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„ I try to hang on to myself 

I don't believe in no one else 

And I'm shaking like a leaf 

As I fall into the street 

But the girl with X-ray eyes 

She's gonna see through my disguise” 

 

Noel Gallagher 
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Zusammenfassung 

Die Entwicklung von aktiven, stabilen und kostengünstigen Elektrokatalysatoren für die 

Sauerstoffevolutionsreaktion (OER) ist der Schlüssel, um elektrische Energie mittels Was-

serelektrolyse effizient in die chemische Energie von molekularem Wasser- und Sauerstoff 

umzuwandeln. Dieser Wasserstoff kann in großem Maßstab als Energiespeicher für die un-

stetig verfügbaren erneuerbaren Energieträger dienen. Die Entwicklung von verbesserten 

Elektrokatalysatoren aber benötigt ein besseres Verständnis über deren aktivitätsbestimmen-

den Eigenschaften und deren Struktur im katalytisch-aktiven Zustand. In dieser Arbeit wur-

den Katalysatoren basierend auf den Übergangsmetallen Mn und Co hergestellt und auf ihre 

OER Aktivität und Redoxchemie im neutralen und alkalischen Elektrolyten untersucht. Die 

Katalysatoren wurden vor und nach der OER umfangreich im Hinblick auf ihre Morpholo-

gie, Kristall- und lokale atomare Struktur sowie auf ihre elektronische Struktur und Kompo-

sition in den oberflächennahen Bereichen untersucht. Des Weiteren wurde die Struktur im 

katalytisch-aktiven Zustand mittels röntgenbasierten in situ Methoden bestimmt. Das Ziel 

dieser Arbeit ist es Struktur-Aktivitäts-Beziehungen zu identifizieren und die Ergebnisse in 

den wissenschaftlichen Kontext zu setzen.  

Die Untersuchungen von zwei nanostrukturierten, geträgerten Mn Oxiden deckten dabei 

einen positiven Einfluss einer 3D statt einer 2D Verknüpfung von Mn-O Oktaedern auf die 

OER-Aktivität auf. Der katalytisch-aktive Zustand von beiden Mn-Oxiden besteht aus Mn4+ 

Ionen. Die Untersuchung von Co-basierten Elektrokatalysatoren enthüllte ein gemeinsames 

Strukturmotiv von di-µ-oxo verknüpften Co3+/4+ Oh Ionen im katalytisch-aktiven Zustand. 

Dabei verwandeln sich die oberflächennahen Bereiche der Co3O4 Kristallite während der 

OER reversibel in eine röntgenamorphe CoOx(OH)y Schale mit 3D verknüpften Co Okta-

edern, welche unter nichtkatalytischen Bedingungen wieder kristallisiert. Im Gegensatz dazu 

verändern Co2+ Oxide ihre Struktur durch die OER partiell aber irreversibel in ein 

CoOx(OH)y mit hauptsächlich Co3+ Oh Ionen. Es wurde entdeckt, dass die Anwesenheit von 

reduzierbaren Co3+ Ionen sehr vorteilhaft für die OER Aktivität ist und diese Ionen konnten 

mit einer speziellen oktaedrischen Bindungsumgebung in den oberflächennahen Regionen 

des CoOx(OH)y erklärt werden. Außerdem wurden deren elektrochemischen und spektros-

kopischen Fingerabdrücke identifiziert.  

Diese Arbeit zeigt die Wichtigkeit einer speziellen Koordination der Metallionen mit termi-

nierenden O Atomen sowie einer Verknüpfung über di-µ2-oxo Brücken für eine hohe OER-

Aktivität. Diese Zentren können in ein mechanistisches Konzept integriert werden und ent-

stehen durch strukturelle Unordnung wie eine kleine Domänengröße oder sind wegen einer 

speziellen Kristallstruktur vorhanden. Die Ergebnisse dieser Arbeit können zu einem verein-

heitlichten Verständnis der elektrochemischen Wasserspaltung sowie der Identifizierung von 

bisher unentdeckten aktivitätsbestimmenden Eigenschaften führen und wird dabei helfen 

weiter verbesserte Katalysatoren für die Wasserelektrolyse zu entwickeln. 
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Abstract  

The development of active, stable and inexpensive electrocatalysts for oxygen evolution 

reaction (OER) is a key step to efficiently transform electrical energy into the energy of 

chemical bonds of molecular hydrogen and oxygen using water electrolysis. This hydrogen 

can serve as storage medium for renewable energy sources with intermittent availability on 

large grid-scale. But the design of improved electrocatalysts requires better understanding of 

their activity-determining properties and their structure in the catalytically active state. In 

this work 3d transition metal oxides based on Mn and Co were synthesized and tested for 

their OER activity and redox electrochemistry in neutral and alkaline electrolyte. These elec-

trocatalysts were extensively investigated before and after OER with respect to their mor-

phology, their crystal and local atomic structure as well as their electronic structure and 

near-surface composition. Furthermore, the structure of their catalytically active state was 

identified using in situ X-ray techniques. This work aims at identifying structure-activity 

correlations and at relating the findings to state-of-art OER catalyst materials.  

The investigation of two nanostructured, supported Mn oxides uncovered a beneficial influ-

ence of a 3D compared to a 2D layered cross-linking of Mn-O octahedra on the resulting 

OER activity. The catalytically active state of both Mn oxides exhibits mainly Mn4+ ions. 

The investigation of structurally-different Co-based electrocatalysts revealed a common 

structural motif of di-µ-oxo bridged Co3+/4+ Oh ions in the catalytically active state. Therein, 

the near-surface region of the Co3O4 crystallites transforms reversibly during OER charac-

terized by an amorphous CoOx(OH)y shell with 3D octahedral cross-linking. This shell re-

crystallizes under non-catalytic rest conditions. In contrast, the structure of initially Co2+ 

oxides transforms partially but irreversibly after OER to a CoOx(OH)y with mainly Co3+ Oh. 

The presence of reducible Co3+ sites was found to be highly beneficial for OER activity and 

could be explained by a special octahedral Co bonding environment in the near-surface 

structure of the CoOx(OH)y. The electrochemical and spectroscopic fingerprints of this ac-

tivity-determining property were identified. 

This work reveals the importance of special metal coordination with di-µ2-oxo bridging as 

well as terminating O sites for high OER activity. These sites can be integrated into a 

mechanistic framework and originate from structural disorder as in case of low domain size 

or are prevalent due to the specific crystal structure. The results of this work can lead to a 

unified understanding of heterogeneous electrochemical water oxidation as well as to the 

identification of activity-determining properties and will help to develop improved electro-

catalysts for water electrolysis. 
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Chapter 1 Introduction and Motivation 

Climate change and global warming caused by increasing green house gas emissions as well 

as air pollution in western countries and especially in growing economies of Asia demand 

action to avoid tremendous effects on the ecosystem of planet earth and thus, on the basis of 

human living.[1-2] Therefore, an industrial transformation towards elevated sustainability by a 

more efficient utilization of resources and a change in primary energy supply (including elec-

trical energy and heat), individual mobility and public transport is necessary. The contribution 

of renewable energy sources such as solar, wind and water power grew significantly in the 

past decades and still exhibit enormous economical potential and growing markets. However, 

application of renewable primary energy sources in the framework of a nuclear-free power 

supply needs a storage media which allows mitigating the intermittency of solar and winding 

power.[3-6]  

Besides a great variety of technologies to transform and/or store electrical energy using me-

chanical and electrical methods such as pumped-storage facilities, compressed air, flywheel 

storage, capacitors and superconducting magnetic energy storage[7], electrochemical methods 

exhibit an efficient and clean way to transform electrical into chemical energy and vice versa. 

The most famous electrochemical storage devices are rechargeable batteries, flow batteries 

and supercapacitors.[7] Furthermore, water electrolysers and fuel cells can be used to utilize 

molecular hydrogen as chemical storage medium. Using H2 has several great advantages be-

cause it exhibits a large gravimetrical energy density and is easily storable and transportable. 

In addition to that it can also partially be implemented into town-gas based heating systems 

by using today’s technology of the town gases infrastructure. But above all these advantages, 

energy transformation in electrolysers and fuel cells is free of carbon dioxide emission which 

is known to, inter alia, cause the green house effect.[6-9] 

Water electrolysis was first discovered in Leyden (Netherlands) in 1789 by two Dutchmen, 

Adriaan Paets van Troostwijk and Johan Rudolph Deiman.[10] The first observation of the fuel 

cell effect (a voltage between a Pt/O2 and a Pt/H2 electrode dispersed in the same electrolyte) 

was published by Carl Friedrich Schönbein in January 1839. William Robert Grove unrav-

elled the same effect almost simultaneously. In 1845 he developed the first fuel cell as power 

source called “gas battery”.[11]  

The development of fuel cells was strongly influenced by their application as energy and wa-

ter source in space missions. Nowadays they are applied as electrical power sources in cars, 

busses, submarines, and caravanning.[9, 12] Electrolysis is an established technique in industry 

to produce chlorine and other chemicals as well as electroplating and electrolytic etching. 
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However, water electrolysis for the production of molecular hydrogen is not yet commercial-

ized. Hydrogen and oxygen molecules are generated from water molecules in the two electro-

chemical half-cell reactions of water electrolysis. The anodic water oxidation and oxygen evo-

lution reactions (OER) exhibit strong efficiency losses whereas the cathodic hydrogen evolu-

tion reaction (HER) is comparably efficient, especially in acidic reaction conditions. A major 

cornerstone in the commercialization of electrolysers is the reduction of the costs which are 

strongly influenced by the choice of electrocatalysts for the anodic OER. In industrial applica-

tions electrolysers are mostly operated in acidic reaction condition which limits the choice of 

OER electrocatalysts to noble metals like Ru and Ir. Ru-based electrocatalysts represent the 

most-active electrocatalysts but lack of sufficient stability due to severe metal dissolution.[13] 

Ir-based electrocatalysts are also highly active but exhibit a significantly higher stability. 

Therefore, these materials are often used as bimetallic oxides.[8] For industrial applications the 

stability is further improved at sufficiently high catalytic activity by dispersing the Ru-Ir ox-

ide in a Ti oxide matrix. Thereby, the noble metal content of these so-called dimensionally-

stable anodes (DSA) is significantly reduced and the stability increased.[14-15] But the largest 

disadvantage of these catalysts is the scarcity of noble metals which leads to a high price. 

Therefore, it is questionable whether the abundance in the earth crust is high enough to enable 

water electrolysis to generate hydrogen on large grid-scale.[3] The use of non-noble metals 

like Mn, Fe, Co and Ni would reduce the costs of the OER electrocatalysts significantly due 

to a substantially higher abundance.[3] However, these 3d TM oxides are not sufficiently sta-

ble in acidic electrolytes and thus, their application is limited to neutral and alkaline electro-

lyte.  

Besides choosing metals which are abundant and inexpensive, the mass-based catalytic activ-

ity of the catalysts needs to be optimized. Catalytic activity is strongly related to the availabil-

ity of active catalyst sites for the corresponding reaction. In a first approximation the number 

of active sites is directly related to the physical surface area of the catalyst. Thus, dispersion 

of a nanostructured catalyst on a conductive and stable high surface area support is a well-

established strategy to increase the mass-activity and to decrease the catalyst costs. However, 

optimal catalyst design requires extended knowledge about the nature of the active site and 

activity-determining structural properties. There is an ongoing controversy about the impor-

tance of structural disorder to achieve high catalytic activity. This structural disorder incorpo-

rates special coordination or oxidation state of metal ions, defects and vacancies in the bulk of 

an amorphous material or at its surface, sub-nanometre sized catalyst domains, presence of 

super-active sites. Thus, the nature of the catalytically active sites for OER is still unknown 

and their electrochemical and spectroscopic fingerprints are not yet identified.  
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Furthermore, OER proceeds under highly oxidizing conditions in an aqueous electrolyte 

which represent harsh conditions for 3d TM oxides and typically redox transitions of the 

metal ions precede the OER electrocatalysis.[16] Therefore, the structure of the catalytically-

relevant near-surface in the resting and oxygen-evolving state likely differ and the structural 

motif leading the oxygen evolution remain unknown. The application of surface-sensitive 

techniques under OER conditions can in principle close this knowledge gap. But their applica-

tion is strongly limited as these techniques are mostly based on the detection of photoelec-

trons which have an extremely short mean free path in aqueous solutions. Therefore, struc-

tural analysis of electrocatalysts under electrochemical reaction conditions based on hard X-

ray radiation is very important because it enables the identification of the activity-determining 

properties of the electrocatalysts and the structure of the catalytically active state. 

This work aims at determining the structure and properties of the oxygen-evolving state of 3d 

transition metal oxide electrocatalysts for OER in neutral electrolyte and at identifying corre-

lations between catalytic activity and the long-range order, local atomic and (near-surface) 

electronic structure. These findings will lead to a better understanding of OER electrocatalysis 

and thus, will aid to develop improved electrocatalysts. This work is structured as follows: 

In Chapter 2 the theoretical background and state-of-knowledge of the electrochemical water 

oxidation and oxygen evolution reaction are described. Special emphasis is placed on activity 

descriptors and possible reaction mechanisms on 3d transition metal based oxides, hydroxides 

and perovskites in neutral and alkaline electrolyte. This introduction will allow integrating the 

results of this work into the scientific context. 

In Chapter 3 the experimental details of the syntheses and applied physicochemical charac-

terization methods of the electrocatalysts are presented. An experimental setup for in situ X-

ray based structural characterization of catalytic coatings, which was developed within this 

work, is explained. 

In Chapter 4 the findings on a correlation between the octahedral cross-linking of Mn ions in 

two, nanostructured, supported Mn oxides and the electrocatalytical properties as well as their 

redox electrochemistry are presented. Therefore, the crystal and local atomic structure of 

these Mn oxides were investigated using X-ray based techniques in the as-prepared state and 

the apparent changes upon electrocatalytic operation were determined. Furthermore, the influ-

ence of the buffer capacity on the catalytic activity of these Mn oxides was investigated by pH 

titration experiments. From these findings first correlations between local atomic structure 

and the catalytic properties are formulated. 
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In Chapter 5 findings on the catalytically active state of crystalline Co3O4 film catalysts in 

neutral phosphate-containing electrolyte are presented. The crystallinity and local atomic 

structure of the Co3O4 were determined under electrochemical reaction conditions at various 

electrode potentials as well as in the dry state before and after electrocatalysis using advanced 

in situ X-ray studies. Additionally, the differences in the surface chemistry and electronic 

structure of the as-prepared state and after OER are described. A reversible structural trans-

formation of the near-surface between resting and catalytically active state was revealed and 

is discussed with respect to general implications for oxygen evolution on crystalline catalyst 

materials. 

In Chapter 6 the influence of initial crystallinity, Co coordination and oxidation state of four 

differently coordinated Co oxides on their redox electrochemistry and electrocatalytic proper-

ties is identified. For this purpose, the physicochemical properties of the as-prepared and the 

OER-conditioned state of the Co oxide catalysts were extensively investigated using bulk and 

surface sensitive techniques and the findings are presented. Additionally, the local atomic 

structure of the oxygen-evolving state as determined by in situ X-ray absorption spectroscopy 

is described. A correlation between the Co oxide redox chemistry, electronic and atomic 

structure of the near-surface is identified. These findings offer new insights into the activity-

determining properties of Co-based OER electrocatalysts, their electrochemical and spectro-

scopic identification and the importance of special Co coordination to achieve high OER ac-

tivity in neutral electrolyte.  

In Chapter 7 the results of this work are summarized and general conclusions on structure-

activity-correlations of 3d transition metal oxides/oxyhydroxides are drawn. Additionally, 

perspectives for further investigations on the basis of the findings of this work and their inte-

gration into the state-of-knowledge are given. 
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Chapter 2 Oxygen Evolution Reaction on 3d Transition 
Metal Oxides 

In this chapter the principles of electrochemical water oxidation and oxygen evolution on 3d 

TM ion based electrocatalysts as they are known today are described. This introduction is 

necessary to integrate the results of this work into the state-of-knowledge. First, the thermo-

dynamics and kinetics of electrochemical reactions are formulated and then related to an ex-

emplary OER mechanism. After this an overview on descriptors used for the electrocatalytic 

OER activity is given. The section is followed by detailed examination of the OER mecha-

nism with special emphasis on the participation of lattice oxygen and on Co oxides in neutral 

conditions as known from experimental and computational studies. Furthermore, the structure 

and properties of Co oxides and (oxy)hydroxides electrocatalysts as well as their electro-

chemical characterization in neutral and alkaline electrolyte are explained. Thereafter, Mn 

oxides and their application as OER electrocatalysts are shortly summarized. 

2.1  Mechanism and Activity Descriptors 

Water electrolysis can be divided into two half-cell reactions; the oxygen evolution reaction 

(OER) at the anode and the hydrogen evolution reaction (HER) at the cathode side. Both elec-

trodes are separated by an electrolyte which is ideally ion-conductive, gas-impermeable and 

electrically insulating.  

The overall chemical equation of water electrolysis is shown in Scheme 1 for acidic and neu-

tral electrolyte and in Scheme 2 for alkaline electrolyte. Water electrolysis proceeds via dif-

ferent reaction pathways in acidic/neutral and alkaline reaction conditions. In acidic and neu-

tral electrolyte water is the reagent at the anode side where it gets electrochemically oxidized 

yielding in molecular oxygen, electrons and protons. The protons travel through the electro-

lyte and the electrons through the electrical circuit to the cathode side where they form H2. 

 

Scheme 1: Water electrolysis in acidic and neutral electrolyte 

Anode 2 H2O  O2 + 4 H+ + 4 e- OER 

Cathode 4 H+ + 4 e-  2 H2  HER 

Overall 2 H2O  O2 + 2 H2  
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Scheme 2: Water electrolysis in alkaline electrolyte 

Anode 4 OH-  O2 + 2 H2O + 4 e- OER 

Cathode 4 H2O + 4 e-  2 H2 + 4 OH- HER 

Overall 2 H2O  O2 + 2 H2  

 

In alkaline electrolyte the hydroxyl ions are the reagent at the anode side yielding in water 

molecules, molecular oxygen, and electrons. Water molecules get reduced at the cathode side 

and form molecular hydrogen and hydroxyl ions together with the electrons. The hydroxyl 

ions travel through the electrolyte to the anode side.   

Thus, OER demands the extraction of four electrons and protons from the water molecules 

which travel to the counter electrode through the electrical circuit and the electrolyte, respec-

tively. The cathodic HER is a fast reaction in neutral and acidic electrolyte which does not 

lead to large efficiency losses. In contrast OER is more complex because it involves the for-

mation of the O-O bond. The majority of the electrochemical efficiency losses in water elec-

trolysis are caused at the anode side.  

To describe the reaction rate of an electrochemical reaction it is necessary to take their ther-

modynamics and the kinetics into account. These aspects are discussed in the next section. 

2.1.1 Thermodynamics and Kinetics of Electrocatalytic Reactions[17] 

The open circuit potential of an H2/O2 cell is in the ideal case 1.229 V which is equal to the 

redox potential E0 of H2O/O2 redox couple on the reversible hydrogen electrode (RHE) scale. 

