5). Samples were heated in an Ar atmosphere at 50 K/min and the 

evolved gasses were analyzed. Mass/charge signals of 18 and 32 were used to 

monitor H2O and O2 released from the materials during the heating process. The 

signals showed distinctive behavior depending upon the electrolyte the samples 

were treated with.  
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Figure 5. TG-MS analysis for studied MnOx electrodes: (red) as-deposited MnOx; (blue) 

LiOH-treated MnOx; (black) NaOH-treated MnOx; (brown) KOH-treated MnOx; (green) 

CsOH-treated MnOx. The treatment was performed using chronoamperometry over 2 min at 

1.8 V in aqueous 0.5 mol/l alkali-metal hydroxides. The TG and O2 detection signals (m/z 32) 

are shown in the top part, and the H2O detection signal (m/z 18) is shown in the bottom part. 

 

     From O2 evolution characteristics, two major chemical transitions were seen 

for the as-deposited oxide sample. The transition between 400-600°C can be 

linked to MnO2 transforming to Mn2O3 ( a transition I) and the one around 
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800°C can be linked to Mn2O3 transforming to Mn3O4 (transition II).88 For the 

LiOH treated sample, transition (I) happened over a broader temperature range 

(400 - 650°C) and with an altered peak profile indicating significant differences 

from MnOx type material. The second transition (II) shifted to higher 

temperatures compared to the as-deposited sample. Transition (I) was spread 

over 420-750°C for the NaOH treated sample and only the start of transition (II) 

can be seen just below 1000°C. A significant shift of O2 removal signal for 

transition type I to higher temperatures indicated that the Na salt of MnOx binds 

oxygen more tightly compared to pure MnOx or Li+[MnOx]
-. KOH treated 

sample showed O2 loss over a broad temperature range and the main O2 signal in 

the CsOH treated sample occurred along with the water loss signal.  

     Typical M(MnOx) (M = alkali metal) compounds are known to have different 

stabilities owing to the how well the alkali metal atoms fit into the native MnOx 

structure composed either of channels made of MnO6 octahedra (as in α-MnO2) 

or layers of MnO6 octahedra (as in birnessite-MnO2). Furthermore, both 

structures provide open pores where water molecules and ions can go in and out 

of the structure allowing for good water splitting catalysis. TGMS showed water 

loss in two separate waves (Figure 5); one between 180-200°C typically 

associated with the irreversible loss of surface bound H2O and the other around 

340-360°C arising primarily from the hydroxyl groups present in the sample.89 

The second water peak was heavily suppressed in the untreated, KOH and 

CsOH treated MnOx samples with only a long shoulder (300-600°C) visible 

when compared with samples treated with Li and Na hydroxides. 

The Raman spectra of the samples are shown in Figure 6. The large variability 

of Raman spectrum is well known in naturally occurring and synthesized MnOx 

class of compounds. Raman spectra of Mn4+ containing oxides are typically 

broad unlike some other electrochemically useful oxides e.g. Co3O4. The 

variability originates from the numerous possibilities of combining MnO6 

octahedra in edge and corner sharing fashion with each other. 
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Figure 6: Raman spectra of an as-deposited MnOx/Au electrode and electrodes exposed to 

chronoamperometry for 2 min at 1.80 V in aqueous 0.5 mol/l LiOH, NaOH, KOH, and CsOH 

solutions. A 2 mm layer of the electrolyte was maintained above the solid sample during 

collection of the spectra. 

 

All these combinations are close to each other in energy (due to the flexibility of 

Mn oxidation states and available ions e.g. H+ and Li+). In these materials it is 

common to have one phase growing inside another e.g. De Wolff defects in γ-

MnO2, a combination of β-MnO2 with [1 x 1] channels and Ramsdellite-MnO2 

with [1 x 2] channels.90 Thus when it comes to long range order these 

compounds are typically rich in defects and their structure is highly dependent 

on chosen synthesis routes. For the Raman spectra shown in Figure 6, the as-

deposited oxide shows three major peaks at 580 cm-1, 625 cm-1, and 645 cm-1. 

The peaks between 400-520 cm-1 and 750-850 cm-1 originate from the Au 

background (Figure S5). The peaks located at 625 cm-1 and 645 cm-1 can be 

assigned to α-MnO2 and birnessite-MnO2 lattices respectively with 580 cm-1 

peak being common to both. All the peaks originate from A1g breathing 
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vibrations of MnO6 octahedra.72 The peaks at 635 and 645 cm-1 are known to be 

most affected by the insertion of ions into these lattices, thus Gao et al. assigned 

625-635 cm-1 peaks in KxMnO2 to vibration of Mn-O bonds into the [2 x 2] 

channels of the α-MnO2 material.72 Similarly, the 645 cm-1 peak is well known 

to be affected by ion insertion into layers between the MnO6 sheets and thus can 

be assigned to the Mn-O vibrations into the interlayer region within the 

birnessite-MnO2 lattice. 580 cm-1 peak can be assigned to Mn-O-Mn vibrations 

along the chains of MnO6 octahedra in a direction perpendicular to the channels 

and interlayer spaces. It is not a surprise to see the two structure types within the 

same sample as both are variants with small differences within a T[m,n] type 

lattice where [m x n] describes the size of the tunnels. α-MnO2 can be described 

as a T[2,2] hollandite structure, romanechite, a variant with very similar Raman 

frequencies has a T[2,3] structure and birnessite-MnO2 as sheet ending T[2,∞] 

variation of the same structure type.91 Only subtle differences can stabilize one 

over the other. Upon exposing the electrode to 1.8 V the intensity of 645 cm-1 

decreases significantly, this might be the result of induced disorder/destruction 

of the well-developed interlayer structure due to insertion of ions into it. In the 

K+ treated sample, the 625 cm-1 peak can be clearly seen indicating the survival 

of α-MnO2 type material within the samples. The O-Mn-O vibration along 

MnO6 chains (580 cm-1) is still more or less conserved in all samples.90a  

     MnOx samples treated in LiOH (e.g. with high onset potential) and CsOH 

(e.g. low onset potential) were studied using X-ray absorption near edge 

structure spectroscopy (XANES) at the ISISS beamline located at BESSY II 

(Figure 7).92 Soft X-rays used here are surface sensitive and likely to primarily 

measure parts of sample that have been exposed to the electrolyte. The samples 

were treated at 1.8 V in the electrolyte, dried and then measured under the beam. 