Therein, the potential of hydrogen electrode is defined as zero. This redox potential defines 

the thermodynamic Gibbs free energy limit for the anodic water oxidation and cathodic oxy-

gen reduction reaction (ORR). It is thermodynamically possible to reduce O2 to H2O below 

this electrode potential whereas above H2O can be oxidized to O2. E
0 can be calculated on the 

reversible hydrogen electrode scale via E଴ ൌ ‐G଴ ൉ ሺnFሻିଵ	in which G଴ is the Gibbs free 

energy of the reaction (-474.4 kJ·mol-1), n is the number of transferred electrons (four), and F 

is the Faraday constant (96485 C·mol-1). The RHE is generally used as reference because the 

redox potential of H2O/O2 is independent from pH.[17]  

The current i of an electrocatalytic reaction depends on the reaction rate ki, the number of 

electrons n transferred per catalytic turnover, and on the concentration of the reagent ci. Addi-
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tionally, anodic and cathodic reaction proceed always simultaneously at the electrode and 

thus, the current i has to be described via  

݅ ൌ ݅௔௡௢ௗ௜௖ ൅ ݅௖௔௧௛௢ௗ௜௖ ൌ ݊ ൉ ܨ ൉ ሺ݇௢௫ܿ௥௘ௗ െ ݇௥௘ௗܿ௢௫ሻ. 1
 

The reaction rate ki follows Arrhenius law and it is  

k୧ 	ൌ B୧ ൉ e
ି ୋ‡ ሺ୉ሻ

ୖ୘ , 2

 

in which  G‡ ሺEሻ is the Gibbs free energy of activation or activation energy of the reaction 

which depends on the electrode potential E. The reaction rate ki depends also on catalyst and 

reaction specific constant B, the gas constant R, and the temperature T. The constant B incor-

porates catalyst properties such as active site density and the rate constant k0. The activation 

energy is the potential-dependent energy difference between transition state and the reagent 

and is thus, an energy barrier that has to be passed to drive the electrochemical reaction. Tay-

lor extension of the activation energy  G‡ ሺEሻ yields in first approximation a linear relation-

ship with 

 G‡ ሺEሻ ൌ 	 G‡ ሺܧ଴ሻ േ ܧሺܨ݊ߚ െ ଴ሻ, 3ܧ
 

in which  denotes the asymmetry parameter of the reaction. This parameter reflects the 

asymmetry of the energy barrier and incorporates the possible influence of the counter reac-

tion during the current flow. The asymmetry parameter  can be replaced by the symmetry 

factor α which is α = -ox and 1-α = red. The difference between electrode potential E and 

redox potential of the reaction E0 is the overpotential η. Combining the Eqns. 1-3 leads to the 

Butler-Volmer equation which describes the dependence of the catalytic current on the over-

potential, symmetry factor and temperature by  

i	 ൌ 	 i଴ ൉ ሺe
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Therein, i0 is the exchange current density which depends on the catalyst and reaction specific 

constant B and is given by  
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At a sufficiently high overpotential of ~100 mV the counter reaction path and thus, the nega-

tive term in Eqn. 4 can be neglected. The reaction rate increases exponentially with overpo-

tential and the Butler-Volmer equation can be rewritten as the Tafel equation which is given 

by 

ߟ ൌ ܾ ൉ log ቀ ୧
୧బ
ቁwith b ൌ 2.302 ൉ ୖ୘

஑୬୊
. 6

 

Therein, b is defined as the Tafel slope which describes the slope of the linear E-log10(i/i0) 

profile. In the ideal case the Tafel slope is related to the reaction mechanism and the rate-

determining step but in a real electrochemical system the Tafel slope can be influenced by 

various kinetic processes. The overpotential of an electrochemical reaction arises due to the 

kinetics of the electrochemical reaction but additional overpotentials can be present in an elec-

trochemical setup. These processes are mostly related to transport processes of electrons, pro-

tons or hydroxyls. Furthermore, mass transport phenomena like limited convection/diffusion 

of reagents and products can limit or hamper the reaction rate and thus, the current density. 

Mass transport losses are minimized by conducting rotating disk electrode (RDE) experiments 

in which a hydrostatic equilibrium is established at the electrode-electrolyte interface. The 

concentration of the reagents (especially in case of water oxidation in aqueous electrolyte) is 

thus, independent from reaction conditions and the removal of the gaseous products is fast. 

Overpotentials due to electron conduction through the electrical circuit and proton transport 

through the electrolyte are compensated by an Ohmic correction of the electrode potential. 

The overall Ohmic resistance of the electrochemical setup is usually determined by potentio-

static electrochemical impedance spectroscopy (PEIS). Thus, in RDE experiments the kinetic 

processes at the electrode-electrolyte under electrochemical conditions can be investigated.  

Historically, the Tafel slope was used to identify the rate-determining step of electrode reac-

tions and to get insights into the reaction mechanism.[18] This has been done for electrochemi-

cal reactions such as hydrogen or chlorine evolution. However, it was shown that any addi-

tional transport processes that cannot be easily corrected influence the Tafel slope.[19] The 

determination of the reaction mechanism purely based on Tafel slope analysis therefore de-

mands various assumptions and is questionable for complex reactions. As a result, the Tafel 

slope has to be discussed carefully and has to be combined with other methods e.g. in situ 

spectroscopic investigations and density functional theory (DFT) calculations to draw conclu-

sion on reaction mechanism and the rate-determining step. But the Tafel slope can be used to 

identify trends in the kinetic processes of OER on similar electrocatalysts investigated under 

identical reaction conditions. These trends are investigated in this work for Mn- and Co-based 

electrocatalysts.  
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2.1.2 Reaction Mechanism of Water Oxidation and Oxygen Evolution 

The development of highly-active electrocatalysts for OER needs understanding of the reac-

tion mechanism and the rate-determining step (rds). All other reaction steps prior to and after 

the rds are in equilibrium during the reaction. In OER the formation of the O-O bond and/or 

the release of O2 at the anode side are key steps. Only with knowledge about the rds it is pos-

sible to tailor electrocatalysts with elevated OER activity.  

However, to enable an electrocatalytic reaction it is necessary to transport electrons between 

the reagents or reaction intermediates and the catalyst surface which is realized by chemical 

bonds. Thus, chemical bonds to the catalyst surface are needed to oxidize water/hydroxyl ions 

electrochemically. So far, the reaction mechanism of OER is not definitely known and many 

different mechanisms have been proposed by researchers.[20] These mechanisms differ e.g. by 

the number of catalytic sites involved in the reaction and by the nature of O-O bond forma-

tion.  

The reaction mechanism given in Eqns. 7-10 was used to calculate theoretical overpotential 

for OER based on the thermodynamics. It received lot of attention and was applied for various 

metal and oxide surfaces in acidic or neutral electrolyte.[21-25]  

M - * + 2 H2O
  M-OH  + H2O +    H+ +    e- GOH 7

M-OH  + H2O +    H+ +    e-  M-O + H2O + 2 H+ + 2 e- GO 8

M-O  + H2O + 2 H+ + 2 e-  M-OOH  + 3 H+ + 3 e- GOOH 9

M-OOH  + 3 H+ + 3 e-  M- *  + O2 + 4 H+ + 4 e- GO2 10

 

Therein, only one metal site participates in the reaction. In the first step a water molecule is 

deprotonated and the adsorbed hydroxyls are subsequently stepwise oxidized. The O-O bond 

is formed via nucleophilic attack of an adsorbed O by a water molecule. This reaction mecha-

nism can be translated to the alkaline reaction conditions by replacing water by hydroxyl ions 

and adjusting the charge balance.[20] In this case, the adsorbed hydroxyls are chemically de-

protonated by OH- from the electrolyte.  According to DFT calculations, the formation of the 

OOH intermediate from adsorbed O and H2O from electrolyte is the most important reaction 

step and involves the formation of the O-O bond. Desorption of molecular O2 yields in a free 

metal site at the surface of the catalyst. 

However, this reaction mechanism represents a simplified pathway because it neglects various 

possible processes during OER. The participation of adjacent metal sites and multiple O at-
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oms from the catalyst surface is not taken into account. Furthermore, the removal of the pro-

tons from the intermediates is not specifically considered. Other reaction mechanisms have 

been proposed which involve the participation of adjacent metal sites although these sites 

might not play a role in O-O bond formation and thus, the rate-determining step of OER. An 

overview on possible OER reaction mechanisms with special emphasis on the participation of 

lattice O and Co oxides is described in section 2.1.4-5 in more detail as the experimental re-

sults of this work have to be integrated into the state of knowledge. 

2.1.3 Activity-determining Properties of OER Electrocatalysts 

The understanding of OER catalysis and the design of improved electrocatalysts needs the 

identification of activity-determining properties. These can be identified by a comparison of 

the physicochemical properties and the catalytic activity of various electrocatalysts. In this 

section, a set of possible descriptors are described.  

Thermodynamics and Scaling Relationship 

In the 1980's Sabatier principle which proposes an optimal degree of interaction between the 

catalyst and the educts or reaction intermediates was experimentally extended to OER. An 

optimal enthalpy of the transition from a lower to a higher oxidation state of the metal oxide 

leads to an optimal catalytic activity in acidic and alkaline electrolyte.[26] Similarly, the elec-

trocatalytic activity of perovskite catalysts and earlier for metal electrodes could be correlated 

to the enthalpy of hydroxide formation.[27-28] Thus, the catalytic activity is related to the ther-

modynamics of the electrochemical redox transitions on the catalyst surface. These redox 

transitions can in turn be related to the binding energy of OH or OOH which are crucial reac-

tion intermediates of OER.  

According to rule of BEP (Brønsted-Evans-Polany) the enthalpy change of the reaction step is 

linearly related to the activation energy of the transition step. In this way, the transition state 

influences the catalytic activity. The binding energy of OH is furthermore related to the bind-

ing energy of OOH on the same catalyst surface by an offset and scales linearly with catalyst 

surface. Thus, the binding energy of the key intermediates of OER cannot be tuned independ-

ently and the so-called scaling relationship limits the optimization of catalysts. The electro-

catalytic activity depends on the potential-dependent activation energy of the reaction but the 

overall activation energy as used in Eqn. 2 and 3 can be replaced by the activation barriers of 

individual reaction steps.  
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Figure 1: Schematic diagram of Gibbs free energy of reactive species and intermedi-
ates as function of reaction coordinate within the four step mechanistic 
framework considered by Rossmeisl.[21-25] The educt, reaction intermediates 
and product as well as the activation energies for the reaction intermediates 
are denoted. In case of an ideal catalyst (black) all activation energies are 
equally large. On a real catalyst (red) one reaction step defines the lowest 
overpotential at which all reaction steps are energetically downhill and thus, 
occur spontaneously. See Eqns. 7-10 and the next section. Figure adapted 
from Dau et.al.[29] and Hong et.al.[20]. 

Energy diagrams for OER can be generated by assuming a particular reaction pathway in 

which the individual activation energies are known. In the schematic diagram shown in Fig-

ure 1 it can be seen that the activation energies differ between the individual reaction steps for 

a real catalyst. Tuning the electrode potential or overpotential changes the energy difference 

between the reagent and the product. On a real catalyst one reaction step appears to be poten-

tial-determining because this reaction step needs the highest overpotential to turn energeti-

cally downhill. Above this overpotential all reaction steps occur spontaneously. In the ideal 

catalyst case, all activation barriers are equally high leading to the case that all reaction steps 

turn energetically downhill e.g. above the H2O/O2 redox potential of 1.23 V. Referring to the 

scaling relationship described above, an optimal catalyst would exhibit a 1:1 scaling of the 

activation barriers with an offset of ~2.46 eV between the binding energy of OH and OOH. 

Unfortunately, the scaling between OH and OOH binding energy on metal and metal oxide 

surfaces is 1:1 but with an offset of ~3.2-3.4 eV. Thus, the formation of OOH intermediate 

appears to be potential-determining step in most cases. In contrast, the scaling of the binding 
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energy of O and OH is 2:1. Thus, the difference in binding energy of O and OH changes with 

catalyst surface. The difference in binding energy between O and OH has often been used as 

descriptor for the catalytic activity determined from DFT calculations.[21-23, 30-31] These rela-

tions lead to optimal binding energies of reaction intermediates on the catalyst sites and the 

formulation of a volcano-like activity profiles.[20] 

Due to this scaling relationship the optimization of the binding energy and catalytic activity is 

limited. However, concepts appeared recently to mitigate the scaling relation by the design of 

multiple active sites on the catalyst surface. The catalytic activity was shown to increase in 

presence of two adjacent metal sites with different binding energies for OH and OOH. In this 

way, the activation barriers for reaction steps can be tuned individually. It was shown experi-

mentally that the presence of nanoparticular Au and other noble-metal on the catalyst surface 

enhances the OER activity of Mn- and Co oxides.[32-33] DFT calculations showed that the 

presence of AuOx sites on MnOx and CoOx surfaces can extract protons from the reaction in-

termediates more easily and thus, decrease the activation barriers of the potential-determining 

step which is the formation of M-OOH from M=O.[34] The same effect was seen in calcula-

tions for OER on Ru-Ni and Ru-Co oxide surfaces which appeared more active than pure 

RuO2. The presence of hydrogen-accepting O sites connected to Co/Ni atoms was identified 

to decrease the theoretical overpotential.[30] Experimentally, electrocatalysts of Ni- and Co-

doped RuO2 were found to be more active than bare RuO2 but the presence of Ni/Co on the 

catalyst surface during acidic reaction conditions was not verified and might be questionable. 

Electronic Structure 

Another descriptor of OER activity used for perovskites with 3d transition metal on the B 

sites is the estimated occupancy of 3d eg electrons. A volcano profile was found for the cata-

lytic current in alkaline electrolyte when the (estimated) occupancy of eg electrons was used 

as descriptor. The optimal occupancy of eg electrons is slightly above 1.0 and a 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ exhibit the lowest overpotential.[35] The number of eg electrons is re-

lated to the relative occupancy of the antibonding states which influences strength of the 

metal-oxygen bond. Thus, it was concluded that perovskites in which the TM ions exhibit an 

eg occupancy <1 bind OH too strong whereas an occupancy significantly >1 leads bond 

strength of the OH which is too weak. This effect can also be seen as the OER activity along 

the 3d transition metals from Mn to Ni increases with the electronegativity and the number of 

3d electrons of the TM ions in perovskites.[27, 36] The bond strength of the OH decreases along 

this series and this finding is in agreement with the results for pure MOx(OH)y for OER in 

alkaline electrolyte.[37]  
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The findings about the influence of electronegativity and the occupancy of eg states on OER 

activity show that the electronic structure of the electrocatalysts significantly influences the 

OER activity. In ORR on Pt, the position of the metal d-band centre was found to signifi-

cantly influence the catalytic activity by tuning the Pt-O bond strength. This has been inter 

alia shown for the enhanced catalytic activity of PtMx core-shell nanoparticles with M  (Ni, 

Co, Cu) compared to bare Pt. The lattice strain in the Pt–rich shell induces a downward shift 

of the d-band centre which weakens the Pt-O bond.[38] Thus, the electronic configuration can 

be used as a descriptor for catalytic activity in perovskites and metals for oxygen electrocata-

lysis but it finally represents the thermodynamics of the binding energy of the key intermedi-

ates. 

In case of metal oxides and perovskites, it is not sufficient to consider the electronic configu-

ration of the TM ions but the complete TM-O6 building block has to be taken into account. 

This is especially important because the potential/rate-determining step might involve an elec-

tron transfer most likely via oxygen ions to form the O-O bond. In metal oxides and 

perovskites ionic bonds are formed between metal ions and oxygen atoms. But the spatial 

overlap of the 3d orbitals of TM ions with the adjacent O 2p orbitals lead to covalent mixing 

or hybridization and to the formation of a band structure. The metal-oxygen bonds in TM ox-

ides have mixed ionic-covalent character. The spatial overlap of the O 2p orbitals differs 

strongly between metal t2(g) states and e(g) states leading to π- and σ-(anti)bonding states, re-

spectively. The electron donation of the O atoms in the crystal leads to a splitting of the 3d 

states and their energy difference is called crystal field stabilization energy (CFSE). In the 

octahedral coordination of TM-O6 the t2g states are energetically lower than the eg states be-

cause the t2g states have a lower spatial overlap with the 2p orbitals than the eg states. In case 

of a tetrahedral coordination of TM-O4 this order is reversed.[39] 

Considering the aspects discussed above the influence of the charge transfer properties on the 

electrocatalytic activity has to be taken into account. Many TM oxides/oxyhydroxides which 

are considered as electrocatalysts are not electrically conductive in ground state. However, the 

electrical conductivity was already used to classify electrocatalysts in early works.[40] Re-

cently, this aspect was reconsidered for TM oxyhydroxides in alkaline electrolyte and espe-

cially the influence of the Fe incorporation on the catalytic activity. Therein, it was revealed 

that the electrical conductivity of the films as measured under electrochemical conditions in-

creases significantly anodic of the typical redox transition preceding the catalytic wave (e.g. 

the Ni2+/Ni3+). This can be explained by low spin d6 configuration of Ni2+ (and also of Co3+) 

in which the t2g orbitals and thus, the valence band are completely filled. The eg orbitals are 

empty and strongly separated by a large band gap of e.g. 1.60 eV for Co3O4.
[41] Anodic of the 
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redox transition one d electron is electrochemically removed leading to d5 configuration of the 

TM ions. Thereby, unoccupied states in the t2g orbitals lead to a conduction band in the oxide 

which significantly increases electrical conductivity.[42-43] This transition from a semiconduc-

tor to a conducting or metallic oxide significantly enhances the electron transport through the 

catalysts and possibly enables catalytic activity.  

Furthermore, the importance of the orbital hybridization during OER was shown for Co-

containing perovskite surface during elevated temperature electrochemical oxygen evolution 

and oxygen incorporation.[44] A strong influence of the redox transitions on the metal-oxygen 

covalency was identified. During anodic polarization the occupancy of the σ-bonding states 

decreases which can only partially be explained by the shift in Fermi level due to the elec-

trode potential. In addition, a change in metal-oxygen covalency was found under OER condi-

tions. A narrow state of O 2p character has been proposed to exchange charge with O adsor-

bates. Thus, the whole TM-O6 octahedron might be considered as redox-active building block 

and charge transfer via hybridized TM-O orbitals are of great importance. 

In addition to the thermodynamic properties of the metal-oxygen bond and properties related 

to the charge transport between adsorbates and catalyst surface as well as within the catalysts 

the catalytic activity strongly depends on the active site density. The importance and possible 

measures of this activity-determining property are described in the next section. 

Active Site Density 

The catalytic activity of a material strongly benefits from a larger active site density and is 

expected to scale with the number of catalytically active sites. This can be seen in the Butler-

Volmer equation (Eqn. 4) in which the factor Bi incorporates the number/density of active 

sites (Eqn. 5). However, to determine the number of active sites of a catalyst their electro-

chemical and spectroscopic fingerprints have to be known. This is difficult as long as their 

structure and properties remain unknown. So far, there is no developed strategy to specifically 

determine the OER active sites in oxides or perovskite electrocatalysts.  

Therefore, the physical or electrochemical surface area is usually a first approximation as-

sumed to be correlated in to the number of active sites. The physical surface area can be 

probed using adsorption/desorption experiment like Brunauer-Emmet-Teller (BET) analysis 

in which the number of physisorbed N2 or Kr is determined.[45] This technique is widely ap-

plied to powder and high-surface area catalysts. More specifically, the number of sites was 

determined by pulsed CO chemisorption.[46] Also Zn2+ adsorption followed by elemental 

analysis e.g. via ICP-OES or –MS experiments can be used but convincing agreement with 

other techniques could not been shown for most oxide electrocatalysts, except for MnO2.
[47-48] 
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The electrochemical surface area (ECSA) can be determined by the oxidation of adsorbed 

probe molecules such as CO in voltammetric stripping experiments or via the hydrogen un-

derpotential deposition (Hupd) peak. These techniques are widely used for Pt-based electro-

catalysts but its application for oxides is limited due to the absence the Hupd and the weak 

binding energy of CO on their surface.[49-50]  The determination of the ECSA of ox-

ides/oxyhydroxides is performed via the determination of the electrochemical capacitance or 

via the voltammetric surface charge. The electrochemical capacitance can be determined us-

ing electrochemical impedance spectroscopy. An equivalent circuit consisting of a resistor 

representing the Ohmic character of electrolyte and a resistor-capacitance element represent-

ing the electrode/electrolyte interface is then used to fit the experimental data. In addition, the 

capacitance of an electrocatalyst can be determined from a series of cyclic voltammograms 

recorded at selected scan rates in a potential range where no redox transitions or catalytic re-

action occurs. The charging current of a capacitor depends linearly on the scan rate and thus, 

the capacitance can be obtained from the slope of a linear fit. By using a specific capacitance 

(determined from model catalysts which were measured in the same electrolyte) the ECSA 

could be estimated from the electrochemical capacitance. The specific capacitance varies be-

tween 22 and 130 µF·cm-2.[51] 

For Ru- and Ir-oxide thin film electrocatalysts the anodic surface charge is established as a 

relative measure of the ECSA. This value is determined by integrating the anodic charge 

transferred during a potential scan in a certain potential range.[52] 

Furthermore, the number of redox active metal sites can be estimated from the redox transi-

tions identifiable by cyclic voltammograms.[53] Therefore, the charge transferred during redox 

transitions has to be determined in analogy to the voltammetric surface charge. This method 

has also the advantage of being an in situ method but exact quantification of metal ions can be 

quite complicated as the redox peaks can be broad and can interfere each other or can be su-

perimposed by the catalytic current.  

In summary, there are many ways to measure properties of electrocatalysts which are related 

to the (electrochemical) surface area and to the active site density. But so far, no method has 

been established to measure active site density, especially on 3d TM oxides. Therefore, the 

identification of the nature and (electrochemical) fingerprint of the active site has to be unrav-

elled. Before this will be achieved these described techniques can be used to estimate specific 

OER activities of electrocatalysts and compare this (at least) with similar materials measured 

under identical conditions. 
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2.1.4  Participation of Lattice Oxygen in OER Mechanism 

In section 2.1.2 a generalized OER mechanism which is the basis for many DFT calculations 

was discussed. But to gain deeper insights into the OER mechanism especially on Co oxides it 

is necessary to choose a broader approach and to take into account additional processes. This 

is especially necessary to explain the experimental results of this work. Specifically, the par-

ticipation of oxygen atoms from the oxide lattice is an important aspect in understanding OER 

and the catalytically active state of the near-surface of electrocatalysts. It has been shown in 

studies for various electrocatalysts that oxygen from the oxide lattice participates in the OER 

mechanism independently from TM ion and electrolyte.[54-56]  

One of the first investigations using 18O-labelled electrolyte for electrocatalytical OER was 

performed on MxCo3-xO4 electrocatalysts with M  (Ni, Li). [57-58] The intention of this study 

was to determine the number of active sites. It was found that an increasing amount of Li sig-

nificantly increases the active site density. In addition it was concluded that the participation 

of bridging O in the OER mechanism is possible. 

OER on noble metal electrodes was investigated using isotope-labelled acidic electrolyte and 

differential electrochemical mass spectrometry (DEMS).[54-55] It was shown that on Pt oxygen 

is solely formed from the electrolyte whereas in case of RuO2 and electrochemically-oxidized 

Ru lattice oxygen participates in the reaction mechanism. But the electrocatalyst was found to 

dissolve under OER conditions in the electrolyte due to the formation of a soluble RuO4.
[59] 

The participation of lattice oxygen was also shown for IrO2 in which thermally-prepared elec-

trocatalysts were found to exchange O atoms with the isotope-labelled electrolyte during po-

tential cycling in the OER range.[60] This O exchange led to a depletion of the 16O2 signal and 

a rise of the 16O18O signal. From their results the authors concluded that only a small fraction 

of O sites (~1% of the total amount of oxygen) in the IrO2 participates in the OER. 

The influence of the overpotential and reaction rate on the product composition was investi-

gated for RuO2 and Ru0.9Ni0.1O2-.
[61] The authors revealed that at low overpotential the 

evolved oxygen is predominantly formed from the electrolyte leading to 18O2 during chrono-

amperometric experiments. At high overpotential the formation of a short pulse (~10 s) of 
16O18O above the background signal could be seen. This effect was stronger for the 

Ru0.9Ni0.1O2- than for the RuO2 sample. Thus, the reaction mechanism might change with 

overpotential and at elevated reaction rates lattice oxygen might participate to a larger fraction 

in the reaction mechanism. 

In contrast to these studies, no indications for the participation of lattice O were found during 

photocatalytic oxygen evolution on crystalline Co3O4 nanoparticles in neutral electrolyte.[62] 
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This phenomenon might be explained by the reaction conditions which appear to be quite 

moderate compared to electrocatalytic oxygen evolution at high overpotential. As found for 

the Ru-based oxide electrocatalysts the O2 is predominantly formed from the electrolyte at 

low overpotentials which might also be the case for the photocatalytic OER on Co3O4. 

For the CoCat (see Section 2.2.1), a thin catalyst coating was electrochemically-deposited 

from isotope-labelled, neutral phosphate buffer and tested for oxygen evolution in unlabeled 

electrolyte.[56] Applying OER conditions to this catalyst led to the formation of 18O2, 
16O18O 

and 16O2 as determined by in-line mass spectrometry. These results indicate that O atoms from 

the CoCat participate in the OER mechanism. However, these experiments had the major dis-

advantage that the catalysts had to be equilibrated for 1 h in the unlabelled electrolyte prior to 

product analysis. Therefore, an exchange of 18O and 16O between catalyst and electrolyte 

might have preceded the OER leading to an underestimation of the 16O18O and thus, to an 

underestimation of the participation of O atoms from the Co oxide. 

Assuming lattice O participates in the OER mechanism, a universal correlation between OER 

activity and instability of the electrocatalyst was formulated by a thermodynamic analysis of 

the oxygen evolution reaction. The thermodynamic instability of the O2- ions in the lattice 

under reaction conditions leads to the partial dissolution of M2+ ions.[63] Experimental studies 

pointed out that catalytic activity and instability might be correlated.[13, 64] But the formulation 

of activity-stability correlations needs to be referred to a unified normalisation. It was shown 

that in case of Ir-Ni oxides the OER activity and instability with respect to geometric surface 

area are correlated whereas the dissolution of Ir per electrochemical surface area (surface 

charge) does not follow the specific activity.[65]  

For noble metal electrodes in acidic electrolyte a correlation between stability and electrocata-

lytic properties was revealed.[13] It was shown that the Tafel slope and the steady-state metal 

dissolution rate are anticorrelated. The metal dissolution rate decreases exponentially with 

Tafel slope which was explained by differences in the reaction mechanism. The more stable 

but less active metals like Pt form O2 predominantly from the electrolyte whereas preferred 

Tafel slopes are found for unstable metals like Ru which form O2 (at least partially) from the 

oxide lattice. Thus, the OER activity and stability of electrocatalysts might be related to the 

dominant reaction mechanism.  

2.1.5 Oxygen Evolution Mechanism on Co Oxides in Neutral Electrolyte 

The first mechanistic investigation of a Co based electrocatalyst in neutral, phosphate-

containing electrolyte was performed for the CoCat, a Co-phosphate electrocatalysts (see sec-
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tion 2.2.1). The electrokinetic investigations showed that the rate-determining step is most 

probably a chemical step preceded by a proton-coupled electron transfer (PCET) step in equi-

librium independent from film thickness between 10 and 90 nm.[56] Furthermore, the reaction 

rate was independent from phosphate concentration above 0.03M. It was concluded that the 

reaction mechanism involves a fast oxidation of Co3+-OH to Co4+-O in equilibrium and the 

rate-determining step includes the formation of the O-O bond. The phosphate ions are thought 

to participate in the proton abstraction of the equilibrium PCET step. 

But how does oxygen evolution proceed under participation of lattice oxygen? During the 

electrocatalytic cycle oxygen vacancies have to be formed in the reaction zone of the catalyst 

according to a majority of the discussed reaction mechanisms.[20] (see also section 2.1.2) 

These anionic vacancies lead to a change in local charge density and possibly to the tempo-

rary reduction of the adjacent TM sites. These vacancies are expected to be immediately 

healed by oxygen atoms from water or hydroxyls and the adjacent TM ions are expected to 

get oxidized. Generally, there are three types of O sites from which the O2 molecule could be 

formed – terminating O sites (OT) as well as Oµ2 and Oµ3 sites which are bridging O between 

two and three TM ions, respectively. Thus, to take into account the participation of lattice 

oxygen the formation energies of O vacancies at these different sites have to be taken into 

account.  

The binding energy of a terminating O is generally lower than of bridging O.[66] According to 

DFT+U calculations on the thermodynamics and structure of Co3O4 surfaces under various 

redox transitions the formation energy of an anionic vacancy at the Co3O4(100) surface is 

significantly lower for a µ2-bridge (0.91 eV) compared to a µ3-bridge (1.90 eV).[67] The for-

mation energy of oxygen vacancy in sub-surface atomic layers was found to be lower than at 

the surface. This enables migration of the anionic vacancies from the surface to the sub-

surface atomic layers. In addition, the presence of O vacancies was found to induce a change 

in coordination of the Co Td ions to Co Oh at the surface which was explained by the localiza-

tion of two electrons from the oxygen ions at the adjacent Co Oh ions distorting the local 

bonding environment. Thus, it can be concluded that participation of lattice oxygen during 

OER on a Co3O4 surface proceeds preferably at µ2-oxo bridges compared to µ3-bridges. But 

oxygen evolution reaction proceeds faster under (at least partial) participation of terminating 

O because the binding energy of a terminating O on a metal oxide surface is significantly 

lower compared to Oµ3 species. In addition the participation of bridging O in the OER mecha-

nism might induce structural changes in the near-surface of the Co3O4 which are experimen-

tally confirmed in this work (see Chapter 5 and ref. [68]) 
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The participation of lattice oxygen is strongly supported by ab initio DFT+U calculations on 

possible reaction pathways for oxygen evolution on a Co oxide cluster of six Co ions in neu-

tral electrolyte.[69] According to this study the O-O bond is always preferably formed by 

geminal coupling of two O atoms bonded to the same Co ion. This reaction pathway is inde-

pendent from the structural motif of the Co oxide cluster. The formation of the O-O bond by 

nucleophilic attack of the OT by water molecules is thermodynamically unfavoured even 

compared to the formation of O2 from a OT and a Oµ2 atom. However, nucleophilic attack by 

OH- might be possible in alkaline electrolyte leading to a different reaction mechanism.  

The preferred reaction pathway of OER on this Co oxide clusters as revealed by these calcula-

tions is described in the following. Herein, four electrons were extracted from the cluster in 

the presence of water molecules. First, deprotonation of a terminating OH occurs and then a 

Co4+=O is formed. In an earlier study, it was shown that OT form low-barrier hydrogen bonds 

and the Oµ2 are likely participating in the deprotonation of the reaction intermediates under 

working conditions.[70] Due to the electron hole located at the terminating O atom it couples 

with an adjacent terminating OH, OT or Oµ2 and forms the O-O bond in a Co(OO) or 

Co(OOH) species. This process leads to a rearrangement of the charge in the cluster and to the 

capture and localization of the two holes in the Co (hydro)peroxo. These additional holes are 

needed to complete the oxidation of the O2-. After fast deprotonation of the hydroperoxo, the 

peroxo is transformed to a Co-O2 superoxo species. This reaction intermediate is highly stable 

with a lifetime of up to 10 ps in case of O-O bond formation from two OT atoms. The other 

reaction intermediates have lifetimes shorter than 2 ps. Thus, according to these calculations 

the rate-determining step is likely to be the O2 release. Interestingly, in case of water oxida-

tion on a CoOOH the activation energy for the deprotonation of OOH and the desorption of 

the O2 molecule (see Eqn. 10) from a Oµ2 site was found to be very low (0.03 eV) compared 

to the same reaction step if the OOH is formed solely on a terminating O site (0.8 eV).[25]. 

Combining these results points out the importance of the Oµ2 ions at the surface as their cru-

cial role in OER mechanism might not be limited to the deprotonation of the reaction inter-

mediates but might also be valid for the rate-determining step. 

Thus, the mechanism of OER in neutral and acidic electrolyte can proceed under different 

reaction pathways depending on the nature of O sites are available and involved. Experimen-

tal results suggested the potential-dependent participation of lattice oxygen. Generally, the 

number of O atoms from the oxide that participate is comparably small. This indicates a very 

small fraction of the metal sites on the electrocatalysts to be OER-active sites. If this is the 

case, the exchange of the O atoms from the catalytically active sites is very fast and the turn 

over frequency (TOF) at the active site has to be significantly larger than estimated from the 
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total number of surface metal sites. Furthermore, the participation of bridging O in the OER 

mechanism might significantly enhance O2 desorption which is possibly the rate-determining 

step but can induce substantial structural rearrangement in the near-surface of the catalysts. 

These findings are important as the results of this work on structure-activity correlations and 

the structure of the catalytically active state of 3d TM-based electrocatalysts are explained 

within the mechanistic framework described above.  

2.2  Electrocatalysts for Water Oxidation and OER 

Water electrolysis and OER was firstly discovered by using noble metal electrodes of Au and 

Pt immersed in the same highly-acidic electrolytes.[10] Today, the established and most active 

electrocatalysts for the anodic OER are based on Ru- and Ir oxides.[51] According to experi-

mental studies and DFT calculations, these catalysts occupy the top region of the OER vol-

cano curve. IrO2 and RuO2 crystallise in a rutile-type lattice (space group: P42/mnm) consist-

ing of corner-sharing chains of edge-sharing MO6 octahedra as shown in Figure 4a for β-

MnO2. The structural similarity to TiO2 allows the preparation of single phase MxTi1-xO2 with 

M  [Ru, Ir].[71] TiO2 excels with a strong resistance against (electro-)chemical reduction 

leading to an extraordinary stability under OER conditions. Electrodes based on these ternary 

(or quaternary) oxides are called dimensionally-stable anodes (DSA®) and were invented by 

Beer in the 1960’s.[14-15] These anodes are often used in industrial applications and exhibit a 

significantly increased stability of the catalytic activity in acidic electrolyte in comparison to 

pure Ir and esp. Ru oxides. But the application of noble-metal electrocatalysts at higher pH is 

largely limited due to metal dissolution and thus, poor stability. Ir oxide shows significant 

OER activity in acidic and alkaline electrolyte. Common electrocatalysts in alkaline electro-

lyte are based on 3d TM ions such as Co and Ni applied as oxides, (oxy)hydroxides and 

perovskites.[20, 51]  

Two kinds of OER electrocatalysts in alkaline electrolyte have received a lot of attention in 

recent years and are shortly described in the following. First, NiFe-based electrocatalysts 

which are often applied as layered oxyhydroxides or double hydroxides and second (double) 

perovskites which excel by the variety of TM ions and lanthanides which can be isostructur-

ally incorporated.[20, 35, 72-74] The underlying principles of the high OER activity of NiFe-based 

catalysts are still under investigation. The variation in catalytic activity with Ni/Fe ratio is 

correlated to the metal oxygen distance in the catalysts structure.[74] The structural perturba-

tion due to the Fe incorporation in the Ni-rich host lattice leads to a preferred strength of the 

metal oxygen bond for OER activity as the length of the metal-oxygen bond is inversely re-
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lated to its strength. This led also to the conclusion that Fe is the active site for OER in these 

materials. Furthermore, it was found that Fe impurities enhance the electric conductivity of 

the NiOOH catalyst and limit crystallization of the oxyhydroxide domains. A purification 

protocol for the alkaline electrolyte was developed decreasing the Fe content which led to a 

cathodic shift of the Ni2+/Ni3+ redox couple and significant decrease in catalytic activity of the 

Fe-free Ni-based catalysts. Thus, the high activity of Ni-based electrocatalysts as applied al-

kaline electrolysers was thus, attributed to accidental Fe impurities in the KOH.[73] 

Another example for active electrocatalysts for OER in alkaline electrolyte is perovskites-

based materials. A volcano-like profile of the OER activity was found with varying composi-

tion. Initially, the most active perovskite based on oxide surface area was a double perovskite 

in which Ba and Sr equally occupy the A sites and Co and Fe occupy the six-coordinated B-

sites in a 4:1 ratio.[20, 35] This perovskite was found to irreversibly loose crystallinity during 

OER due to the dissolution of lanthanides. This leads to a structural rearrangement of the 

near-surface because the Co octahedral cross-linking changes from corner-sharing to edge-

sharing.[75-76] Later, a more active double perovskite was found in which only Co occupies the 

B sites and the A sites are occupied by one part Ba and one part Pr, Ho, or Sm.[77] The advan-

tage of this material is the enhanced structural stability during OER. Furthermore, a correla-

tion between computed O p-band centre and the overpotential could be revealed by varying 

the composition of A sites. 

In this work, oxygen evolution reaction on pure Mn- and Co-based electrocatalysts will be 

investigated. These materials excel by the high abundance and their straightforward synthesis 

of nanostructured materials compared to perovskites. The Ni-based electrocatalysts are gener-

ally not stable at neutral pH and are rather applied in borate buffer at pH 9. In the next section 

an introduction on the structure of Co and Mn oxides and findings on their electrocatalytic 

properties in alkaline electrolyte is given. This includes the special case of the electrodepos-

ited CoCat which serves as reference material for OER electrocatalysis in neutral electrolyte. 

2.2.1 Water Oxidation and OER on Co Oxide Electrocatalysts 

Crystal Structure and Electronic Configuration of Selected Cobalt Oxides 

Co oxide structures consist of Co ions with oxidation states of +2, +3, and possibly +4. Se-

lected structures of Co oxides and oxyhydroxides are shown in Figure 2. The thermodynami-

cally most stable Co oxide is the Co3O4 which exhibits the normal spinel structure (space 

group: Fd-3m, PDF#00-042-1467) with a mixed valency of Co2+ and Co3+.[78-82] [83] 
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Figure 2: Ideal structures of selected Co oxides and Co oxyhydroxides: Co3O4 (a), rocksalt-CoO (b), 
CoOOH (c) and wurtzite-CoO (d). The CoO6 coordination octahedra and CoO4 coordination 
tetrahedra are shown. Co3+, Co2+ octahedra and Co2+ tetrahedra are shown in blue, red, and 
green, respectively. Hydrogen atoms are shown in white. 

Therein, the Co2+ ions occupy one quarter of tetrahedral sites whereas Co3+ ions occupy half 

of the octahedral sites within a pseudo-cubic close-packed (ccp) O2- lattice. The structure of 

Co3O4 consists of Co-deficient CoO6 kagomé layers which contain exclusively di-µ-oxo 

bridged Co3+ Oh ions (Oh, octahedral coordination by six oxygen atoms). Between these layers 

Co3+ Oh and Co2+ Td ions (Td, tetrahedral coordination by four oxygen atoms) are located and 

act as linkers. The Co2+ Td ions are connected via mono-µ-oxo bridges and the linking Co3+ 

Oh ions via di-µ-oxo bridges to Co3+ Oh ions of the kagomé layers. Co3O4 is a semiconductor 

with a band gap of 1.60 eV.[41] 

In contrast to the mixed valent Co3O4 three structures of Co2+ oxides are described in the fol-

lowing. The most prominent structure is the rocksalt-CoO (rs-CoO, space group: Fm-3m, 

PDF #01-075-0533) which exhibits an ideal ccp O2- lattice and all octahedral sites are occu-

pied by Co2+ ions. But rocksalt-CoO is often non-stoichiometric due to cationic vacancies in 

the oxide lattice. The electronic structure of ideal and defective CoO was calculated using ab 

initio DFT+U and the cationic vacancies in the Co sub-lattice were found to lead to Co3+ ions 

in the lattice and acceptor states within a band gap of ~2.5 eV.[41, 84] The cationic vacancies 
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also induce structural changes because in vicinity of the vacancies Co-O distances are con-

tracted with 2.05 Å compared to 2.15 Å in an ideal lattice. Thus, the presence of defects in the 

crystal lattice positively influences the electron transport properties of the CoO by decreasing 

the band gap. 

Furthermore, two CoO structures are known wherein the Co2+ ions are purely tetrahedrally-

coordinated. In wurtzite-CoO (w-CoO, space group: P63/mmc, PDF#01-089-2803) the Co2+ 

Td ions arrange in a hexagonal close-packed (hcp) O2- lattice. It was found that it exhibits a 

band gap of ~1.5 eV.[85-87] Also in zincblende-CoO (spacegroup: F-43m, PDF#01-075-0419) 

are only tetrahedrally-coordinated Co2+ ions present which arrange cubically in a ccp O2- lat-

tice. The zincblende-CoO is structurally very similar to the ZnO which has various applica-

tions as semiconductor and as additive due to its distinct white colour. The addition of Co 

ions in the ZnO yields the pigment called cobalt green which excels with its magnetic proper-

ties at room temperature.[88] 

Co (oxy)hydroxides and oxides are also present as layered structures in which Co ions are 

octahedrally-coordinated and exclusively connected via di-µ-oxo bridges. Their oxidation 

state ranges from +2 to +4 and is determined by the intercalation chemistry which is known to 

have a significant influence on the physical properties of the material. A layered 

Co(oxy)hydroxides is presumably the basis of the CoCat, a Co-based OER electrocatalysts 

applied in neutral electrolyte (see below). The Co ions in layered Co(OH)2 - also called Co 

LDH (layered double hydroxides) - are in +2 oxidation state because all O sites are proto-

nated. The interlayer void can be occupied by water molecules and various anionic species 

like CO3
2-. LDH materials have various applications as catalysts, ion-exchange materials, 

halogen absorbers, and sorbents.[89] In case of HCoO2, the Co ions are in oxidation state +3 

and the layers are connected via hydrogen bridges as in the mineral heterogenite 

(PDF#00-026-11107).[90] The interlayer distance is significantly shorter than in Co(OH)2 and 

even shorter than the distance between the kagomé layers of the spinel structure. The hydro-

gen atoms can be replaced by alkali metal ions like Li+, and Na+ which leads to larger inter-

layer distances with the order H < Li < Na. The ratio between alkali and Co ion determines 

the mean Co oxidation state via +3+x of M1-xCoO2. Besides their application as catalysts, e.g. 

layered Na0.5CoO2 is a superconductor at T>50 K which was attributed to a zigzag ordering of 

the Na ions and a charge ordering in the CoO2 layer.[80] The presence of Co4+ ions in the struc-

ture is responsible for enhanced electrical conductivity. Co4+ ions in lattice of Co3O4 as de-

termined by XRD and iodometric titration experiments were discussed to be the origin for 

enhanced electrical conductivity and catalytic activity.[91-93] 
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Figure 3: Electronic configuration of 3d orbitals in octahedral Co3+ (A-C) as well as octahedral 

Co2+ (D) and tetrahedral Co2+ (E). o/t denotes the crystal field stabilization energy 

(CFSE) which is lower at intermediate or high spin configuration compared to low 
spin configuration in octahedral ligand field of Co3+.  The same applies for the tetrahe-
dral compared to octahedral ligand field of Co2+. The 3d orbitals are shown as degen-
erate for clarity. The figure is based on [20, 94-96]. 