The samples were analyzed with respect to Mn L3 transition data available in the 

literature.93 The electrodeposited MnOx sample was found to be a convolution 

of Mn4+ and Mn3+ spectral features with Mn4+ being the dominant contribution.  
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Figure 7: Mn L3 XANES spectra for electrodeposited Mn and samples treated at 1.8 V in 0.5 

M LiOH and CsOH solutions. 

 

In addition to Mn4+ and Mn3+ features, the sample treated in LiOH exhibits a 

dominant peak attributed to the presence of Mn2+. In contrast, the CsOH treated 

sample showed dominant Mn3+ signal with only minor Mn4+ contributions. No 

Mn2+ could be detected in this sample. Higher OER activity of CsOH treated 

samples may indicate that Mn3+ ion is the critical species when it comes to 

oxidizing water. Li+ seems to stabilize Mn2+ species much more and this may be 

indicative of its much poorer OER activity (late onset of oxygen evolution) as 

the desirable Mn oxidation state for OER is likely to be higher. In the past, 

Jaramillo and coworkers94 and Behrens et al.95 have indicated that Mn3+ 

containing material might be the most active for water oxidation. 

     Three anions were chosen for investigating their effects on OER and 

corrosion. Na+ and K+ were chosen as the cations to understand cationic 

influences within the anion containing electrolytes. Figure 8 presents the 

oxidation currents of MnOx electrode in aqueous (Na/K)2B4O7, (Na/K)ClO4 and 
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(Na/K)CF3SO3 obtained from corrosion experiments in EFC. The resulting 

currents are small compared to those in MOH solutions. Comparable currents 

were obtained in ClO4
- and CF3SO3

- containing solutions while the current was 

much higher for aqueous Na2B4O7. Similar behavior was seen also in the K+ 

containing solutions, indicating that the overall current behavior has significant 

influence from the choice of anion. Anions are well known to adsorb on the 

surfaces of electrodes and affect electrochemical reactions either through simply 

blocking adsorption sites, e.g., sulfate ions on Pt (111)96 or through affecting the 

adsorption energy of a reactant on free adjacent sites.97 The ClO4
- and CF3SO3

- 

are quite similar in adsorption behaviors (non-adsorbing).98 The comparable 

currents displayed in Figure 8 might be due to the similar adsorption effects. 
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Figure 8. Effects of anions on the electrocatalytic current behaviors in EFC for 

electrodeposited MnOx using chronoamperometry in aqueous 0.063 mol/l Na2B4O7, NaClO4, 

and NaCF3SO3 (top) and K2B4O7, KClO4, and KCF3SO3 (bottom). The horizontal axis shows 

the IR-corrected potential vs RHE. The vertical axis shows average current value obtained 

during each run. 

 



6. Enhancement of stability and activity of MnOx/Au for O2 evolution through adequate electrolyte compos 124 

 

 

 

 

Figure 9: Rotating ring disk experiments on electrodeposited MnOx carried out in various 

electrolytes labeled in the figure. The horizontal axis shows the IR-corrected potential vs 

RHE. The vertical axis shows disk (black) and ring (red) currents. 

 

     RRDE experiments (identical to the cationic study) were used to detect 

evolved O2 gas in three anion containing solutions (Figure 9). The results show 

that the mere presence of anions significantly alters OER and corrosion behavior 

of MnOx inside these electrolytes compared to pure aqueous NaOH and KOH 
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(Figure 4). Borates are known to be strongly adsorbing anions and this can be 

clearly seen in the extremely small currents involved. The potential scan has a 

significant structure to it indicating various oxidation events. Tiny amounts 

(from raw ring current values) of O2 gas can be seen to evolve beyond 1.8 V in 

the Na2B4O7 containing the solution. For K2B4O7 the ring currents are very 

similar but the onset of gas evolution happens around 1.5 V coinciding with an 

oxidation peak at 1.6 V. The currents in perchlorate containing solution are 

higher but the amount of oxygen evolved is much higher with ring currents an 

order of magnitude greater than in the case of borates. The behavior in triflate 

containing solutions is similar to perchlorate. O2 detection onset potentials in K+ 

containing solutions seem to be always a bit lower  ̴  0.1 V than in Na+ 

containing solutions. 

     The O2 detection currents (Figure 10 with normalized ring currents) show 

that O2 evolution onsets around 1.8 V in borate containing solutions, but is 

substantially lower in the other two solutions (Figure 10). As mentioned 

previously, the amount of O2 detected in the case of electrolytes containing 

ClO4
- and CF3SO3

- is much higher than in the case of borate. The electro-

corrosion behavior is dominated by the choice of cation. For Na+ containing 

electrolyte, the choice of anion seems to be irrelevant to the qualitative nature of 

corrosion as a function of potential. The corrosion initially peaks at 1.6 V and 

then diminishes around 1.8 V. Such a behavior was seen in all three electrolytes 

(Figure 10). The corrosion was highest in the electrolyte containing the CF3SO3
- 

anion. The sample in K+ containing electrolyte showed corrosion even at 1.2 V. 