Electronic Structure of Co oxides 

The electronic structure of an electrocatalyst can have a significant influence on the catalytic 

activity as discussed in Section 2.1.3. Figure 3 shows three possible spin configurations for 

Co3+ Oh and two possible spin configurations for Co2+. The low spin configuration of Co3+ Oh 

ions is caused by large crystal field stabilization energy (CFSE) which leads to completely 

filled 3d t2g and empty eg orbitals. The t2g orbitals are dxy, dxz, and dyz and the eg orbitals are 

dx²-y² and dz².  

The CFSE represents the energetic separation between the t2g and the eg orbitals due to the 

ligand field of the adjacent O atoms in the Co oxide structure.[39] A smaller CFSE leads to a 

higher electron occupancy of eg states in ground state and thus, to intermediate spin Co3+ with 

(t2g)
5(eg)

1 configuration or high spin Co3+ with (t2g)
4(eg)

2 configuration. In case of Co2+ Oh 

ions, the d7 configuration leads to three unpaired electrons and therefore, high spin configura-

tion.[97] This configuration is energetically preferred over the completely filled t2g states and 

only one unpaired electron in the eg orbitals. In case of the tetrahedral ligand field, the energy 

of the 3d states is reversed leading to completely filled e orbitals and the three unpaired elec-
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trons in the t2 orbitals. The Co2+ Td ions therefore also exhibit high spin configuration.  

The density of unoccupied states in the 3d orbitals of Co ions can be specifically identified 

from Co L3 X-ray absorption near-edge structure (XANES) spectra. 

It is generally accepted that the ground state of the Co3+ ions in symmetrical octahedral CoO6 

bonding environment is in low spin configuration.[94-95] This is the case e.g. for bulk Co ions 

in LiCoO2 and Co3O4. However, the spin configuration changes by thermal excitation to high 

spin which was found to be energetically preferred over intermediate spin state.[94] But the 

sensitivity of the CFSE for distortions and variations in the CoO6 bonding environment and 

symmetry is even more important for electrocatalysts. The local atomic structure of the Co 

ions has significant influence on the spin state of the Co ions and therefore, on the electronic 

configuration of the Co oxide.[80, 96] 

A tetragonal distortion of the CoO6 octahedron along z-axis in a brownmillerite-like 

Sr2Co1.2Ga0.8O5 was found to split the degenerated eg orbitals (dz² and dx²-y²) which leads to 

high spin configuration of the Co3+ Oh ions.[96] The energy of the dz² orbital shifts down to-

wards the t2g orbital and the energy of the d x²-y² shifts upwards when the Co-O bond along z-

direction is elongated. Simultaneously, the energy of the t2g dxy orbital shifts up towards the 

dz² eg orbital. The distortion of the octahedral environment and the resulting lower energy 

separation of the 3d orbitals leads to occupation of the eg orbitals on cost of the t2g orbitals and 

equivalent to the high spin Co3+ configuration (see Figure 3). The presence of intermediate 

spin Co3+ ions could not be shown in the Sr2Co1.2Ga0.8O5 and was explained by the low ener-

getic splitting of the eg states. The energy separation between the eg orbitals was ~1 eV for a 

distortion of +0.3 Å along z-direction.  

In case of a pyramidal CoO5 coordination in a layered perovskite structure of Sr2CoO3Cl the 

high spin configuration was found to be present in ground state.[95] This change in coordina-

tion symmetry influences the electronic structure and thus, the Co L- and O K-edge XANES 

spectra. In the Co L3 XANES of the high spin Co3+, a feature at the low energy side was pre-

sent in contrast to the spectra of low spin Co3+. The missing O atom compared to the octahe-

dral CoO6 coordination led to a displacement of the Co ion from the basal plane. This yielded 

in a down-shift of dz² eg state by ~1.6 eV towards the unoccupied t2g state and the hybridiza-

tion of the dx²-y² orbitals with the O 2p orbitals decreased. Furthermore, intermediate spin con-

figuration was only energetically preferred when the position of the Co ions was restricted to 

be in the basal plane. 

The Co3+ spin states does not only depend on the symmetry of the bonding environment in the 

bulk but also specific surface terminations influence the spin configuration as calculated for 
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surface Co3+ ions of LiCoO2.
[98] The structure of LiCoO2 is structurally very similar to the β-

CoOOH but the H+ are replaced by Li+. The octahedral configuration on the (110) and (104) 

surfaces is changed to square pyramidal and pseudo-tetrahedral configuration when terminat-

ing O atoms were neglected. According to this change in bonding symmetry the Co3+ ions 

exhibit intermediate spin configuration for square pyramidal and high spin for pseudo-

tetrahedral coordination. The identification of intermediate spin configuration might be re-

lated to a restricted position of the Co3+ ion in the basal plane. In the bulk and on the (100) 

surfaces, the Co3+ Oh ions show symmetric octahedral bonding environment with µ3-oxo 

bridges and exhibit low spin configuration. Although, in this calculation the presence of ter-

minating O was not taken into account the distortion of the CoO6 at the special surfaces is 

likely to retain after adsorption of oxygen species. The contracted metal-oxygen bond length 

(1.63 Å versus 1.91 Å) at these coordinatively-unsaturated Co sites might lead to an asymme-

try in the CoO6 bonding environment.[66, 99]  

Thus, the Co coordination and coordination symmetry significantly influence the electronic 

configuration of the Co ions. These differences have significant influence on the hybridization 

of the Co 3d and O 2p orbitals which play an essential role in the charge transfer states and 

therefore, on various physical properties of the Co oxide as electrocatalysts. 

Co Oxide Electrocatalysts for OER in Alkaline Electrolyte 

Co oxides were mostly applied as OER electrocatalysts in alkaline electrolyte due to their 

instability at low pH.[16, 100] The first reports on pure Co-based OER electrocatalysts were 

published in the late 1970's. Therein, Co oxide coatings with thicknesses in the µm-range 

were prepared by thermal annealing of precursor solutions on various substrates.[101-102] These 

electrocatalysts were first prepared on Fe substrates and later the influence of the other metal 

substrate on the catalytic activity was investigated. It was shown that Fe substrate leads to the 

best catalytic activity in highly alkaline electrolyte with a Tafel slope of 42 - 46 mV·dec-1. But 

OER accompanies Fe incorporation in the crystalline Co3O4 as revealed by sputter depth pro-

filing.  

Later, the group of Trasatti extensively investigated the surface electrochemical properties of 

Co3O4 in alkaline electrolyte.[83] It was shown that the preparation of thick Co3O4 films on 

bare Ti fails and an RuO2 interlayer was applied presumably to enhance the electrical conduc-

tivity of the TiOx interlayer. This RuO2 interlayer is not affecting the chemical features of the 

Co3O4 surface electrochemistry. One major redox transition was found to precede the catalytic 

wave and was attributed to the reaction CoOOH  CoO2 + H+ + e- representing the 

Co3+/Co4+ redox couple. This finding is in agreement with the Pourbaix diagrams.[16, 100] 
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Approaches to enhance the catalytic activity of Co3O4 were aiming at an increase of the elec-

trochemically-active surface area e.g. by hard templating which led to mesoporous Co3O4.
[103-

104] The pore sizes ranges between 3 – 6 nm and the BET surface area between 70 –

 150 m²·g-1. This mesoporous Co3O4 was found to significantly increase the mass-based cata-

lytic activity compared to untemplated Co3O4 due to its larger surface area.[104] Hierarchically-

mesoporous Co3O4 were prepared by hard templating and selective leaching of incorporated 

Mg ions. The selective leaching of the Mg ions substantially increases the surface area from 

~100 to ~300 m2·g-1 and thus, increases the O2 yield compared to nonhierarchially-

mesoporous Co3O4.
[105] A study of Co3O4 nanoparticles with sizes of 6, 21, and 47 nm showed 

an increasing mass-based catalytic activity with BET surface area in alkaline electrolyte.[106] 

Another synthetic route to prepare Co-based electrocatalytic coatings with elevated electro-

chemical surface area is electrodeposition of Co oxyhydroxides or hydroxides. Electrodeposi-

tion especially performed at room temperature leads primarily to X-ray amorphous 

coatings[107] and is widely used for preparation of electrocatalytic coatings for OER. [74, 108-109] 

Similar to the NiFe-based electrocatalysts[72-74] the influence of purification of KOH electro-

lyte was investigated for CoOOH electrocatalysts.[42] It was found that the Co redox chemistry 

changed and Tafel slope increases after purification of the electrolyte. The Co2+/Co3+ redox 

transition and the catalytic wave shift anodically. Furthermore, they investigated the OER 

activity and surface chemistry of electrodeposited Co1-xFexOOH and they also identified an 

optimal Fe content in CoOOH for OER activity. Catalytic testing for 2h leads to an increase 

in Tafel slope of ~10 mV·dec-1 almost independent from the Fe content. This increase accom-

panies an increasing fraction of lattice oxygen in the near-surface composition of the 

Co1-xFexOOH. Thus, prolonged oxygen evolution leads to changes in the present oxygen spe-

cies and to a change in the catalytic processes deteriorating the catalytic activity. 

DFT calculations based on the OER mechanism described in Section 2.1.2 were performed 

for several surface terminations of the -CoOOH.[25] The high-index (104) surface was found 

to exhibit the lowest theoretic overpotential for water oxidation of the investigated surfaces 

whereas the (012) surface is thermodynamically preferred termination at higher overpotential. 

The high activity of the (104) plane compared to the other planes was explained by the Co3+ 

state as the lowest valency within the catalytic cycle which stands in contrast to Co4+ for the 

other surface terminations. Furthermore, the potential-determining step on (104) surface was 

found to be the O-O bond formation (GOOH, Eqn. 9). In contrast the potential-determining 

step on the (012) surface is the healing of O vacancy at the Oµ2 site by water molecule ac-

companied with deprotonation (GO2, Eqn. 10).  
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Interestingly, the activation energy for deprotonation of OOH and desorption of O2 on this 

Oµ2 site was found to be only 0.03 eV compared to 0.8 eV for the same step from terminating 

O site on the (104) surface. 

Experimental indications for a higher catalytic activity of the high index surface compared to 

low index surfaces were determined for nanorods of LiCoO2.
[110] In alkaline electrolyte the 

OER activity per oxide surface area was higher for shorter nanorods which led to a larger 

tip/side area ratio. The sides of the nanorods exhibit (003) termination whereas the tips show 

(104) termination. Furthermore, the high index surface termination was found to exhibit high 

or intermediate spin Co3+ ions according to DFT calculations[98] and a lower hybridization 

between the Co 3d and the O 2p orbitals as revealed by electron energy loss spectroscopy 

(EELS) recorded at the O K-edge. In terms of Co oxide redox chemistry the ratio of Co2+/Co3+ 

and Co3+/Co4+ transitions seemingly increased due to the shortening of the nanorods. The 

higher catalytic activity of the tip (at similar Tafel slope) was explained by the facile access of 

oxygen species and an elevated Co oxide redox chemistry of coordinatively unsaturated Co 

ions. 

CoCat - An Electrocatalysts for OER in Neutral Electrolyte 

Water oxidation and oxygen evolution in neutral, phosphate-containing electrolyte received 

growing attention since 2008. In this year, a cobalt-phosphate OER electrocatalyst, herein 

denoted as CoCat,[53, 109, 111-117] was reported for the first time. This electrocatalyst is prepared 

and catalytically active in neutral phosphate-containing electrolyte. One major advantage of 

this material is its self-repair mechanism as it can be prepared under OER conditions.[116] 

Therefore, Co2+ ions in solution are expected to be redeposited isostructurally as electrocata-

lyst. The CoCat films consist of octahedrally-coordinated (mainly) Co3+ ions which are con-

nected via di-µ-oxo bridges.[111-113] The Co ions are thought to form layer fragments of ~12-

14 ions which is in agreement with simulations of pair distribution functions extracted from 

high energy-X-ray diffraction (HE-XRD) and simulations of EXAFS spectra.[112-113, 118] A 

cubane-like structural motif was proposed in an early structural investigation but it is difficult 

to clearly differentiate between the two structural motifs. It has to be noted that the cubane-

like structure shows stronger similarity to the thermodynamically-favoured spinel structure in 

case of missing tetrahedrally-coordinated Co2+ ions.  

It was found that the deposition conditions influence the CoOx fragment size. When the syn-

thesis is performed in Cl- or CH3COO--containing electrolyte the domain size is larger than in 

phosphate-containing electrolyte as measured by the number/confinement of the di-µ-oxo 



Chapter 2 Oxygen Evolution Reaction on 3d Transition Metal Oxides 41 

 

 

bridges between pairs of Co ions. Simultaneously, the fraction of redox active Co ions and the 

catalytic current at an overpotential of 433 mV decreased.[53]  

The electronic structure and spin state of the Co ions in CoCat was investigated using reso-

nant photoemission spectroscopy at Co L3- and O K-edge.[119] It was found that these compa-

rably thick films consisted of high-spin Co2+ and low-spin Co3+ ions which is in agreement 

with the structural analysis using EXAFS.[114] Additionally, oxygen-to-metal charge-transfer 

states were identified. The charge transfer state related to the Co3+ ions is centred at the Fermi 

level which also corresponds to the O2/H2O redox potential. Thus, low-spin Co3+ were as-

signed to be the active species in contrast to high-spin Co2+ ions for which the charge transfer 

state is more than 1 eV above the O2/H2O redox potential. 

The influence of catalyst loading on the catalytic activity was extensively characterized and it 

could be shown that the bulk atomic structure as well as the OER activity per number of Co 

ions did not depend on the film thickness at low overpotential. The film thickness was varied 

between 15 nm and 1.5 µm and a linear correlation between deposited Co ions and Co redox 

charge was found. Thus, the bulk of the CoCat films is electrochemically accessible and ac-

tive for OER. Furthermore, the catalytic activity was found to depend non-linearly on the pH 

when different proton-accepting bases are used. The current density at the same overpotential 

follows pKa and thus, the proton abstraction capability of the buffered electrolyte.[120] 

Recently, an in situ investigation of the CoCat was published where oxidation state and struc-

tural changes of the Co ions were followed over several redox transitions and during OER.[114] 

From their results the authors concluded that the electrochemical redox transitions are accom-

panied by oxidation state changes at ~1.4 V and at ~1.63 V vs. RHE as seen in the in situ UV-

Vis spectra. Quantification of the oxidation state from Co K-edge XANES spectra showed 

that the mean oxidation state increases at the two redox features from +2.6 to +3 and further 

to +3.25. Thus, 40% of the Co3+ ions were reducible to Co2+ whereas during OER only 25% 

were identified as Co4+. Simultaneously, the EXAFS coordination number of the Co-O and di-

µ-oxo Co-Co distance increased predominantly at the first and second redox transition, re-

spectively. The Co-O distance shortened during oxidation from Co3+ to Co4+ and simultane-

ously the Debye-Waller factor of the di-µ-oxo bridged Co ions increased. This behaviour was 

explained with five-coordinated Co2+ ions below 1.4 V which get oxidized to Co3+O6. The 

oxidation of Co3+ Oh ions to Co4+ Oh then proceeded via deprotonation of µ-OH bridges and 

terminating OH and was accompanied by a contraction of the CoO6 building block. 

Thus, various Co oxide based electrocatalysts have been prepared and tested for electro-

chemical water splitting and oxygen evolution reaction in alkaline electrolyte. The knowledge 
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about oxygen evolution in neutral electrolyte is however limited to the X-ray amorphous Co-

Cat catalyst. This work aims inter alia at the investigation of mainly crystalline Co oxides as 

electrocatalysts for OER in neutral, phosphate containing electrolyte and their differences and 

similarities to the CoCat in terms of structure and electrochemical properties. 

2.2.2 Water Oxidation and OER on Mn Oxide Electrocatalysts 

“[…] In comparison to Co, the high abundance and low toxicity of manganese render Mn 

oxides as advantageous materials and make Mn-based catalysts highly favourable.[3] Biologi-

cally active Mn-containing water splitting complexes offer a possibly coincidental, yet elegant 

analogy. In earlier works several Mn oxides varying in structure and oxidation state has been 

reported to be active for water oxidation, but the catalytic rates often were low and the cata-

lyst remained without real practical application.[122-130] Structure-activity relations of water-

oxidizing Mn oxides have been discussed but are clearly insufficiently understood.[123-124, 131]  

Like other binary transition metal oxides, manganese dioxides exhibit an exceptional variety 

of polymorphs relating, inter alia, to the small ionic radius for Mn4+. The schematic presenta-

tion of Figure 4 shows MnO2 in layered structures with mainly edge-sharing Mn octahedra 

such as -MnO2 (Figure 4c) or in tunneled structures (Figure 4a and b) with a combination of 

corner- and edge-sharing Mn octahedra such as - and -MnO2 with (1x1), (2x1) tunnels and 

a combination of both, respectively.[132-134] 

 A common structural imperfection in tunneled MnO2 materials is the de Wolff defect – an 

intergrowth of β-MnO2 chains in γ-MnO2 and vice versa.[135-136] Furthermore, MnO2 can ex-

hibit Mn vacancies which lead to a replacement of Mn4+ ions by Mn3+ and results in a mean 

oxidation state of Mn lower than 4.[137-139] The presence of Mn3+ ions in the lattice can addi-

tionally cause microtwinning – a growth defect of the γ-MnO2 lattice.[132] Synthetic δ-MnO2 

consists of MnO6 layers where the interlayer space is filled with Na+ or K+ ions surrounded 

with water molecules. In case of an inhomogeneous distribution of the water molecules and 

the foreign cations, the MnO6 layers show a “turbostratic” arrangement and thus, are stacked 

without ordering.[133]  

Manganese oxides have long played a crucial role in battery applications and were structurally 

well characterized in electrochemical battery environments.[140] For catalytically active Mn 

oxides both layered and tunnelled structures have been reported.[112-113, 122-123, 139, 141] In nature, 

water oxidation in PSII proceeds at a metal-oxido manganese-calcium complex.[142] Recently, 

a synthetic Mn-Ca water oxidation catalyst has been prepared via a chemical synthesis 

route.[143]  
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Figure 4: Structures of selected MnO2 modifications: β-MnO2 (a), γ-MnO2 (b), and δ-MnO2 (c). The 
MnO6 coordination octahedra are schematically shown. The structures are extended in the 
direction perpendicular to the paper plane by rows of edge-sharing octahedra (in a, b, and c). 
This results in (1x1) tunnels of coordination octahedra (a), in (2x1) tunnels (b), and in a lay-
ered manganese oxide (c). In the layered oxides, the interlayer space is filled with water 
molecules and ions. Figure reproduced from Ref. [121] with permission from the Royal So-
ciety of Chemistry. 

EXAFS studies revealed that in this amorphous material Mn ions are mainly interconnected 

via di-µ2/3-oxo-bridges and similarly to δ-MnO2 form layers, whereas the Ca ions are posi-

tioned in the interlayer space forming Mn3CaO4 cubanes or compensating the charge defi-

ciency on top of Mn-vacancies. The resulting structural motifs show striking similarities to 

the natural Mn-Ca complex in PSII.[124] In a subsequent study, it has been shown that other 

redox-inert cations can be incorporated into the layered MnOx structure, but the obtained cata-

lytic activity is highest when Ca ions are present.[131] 

Recently, an electrolytically-prepared Mn oxide (MnCat) has been presented which does not 

contain Ca2+ ions but which shows electrocatalytic activity towards oxygen evolution in neu-

tral electrolyte. In the structure of this MnCat, together with the extensive di--oxo bridging, 

a significant fraction of mono-µ-oxo bridged Mn ions was found whereas another MnOx, elec-

trodeposited from the same media but using different electrochemistry protocol, showed al-

most exclusively di-µ-oxo bridged Mn ions and had no catalytic activity.[123] It was suggested 

that Mn ions in lower oxidation state can take the structural (and perhaps also the functional) 

role of Ca in the catalytically active layered Mn oxides. 

A synthetic tetranuclear Mn complex was incorporated into a Nafion® matrix where it de-

composes and forms a layered Mn3+/4+ oxide.[144-145] Dissociation upon illumination results in 

disordered Mn2+ ions, which could be electrochemically re-oxidized to the layered, water-
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oxidizing Mn3+/4+ oxide. These finding suggest that cycling through various Mn oxidation 

states may be crucial in water-oxidation by amorphous Mn oxides. 

As opposed to the CoCat, the mechanism of water oxidation catalysed by Mn-based catalysts 

is much less investigated. In 80’s the mechanism of electrocatalytic oxygen evolution with 

Mn oxides in highly acidic and alkaline electrolyte was investigated using Tafel slope analy-

sis, pH titration and a one electron transfer step was argued to be rate-determining.[27, 128, 130] 

Recently, a mechanistic study of oxygen evolution at -MnO2 in neutral electrolyte suggested 

that the disproportionation of Mn3+ to soluble Mn2+ may be a limiting factor of oxygen evolu-

tion activity at neutral pH.[146] Increasing pH above 9 was suggested to stabilize Mn3+ ions 

and to lead to a non-Nernstian potential dependence on pH during transition from neutral to 

alkaline reaction conditions and furthermore, to a higher oxygen evolution activity.[146] 

Recently, two nano-structured manganese oxides supported on multi-walled carbon nanotubes 

have been developed via two novel synthetic routes – symproportionation-deposition reaction 

and incipient wetness impregnation. These materials showed promising activity and stability 

for electrochemical water splitting in neutral electrolyte; the initial studies indicated that the 

two oxides may differ in their atomic structure.[126] […]”[121]  
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Chapter 3 Experimental 

3.1  Physicochemical Characterization  

X-ray Diffraction 

The crystal structure of catalysts was determined using X-ray diffraction (XRD) in a Bruker 

D8 Advance. Diffraction pattern of thin films were recorded in grazing-incident mode from 

10° to 75°. As primary optics a Göbel mirror with a 2.5° Soller was mounted. Secondary op-

tics consists of a horizontal 0.23° Soller and a scintillation counter as detector. The samples 

were mounted on a single crystal Si plate. The incident angle was 1° and the step size ranged 

between 0.04° and 0.06°. The collection time was 140 s. The as-prepared samples were de-

posited on bare or Ti-coated Si(100) wafers. 

Powder X-ray diffraction was conducted in Bragg-Brentano mode with a 1.5° Soller as pri-

mary optics as well as Ni filter, 8 mm iris and 1.5° Soller as secondary optics. A position-

sensitive detector (LynXEye, Bruker) with an opening angle of 3° were used. Diffraction pat-

tern were recorded between 10° and 75° using a step size of 0.02° and a collection time of 7 s. 

Divergence and antiscattering slit were adjusted for a constant illuminated area. A low back-

ground Si sample holder was used.  

SEM 

Scanning electron micrographs were recorded using a JEOL 7401F field emission SEM oper-

ated at 10 kV in secondary electron mode. 

TEM 

Transmission electron micrographs were recorded using a FEI Tecnai G2 20 S-TWIN instru-

ment operated at 200 kV. Metal oxide films were scratched off the substrate using scalpel and 

transferred onto a lacy carbon-coated copper grid.  

ICP-OES 

The composition of colloidal solutions, powders and thin films samples was determined using 

a Varian 715-ES-inductively coupled plasma (ICP) analysis system with optical emission 

spectroscopy detection (OES). Therefore, the samples were dissolved overnight using a mix-

ture of concentrated nitric acid (AnalaR, NormaPur, VWR) and hydrochloric acid (AnalaR, 

NormaPur, VWR) in ratio of 1:3. The solution was subsequently diluted using Milli-Q water 

to match the calibration of the ICP-OES (cTM < 10 mg/l). In case of supported powder cata-
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lysts, the solution was filtered prior to the dilution step. The concentration of transition metal 

ions was determined from the emission lines at 191.446 nm, 257.610 nm, 259.372 nm, 

260.568 nm, 279.482 nm, 279.827 nm, 280.108 nm, 293.305 nm, 293.931 nm, 294.921 nm 

for Mn and 228.615 nm for Co. 

X-ray Absorption Spectroscopy at Mn and Co K-edge 

XANES/EXAFS experiments were carried out at the BESSY II synchrotron radiation source 

operated by the Helmholtz-Zentrum Berlin (HZB) if not stated differently. The measurements 

at the Mn and Co K-edge were conducted at the KMC-1 bending-magnet beamline at 20 K in 

a cryostat (Oxford-Danfysik) with a liquid-helium flow system. Further details are given in 

ref. [123]. Sample preparation for XAS is described in the corresponding chapters. 

X-ray Photoelectron Spectroscopy and X-ray Absorption Spectroscopy at Co L- 
and O K-edge [68] 

X-ray photoemission as well as Co L- and O K-edge absorption spectra were collected at the 

ISISS beamline of the synchrotron radiation facility BESSY II of the Helmholtz-Zentrum 

Berlin (HZB).[147] The kinetic energy of the photoelectrons during XPS was 550 eV. The 

XANES spectra were recorded in the total electron yield mode. All spectra were recorded 

under ultra-high vacuum conditions. The O 1s spectra were fitted using three components and 

a Shirley background was subtracted. The near-surface compositions were extracted from the 

integrated intensities of the element specific emission spectra. The intensity of Co L- and O 

K-edge absorption edge were normalized to a selected X-ray energy significantly above the 

absorption edge. Sample preparation is described in the corresponding chapters. 

3.2  Electrochemical Characterization 

Electrochemical measurements were conducted with a three-electrode rotating disk electrode 

(RDE) setup in a custom-made glass cell using a PINE rotator and a Biologic SP-200 poten-

tiostat. The reference electrode was commercial reversible hydrogen electrode (RHE, Gas-

katel) or saturated calomel electrode (Princeton) for measurements in alkaline electrolyte and 

mercury/mercury sulphate electrode (MMS, Princeton) or Ag/AgCl (3M KCl, World Preci-

sion Instruments) for measurements in neutral electrolyte. The reference electrode was con-

nected via a Haber–Luggin capillary to the working electrode compartment. Independent from 

pH, platinum gauze acted as a counter electrode which was separated from the working elec-

trode compartment with a glass frit. 
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Electrochemical experiments were conducted in 0.1M phosphate buffer (KPi) at pH 7 or 

0.1M KOH at pH 13. The neutral phosphate buffer was prepared by mixing 0.1M K2HPO4 

(99.99%, Merck Suprapur and in case of the MnOx >98%, Sigma-Aldrich) and 0.1M KH2PO4 

(99.995%, Merck Suprapur and in case of the MnOx 99%, Merck) aqueous solutions until the 

desired pH was obtained. Alkaline electrolyte was freshly prepared from KOH (semiconduc-

tor grade, 99.99%, Sigma-Aldrich) and Milli-Q water. Prior to electrochemical measurements 

N2 was bubbled through the electrolyte for at least 15 min with a huge flow and was switched 

blanketing flow during electrochemical measurements. The working electrode was rotated at 

1600 rpm to ensure a hydrodynamic equilibrium and electrolyte mixing. In case of CoOx, the 

N2 flow was switched to a low flow through the electrolyte during electrochemical measure-

ments and the rotation rate was 400 rpm. Cyclic voltammograms were recorded without rota-

tion. Unless differently stated, all electrode potentials were corrected for Ohmic losses using 

electrochemical impedance spectroscopy and were referred to RHE. All reference electrodes 

were calibrated in the corresponding electrolyte using a Pt/H2 electrode. 

For Tafel slope analysis, current density was recorded stepwise in the corresponding potential 

range in a quasi-stationary mode. The electrode potential was increased with steps of ~20 mV 

and held for 5 min. In case of MnOx samples anodic and cathodic data sets were averaged. To 

determine the Ohmic resistance, impedance spectra were recorded at every potential step be-

tween 50 kHz and 100 mHz with modulation amplitude of 10 or 20 mV. 

3.3  Experimental Setup for in situ X-ray based Structural 
Analysis 

To investigate the structural properties of electrocatalysts under electrochemical reaction con-

ditions an experimental setup was developed in this work to characterize thin film catalysts 

under potential control using hard X-ray radiation. The setup can be used to apply in situ X-

ray diffraction, absorption and reflectometry, and is based on the thin layer concept.[148] The 

setup is described in the following. 

Figure 5 shows the schematics of the experimental setup and a picture taken during experi-

ments conducted at the synchrotron facility Bessy II, Berlin. The experimental setup consists 

of an electrochemical cell in which a three electrode configuration was realized. The reference 

electrode is an Ag/AgCl (3M KCl, World Precision Instruments) placed in vicinity to the 

working electrode via polytetrafluoroethene (PTFE) capillary.  
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Figure 5: Schematic drawing of experimental setup for in situ X-ray studies at electrocatalysts under 
electrochemical reaction conditions. The inset shows a photograph of the in situ X-ray setup 
as operated at Bessy II, Berlin. Therein, the X-ray beam comes from the tube on the left side 
and the scattered X-ray from the sample are collected at the detector connect to the evacuated 
tube on the right side. RE, CE, and WE denotes reference, counter, and working electrode, re-
spectively. 

Pt wire acts as counter electrode and is placed in the electrolyte outlet of the cell to minimize 

H2 concentration in the working electrode compartment. The cell is covered with an X-ray 

transparent, chemically-inert and -resistant Prolene foil (Chemplex®, 4 µm). 

The electrolyte tubing is realized by PTFE tubes and fittings. The electrochemical cell is made 

of polychlorotrifluoroethene (PCTFE) which is chemically resistant. The sample is placed on 

a PCTFE rod and is hold by slight under pressure which ensured by a membrane pump. A 

demister unit was applied between sample holder and membrane pump to safe the pump from 

flooding in case of electrolyte leakage. The sealing between sample and sample holder is real-

ized by Viton® O-Ring and the sample is contacted from the backside using a Ti wire. 

During in situ characterization the electrolyte is pumped through the cell using a peristaltic 

pump and can be constantly degassed e.g. using N2 to remove all O2 and H2 and ensure con-

stant reaction conditions. The in situ electrochemical setup can be operated in two modes – 

electrochemical mode and X-ray mode as defined by the thickness of the electrolyte layer 

between sample and foil. To set electrochemical mode which ensures the equilibration of cur-

rent and catalyst, the thickness of the electrolyte layer can be increased by applying a slight 

electrolyte overpressure by a larger pump rate or by changing the level of the electrolyte out-

let. The X-ray characterization is conducted after electrochemical equilibration at the desired 
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electrode potential in X-ray mode when the thickness of electrolyte layer between sample and 

X-ray window is minimal. This minimizes the X-ray attenuation and scattering by the water 

molecules and leads to an optimized photon flux at the sample and detector especially at X-

ray energies below 12 keV. The electrochemical cell is designed such that it can be operated 

with the sample surface horizontally or vertically orientated and grazing-incident X-ray con-

figuration can be performed. 
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Chapter 4 Correlating Structural Motifs and Catalytic 
Activity of Layered and 3D Cross-linked MnOx 
for OER 

“Manganese based precious metal-free electrocatalysts for the oxygen evolution reaction 

(OER) are promising materials for energy storage systems based on dark or photo-coupled 

water electrolysis, because they are active, inexpensive and of low toxicity. In this work, 

atomic scale structure-activity relations of two different nano-structured manganese oxides, 

MnOx, are established using a combination of X-ray absorption, diffraction and electrochem-

istry. Prepared by chemical symproportionation (s-MnOx) and impregnation (i-MnOx), the 

s-MnOx catalyst consisted of a layered structure similar to δ-MnO2 while the i-MnOx dis-

played a mixture of tunnelled, 3D cross-linked - and a defective -MnO2. During electrocata-

lytic oxygen evolution the structural motifs of both MnOx remain largely unchanged, but the 

oxidation state of Mn increases from 3.5 to 3.9-4. Kinetic parameters of the electrocatalytic 

oxygen evolution reaction were extracted using Tafel slope analysis and pH titration experi-

ment and the role of the protons abstracted was analyzed. The study uncovers fundamental 

differences of general importance in the catalytic activity between layered and cross-linked 

structures. Exclusive presence of di-µ-oxo bridged Mn ions in the layered structure is coupled 

to a pronounced redox and charge capacity behaviour. This ensured efficient use of surface 

and bulk active sites, and resulted in a relatively large Tafel slope. Consequently, the intrinsic 

OER activity is especially high in the s-MnOx. In contrast, 3D cross-linked structures with 

both mono- and di-µ-oxo bridged Mn ions resulted in lower intrinsic activity but smaller Tafel 

slope, and thus favourable activity at technological water-splitting rates. The insights of this 

comparative study will provide guidance in the structural design and optimization of other 

non precious metal oxide OER catalysts.” [121] 

 

 

 

 

Chapter 4 and section Appendix A1 were reproduced from Ref. [121] with permission from 

the Royal Society of Chemistry. 

A.B. designed and performed the experiments. I.Z. performed the synchrotron XAS meas-

urements and data evaluation. A.B., I.Z., H.D. and P.S. wrote the manuscript. 



52  
Chapter 4 Correlating Structural Motifs and Catalytic Activity of Layered 

and 3D Cross-linked MnOx for OER 

 

 

4.1  Experimental Details  

4.1.1  Synthesis of Catalysts Powders 

Carbon-supported manganese oxide has been synthesized via two different preparation meth-

ods – symproportionation deposition-precipitation (s-MnOx) and incipient wetness impregna-

tion (i-MnOx).[126] In both cases, multi-walled carbon nanotubes (MWNT, Bayer Material-

Science AG, 95% C) has been pre-treated with concentrated HNO3 at 100°C for 16 h to re-

move the residual growth catalyst and amorphous carbon impurities and to functionalize their 

inner and outer surfaces by oxidation. 

s-MnOx has been prepared via impregnation of the carbon support with Mn2+ from 0.015M 

manganese(II) nitrate tetrahydrate/ 0.09M ammonium chloride solution (Mn(NO3)2•4H2O, 

Merck) and drop wise addition of an 0.01M aqueous potassium permanganate solution 

(KMnO4, Roth) under vigorous stirring. A constant pH of 8 was ensured via titration with 

ammonia. Afterwards, the compound was thoroughly washed, filtered and dried in air at 

110 °C for 16 h. 

i-MnOx has been prepared via incipient wetness impregnation of the carbon support with a 

nominal loading of 10 wt.% of Mn2+ ions in an aqueous Mn(NO3)2 solution. The compound 

was consecutively dried in air for 6 h and 24 h at 60 °C and 110 °C, respectively. 

4.1.2  Electrochemical Characterization 

Preparation of Electrodes 

“[…] The catalytically active MnOx powders were deposited as thin films on glassy carbon 

(GC) rotating disk electrodes (Pine Instruments, ø 5 mm). Prior to the deposition, GC elec-

trodes were polished and cleaned stepwise in an ultrasonic bath using Milli-Q water, acetone, 

and Milli-Q water. 5 mg of catalyst powder was suspended in a mixture of 1.99 ml of ul-

trapure water, 500 ml of 2-propanol and 10 µl of Nafion solution (5 wt% of stock solution, 

Sigma-Aldrich) followed by homogenization using a horn sonicator. Finally, 10 µl of the 

catalyst suspension was dispersed on the electrode and dried in air at 60 °C for 10 min. Thus, 

a Mn loading of the GC electrodes of 172.8 nmol cm-2 and 178.5 nmol cm-2 was achieved for 

s- and i-MnOx, respectively. […] 
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Sample Preparation for XAS Characterization 

Samples for XAS experiments were prepared on glassy carbon cylinders, in analogy to the 

electrochemical RDE experiments. Electrochemical treatment in the OER range was con-

ducted at 1.763 V for 3 min. After removal from the electrolyte under potential control, the 

electrode was dried immediately under air and nitrogen and immersed in liquid nitrogen 

where it was until XAS measurements. 

4.2  Results 

4.2.1  Structural Investigations 

Long-Range Order and Morphology 

Figure 6 shows the powder X-ray diffraction pattern of s-MnOx and i-MnOx recorded be-

tween 10 and 75° using Cu Kα radiation. The graphite structure of the MWNTox causes three 

strong diffraction peaks at ~25, ~43° and ~53° (Figure A1). For s-MnOx, two asymmetric 

reflections at ~37° and ~66° are caused by the defective crystal structure of a δ-MnO2 phase 

(space group: C1). These two reflections are in good agreement with the reflections arising 

from regular distances within the layers consisting of edge-sharing Mn octahedra. The reflec-

tions can be assigned to the (200)/(110) and (310)/(020) doublets at ~37° and ~66°, respec-

tively. The absence of reflections (h k l0), especially the strong (00l), reveals the absence of 

long-range order of layer stacking. This can be induced by MnO6 monolayers or variations in 

the interlayer distance due to “turbostratic” disorder.[133] Reflection shape analysis revealed 

significant size-induced broadening. 

The integral breadth analysis of the MnOx reflections led to a coherence length of the layers 

of ~6 nm. Thus, s-MnOx is structurally similar to the δ-MnO2 phase. Xie et al. found a very 

similar diffraction pattern for the MnOx-coated MWNT and claimed it to be an ε-MnO2 phase. 

This ε-MnO2 phase can be described as a highly defective MnO2 phase showing more de 

Wolff defects and microtwinning than γ-MnO2 or rather a nearly random distribution of Mn 

ions in a hexagonally close packed O2- lattice.[149] 

In the case of i-MnOx, the diffraction pattern exhibits more than 10 reflections arising from 

γ-MnO2 (space group: Pnma; PDF#00-044-0142) and rutile-type β-MnO2 (space group: 

P42/mnm, PDF#01-072-1984) as the major and minor phase, respectively.  
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Figure 6: Powder X-ray diffraction pattern of s-MnOx (black) and i-MnOx (red) between 
10° and 75°, at Cu Kα radiation. Reflections are labeled by squares for 
β-MnO2, by circles for γ-MnO2, by triangles for the layered MnO2 phase, and 
by stars for the reflexes caused by the support material. The latter are shown 
in Figure A1. 

Crystallite size analysis from reflection broadening is generally hindered for β- and γ-MnO2 

because size-induced broadening is superimposed by defect-induced broadening of the reflec-

tions. Furthermore, the limited intensity of the reflections made crystallite size analysis for the 

γ-MnO2 phase in i-MnOx impossible. In the case of β-MnO2, the (220) reflection at ~59° is 

not affected by defects in the rutile lattice and could be used to estimate the size of the 

β-MnO2 crystallites to be below 5 nm.[132] According to the diffraction pattern, the γ-MnO2 

phase of i-MnOx exhibits a significant amount of single chains of Mn octahedra in the 

γ-MnO2 lattice (de Wolff defects) and a minor fraction of twinning faults. The presence of de 

Wolff defects is visible in the significant shift of the (130) reflection at ~32° with more than 

3° from its ideal position. De Wolff defects can reduce the angular separation of γ-MnO2 

(110) and (130) from 12 to 7°.[132] However, the γ-MnO2(110) reflection is hidden under the C 

reflection at ~25°. The presence of any sizeable contribution from α-Mn2O3 in i-MnOx (as a 

possible origin of the diffraction reflection at ~32°) was excluded from XAFS characteriza-

tion discussed further below. Microtwinning in the γ-MnO2 lattice could be extracted from the 

merged (221)/(240) doublet of γ-MnO2 at ~56° but the real fraction of microtwinning is sig-

nificantly lower because higher degree of microtwinning would lead to a shift of the (130) 

reflection towards higher diffraction angles, which was not observed in our data.  
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These findings from X-ray diffraction analysis are in agreement with earlier TEM analysis 

showing that s- and i-MnOx consist of Mn oxide particles with a size <10 nm attached to the 

MWNTox.
[126] 

Manganese Oxidation State from XANES Spectra 

To get further insights into the structure of the two catalytically active oxides at the atomic 

scale, we employed X-ray absorption spectroscopy at the Mn K-edge (Figure 7). The XANES 

(X-ray absorption near-edge structure) region is particularly sensitive to the average oxidation 

state and local coordination geometry.[150] In general, the energy of the X-ray absorption edge 

increases with increasing oxidation states of the absorbing atoms due to the rise in the electron 

binding energy.[151] On the basis of calibration with Mn compounds with known structures, 

the average oxidation state of manganese in i-MnOx powder was around 3, while in s-MnOx 

it was around 3.5. After deposition on the GC electrode the oxidation state in both s-MnOx 

and i-MnOx was estimated to be around 3.5 (Figure A2 and Figure A3). This indicates that 

both oxides contain a large fraction of Mn4+ already before applying an oxidizing potential, 

but a significant amount of Mn ions are in a lower oxidation state (+2 or +3). The result for 

s-MnOx is in good agreement with the previously determined Mn oxidation state by Mn 

L-edge measurements and temperature-programmed reduction (TPR).[126] The oxidation state 

for i-MnOx previously obtained from Mn L-edge XAS, however, was +2, explainable by Mn 

reduction occurring either during the thermal treatment at low oxygen partial pressure and or 

caused by X-ray irradiation during data collection. In the present study the thermal treatment 

was performed at 110 °C instead of 80 °C and in ambient air. X-ray photoreduction was 

avoided in the present study by (i) collecting the XAS spectra at a temperature of 20 K and 

(ii) using strictly limited periods of X-ray irradiation on a single sample spot.  