As a function of potential the corrosion behavior almost remained monotonic at 

the lower potentials but showed variability at higher potentials. 
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Figure 10: Effects of anions on electro-corrosion of MnOx under chronoamperometric 

conditions. Mn corroded from the electrode in EFC setup was detected by ex situ AAS. 

Corrosion measurements were carried out between 1.2 and 2.0 V at intervals of 0.1 V. Red 

dashed lines are there to merely guide the eye to see trends. Normalized ring currents (black 

solid line) show the O2 evolution at MnOx electrodes. Details of O2 detection and 

normalization methods are described in Figures S2 and S3 in the Supporting Information. 
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For ClO4
- the corrosion got suppressed above 1.6 V. For B4O7

2- and CF3SO3
- the 

corrosion increased beyond 1.6 V. In all the above experiments a thick layer of 

MnOx was retained on the electrode surface after the experiment was complete. 

As MnOx is retained on the used electrode around 1.8-1.9 V (Figure S1), the 

lack of detection of Mn indicates a passivation of MnOx electrodes. Normalized 

RRDE ring currents indicate that both borates suppress OER, whereas 

perchlorate and triflate anions perform much better. With low corrosion and 

high O2 detection currents, KClO4 seems to be the best electrolyte. From the low 

amount of O2 detected in electrolytes containing borate combined with higher 

oxidation currents (Figure 8), it becomes obvious that a large part of the 

oxidation current in such an electrolyte goes to non-OER side reactions 

(including corrosion). 

 

6.4. Conclusion 

 

     Chemical reactivity naturally includes various aspects of reaction 

environment that include catalysts, reactants and available energy to carry out 

the reaction. For an elementary step at an active site, the reaction rate (r) is of 

the generic form r ∝ [iona]
α[ionb]

β …exp ̶ Ea/RT , where iona, ionb etc. include all 

solution species including protons, hydroxide ions, solvent molecules etc. α, β 

etc. are respective reaction orders and Ea is the activation barrier of the 

elementary step that can be activated by temperature or applied potential. Effects 

of various ions present in solution have generally received less attention 

compared to the catalyst material being tested. In the field of OER, recent 

reactivity studies by Nocera and coworkers in context of Ni-OEC catalysts have 

shown the vital importance of understanding catalysis in context of ions such as 

[B(OH)4]
-1 ions present in the electrolyte.82 Most of these studies have been 

carried out in the kinetic regime and reveal vital details about electrochemical 

reactivity in these systems. Catalyst site is usually composed of native catalyst 
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material such as MnOx but this site can also include ions adsorbed from solution. 

Since material identity (catalyst site identity) can change over a range of applied 

potential either due to change in the native structure of the oxide or due to 

change in coordination environment from solution species, kinetic modelling of 

such reactions has to be a careful endeavour often restricted to a narrow 

potential window over which no material modification happens. In contrast, our 

study covers a very large potential window  ̴ 1.0 V. Kinetic modelling is 

typically not applicable over this potential range for redox active materials such 

as MnOx. But what we effectively show through this study are snapshots of 

chemistry (OER and corrosion) happening over a number of potential driven 

chemical regimes. Variability in O2 evolution and corrosion with varying alkali 

cations and anions is reflective of an immense parameter space for 

electrochemical oxygen evolution and corrosion on these oxides. Our study 

which uses potentiostatic (flow cell) and potentiodynamic (RRDE) methods to 

detect corrosion and O2 respectively provides mere snapshots in this large 

parameter space.  

     We show that both cations and anions significantly influence O2 evolution 

and corrosion behavior of electrocatalysts. Thermodynamic potentials chosen to 

carry out OER play a very important role as well, as materials can be 

significantly altered depending upon the potential. The Pourbaix diagram is a 

good guide but does not provide the entire picture. Thermodynamics, for 

instance, indicates that MnO4
- should be formed from MnO2 above 1.69 V. But 

depending upon the nature of electrolyte this could be altered significantly.       

     Processes 1 and 2 (Scheme 1) are both important to get a complete picture of 

catalyst behavior in the potential regime of oxygen evolution. In general, one 

expects the corrosion currents (process 2) themselves to be relatively small 

compared to OER currents (Scheme 1, process 1) in alkaline and neutral media. 

Currents observed in Figure S2 and S4 would place this value at less than 5%. 

But even small currents from process 2 can be highly detrimental to catalyst 
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stability. Well defined corrosion and passivation behaviors could be seen in 

various potential regimes depending on the choice of electrolytes. For example, 

corrosion passivity could be seen at high potentials for a solution containing Li+, 

K+, and Cs+. For alkali cations, non-bonding OHad-M
+–(H2O)n interactions do 

play some role in oxidation reactions and OER onsets as seen in MOH 

electrolytes, but MnOx as a material itself is complex which allows for large-

scale atomic dynamics than can alter oxidation state of the metal ions present in 

the material as seen in Raman and XANES spectroscopic studies. Amongst the 

three ions, corrosion behavior was found to be qualitatively similar with 

significant dependence on the applied potential. Whereas a plateauing effect on 

oxygen evolution could be seen in K+ and Cs+ at higher potentials, Li+ 

containing solution did not show such an effect. Solutions containing anions (in 

addition to alkali metal cations such as Na+ and K+) showed much lower 

currents in general. Specifically, borate containing solutions showed very small 

currents. The OER in perchlorate and triflate containing solutions was much 

better with static experiments showing corrosion suppression at high potentials 

for perchlorate. The possibility to do OER in combination with suppression of 

corrosion is what is required for stable catalysis. Such a behavior promises the 

possibility of developing electrocatalysts that would evolve oxygen under 

certain potential regime without any corrosion. But this requires further detailed  

investigations of this electrolyte-catalyst system that will form the basis of our 

future experiments. MnOx as a material adds additional complexity to the 

problem. The most thermodynamically stable β-MnO2 in its pure form is 

semiconducting. But MnO2 can support a significant amount of structural 

variability e.g. α-MnO2 and birnessite which can support intercalating ions. K+ 

intercalation energies have been reported to be as high has 4.4 eV into a-MnO2 

indicating the significant structure directing ability these ions possess when it 

comes to MnOx.
74 Besides the intercalated materials have been shown to have 

partial occupancy of the conduction band indicating possible electronic 
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conduction in these defective oxides. We believe this work will be an important 

initial step in the direction of unraveling the complexity of the electrochemical 

OER in the context of choice of electrolytes and catalysts for electrolyzers. We 

believe that it will encourage more systematic studies of this complex parameter 

space towards the realization of an active and stable OER electrocatalyst.  