For transition metal based catalysts, the oxidation state of the metal ion was suggested to de-

pend on the applied potential during electrocatalytic OER.[53, 115, 123, 152] To determine the ex-

tent of these changes for the Mn ions in the studied materials, we measured XAS spectra of 

s- and i-MnOx frozen in liquid nitrogen immediately after applying 1.763 V in 0.1M KPi at 

pH 7 for 3 min. In both oxides, a clear shift of the edge position in the XANES spectra was 

observed (Figure A2) corresponding to an increase of the mean Mn oxidation state to almost 

+4.0. The same shift in the edge position was observed for s-MnOx frozen after 3 min of op-

eration at 1.763 V in 0.1M KOH at pH 13.  
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Figure 7: X-ray absorption spectra of s-MnOx (black) and i-MnOx (red) deposited on 
electrodes before and after catalysis. The edge region of the spectra (XANES) 
is shown in the inset. The average oxidation state of Mn in the two samples 
directly after deposition on the electrode (thick lines) is around 3.5, while af-
ter 3 min of operation at 1.763 V in 0.1 M KPi at pH 7, it increases to 3.9-4.0 
(thin lines). The structural motifs considered in the EXAFS simulations are 
schematically depicted next to the corresponding FT peak and the obtained 
interatomic distances are indicated. (Mn4+ ions are presented as spheres in 
magenta, Mn3+ ions in dark purple, and oxygen as red spheres.) 

Despite the similar Mn oxidation state of the two oxides after operation as catalysts, the quasi-

in situ experiment revealed differences in XAS edge shapes which imply that the coordination 

geometry of the Mn ions is modified. To address these structural differences, extended X-ray 

absorption fine structure (EXAFS) spectra were analysed. 

Structural Information from EXAFS 

The Fourier transforms (FTs) of the EXAFS spectra of s-MnOx and i-MnOx are presented in 

Figure 7. In the FT, typically each peak corresponds to a specific absorber-backscatterer vec-

tor. In our case the absorber is a Mn ion, and the backscattering atoms can be either oxygen 

atoms or Mn ions surrounding the absorber. The distance between the absorber and backscat-

terer corresponds to the position of the FT peak plus about 0.4Å.[150] Both s-MnOx and 

i-MnOx show a first peak at a reduced distance of around 1.5 Å, which is typical for 6-fold 

oxygen coordinated Mn4+ ions and a second peak at around 2.5 Å related to di-µ-oxo-bridged 

Mn4+ ions.[153-154] For i-MnOx there is also a well pronounced third peak, assignable to mono-

µ-oxo connected Mn ions (longer Mn–Mn distance).[155] This assignment of the first three 
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peaks can be made by comparison to the FT spectra of Mn oxides with known structures 

(Figure A4-B†). Visual comparison to the FTs of EXAFS spectra from reference Mn oxides 

suggests that while s-MnOx has layered δ-MnO2-like structure composed predominantly of 

edge-sharing (di-µ-oxo-connected) Mn octahedra (Figure 8), the i-MnOx contains a signifi-

cant fraction of corner-sharing (mono-µ-oxo-connected) Mn octahedra resulting in formation 

of tunnels.  

To confirm this interpretation and to analyse the structural changes during the electrochemical 

water oxidation, we simulated seven k3-weighted EXAFS spectra measured from s-MnOx and 

i-MnOx (i) as powders, (ii) after deposition on the GC electrode, (iii) and after catalytic op-

eration at 1.763 V at pH 7. The GC electrode covered with s-MnOx was also measured after 

electrocatalytical operation at pH 13. In the EXAFS simulations, we assumed two Mn–O dis-

tances contributing to the first Mn coordination shell: the shorter Mn–O distance is assigned 

to Mn4+–O vectors and the longer is assignable either to Mn3+–O vectors along the elongated 

Jahn–Teller axis or to Mn2+–O vectors. The sum of the coordination numbers for these two 

shells was kept equal to six because the small pre-edge feature of the XANES data suggested 

that in all samples the majority of the Mn ions are 6-fold coordinated. The other FT peaks 

were simulated with three shells of Mn backscatterer: a short Mn–Mn vector corresponding to 

edge-sharing MnO6 octahedra (second peak), a longer Mn–Mn distance corresponding to cor-

ner-sharing MnO6 octahedra (the third peak visible clearly in i-MnOx samples) and an elon-

gated di-µ-oxo bridge, which could be hidden due to the large third peak in i-MnOx but is 

visible in s-MnOx. Such an intermediate distance was found in layered Mn oxides before and 

likely corresponds to Mn4O4 cubane motifs formed by the attachment of a Mn ion in an oxida-

tion state lower than +4. Also in other water-oxidizing oxides, formation of a metal-oxo-

cubane has been reported.[131, 154] The simulation results shown in Figure A5 confirm the 

qualitative interpretation given above and specify internuclear distances at high precision. We 

approached identification of structural changes resulting from application of oxidising poten-

tial during operation of the electrocatalyst. In tendency, Mn–O distances were decreased after 

operation at 1.763 V, confirming the increase of the average Mn oxidation state implied by 

the XANES data. For the Mn–Mn vectors in the s-MnOx sample, there appears no significant 

change in the coordination numbers, neither due to attachment to the GC electrode nor due to 

electrochemical treatment oxidation.  
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Figure 8: Schematic model for a distorted MnOx layer fragment formed from edge-sharing (di-µ-oxo 
bridged) Mn4+O6 and Mn3+O6 octahedra. Some Mn ions from the layer are missing (defects), 
and other Mn ions are bound on top (or below) of the layer resulting in mono-µ-oxo bridges 
(corner-sharing octahedra). At these defect sites, a row of edge-sharing octahedra could grow 
perpendicularly to the first one; this eventually may lead to formation of tunnel-like struc-
tures. Binding of a Mn3+ ions on top of the layer at sites without layer defects results in for-
mation of a (distorted) Mn4O4 cubanes. (Mn4+ ions in magenta, Mn3+ ions in dark purple, O in 
red.) 

For i-MnOx, there is an increase in the EXAFS coordination of the Mn–Mn vectors caused by 

attachment to the electrode. Interestingly, application of an oxidizing potential decreases the 

number of Mn–Mn vectors. Although these changes appear to be significant, due to the large 

error bars an unambiguous statement about the extent and character of the structural changes 

cannot be made based on these fit results. The EXAFS fit results in a mean Mn–Mn distance 

of (2.890.01) Å between the Mn nuclei of two edge-sharing MnO6 octahedra. The XANES 

data show the prevalence of Mn4+ but also Mn3+ ions may be present. For di-µ-oxo-bridged 

Mn4+ ions, the obtained Mn–Mn is often shorter, namely 2.86 Å.[123, 154-156] Moreover, we find 

that the Debye–Waller (DW) parameter corresponding to this shell is unusually high (Figure 

A5-C†) indicating either a broad Gaussian-shaped distance distribution function or a bimodal 

distribution, both centred around a mean Mn–Mn distance of 2.89 Å.  
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Figure 9: Coordination numbers and interatomic distances obtained by joint simulation of the k3-
weighted EXAFS spectra from s-MnOx (upper panel) and i-MnOx (lower panel) before and 
after operation as water oxidation catalysts in 0.1M KPi (pH 7) or 0.1M KOH (pH 13). The 
corresponding absorber-backscatter distances were kept equal for all seven spectra and are 
displayed together with the corresponding structural motif (colour code as in Fig. 2). The 
error bars represents the 68% confidence interval; the error for the interatomic distances is 
given in parentheses below the corresponding structural motif. For further details, see Fig-
ure A6. 

The latter option is clearly more likely and implies that there are two specific Mn–Mn dis-

tances which contribute to the second FT peak. The shorter (<2.89 Å) and the longer one 

(>2.89 Å) may be assignable to Mn4+-(µ-O)2–Mn4+ and Mn4+–(µ-O)2–Mn3+ motifs, respec-

tively.[131, 155] For more refined analysis, we approached a ‘joint-fit’ of all seven EXAFS spec-

tra keeping the interatomic distances for the corresponding shells equal in all spectra. The 

increased significance of the joint-fit approach facilitated, inter alia, resolution of two short 

Mn–Mn distances of 2.85 and 2.96 Å, respectively. The joint-fit results are shown in Figure 

9and discussed in the following. In the first Mn coordination sphere, short 1.89 Å Mn–O vec-

tors typical for 6-fold coordinated Mn4+ are prevalent. A small fraction of up to 15% longer 

Mn–O distances of 2.29 Å is consistent with a minor contribution of Mn2+ or Mn3+ ions (for 

Mn3+ ions such long Mn–O distances are found along the Jahn–Teller axis).[157-158]  
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The results of the joint-fit approach (Figure 9) confirm the absence of major structural change 

for s-MnOx. After catalyst operation at 1.763 V, there may be a slight decrease in the number 

of the out-of-layer Mn3+ ions (cubane motifs, 3.14 Å) and a slight increase of the in-layer 

Mn3+ ions (2.96  Å), resulting in larger heterogeneity of the Mn–Mn distances contributing to 

the second FT peak and thus a decreased peak height. These changes are relatively small and 

thus close to the error limit. The sum of the two short Mn–Mn vectors is around 6 as expected 

for perfectly ordered layers of δ-MnO2.
[154] Interestingly, this value appears to increase 

slightly upon catalyst operation at 1.763 V, possibly explainable by Mn–Mn vectors from out-

of-layer Mn4+ ions involved in Mn4+
4(µO)4 cubane formation. When an oxidizing potential is 

applied to i-MnOx, larger structural rearrangements can be observed (Figure 9). There is a 

clear decrease of the mono-µ-oxo and di-µ-oxo-vectors with participation of Mn3+ ions 

(2.96 Å and 3.14 Å distances). This decrease in the number of in-layer Mn3+ ions (2.96 Å) 

contrasts the slight increase in s-MnOx. Also the Debye–Waller parameter (distance spread) 

for the Mn–O distances increases at higher potential for s-MnOx and decreases for i-MnOx 

(Figure A6), which could reflect different protonation patterns of the oxygen atoms at bridg-

ing and terminal positions. The presented results indicate clear differences between the struc-

ture of the two oxides in their resting states (XRD, EXAFS) and regarding the structural 

changes induced by application of an oxidizing potential (EXAFS). 

The question arises of whether and how these structural differences relate to the elementary 

mechanism of the water oxidation and oxygen evolution. To investigate this further, s-MnOx 

and i-MnOx were characterized electrochemically and indeed, confirmation for different 

processes involved in water oxidation was found in the different kinetic characteristics of the 

two materials, as described in the following. 

4.2.2  Electrochemical and Electrokinetic Investigations 

Electrochemical Characterization 

Cyclic voltammetry was used to investigate the redox behaviour of the Mn ions in s- and 

i-MnOx in 0.1 M KPi at pH 7. Figure 10 shows the first and the 11th potential scan recorded 

between 1.0 and 1.7 V at a scan rate of 100 mV·s-1 with a starting potential of 1.5 V. Both 

materials exhibited a mainly capacitive voltammogram between 1.0 and 1.6 V caused by the 

charge storage capability of both the high-surface carbon support and MnOx. The capacitance 

of s-MnOx is clearly larger than that of i-MnOx, which does exceed the capacitance of the 

carbon support only marginally (Figure A8). This suggests a higher extent of oxidative charg-

ing (by Mn oxidation) in s-MnOx.  
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Figure 10: Cyclic voltammograms (CV) of first (solid) and 11th 
(dashed) scan of s-MnOx (black) and i-MnOx (red). The CVs 
were recorded in 0.1 M KPi at pH 7 with a scan rate of 
100 mV s-1. Two minima resolved in the s-MnOx CV are la-
beled by MnR-1 and MnR-2, respectively. 

At potentials above 1.6 V, the current increases inter alia due to oxygen evolution. Both volt-

ammograms show the differences in the redox behaviour of the Mn ions in MnOx. The first 

cathodic potential scan of both MnOx exhibits a double reduction feature (MnR-1 and 

MnR-2) between 1.45 and 1.10 V. During the subsequent anodic scan, s-MnOx exhibits the 

corresponding oxidation peak whereas no oxidation peak is resolved for i-MnOx. The trans-

ferred charge during electrochemical reduction of the Mn ions in i-MnOx is significantly 

lower.  

Comparing the potential of the reduction feature of s- and i-MnOx with literature values 

might point toward the redox couple of Mn2+/MnO2.
[159] This assignment is in line with the 

XANES results which show that at an OER potential mainly Mn4+ ions are present in the cata-

lyst. However, the presence of a double reduction feature in s- and i-MnOx suggests a two-

step electrochemical reduction of Mn4+ to Mn3+ and further on to Mn2+. In electrodeposited 

MnOx films, similar redox peaks were successfully connected to changes in the visible light 

absorption of the oxide and interpreted as Mn oxidation state changes.[123] During continuous 

potential cycling between 1.0 and 1.7 V, the Mn4+ reduction features disappear completely in 

the case of i-MnOx whereas s-MnOx continues to exhibit both redox features even after 10 

potential cycles with only slightly reduced charge. Thus, the Mn ions in i-MnOx passivate 

irreversibly (but notably not completely) during initial reduction and the voltammogram be-

comes almost purely capacitive, whereas we observe only little redox passivation in s-MnOx. 
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Figure 11: Tafel plot of s-MnOx (black) and i-MnOx (red) extracted 
from quasi-stationary potential-step RDE experiments in 
0.1 M KPi at pH 7. All electrode potentials have been iR-
corrected. The respective Tafel slopes as determined by lin-
ear regression are indicated. 

Tafel Slope Analysis 

Figure 11 shows Tafel plots for s- and i-MnOx extracted from quasi-stationary experiments in 

0.1 M phosphate buffer at pH 7. (In Figure 11 and elsewhere, the detected electrical current is 

given; the current density per cm2 is by a factor of about five higher than the indicated cur-

rent.) Both s- and i-MnOx show a linear E vs. log(I) dependency in the potential range of 1.6–

1.9 V and 1.7–1.9 V, respectively. The onset potential for the electrocatalytic oxygen evolu-

tion is 100 mV lower for s- than that of i-MnOx. A linear regression of the experimental data 

within the mentioned potential ranges led to Tafel slopes of 158 and 109 mV·dec-1 and thus, 

experimental anodic transfer coefficients, b, of 0.39 and 0.54 for s- and i-MnOx, respectively.  

The exchange current density i0 of s-MnOx (10-3 mA) is significantly higher than that of 

i-MnOx (10-7 mA). Thus, s-MnOx shows a significantly higher intrinsic electrocatalytic activ-

ity than that of i-MnOx, whereas at higher electrode potentials the OER activity of i-MnOx is 

superior. Thus, we conclude conservatively that there are pronounced functional differences 

between s-MnOx and i-MnOx in the rate-determining process and possibly regarding number 

and location of active sites. 
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Figure 12: pH dependency of the overpotential (η) of s- and 
i-MnOx determined in 0.1 M KPi at constant currents of 
(a) 50 µA and (b) 20 µA. The overpotential has been 
calculated according to 

  η = ENHE + (59mV/pHunit) · pH – 1.23 V. 

pH Dependence of Current and Overpotential 

Figure 12 shows the dependence of the overpotential η on the H+/OH- concentration in the 

electrolyte between pH 5 and 12 at a constant current of 20 µA and 50 µA. At both currents, 

the η–pH profile for both MnOx can be divided into two regimes.  

For example at a constant current of 20 µA (Figure 12b), the overpotential increases between 

pH 5 and 9.6 for s-MnOx (i-MnOx) from 435 mV (495 mV) to 497 mV (574 mV). Above 

pH 10, the overpotential decreases to 441 mV (495 mV). Thus at 20 µA, s-MnOx exhibits a 

lower overpotential over the investigated pH range than i-MnOx, due to its higher intrinsic 

electrocatalytic activity (higher exchange current density), but the principal pH dependence of 

the catalytic current of two oxides is the same. 
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Figure 13: pH dependence of the catalytic current (I) determined in 
0.1 M KPi at a constant electrode potential of 1.35 V vs. 
NHE. 

At 50 µA (Figure 12a), i-MnOx exhibits a lower overpotential, due to its lower Tafel slope. 

Yet again, the principal pH dependence of the two oxides is the same.  

Thus, we conclude that an intricate coupling of electrocatalysis to (de)protonation reactions is 

functionally decisive in both oxides. Comparison of the two panels of Figure 12 reveals that 

the crossover point of the Tafel plot is observable at all investigated pH values implying that 

at all pH, the exchange current in s-MnOx is higher than that in i-MnOx whereas the Tafel 

slope always is lower in i-MnOx. 

This implies that the functional differences between the two oxides indicated by different Ta-

fel slopes and exchange currents do not relate to differences in the coupling of the rate-

determining step to protonation reactions. We also investigated the pH-dependence of the 

current at a constant catalytic potential of 1.35 V vs. NHE (Figure 13). With increasing pH, a 

biphasic increase in the catalytic current is observed. The first increase is detected for pH val-

ues ranging from 5.7 to 8.7, that is, around the second pK of the phosphate ion (pK2nd  7.2, 

H2PO4
1-/HPO4

2- + H+); at pH values below 5.7 and above 8.2, plateau levels are reached. 

Thus, the pH dependence of the catalytic current at a constant potential of 1.35 V vs. NHE 

resembles the pH titration curve of the phosphate ion.  

This finding suggests that stoichiometry or concentrations of [HPO4
2-] and [H2PO41-] deter-

mine catalytic activity. At even higher pH (>10), a further increase is observed, explainable 

by the increasing availability of OH- ions at higher pH values. 
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4.3  Discussion 

The oxygen evolution reaction is a complex multi-electron transfer process controlled by 

macroscopic, microscopic and atomistic parameters, such as the number, accessibility and 

character of catalytically active sites, the chemical reaction mechanism, the concentration of 

reactant, electrical and protonic conductivities, and the removal of products. The number of 

catalytically active sites depends on the number of accessible Mn ions for water molecules, 

which, in turn, is strongly connected to the structure and the morphology of the electrocata-

lyst. If no Mn ions of the bulk material were involved in the water splitting, the number of 

active sites would be (most probably) directly proportional to the surface area of MnOx and 

thus, particle size. However, in the case of a layered MnO2 phase, bulk Mn ions are accessible 

for water molecules and cations alike and thus, the number of accessible active sites is more 

likely approaching the total number of Mn ions. Furthermore, the local coordination of the 

Mn ions can critically determine how accessible they are and to what extent they can contrib-

ute to the overall catalytic activity. For the two nano-structured Mn oxide catalysts considered 

herein, there is a clear and important structural difference in the Mn coordination, e.g. there 

exist nearly exclusively di-µ-oxo bridged Mn ions in s-MnOx, whereas more mono- than di-

µ-oxo bridged Mn ions exist in the i-MnOx catalyst. The electrochemical analysis suggests 

that higher intrinsic onset activity in the low-current regime is associated with the prevalent 

presence of di-µ-oxo-bridged Mn ions in form of a layered oxide (Figure 4c) coupled with a 

significantly higher electrochemical capacitance. Thus, we hypothesize that the electrochemi-

cal accessibility of catalytically active Mn ions, likely one important controlling factor for 

OER activity, is higher in the layered s-MnOx structures than in the cross-linked i-MnOx 

structures. This is consistent with the fact that in layered δ-like MnO2 structures bulk Mn ions 

are much better accessible for the reactant molecules and cations through the interlayer space. 

This is in clear contrast to tunnelled MnO2 structures which generally show a lower charge 

storage capacity compared to layered Mn structures and the charge storage capacity is propor-

tional to the void space in the lattice. The (1x1) and (2x1) tunnels in i-MnOx exhibit certain 

proton conductivity but are not accessible to the water molecules and larger cations.[137, 160] In 

conclusion, the participation of bulk Mn ions could lead to a larger number of active sites and 

thus, a higher exchange current density for s-MnOx than i-MnOx. The structural motif of di-

µ-oxo-bridged transition metal ions resulting in layers (or layer fragments) of edge-sharing 

MO6 octahedra has proven to be a unifying feature of many oxygen-evolving Co and Ni oxide 

electrocatalysts prepared by electrodeposition.[53, 112-113, 141] Looking at electrodeposited OER 

catalyst materials, the beneficial effect of layered oxide with the prevalence of di-µ-oxo-

bridging between metal ions and their large interlayer space filled by water and further ions 
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becomes obvious: bulk metal ions are able to participate as catalytically active sites.[53] Be-

yond its favourable intrinsic activity (high exchange current density), Tafel slope analysis 

showed that layered s-MnOx displayed inferior electrocatalytic behaviour at larger current 

densities reflected by a larger Tafel slope of 158 mV·dec-1 compared to 109 mV·dec-1 for 

i-MnOx. The unfavourably large Tafel slope of s-MnOx likely relates to the high level of or-

der within the layers of edge-sharing MnO6 octahedra, which is clearly higher than those 

found in the electrodeposited MnOx of ref. [123] (a Tafel slope of 90 mV·dec-1) and in water-

oxidizing MnOx particles.[123, 131] Less order implies a higher number of defect sites, e.g. Mn 

vacancies; the structures of putative defect sites are shown in Figure 8. These defect sites pre-

vent the prevalence of di-µ3-oxo thereby resulting in more di-µ2-O(H) bridges between Mn 

ions as well as in a higher number of terminal water coordination sites; both features likely 

are crucial for OER activity.[29] And indeed, an inverse relationship between di-µ3-oxo bridg-

ing (low number of di-µ2-O(H) bridges and defect sites in general) and OER activity has been 

demonstrated for Co- and Mn-based oxides before,[53, 123, 131] but a comparison of Tafel slopes 

had not been approached. We now propose that an unfavourably high Tafel slope of the OER 

reaction can result from a strong prevalence of unreactive di-µ3-oxo bridges between the first-

row transition metal ions of the respective oxide, which is caused by the octahedral cross-

linking and/or a level of structural order that is too high. This suggestion is supported by the 

results of the present investigation and immediately provides a guideline for designing cata-

lytic oxides with a favourably low Tafel slope. We note in passing that di-µ2-oxo bridges are 

also present at the ideal β-MnO2(110) and γ-MnO2(100) surfaces and so, similar structural 

motifs could participate in the electrocatalysis of s-MnOx (‘internal’ surface between oxide 

fragment and intercalated water) as well as of i-MnOx (‘external’ oxide-electrolyte surface). 

Tafel slopes of 120 mV·dec-1 have been determined for Mn oxide electrocatalysts and from 

this, a one-electron transfer step has been concluded to be the rate-determining step (rds) in 

MnOx.
[128] Herein, a lower Tafel slope of 109 mV·dec-1 as determined for i-MnOx does not 

support a simple one-electron transfer step to be rate determining during OER, neither does 

the value of 158 mV·dec-1 in s-MnOx. In line with this conclusion, the detected pH-

dependence of overpotential and catalytic current rule out rate-limitation by a simple one-

electron transfer step, but point towards a role of proton-coupled electron transfer in the rds. 

A critical factor determining the OER activity is ion transport, specifically proton removal 

from the catalytic site and proton transfer into the electrolyte. Relevant factors may be the 

proton conductivity and uptake capability of the electrolyte. The log(I)–pH profile of Figure 

13 reflects the 2nd phosphate pK, thereby illustrating a crucial role of the phosphate protona-

tion state. In the η–pH profile of Figure 12, we find a minimal catalytic activity at a maximal 

concentration of HPO4
2- equivalent to the minimal buffer strength in the investigated pH 
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range (Figure A12). The buffer strength is the ability to compensate for increasing H+ concen-

tration by chemical binding of the proton to a base. At pH values above the 2nd phosphate pK 

(pK2nd  7.2), the buffer strength of the HPO4
2-/H2PO4

1- ion decreases. At higher pH, the hy-

droxyl ions can significantly contribute to the proton uptake and the buffer strength increases. 

Both effects are reflected in the η–pH curves of both oxides. The beneficial influence of the 

phosphate buffer is not related to an increase of the proton conductivity of the bulk solution. 

Though there are changes in the conductivity of the electrolyte (Figure A11a), the iR-

correction does not change the η–pH profile significantly (Figure A11b†). The chemical pro-

ton abstraction from the active site by phosphate ions either adsorbed to MnOx or in solution 

within the Helmholtz layer appears to be decisive. Thus, Mn based catalyst materials contain-

ing sizeable amounts of a proton-accepting base either as an intrinsic constituent – as reported 

for the 'cobalt-phosphate catalyst'[109] – or formed during operation may be a promising strat-

egy. 

4.4  Summary 

We have revealed the dominant atomic-scale structural motifs of two distinctly different, ei-

ther layered or 3D cross-linked, water-oxidizing MnOx catalysts, and succeeded in correlating 

these structure motifs with the respective catalytic activity. Such relationships are of general 

importance, since they enable us to identify critical oxide characteristics controlling electro-

catalytic activity. Our investigation suggests that the deliberate formation of activity control-

ling structural motifs can be controlled by simple conventional liquid metal ion precursor 

chemistry and is not restricted to electrodeposition methods. The electrokinetic analysis 

showed that the apparent processes during water oxidation depend on the different octahedral 

cross-linking in MnOx (with essentially the same mean oxidation state of the Mn ions), as 

clearly reflected in the two pronouncedly different Tafel slopes. The comparison to the struc-

tural data suggests that the atomic structure is a crucial determinant of the apparent processes 

during OER catalysis. Comparison with electrodeposited electrocatalysts guides towards a 

general character of MnOx OER electrocatalysts. The active catalyst states of both MnOx are 

closely related to the catalyst “precursor” although the mean Mn oxidation state increases 

from 3.5 to 4 upon operation at catalytic potential. Specifically, clear indications for Mn–Mn 

bridging mode changes in i-MnOx upon oxidation of the catalyst are detectable. This impor-

tant discovery requires further in-depth investigation before its discussion in terms of the 

mechanism of water oxidation in the Mn oxides can be approached. We also note the interest-

ing structural analogy between out-of-layer Mn ions linked to in-layer Mn ions via mono-µ-

oxo-bridges resulting in corner-sharing MnOx octahedra and coordinatively unsaturated sites 

(cus) metal ion sites in rutile surfaces. It is feasible that coordinative under-saturation of such 
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out-of-layer Mn ions may confer favourable adsorption and catalytic reaction characteristics 

as found for rutile cus sites.[161-162] Furthermore, our studies unravelled the beneficial effect of 

the proton uptake capability of the phosphate buffer during water splitting due to buffer 

strength and OH- concentration. These findings – and the complex pH dependence in general 

– illustrate the importance of proton abstraction in OER catalysis by the two herein investi-

gated oxides. However, further studies especially on the interaction between phosphate and 

MnOx with respect to OER are necessary. In summary, the structure–activity insights from 

this study provide guidelines to design and control the electrochemical OER behaviour of the 

complex structural chemistry of non-precious transition metal oxides. The water accessibility 

of the bulk oxide and the number of defect sites were tentatively identified as determinants of 

the experimental exchange current density and Tafel slope, respectively. The presented work 

may pave the way for future investigations which eventually could result in a comprehensive 

understanding of structure–activity relationships in water-oxidizing Mn oxides at the atom-

istic level.”[121] 
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Chapter 5 Reversible Amorphization and the 
Catalytically Active State of Crystalline Co3O4 
during Oxygen Evolution 

“Water splitting catalyzed by earth-abundant materials is pivotal for global-scale production 

of non-fossil fuels, yet our understanding of catalyst structure and reactivity is still insuffi-

cient. Here, we report on the structurally reversible evolution of crystalline Co3O4 electrocata-

lysts during oxygen evolution reaction (OER) using advanced in situ X-ray techniques. At 

electrode potentials facilitating OER catalysis, a sub-nanometer shell of the Co3O4 is trans-

formed into an X-ray amorphous CoOx(OH)y, which comprises di-µ-oxo bridged Co3+/4+ ions. 

Unlike irreversible amorphizations, here, the formation of the catalytic active layer is reversed 

by re-crystallisation upon return to non-catalytic electrode conditions. The Co3O4 material 

thus combines the stability advantages of a controlled, stable crystalline material with high 

catalytic activity thanks to the structural flexibility of its active amorphous oxides. We pro-

pose that crystalline oxides may be tailored for generating reactive amorphous surface layers 

at catalytic potentials, just to return to their stable crystalline state under rest conditions.” [68] 
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5.1  Experimental Details 

Preparation of Co3O4 Thin Films 

“Co oxide films were deposited on GC (HTW) plates using spin coating. Before the deposi-

tion, the substrates were polished until a mirror-like finish was achieved and cleaned stepwise 

in an ultrasonic bath using de-ionized water and acetone. The Ti cylinders were treated in 

HNO3/H2O solution for 2 h at 150 °C after polishing. The spin coating solution consisted of 

0.25M Cobalt(II) 2,4-pentanedionate (AlfaAesar) in 15 vol.% acetic acid (Sigma-Aldrich, 

99.7%), 18 vol.% de-ionized water (>18M) and 67 vol.% ethanol (abs., AnalaR Normapur). 

The precursor was dissolved using sonification for 10 min. The spin coating was conducted at 

2,000 r.p.m. for the GC plates and 5,000 r.p.m. for Ti cylinders. In total three and five layers 

were deposited on the GC and Ti substrates, respectively. After each layer deposition, the 

samples were calcined in air for 10 min at 300 °C to decompose the Co precursor. Finally, the 

samples were calcined for 15 min at 400 °C in air to achieve a crystalline Co oxide. […] 

DEMS Measurements 

To investigate the reaction products, DEMS was performed. The DEMS apparatus consisted 

of a home-made dual thin-layer electrochemical flow cell based on a design reported else-

where61. The flow cell was connected via separation polytetrafluoroethylene (PTFE) mem-

brane to a Prisma quadrupole mass spectrometer (QMS 200, Pfeiffer Vacuum) equipped with 

two turbomolecular pumps HiPace 80 operating the MS chamber at 10-6 mbar. N2-saturated 

0.1M KPi at pH 7 acted as electrolyte and the electrolyte flow was adjusted to 5 ml s-1. The 

reference electrode was a reversible hydrogen electrode and a Pt wire was the counter elec-

trode. Cyclic voltammetry measurements were conducted in the OER regime between 1.1 and 

1.675 V versus reversible hydrogen electrode using a sweep rate of 6mVs1. Simultaneously, 

the ion current for O2 (m/z=32) and CO2 (m/z=44) was recorded. All electrode potentials were 

corrected for Ohmic losses. 

in situ GIXRD Measurements 

Investigation of crystal structure under electrochemical reaction conditions have been con-

ducted at the MPI-MF beamline at ANKA, Karlsruhe.[163] An home-made in situ electro-

chemical cell for X-ray studies as described above. The electrolyte was constantly circulated 

using a peristaltic pump and degassed with N2 during in situ GIXRD studies. A Ag/AgCl (3M 

KCl, World Precision Instruments, freshly calibrated versus a Pt/H2 electrode) and Pt wire 

acted as reference electrode and counter electrode, respectively. The working electrode was 

immersed at +1.0 V and then the electrode potential increased to the desired potential with 
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6 mV s-1. Prior to X-ray characterization the electrode potential was hold for at least 10 min to 

ensure stationary conditions. The OER potential was +1.62 V which was determined from 

current density of 0.5 mA cm-2 during the anodic potential scan. After OER the electrode po-

tential was decreased to +1.0 V and the electrode removed under potential control. Peak 

broadening was determined by fitting the reflections of Co3O4(511), Ti(110) and Co3O4(440) 

using pseudo-Voigt profiles. The structural coherence length was calculated using Scherrer 

equation from the integral breadth of the fitted Co3O4 profiles using a shape factor of 0.89. 

Errors of the structural coherence length were calculated from the estimated standard devia-

tion of the integral breadths. 

X-ray Absorption Measurements 

Co K-edge experiments were carried out at the BESSY synchrotron radiation source operated 

by the Helmholtz–Zentrum Berlin. The measurements were conducted at the KMC-1 bend-

ing-magnet beamline at 20 K in a cryostat (Oxford-Danfysik) with a liquid-helium flow sys-

tem. Further details are given in ref. [123]. Electrochemical conditioning was conducted in 

analogy to the in situ GIXRD experiment. After 15 min at the desired electrode potential, the 

samples were freeze-quenched using liquid N2 under potential control and stored in liquid N2 

until XAS measurements were conducted. Further information regarding data analysis is 

given in the caption of Figure A26. […] 

5.2 Results 

5.2.1  Morphology and Local Structure 

Figure 14 shows scanning and transmission electron micrographs of CoOx films as well as 

selected area electron diffraction (SAED). The as-prepared films exhibited a homogeneous 

morphology with a certain porosity leading to increased electrolyte accessibility. The porosity 

of Co3O4 films was ~0.46. (cf. Figure A13 for further details) Thus, OER was not limited to 

the outer surface of the CoOx films. The metal loading was ~960 nmolCo cm-2 on glassy car-

bon substrate as determined by ICP-OES. The microstructure consisted of agglomerated crys-

tallites with size of 5-10 nm. The SAED pattern showed a typical ring structure characteristic 

for polycrystalline materials and agrees well with the normal spinel structure of Co3O4.  
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Figure 14: Scanning electron micrographs in low (a) and high magnification (c), 
transmission electron micrograph (b) and selected area electron dif-
fraction (SAED) pattern (d) of as-prepared Co3O4 films. Diffraction 
rings of Co3O4 are indexed in the SAED pattern. The scale bars repre-
sent 2 µm, 50 nm, 100 nm, and 5 nm-1 in panel a, b, c, and d, respec-
tively. 

5.2.2  Electrochemical characterization in neutral, phosphate-containing 
electrolyte 

The electrocatalytic properties and Co oxide redox electrochemistry were investigated in N2-

saturated 0.1 M KPi at pH 7. Tafel plot and cyclic voltammogram are shown in Figure 15. The 

electrochemical surface area (ECSA) was determined using potentiostatic impedance spec-

troscopy following ref. [51]. (cf. Figure A14 for further information). Co3O4 films exhibited a 

pronounced redox feature at ~1.54 V which was preceded by a minor feature at a potential of 

~1.4 V. According to the Pourbaix diagram[100]  and  a previous CoOx study[114], the redox 

feature at 1.54 V can be attributed to the Co3+/Co4+ redox transition whereas the feature at 

about 1.4 V is consistent with a Co2+/Co3+ transition. Evaluation of the capacitance-corrected 

reductive charge of the two redox features showed that only ~1.8% of the Co ions change its 

oxidation state by one equivalent during this cyclic voltammogram.  
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Figure 15: Tafel plot (a) and cyclic voltammogram (b) of Co3O4 films deposited on glassy carbon 
recorded in 0.1 M KPi at pH 7. The Tafel plot was extracted from cathodic quasi-
stationary potential-step rotating disc electrode (RDE) experiments after equilibration for 
4 min at each potential; the line corresponds to a Tafel slope and an exchange current den-
sity of 65 mV/dec and  2.26·10-9 mA cm-2

ECSA, respectively. The cyclic voltammogram 
was recorded with a scan rate of 100 mV s-1 and shows a minor and major Co redox fea-
ture at ~1.4 V (A1/C1) and ~1.54 V (A2/C2), respectively. The capacitance-corrected re-
ductive charge of the two redox features showed that only ~1.8% of the Co ions change its 
oxidation state by one equivalent. Electrode potentials were corrected for Ohmic losses 
and current was normalized using electrochemical surface area (ECSA) as determined by 
potentiostatic electrochemical impedance spectroscopy.[51] The electrochemical surface 
roughness was 26.4. 

Thus, we conclude that only Co ions primarily from the surface participate in the Co oxide 

redox chemistry under this dynamic condition. The Co3O4 films exhibited a linear E―log(i) 

behaviour between 1.54 and 1.7 V with a Tafel slope of 65 mV dec-1 in N2-saturated electro-

lyte.  

The Tafel slope as determined at anodic polarization was slightly higher than that determined 

from cathodic quasi-stationary potential step experiment (cf. Figure A15, Figure A16, Figure 

A20). The Tafel slope of crystalline Co3O4 was found to be very similar compared to the one 

of electrodeposited Co oxide films which exhibit ≥60 mV dec-1 in 0.1M KPi.
[53, 56, 117] We note 

that catalytic activity and Co oxide redox behaviour showed very good stability (Figure A15 - 

Figure A21). Furthermore, OER does not influence morphology and Co loading (Figure A22 

and Figure A23). 

To verify electrocatalytical oxygen evolution of Co3O4 in neutral, phosphate-containing elec-

trolyte we performed differential electrochemical mass-spectrometry (DEMS) experiments. 

Figure A24 shows a cyclic voltammogram of Co3O4 in the OER range and the corresponding 

ion current of m/z=32 and 44 as a measure of the evolution of oxygen and carbon dioxide, 

respectively.  
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Figure 16: In situ X-ray diffraction patterns (a) and Fourier-transforms (FT) of (quasi-)in situ EXAFS 
spectra collected at the Co K-edge (b) of Co3O4 catalyst films. Experimental data and fitted 
profiles are shown in bold and thin lines, respectively. The diffraction patterns were recorded 
using grazing-incident excitation at α=0.3° and 12 keV. The electrode potential was increased 
stepwise from +1.0 V to +1.62 V vs. RHE, the latter representing the catalytically-active cata-
lyst state, in 0.1 M KPi at pH 7. (cf. Figure 15a and Figure A24) The state after OER is a dry 
state for which the electrode was removed from electrolyte at +1.0 V rinsed with de-ionized 
water and dried in N2 flow. The Miller indices of selected Co3O4 reflections are indicated; the 
diffraction patterns were background corrected for better visualization. Fitting was performed 
using pseudo-Voigt profiles. Samples for XAS were freeze-quenched under potential control 
using liquid N2 after 15 min at 1.62 V in 0.1M KPi. 

The onset potential of O2 evolution agreed well with the Co3+/Co4+ redox potential and O2 

evolution followed the rise of the current density with electrode potential. Thus, we conclude 

that the Co3O4 films showed significant oxygen evolution activity above the Co3+/Co4+ redox 

couple at ~1.54 V in neutral, phosphate-containing electrolyte and exhibit typical Co oxide 

redox behaviour.  

5.2.3  Long-range Order of Co3O4 under Electrochemical Reaction 
Conditions 

To examine atomic structure and crystallinity of Co3O4 films at different electrochemical po-

tentials including the OER, we conducted in situ grazing-incident X-ray diffraction (GIXRD) 

experiments. Diffraction patterns of Co3O4 films deposited on Ti in the as-prepared state, at 

selected electrode potentials and after in situ characterization are shown in Figure A25 and 

Figure 16a. Besides the reflections from the Ti substrate, Co3O4 (Space group: Fd-3m, 

PDF#00-042-1467) was the only detectable crystalline phase prior to and during electro-

chemical reaction conditions. Thus, the catalyst film essentially retained its Co3O4 structure 

under the entire electrochemical potential range considered.   
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Figure 17: Structural coherence length of Co3O4 (a), shift of the Co X-ray absorption K-edge (b), change in 
EXAFS coordination number of di- and mono-µ-oxo bridges between Co ions (c) with respect to the 
as-prepared state. The state at +1.62 V corresponds to the catalytically active oxygen evolution state 
(cf. Figure 15 and Figure A24). Electrode potentials in this particular experiment are not corrected 
for Ohmic losses but we note that Ohmic correction decreased the electrode potential at +1.62 V by 
less than ~1 mV in the quasi-stationary experiment. The structural coherence length was calculated 
using the Scherrer equation from the integral breadth of the Co3O4(511) and (440) reflections.[164] A 
shape factor k of 0.89 was used. The error of the structural coherence length was calculated from the 
estimated standard deviation of the fitted integral breadth. The likely error of the shift of the Co K 

edge was estimated to be 0.1 eV. The coordination numbers were determined by simulations of k3-

weighted EXAFS spectra. The error ranges of the EXAFS fit parameters were estimated from the 
covariance matrix of the fit and represent the 68% confidence intervals. Further details on data 
analysis are given in the caption of Table 7 and Table 8 
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However, a closer analysis of the broadening of selected Co3O4 reflections (Figure 17a, Table 

7) showed that the mean structural coherence length of the crystalline domains had changed. 

The structural coherence length increased after immersion into the electrolyte at +1.0 V and 

then increased further with more positive electrode potential. The largest structural coherence 

length was found at the onset of OER at +1.55 V, just anodic of the Co redox features (Figure 

15). As the electrode potential was increased further to +1.62 V, the structural coherence 

length of the Co3O4 domains decreased by almost 10 Å. In the dry state after OER the struc-

tural coherence length recovered to the identical value as before OER at +1.2 V.  

Our observations can be plausibly explained by an initial irreversible growth of Co3O4 crystal-

lites up to an electrode potential of +1.2 V, likely due to Ostwald ripening and/or coales-

cence,[165-166]  combined with a  reversible structural transformation of Co3O4 detectable at an 

electrode potential of +1.62 V, where catalytic oxygen evolution proceeded at elevated rates 

(cf. Figure A24).  At the onset of OER (+1.55 V), the Co3O4 exhibited its largest structural 

coherence length. Thereafter, further increasing the oxygen evolution rate at more anodic 

electrode potentials resulted in a reversible structural transformation leading to a lower degree 

of crystallinity. This structural transformation can be explained with the formation of a CoOx 

shell on the crystalline Co3O4 domains which are in contact with the electrolyte. This CoOx 

did not give rise to additional Bragg reflections due to its sub-nm size and is thus X-ray 

amorphous. On the reverse cathodic scan, upon leaving the potential range of sustained cata-

lytic oxygen evolution associated with electrochemical reduction, the amorphous shell recrys-

tallized to Co3O4. To our knowledge, this is the first time that such a reversible structural 

transformation of a shell on Co3O4 crystallites from crystalline to amorphous and back has 

been reported. We further emphasize that this unusual reversible amorphization of Co oxide 

appears to be linked to an elevated catalytic oxygen evolution rate. 