 

6.5.  Experimental section  

 

     The electrochemical flow cell (EFC, ALS Co., Japan) made of Peek which 

contained a gold disk working electrode was used for corrosion experiments. A 

Pt wire was used as a counter and an Ag/AgCl electrode was used as a reference. 

For electrodeposition onto the gold disk, a three-electrode cell was employed 

with Pt foil as a counter electrode and a reversible hydrogen electrode (RHE) as 

a reference. All the potentials in this paper were referenced to the RHE. All 

experiments were carried out on MnOx/Au electrodes. Effect of Au substrate 

may be non-negligible but it is a necessary evil as one needs a conducting 

substrate to electrodeposit the catalyst. Compared to other well-known 

substrates such as carbon (which corrodes to CO2 under these potentials), ITO or 

FTO, Au is relatively inert at potentials of oxygen evolution and allows for 

consistent interpretation of results. Besides, these experiments are independent 

of effects of binders e.g. cation or anion exchange polymers typically used to 

immobilize catalysts within electrochemical experiments. Electrodeposition on 

Au allows us to eliminate chemical effects from typically used binders and 

issues of electrical contact of the catalyst particles. Manganese oxide was 

electrodeposited onto gold disk electrode in EFC from a solution containing 0.05 

mol/l MnSO4. The deposition was carried out chronoamperometrically at 1.6 V 

by passing a positive charge of 0.35 C/cm2. After deposition, the electrodes were 

thoroughly washed with Millipore-MilliQ water (18 MW∙cm). The 

thermogravimetric (TG) and evolved gas analysis of electrodeposited MnOx 
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were performed using an NETZSCH STA 449 thermobalance under Ar gas flow 

(20 ml/min) connected to a quadrupole mass spectrometer QMS 403C. All the 

TGMS measurements were carried out using 10 mg of the sample. The 

temperature was scanned from 40-1000°C at 50 K/min. Optical (Figure S1) and 

SEM (Figure 2) (Hitachi S-4800) measurements were used to identify the major 

morphologies within the samples. All the Raman spectra reported were obtained 

using 10 s collection time in an Ocean Optics QE pro spectrometer (785 nm and 

500 mW). The MnOx/Au working electrode was kept under a layer of water (2 

mm) during measurements. Radiation damage (due to sample heating) from the 

Laser could be easily ruled in submerged samples. All solutions were prepared 

from high purity reagents MnSO4 puratonic 99.999%, NaOH (Fluka, 1 M 

solution), KOH (Fluka, 1 M solution) and CsOH (Sigma-Aldrich, 99.95%), 

LiOH (Alfa Aesar, 98%), Na2B4O7 (Sigma-Aldrich, 99.5%), NaClO4 (Sigma-

Aldrich, 99.99 %) and NaCF3SO3 (Alfa Aesar, 98%), K2B4O7 (Alfa Aesar, 

98%), KClO4 (Sigma-Aldrich, 99.99%) and KCF3SO3 (Sigma- Aldrich, 98%). 

All solutions were prepared by Millipore-MilliQ water (18 MW∙cm). The 

electro-corrosion experiments were performed using EFC and ex-situ atomic 

absorption spectrometer (AAS, the minimum detection limit ≥10 ppb, AAnalyst 

200, PerkinElmer USA). For chronoamperometry measurements, the Ohmic 

drop was compensated at 85% using the method IR compensation (ZIR) as 

implemented in EC-lab (Bio-logic, France). During the corrosion experiment, 

the solution was flown through the EFC at 1.25 ml/min with the working 

electrode kept at the potential of choice. A total of 2.5 ml of the electrolyte was 

collected after passing over the electrode surface at each potential. Each sample 

was tested for Mn using AAS at Mikroanalytisches Laboratorium Kolbe. For 

every electrolyte, a control sample was collected by flowing the electrolyte over 

the electrode under open circuit conditions. The AAS results for control samples 

in all electrolytes indicated no Mn to be present. Oxygen was detected using 

rotating ring disk electrode (RRDE). All the data is corrected for ohmic losses 
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obtained at high-frequency intercept using electrochemical impedance 

spectroscopy at 100 kHz with an amplitude of 10 mV. Manganese oxide was 

electrodeposited onto gold working electrode to mimic the conditions of EFC 

electrode. For RRDE studies, the potential of gold disk electrode was varied 

linearly between 1.2 and 2.0 V at 10 mV/s. A potential of 0.4 V vs. RHE was 

maintained on the Pt ring to reduce the detected oxygen to water. All solutions 

were thoroughly deaerated with Ar gas before starting the experiment. For all 

the detection experiments, the RRDE assembly was rotated at 1000 rpm. To 

normalize against detection current variability in different solutions, detection 

was calibrated against oxygen saturated solutions (Figures S2 and S3). The 

solubility of oxygen in saturated solutions was independently evaluated using a 

Clark oxygen sensor and was found to be within  ±0.01 mmol/l. Since the Pt 

ring electrode detects all the products that can be reduced at 0.4 V, additional 

experiments were conducted to evaluate whether MnO4
- species coming out as 

corrosion product where also getting detected alongside oxygen. A potential of 

1.2 V on the ring was maintained in those experiments, which is enough to 

detect MnO4
- species via the reverse of reaction (2): MnO4

- + 4H+ + 3e- → 

MnO2 + 2H2O (Figure S4). The current detected in these experiments were 

much lower than Pt ring current values obtained in oxygen detection 

experiments, and also show a very different qualitative behavior. Thus effects of 

manganese corrosion can be effectively ignored while carrying out oxygen 

detection measurements at Pt ring.  

     The XANES experiments were performed at the ISISS beamline located at 

the BESSY II synchrotron facility in Berlin. Samples were mounted onto a 

sapphire sample holder approximately 1 mm in front of the first aperture of a 

differentially pumped electrostatic lens system. The probe size of the incident X-

ray beam is  ̴  150 μm x 80 μm. The soft X-ray absorption spectra of the Mn L3 

spectra were recorded in the Total Electron Yield (TEY) mode by recording the 

sample current during the constant variation of the incident photon energy in the 
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range of 620-650 eV. For each sample and absorption edge three scans were 

performed to improve the signal-to-noise ratio and/or to monitor potential beam 

damage. 
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Figure S1: The images for working electrode in the electrochemical flow cell (EFC): A) fresh 

gold electrodes; B) after electrodeposition of MnOx; C) after corrosion testing in aqueous 0.5 

mol/l NaOH; D) after corrosion testing in aqueous 0.063 mol/l Na2B4O7. The electrodes in all 

other electrolytes show similar behavior with manganese oxide retained on the gold surface 

after corrosion experiments.  

 

 

 

 

A) B) 

C) D) 
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Figure S2: Currents obtained from Pt ring held at 0.4 V vs. RHE using RRDE in aqueous 0.5 

mol/l LiOH, NaOH, KOH, and CsOH. The solutions were saturated with oxygen by bubbling 

high purity oxygen gas through them. The oxygen detection (Pt ring) currents reported in the 

main text were normalized with respect to these detection currents in oxygen saturated 

solutions. For normalization an average current Iav was calculated by averaging the current 

obtained in above experiment between 20-50 seconds; normalization fractions were obtained 

by normalizing with respect to current obtained in the lithium solution Iav-Li; R1=Iav-Na/Iav-Li, 

R2=Iav-K/Iav-Li, R3=Iav-Cs/Iav-Li); 3) the oxygen detection ring currents in OER experiment were 

normalized  by dividing obtained current IM by the respective fraction (INa/R1, IK/R2, ICs/R3).  
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Figure S3: Chronoamperometric current behaviors of Pt ring held at 0.4 V vs. RHE using 

RRDE in aqueous 0.063 mol/l Na2B4O7, NaClO4 and NaCF3SO3, K2B4O7, KClO4, and 

KCF3SO3. The solutions were oxygen-saturated by owing high purity oxygen gas through 

solutions. A similar normalization compared to aqueous MOH was performed (Figure S2). 

Normalization fractions were obtained by normalizing with respect to current obtained in the 

triflate solution (Iav ̶ tri). 
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Figure S4: Detection for MnO4
- on Pt ring held at 1.2 V vs. RHE. The solutions were purged 

by owing high purity argon gas through them. Since oxygen reduction is not possible at 1.2 V, 

the ring currents can only come from MnO4
- reduction. Although one could clearly see 

reduction peaks (above the base current) in the case of KOH and CsOH, the overall 

magnitude of the reduction currents were small compared to oxygen detection ring currents 

measured in OER experiments reported in the main text. Besides, the behavior of MnO4
- 

detection is qualitatively very different from oxygen detection. 
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Figure S5: Raman Spectra of pure Au substrate treated at 1.8 V in KOH. The black lines 

highlight the regions also seen in the MnOx-Au spectra Figure 6 - main text. The region 500-

650 cm-1 shows signal from Au-O vibrations from AuOx that are suppressed when MnOx is 

deposited on it. 
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7.1. Abstract 

     The structural and catalytic behavior of electrodeposited MnOx materials was 

studied using in situ Raman Spectroscopy. The catalyst showed structurally 

dynamic behavior depending upon the potentials of investigation and the 

electrolyte. All catalysts were created under equivalent conditions but each 

electrolyte environment showed very specific spectra. The structure of the 

catalyst evolved depending upon the pH of the electrolyte. The varying specific 

oxygen evolution activities of these materials were detected using rotating ring 

disc electrode. Cation-dependent OER activity was observed with activity 

increasing from Li+ → Cs+. The material structure did not show much effect 

from either anion or cation substitution at a given pH, indicating that electrolyte 

ions do not significantly alter the structure of the material which is primarily a 

function of pH and potential. 

 

7.2. Introduction 
 

     Water oxidation is one of the biggest challenges towards establishing a 

sustainable energy economy based on renewables. Lowering the overpotential of 
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oxygen evolution reaction and improving the anodic stability remain the 

chemical challenges in focus. In nature, plants achieve this reaction using a 

manganese cluster [Mn4O5-Ca] that is embedded inside the protein complex 

Photo System II.23 This has inspired Allen et. al., Dismukes et. al. and Ruttinger 

et. al. to investigate manganese oxides both molecular clusters and solids as 

catalysts for oxygen evolution.99 Recently, a large amount of research has been 

dedicated to these materials by Wiechen et. al. and Aparna et. al.100 Promising 

compounds have been prepared using solid state based techniques69, 100-101 by 

Wiechen et. al., Aparna et. al., Najafpour et. al. and Robinson et. al,  and 

electrodeposition based techniques102 by Izumiya et. al. and Fujimura et. al.  A 

large amount of spectroscopic and theoretical work by Ruttinger et. al. and Dau 

et. al. has been dedicated to understanding the mechanism of reaction at the 

[Mn4O5-Ca] active site.99c, 103 Mn active site within PSII remains a unique 

environment where the protein can extensively tailor geometry and local 

electrochemical potential at the catalytic site. Similar control is not possible in 

the simple chemical compounds used as synthetic electro catalysts. Extensive 

work has been dedicated to oxygen evolving organometallic Mn complexes.104 

But an understanding of the exact nature of an active site remains elusive even 

in the context of molecular compounds. In fact, Dismukes et. al. had proposed 

that activity of the Mn complexes were often independent of the originally 

deposited compounds and the catalytic activity was likely resulting from 

hydrolyzed residues obtained from these complexes.99c Recent studies by 

Najafpour et. al. on similar Mn compounds convincingly prove this using 

XAS.104d Bulk Mn materials remain even more elusive. The semiconducting 

nature of a large number of MnO2 derivatives makes this even more 

complicated. When not under electrical contact, large monolithic MnO2 pieces 

are likely to retain a strong spectroscopic signature without actively participating 

in the reaction. Similar confusion can also arise when only a thin surface layer is 

active instead of the monolithic bulk.  
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     Large structural variability exists in naturally occurring MnOx (Table 1 and 

2). MnO6-octahedra combine in edge sharing and corner sharing fashion to 

create the lattice for MnOx. Available oxidation states of Mn give a possibility 

of intercalating ions that include protons, alkali, and alkaline earth metals into 

the structures. 

 

Table 1: Crystallographic data of some manganese oxide compounds90a, 105 

 

Compound Mineral Crystal symmetry T(mxn) 
Edge 

sharing 
Raman activity 

α-MnO2 Hollandite Tetragonal (I4/m) (2x2) tunnel 4 6Ag +6Bg +3Eg 

β-MnO2 Pyrolusite 
Tetragonal 

(I42/mmm) 
(1x1) tunnel 2 

1A1g+1B1g+1B2g

+1Eg 

γ-MnO2 Nsutite 
Complex tunnel 

(hex) 
(1x1)/ (1x2) 3 + 2/3  

λ-MnO2 Spinel Cubic (Fd3m) (1x1) tunnel 6 A1g + Eg + 2F2g 

R – MnO2 Ramsdellite 
Orthorhombic 

(Pbnm) 
(1x2) tunnel 4 

6A1g + 3B1g + 

6B2g + 3B3g 

 

 

Table 2: Typical vibrational modes for various manganese oxides105 

 

Compound Raman wavenumber (cm-1) 

 ν1 ν2 ν3 ν4 ν5 ν6 ν7 ν8 ν9 

Hollandite 259  410 507 586 628    

β-MnO2  319 377 486 538  665  750 

γ-MnO2 280 382 458 515 572 634 732   

λ-MnO2   461 501 596 646    

R-MnO2 275  387 490 522 575 630 648 742 

 

 

     Raman spectroscopy can be easily and non-invasively applied to study 

catalysts under in situ conditions. A large number of early electrochemical 

papers in this field were pioneered by Weaver et. al including the case of MnOx 

materials as they remain interesting as battery cathodes.106 In this paper, we 

focus on in situ surface enhanced Raman spectroscopy (SERS) studies on thin 
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layers of manganese oxide catalysts electrodeposited on Au foils in the context 

of oxygen evolution reaction.  

 

7.3. Results and discussion 

 

     In this paper, we have studied structural evolution of MnOx material in 

various electrochemical environments. Manganese oxides were electrodeposited 

at 1.6 V vs. RHE (reversible hydrogen electrode). 50 mC/cm2 of charge was 

passed through a freshly prepared solution of at 1.6 V. This resulted in a thin 

film of MnOx on the Au substrate. This method allowed for repeatable and 

easily reproducible catalyst preparation as both electrolyte and potential 

conditions were well controlled. Further details are provided in the experimental 

section. A roughened Au substrate was used. The testing method involved 

potential step chronoamperometry inside in situ Raman cell from 1.2 V to 2.0 V, 

the potential range interesting for water oxidation.  

     After electrodeposition, the sample was washed with deionized water and 

dipped in the electrolyte of choice. Figure 1a shows the Raman spectrum of 

electrodeposited MnO2-x dipped in LiOH at OCP. Sample shows a complex set 

of peaks in the region of 450 to 700 cm-1.  

     The peaks have been fitted and assigned labels α → η, as shown in the 

experimental section. Experiments in D2O and H2
18O (Figure 1b) confirm that α 

→ η are all Mn-O stretching vibrations where H2
18O substitution results in 

frequency reduction by Δ  ̴  25 cm-1. D2O has almost no effect on the vibrations 

indicating that majority of these vibrational modes are not coupled to any OH 

bending modes which occur in this range 400-800 cm-1.  

     The 575 cm-1 vibrational mode is common in the family of T[2 x n] MnOx 

structures and can very clearly be seen in both α-MnO2 structure type with [2 x 

2] channels and Birnessite structure type with [2 x ∞] channels. Minerals such as 

Hollandite, Coronadite, Romanechite have the 575 cm-1 vibration.105  
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Figure 1: (a) Raman Spectrum of MnOx in KOH at 1.6V obtained in situ. (b) Raman spectra 

of MnOx obtained in labeled electrolytes. Peaks shift to lower frequencies in H2
18O indicating 

that they are primarily Mn-O oscillators. No shift was seen in the material obtained from the 

deuterated electrolyte indicating no coupling to OH bending movements. (c) Model of layered 

edge-sharing MnOx octahedra. (d) Mn-O stretching modes obtained from various electrolytes 
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Figure 2: Raman spectra of MnOx in electrolytes at various pH. The spectra at OCP and after 

oxidation are shown. Each electrolyte leads to a unique spectral signature of the material 

which evolves upon oxidation 

 

These compounds have structures where MnO6 octahedra share edges to form 

sheet and tunnel structures. The structure results in primarily two types of 

vibrations, those that are within the sheets and those where the movement of 

atoms is out of the MnO6 edge sharing sheets (Figure 1c). β modes are known to 

be Mn-O-Mn vibrations that are in the xy-plane of the sheet and γ to η involve 

z-component of the vibrations and are influenced by the solvent environment 

strongly. 
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Figure 3: RRDE measurements on MnOx/Au in alkali metal hydroxides i.e. Li+, Na+, K+, Cs+ 

at pH 13. The horizontal axis shows the IR corrected potential values. The ring currents have 

been normalized to the currents detected in LiOH in an oxygen saturated solution 

 

     Figure 2 shows the evolution of peaks in various electrochemical media. The 

sample material acquires a unique peak structure depending upon the 

electrochemical media it is present in and upon oxidation the peaks evolve in a 

unique way. The overall structure was found to be very sensitive to electrolyte 

and potential that was applied. Effect of ions on structure and activity was 

explored using various both Raman spectroscopy and electrochemistry. Figure 3 

shows the RRDE experiments carried out in alkali metal hydroxides. Both ring 

and disc currents strongly correlate to ionic radii e.g. Cs+ > K+ > Na+ > Li+. This 

essentially happens due  to  the  differential  interaction  of  the  metal  ion  with  
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Figure 4: Current vs. potential plots for MnOx in various electrolytes under potentiostatic 

conditions 

 

surface OH groups resulting in different OER activities. This has been discussed 

to a greater degree in our previous publication.107 Material structure, as seen in 

Raman spectra, on the other hand, does not really change from Cs+ → Li+ 

indicating that these effects on OER originate from ion interaction on the surface 

of catalysts which does not alter the fundamental material structure as reported 

by spectroscopy. Effects like ion intercalation are not present as ions seem to 

interact with the catalyst surface through their hydration shells, unlike in solids 

like manganites. In neutral media, the ε was the dominant peak in the spectrum 

at OCP and oxidation resulted in a unique set of distribution of peaks. Different 

anions (Figure 4) showed small variations in activity but the currents remained 

same overall. In highly acidic media β peak was the strongest peak in the 

spectrum, but upon oxidation, the intensity of this peak significantly reduced 
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indicating that the structure of the material was unstable under the oxidizing 

conditions and resulted in corrosion. 

 

7.4. Summary 

 

     In summary, we observe that MnOx type materials are structurally dynamic 

in the potential regime for oxygen evolution. An active catalyst gets influenced 

by several factors during a reaction. Under conditions of OER, each sample can 

be characterized by consistently unique peak shapes. The final structures of the 

active materials can be always described as a certain distribution of intensities 

from α → η. Electrolyte pH and potential seemed to fundamentally affect the 

structure of the catalyst. Specifically, pH has a very strong influence on the 

catalyst structure and its eventual evolution with potential. Besides this, the 

activity of the materials was also affected by other ions present in the system but 

within a class of electrolyte (e.g. pH 13 with alkali metal ions) the activity 

differences were much smaller as opposed to effects of pH. Amongst the tested 

cations and anions no effect on the structure was seen from ions. So the catalysts 

structures we start with are essentially nominal candidates that are influenced by 

the environment. Materials that have ionic intercalation typically show the ion-

dependent spectra as seen in manganites. Cation-independent behavior 

essentially indicates that these materials have open structure and ions essentially 

move along with their hydration shells. We believe in situ Raman spectroscopy 

will go a long way in establishing structure-activity relationships in oxygen 

electrocatalysis. 
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7.5. Experimental Section 

 

     Electrochemical experiments were carried out using Biologic VSP bi-

potentiostat. The Raman experiments were performed with Ocean Optics QE 

pro spectrometer with 785 nm Laser Raman probe. Laser intensity was 

maintained at 500 mW through all in situ Raman experiments. The MnOx/Au 

was maintained under a layer of solution (2 mm) when Raman measurements 

were carried out. Radiation damage (due to sample heating) from the Laser 

could be easily ruled in submerged samples. High purity reagents were used for 

all experiments; LiOH x H2O (Alfa Aesar, 99.995%), NaOH (Fluka Analytical, 

1.0 M solution), KOH (Fluka Analytical, 1.0 M solution), CsOH (Sigma-

Aldrich, 99.95%), Ca(OH)2 (Sigma-Aldrich, 99.995%), Sr(OH)2 x 8H2O 

(Sigma-Aldrich, 99.995%), Ba(OH)2 (Sigma-Aldrich, 99.995%), KClO4 (Sigma-

Aldrich, 99.99%), K2SO4 (Sigma-Aldrich, 99.0%), KH2PO4 (Merck, 99.5%), 

K2B4O7 x 4H2O (Alfa Aesar, 99%), HClO4 (Suprapur, 70 vol %), H2SO4 

(Suprapur 98 vol %), HNO3 (Merck Emsure, 65 vol %), H3BO3 (Merck, 99.5%), 

MnSO4 x XH2O (Alfa Aesar, 99,999%), NaCl (SAFC, 5 M solution). MnOx was 

electrodeposited on Au disk/foil in MnSO4 0,05 M) dissolved in millipore water 

resistivity 18.2 MWcm. Electrolytes were prepared from the high purity 

solutions. High purity 1 M potassium buffer from Sigma-Aldrich was used for 

experiments at pH 7.4. All reported potentials have been referenced to a 

reversible hydrogen electrode (RHE). For electrodeposition, the potential was 

held at 1.6 V till 50 mC/cm2 of anodic charge passed through the electrode. A 

roughened Au electrode was used as the substrate. The procedure for roughening 

has been described elsewhere.59 Rotating ring disc experiments were performed 

with MnOx/Au disc and Pt ring. For all oxygen collection experiments, Pt ring 

was maintained at 0.4 V. 

     It was possible to analyze the Raman spectra for subcomponents. For fitting a 

Gaussian peak shape was chosen as it seemed to work best for Raman spectra of 

MnO-x type solids and solids in general. For fitting, spectra obtained in LiOH 
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were chosen first. The peaks in these spectra were clear and provided a good 

starting point for fitting. For each spectrum, the Gaussian functions were 

constrained to have the same FWHM. The same set of peaks was used to fit 

other spectra. At no point were the peak positions constrained. All the fitted 

spectra show the peak position variation within few wavenumbers. FWHM for 

the spectra in LiOH was 22 cm-1. In the other alkaline electrolytes, the FWHM 

was around 26-27 cm-1. We found that seven peaks were necessary (Table 3) to 

obtain a good fit for the entire range of MnOx vibrations between 500-700 cm-1 

(Table 3). Spectra obtained in neutral media required only 6 peaks for a good fit 

with no η. 

 

Table 3: "Mn-O" stretch Raman frequencies observed in various in situ experiments on 

MnOx/Au 

 

Raman peaks Frequency / cm-1 Std. dev / cm-1 Raman peaks Frequency / cm-1 Std. dev / cm-1 

α 553.3 2.9 ε 644.9 4.1 

β 576.6 0.6 ζ 666.0 6.1 

γ 601.8 1.6 η 676.3 3.2 

δ 623.3 0.4    
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7.7. Supporting Information 

 

 

Figure S1: Raman Spectra of MnOx obtained in alkali metal hydroxides at various applied 

potentials 

 

 

Figure S2: In situ Raman Spectra of MnOx obtained in acidic electrolytes at various applied 

potentials 
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Figure S3: In situ Raman Spectra of MnOx obtained in neutral electrolytes at various 

potentials 
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8. Conclusions 

      

     Our endeavours in understanding water oxidation catalysts revealed many a 

things about water oxidation on IrOx and MnOx systems. 

     Using Raman spectroscopy, we have for the first time described the structure 

of the active oxygen evolving catalyst of IrOx. The scaffold material is a heavily 

hydrated form of polymeric IrO6 octahedra (of the form IrOx(OH)y(H2O)z) which 

share edges with each other. Ir centers are connected to each other via μ – oxo 

type oxygen linkages that allow the Ir centers to electronically couple. The 

active site is an Ir=O species that forms in situ and is likely to be a precursor of 

Ir-oxyl species that eventually create the O-O bond.        

     In situ Raman spectroscopy showed that MnOx type materials are structurally 

dynamic in the potential regime for oxygen evolution. An active catalyst gets 

influenced by several factors during a reaction such as pH and potential. Under 

conditions of OER, catalyst structure evolves with pH and potential.       

     RRDE and corrosion measurements MnOx based materials showed that 

significant influence of ions exists on both OER activity and corrosion. We 

showed that both cations and anions significantly influence O2 evolution and 

corrosion behavior of electrocatalysts with specific ions and pH conditions being 

better than others.  In situ Raman spectroscopy showed that MnOx type 

materials are structurally dynamic in the potential regime for oxygen evolution. 

An active catalyst gets influenced by several factors during a reaction such as 

pH and potential. Under conditions of OER, catalyst structure evolves with pH 

and potential.  

     In this thesis, we have shown the importance of in situ studies towards 

understanding electrocatalysts and their limitations under conditions of 

operation. 
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10.1. List of abbreviations 

 

AAS                Atomic absorption spectroscopy 

AIROF            Anodic iridium oxide films 

BESSY             Berlin electron storage ring society for synchrotron radiation 

CA                   Chronoamperometry 

CV                    Cyclic voltammetry 

DFT                  Density functional theory 

DSA                Dimensionally stable anodes 

DW                   Debye-Waller factor 

EFC                 Electrochemical flow cell 

EIS                   Electrochemical impedance spectroscopy 

EXAFS              Extended X-ray absorption fine structure 

FTIR                  Fourier transform infrared spectroscopy 

FTO                  Fluorine doped tin oxide 

FWHM              Full width at half maximum 

HOMO            Highest occupied molecular orbital 

IR                     Infrared 

ISISS               Innovative station for in situ spectroscopy 

ITO                    Indium tin oxide 

LSV                 Linear sweep voltammetry 

LUMO             Lowest unoccupied molecular orbital 

NEXAFS         Near edge X-Ray absorption fine structure 

OCP                 Open circuit potential 

OER                  Oxygen evolution reaction 

ORR                Oxygen reduction reaction 



10. Appendix  164 

PEM                Proton exchange membrane 

PSII                  Photosystem II 

RHE                  Reversible hydrogen electrode 

RRDE                  Rotating ring-disk electrode 

SEM                 Scanning electron microscopy 

SERS               Surface-enhanced Raman spectroscopy 

SOMO             Singly occupied molecular orbital 

TDDFT             Time-dependent density functional theory 

TEM                Transmission electron microscopy 

TEY                   Total electron yield 

TG-MS            Thermogravimetric analysis – mass spectrometry    

UPS                 Ultraviolet photoelectron spectroscopy 

UV                    Ultraviolet 

UV/VIS           Ultraviolet–visible spectroscopy 

WOC               Water oxidation catalysts 

XANES           X-ray absorption near edge structure 

XAS                X-ray absorption spectroscopy 

XPS                 X-ray photoelectron spectroscopy 

XRD                X-ray diffraction 
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