5.2.4  Co Oxidation State and Local Atomic Structure under 
Electrochemical Reaction Conditions 

To determine the local atomic structure and oxidation state of the Co ions in Co3O4 under 

electrochemical reaction conditions and especially the Co coordination in the X-ray amor-

phous CoOx present during OER, we performed X-ray absorption spectroscopy at the Co K-

edge for Co3O4 films which were deposited on glassy carbon and freeze-quenched at selected 

electrode potential.  
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Figure 18: Fluorescence-detected quasi-in situ XANES spectra of Co3O4 
films in various catalyst states. For increasingly positive poten-
tials, the Co K-edge absorption edge shifted reversibly to higher 
energies suggesting oxidation of 10-15% of the cobalt ions under 
stationary oxygen evolution conditions. Under OER conditions, 
the XANES profile exhibited an almost linear increase due to 
significantly weaker shoulders marked with (A) and (B). The in-
tensity at the principal edge-maximum at (C) was clearly reduced 
only in the oxygen evolving active state (at +1.62 V). Samples 
were freeze-quenched under potential control using liquid N2 af-
ter 15 min at 1.62 V in 0.1M KPi and stored in liquid N2 until 
XAS measurements were conducted. 

In previous work we have verified that the protocol of this experiment[114] facilitates the col-

lection of high-quality, extended-range EXAFS data that remain unaffected by radiation-

induced modifications of the solvent-exposed catalyst material. 

Figure 18 shows the XANES spectra recorded at the Co K-edge of Co3O4 films at selected 

catalyst states. The energy of the Co K absorption edge of the as-prepared catalyst agreed well 

with a mean Co oxidation state between +2 and +3, as expected for Co3O4. With increasing 

electrode potential the Co absorption edge shifted slightly to higher energies which is indica-

tive for a higher mean oxidation state of the Co ions.[150]  

During OER, the XANES profile exhibited an almost linear increase due to significantly 

weaker shoulders at about 7718 (A) and 7723 eV (B); moreover, a clearly reduced intensity at 

the principal edge-maximum at about 7729 eV (C) was observed only in the OER-active state 

(at +1.62 V). These spectroscopic differences indicate significant structural differences in the 

local atomic and electronic structure of the amorphous CoOx shell formed during catalysis (at 
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+1.62 V) as compared to the crystalline Co3O4 structure prevalent before and after catalysis. 

However, as expected from the in situ GIXRD results, the majority of Co ions remained in 

their initial state within the crystalline Co3O4.  

The local atomic structure of the absorbing Co ions could be assessed qualitatively from the 

Fourier-transformed EXAFS and quantitatively by EXAFS simulations (Table 8). In Figure 

17 three major peaks representing absorber-backscatterer distances are visible for the Co3O4 

films in all catalyst states. The first peak corresponds to the convolution of two Co-O dis-

tances stemming from tetrahedral and octahedral Co coordination (mean distance of ~1.91 Å). 

The second and third peak is consistent with the Co-Co distances for pairs of Co ions con-

nected via di-µ-oxo (2.85 Å) and mono-µ-oxo (3.36 Å) bridges, respectively. Di-µ-oxo 

bridges represent edge-sharing Co octahedra whereas the mono-µ-oxo bridges reflect corner-

sharing Co octa- and tetrahedra. (cf. Figure 19a) Comparing the magnitude of the second and 

third FT-peak, significant changes in the Co coordination during oxygen evolution could be 

identified, in particular the shift toward more di-µ-oxo bridged, octahedrally coordinated Co 

ion in the OER-active state (at +1.62 V). 

Figure 17b shows the energy shift of the Co K edge compared to the as-prepared state for 

various catalyst states. The edge position was identical at +1.0 and +1.2 V but was shifted by 

+0.1 eV compared to the as-prepared state. At +1.55 V the edge position was +0.3 eV higher 

and the determined shift was maximal at high OER activity. After OER, the edge position of 

the Co3O4 agreed well with the as-prepared state. Thus, the evolution of the Co oxidation state 

is a reversible process and the mean oxidation state for electrode potentials at +1.0 V and 

above is higher than in under dried conditions. 

Simulations of k3-weighted EXAFS spectra were conducted to determine the Co coordination 

in Co3O4 under electrochemical reaction conditions and especially of the X-ray amorphous 

CoOx present during OER (Figure A26 and Table 8). Figure 17c shows the relative changes in 

the coordination numbers assignable either to di- or mono-µ-oxo bridges at selected catalyst 

states. In agreement with the evolution of the structural coherence length, the number of di- 

and mono-µ-oxo bridges remained constant within the experimental error between the as-

prepared state and +1.55 V. The reversible amorphization at elevated oxygen evolution rate, 

however, was accompanied with a change from mono- towards di-µ-oxo bridged Co ions; the 

ex situ state after OER resembled the as-prepared state in terms of µ-oxo Co linking. 

In summary, the X-ray absorption data suggest that in the OER-active state with elevated lev-

els of oxygen evolution (at +1.62 V), tetrahedrally coordinated, mono-µ-oxo bridged Co2+ 

ions are reversibly converted into octahedrally coordinated, di-µ-O(H) bridged Co3+/4+ ions. 
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Analysis of the X-ray diffraction data reveals a simultaneous coherence-length reduction by 

5-10 Å suggesting a smaller crystalline Co3O4 core in the OER active state. Both phenomena, 

the increased amount of di-µ-O(H) bridged Co3+/4+ octahedra and the reduced size of the crys-

talline Co3O4 core, are reversed upon returning to the resting state of the catalyst. These ob-

servations are consistently explainable by a reversible transformation of part of the Co3O4 

core into a CoOx(OH)y surface shell, as discussed in more detail further below.  

5.2.5  Surface Chemistry and Electronic Structure 

For further insights in the elemental composition, atomic and electronicstructure of the near-

surface of the Co3O4 crystallites at the electrode/electrolyte interface before and after OER, 

we conducted synchrotron-based X-ray photoemission (XPS) and XANES spectroscopy at Co 

L- and O K-edge on the Co3O4 films. Figure A29a,b shows Co 2p XPS and the Co L3 XANES 

spectra of Co3O4 films, respectively. Both spectra support the notion of a Co oxide containing 

mainly Co3O4 in the near-surface of the crystallites.[167] We note that because of the more 

pronounced fine structure at the low-energy side of the Co L3 absorption peak, the presence of 

a minor fraction of Co2+ Oh in the near-surface is possible (cf. Figure A31). The O 1 s XPS 

showed that the near-surface of the as-prepared state incorporated protonated oxygen atoms in 

addition to lattice oxygen (cf. Figure A29c and Figure A32). The strong pre-edge feature of 

the O K-edge XANES spectrum revealed significant hybridization of Co 3d and O 2p orbitals 

(cf. Figure A29d).[36] After OER, the near-surface of the Co3O4 crystallites was largely un-

changed; XPS and XANES spectra showed almost identical profiles when compared with the 

as-prepared catalyst material. Minor differences can be accounted for by adsorption of phos-

phate ions during operation of the catalyst film in the phosphate-containing electrolyte (cf. 

Figure A30). We conclude that the identified reversibility of the structural transformation ob-

served by X-ray diffraction and X-ray absorption spectroscopy at the Co K-edge is fully sup-

ported by our surface-sensitive spectroscopic data (see Appendix A2 for details). 
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Figure 19: Possible near-surface structures on crystalline Co3O4 core under electrochemical condi-
tions. At potentials below Co redox features, Co3O4 is in a healed state at which defects in 
the near-surface are oxidized. At elevated O2 evolution, the CoOx(OH)y grows into the 
crystalline Co3O4 core leading to a reversible amorphization of a sub-nm shell. This amor-
phous CoOx(OH)y shell consists of di-µ-oxo bridged Co3+/4+ ions with arbitrary site occu-
pancy in the ideal-cubic close-packed O2- lattice. Hydrogen atoms and phosphates are not 
shown. 

5.3  Discussion 

We have investigated the structural evolution of crystalline Co3O4 films under electrochemi-

cal potential control and during OER in neutral, phosphate-containing electrolyte in detail 

using in situ GIXRD and quasi-in situ XAS. For the first time, we uncover a reversible de-

crease in structural coherence length at electrochemical potentials facilitating elevated oxygen 

evolution which is coupled to Co oxidation and a change in Co coordination from tetrahedral 

towards octahedral symmetry. In line with the reversibility, composition and electronic struc-

ture of the Co3O4 in the bulk volume and in the crystallites near-surface zone remained nearly 

identical when comparing the catalyst material before and after OER. 

To explain this reversible process, we propose that the changes in Co coordination at elevated 

oxygen evolution rate are caused by formation of a 3D cross-linked CoOx(OH)y structure. 

Figure 19 sketches the structural transformation of the near-surface structure of the crystallites 

between the resting state (below the Co redox features) and the catalytically active state (at 
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+1.62 V). At potentials below the Co redox features (at about +1.2 V), the Co3O4 is in a 

healed state with slightly higher mean oxidation state than in the dry state. Reduced Co sites 

caused by defects in the near-surface of the as-prepared state are oxidized to Co3O4. At poten-

tials above of the Co redox features at the onset of OER Co3O4 is partially oxidized to a 

CoOx(OH)y without changing crystallinity and local atomic coordination. Thus, the oxidation 

is presumably limited to the outermost surface of the crystallites.  

The formation of a layered CoOOH in the near-surface can be excluded because it would di-

minish the structural isotropy to the Co3O4 core and thus, lead to a lower structural coherence 

length already at +1.55 V. Bulk oxidation of Co3O4 appears to be kinetically hindered and 

oxidation is thus limited to the surface of the crystallites at +1.55 V. Therefore, we conclude 

that the onset of the electrocatalytic oxygen evolution occurs on crystalline Co3O4, which is 

oxidized to CoOx(OH)y at the outermost surface (initial active surface). We propose this 

CoOx(OH)y represents the reaction zone of OER. At elevated oxygen evolution rate the crys-

tallinity decreases and local atomic structure of Co ions in the near-surface changes. We ex-

plain this amorphization with the growth of the CoOx(OH)y reaction zone from the surface 

into the crystalline Co3O4 core.  

With increasing electrode potential and oxygen evolution rate, the Co2+ Td ions of the crystal-

line Co3O4 in the near-surface get oxidized to +3 and change their coordination from tetrahe-

dral to octahedral. Co4+ ions can be isostructurally incorporated in the CoOx(OH)y via depro-

tonation of di-µ-OH bridges.[114] To undergo this change in coordination, Co ions have to 

move inside the ccp O2- lattice to vacant Oh sites in the reaction zone of the CoOx(OH)y. Site 

occupancy of the Co ions can be arbitrary and dynamic under the constraints of an appropriate 

O/Co ratio and sustained prevalence of the di-µ-oxo Co bridging motif. As a consequence of 

the unified Co coordination and thus, unified Co-O and Co-Co distances in the CoOx(OH)y a 

slight rearrangement of the O2- lattice towards an ideal ccp arrangement occurs. These struc-

tural changes diminish the structural isotropy to the crystalline Co3O4 core and lead to the 

identified amorphization. After oxygen evolution the reaction zone transforms back to the 

thermodynamically favoured spinel structure.  

The origin of the structural transformation of the near-surface described above can further-

more be described by participation of lattice oxygen in the OER mechanism in which the 

temporary presence of O vacancies in the CoOx(OH)y also induce structural disorder in the 

reaction volume.[54-56]  In this scheme, prior to OER the CoOx(OH)y surface gets oxidized but 

is thermodynamically frustrated when oxidation equivalents are accumulated at higher elec-

trode potentials. Above a critical concentration of oxidation equivalents OER starts possibly 

under participation of lattice oxygen. The formation of oxygen vacancies then initiates struc-
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tural relaxation which leads to the described change in Co coordination and amorphization in 

the reaction zone. The short life-time of the O vacancies precludes the reduced Co sites from 

identification using quasi-in situ XANES.(cf. Figure 17 and Figure 18) 

3D cross-linked Co oxides form also from Co3O4 during Li insertion which underlines the 

flexibility of Co ions within the ccp O2- lattice under electrochemical conditions.[168-169] Under 

oxygen evolving conditions, octahedral Co coordination and a mean oxidation state of higher 

than +3 appears to be a general structural motif as it has been also found for the CoCat[114-115] 

and layered CoOx(OH)y
[33, 90]. The 3D cross-linked CoOx(OH)y appears also structurally simi-

lar to the rutile-type oxides such as RuO2, IrO2 and β-MnO2.
[26, 121, 170-172] Both structures ex-

hibit octahedral chains of di-µ-oxo bridged metal ions and tunnels in the oxide lattice.  

We note that the uncovered amorphization of the near-surface is likely to have significant, 

beneficial influence on the electrocatalysis. An amorphous metal oxide provides an enhanced 

degree of structural flexibility, a higher number of special coordination sites possibly under 

participation of several metal centres and enables elevated accumulation of oxidation equiva-

lents in the reaction zone. Vice versa, perfect crystalline order seems to prevent efficient oxy-

gen evolution. The reported OER activity of several crystalline oxide materials may relate 

directly to reversible surface amorphization 'templated' by the crystalline core of the mate-

rial.[172-174] Thus, a reversible formation of an amorphous termination layer on a stable crystal-

line core points towards a unified common oxygen-evolving state of Co oxide (but also other) 

electrocatalysts – independent of its initial degree of order. This may provide a new approach 

towards a unified understanding of heterogeneous water oxidation catalysis. Furthermore, we 

propose that the design of more active and stable electrocatalysts by preparation of core-shell 

nanostructures in which near-surface amorphization (under electrochemical conditions) is 

enhanced and simultaneously the crystalline metal oxide core stabilizes the electrocatalyst 

from elevated metal ion dissolution. 

5.4  Summary 

In conclusion, using in situ X-ray diffraction and (quasi-)in situ X-ray absorption spectros-

copy as well as XPS and  XANES at Co L- and O K-edge before and after oxygen evolution 

reaction (OER) in neutral electrolyte, we identified the existence of a reversible structural 

transformation of Co3O4 which accompanies elevated catalytic oxygen evolution. Below the 

Co redox features the bulk structure of the Co3O4 is in a stable rest state with larger size of the 

crystalline core compared to the dry state. At the onset of the OER catalysis, the Co oxidation 

state increases within the pseudo-ccp O2- lattice of the reaction zone under retention of the Co 
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coordination. As a result of this, the CoOx(OH)y structure remains limited to the surface of the 

crystallites. However, this catalytic reaction zone increases into the crystalline Co3O4 core at 

more anodic electrode potentials and enhanced oxygen evolution. This is linked to the (re-

versible) amorphization of a sub-nm shell. The amorphization is accompanied by a higher Co 

oxidation state and a partial change in Co coordination from tetrahedral to octahedral and can 

be explained by arbitrary site occupancy of Co3+/4+ ions within a slightly rearranged ccp O2- 

lattice. On the reverse cathodic electrode potential scan, more negative of the active catalytic 

regime, the amorphous shell crystallizes back to its initial state. 

Structurally, we propose that the formation of an CoOx(OH)y with di-µ-oxo bridged Co3+/4+ 

Oh ions at the surface is sine qua non for oxygen evolution activity on Co3O4. At elevated 

oxygen evolution the amorphous 3D cross-linked CoOx(OH)y offers the structural flexibility 

that enables and enhances catalytic activity. The crystalline Co3O4 combines the advantages 

of a controlled and stable crystalline material in resting state with the required structural 

flexibility facilitated by a non-crystalline oxide under OER conditions. The notion of and first 

evidence for a reversible amorphization mechanism, in which electrocatalysts move reversibly 

between crystalline and amorphous regimes as a response to externally applied electrode po-

tentials, is a new and potentially very important design concept for catalyst.”[68] 



84  
Chapter 5 Reversible Amorphization and the Catalytically Active State of 

Crystalline Co3O4 during Oxygen Evolution 

 

 

  



Chapter 6 Linking Near-surface Structure, Redox Chemistry and Oxygen 
Evolution of Co Oxides and Their Catalytically Active State 85 

 

 

Chapter 6 Linking Near-surface Structure, Redox 
Chemistry and Oxygen Evolution of Co Oxides 
and Their Catalytically Active State 

In this chapter the results of the investigation on the influence of the initial Co coordination 

environment and oxidation state in Co oxide electrocatalysts on their redox chemistry, elec-

trocatalytic properties and the structure of the catalytically active state are described. There-

fore, Co oxides consisting of only Co2+ Oh, Co2+ Td, or Co3+ Oh as transition metal ions as 

well as the mixed-valent Co3O4 were synthesized and tested for oxygen evolution reaction in 

neutral and alkaline electrolyte. The physicochemical properties of the Co oxide electrocata-

lysts were extensively investigated in the as-prepared and in the OER-conditioned state. The 

crystal structure and morphology were determined using X-ray diffraction as well as electron 

microscopy and diffraction. The local atomic structure and Co oxidation state were identified 

using (in situ) X-ray absorption spectroscopy (XAS) recorded at the Co K-edge. The near-

surface composition, chemistry and electronic structure were investigated using synchrotron-

based X-ray photoelectron spectroscopy (XPS) and XAS at the Co L3- and O K-edge. Addi-

tionally, the local atomic structure of the catalytically active state of Co oxide was determined 

using in situ XAS during OER. The results of these investigations show a strong beneficial 

influence of the local atomic structure and spin state of the Co ions in the near-surface on the 

Co oxide reducibility and on the OER electrocatalysis. Structural disorder decreases the frac-

tion of low-spin Co3+ ions with symmetrical octahedral bonding environment and this de-

crease is considered to be highly beneficial for the OER activity in neutral electrolyte. Thus, 

important insights into structure-activity correlations were unravelled which lead to a substan-

tially improved understanding of oxygen evolution on Co oxide electrocatalysts in neutral 

electrolyte.   

 
 
 
 

This chapter was prepared in collaboration with Detre Teschner, Manuel Gliech, and Tobias 

Reier. 

D.T. performed XPS and XANES Co L- and O K-edge experiments and data analysis. M.G. 

performed transmission electron microscopy. T.R. performed scanning electron microscopy 

and assisted in the synthesis.  



86  
Chapter 6 Linking Near-surface Structure, Redox Chemistry and Oxygen 

Evolution of Co Oxides and Their Catalytically Active State 

 

 

6.1  Experimental Details 

6.1.1  Synthesis of Co Oxides 

Co3O4 and rocksalt-CoO Thin Films 

Films of Co3O4 and rocksalt-CoO (rs-CoO) consisting respectively of Co3+ Oh and Co2+ Td as 

well as Co2+ Oh have been prepared using spin-coating as described in Chapter 5. Glassy car-

bon plates and Si(100) wafers were used as substrates. Prior to the spin coating the substrates 

were stepwise cleaned using Milli-Q water, acetone, and ethanol in ultrasonic bath and subse-

quently dried under nitrogen flow. For further details see Chapter 5.[68] 

After the deposition of one layer of Co2+, the samples were transferred to the furnace to ther-

mally decompose the Co precursor and form CoOx thin films. In case of Co3O4 films, the 

samples were calcined for 15 min at 400 °C in air applying a temperature ramp of 10 K min-1. 

Films of rs-CoO were formed in a two-step process. First, the precursor was decomposed at 

300 °C in air using a ramp of 10 K min-1. The samples were taken out of the furnace after 

10 min and let cool down to room temperature. In the second step the formed CoOx was re-

duced in 5 vol% H2/Ar atmosphere for 15 min at 400 °C using a ramp of 10 K min-1. The 

sample remained in this reducing atmosphere until the furnace cooled down to room tempera-

ture. 

Wurtzite-CoO  

The wurtzite-CoO (w-CoO) consisting of only Co2+ Td was prepared using a colloidal, mi-

crowave-assisted synthesis and the subsequent drop-coating of GC and Si(110) substrates 

with a desired Co loading of 322 nmol·cm-2. The colloidal synthesis is based on a published 

route.[87] For the synthesis, 3.61 mg Co(acetylacetonate)3 (Alfa Aesar, 99.8%) per 1 g 

oleylamine (>98%, Sigma-Aldrich) was mixed in a 30 ml microwave reaction tube. A typical 

synthesis consisted of ~10 g oleylamine. Prior to the reaction, the precursor/solvent mixture 

was degassed using N2 for at least 60 min, and then immediately closed and transferred to the 

microwave reactor. The microwave routine consisted of two steps, first the suspension was 

heated to 135 °C with a heating rate of ~ 70 K min-1. After 5 min at this temperature, the sus-

pension was heated to 200 °C with the same heating rate and kept at this temperature for 

30 min. Subsequently, the microwave reaction tube was cooled to 55 °C in N2 flow. After 

reaction a green solution has formed which did not precipitate within few days. 
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The colloidal solution was stepwise washed to remove oleylamine. First, the solution was 

diluted using 10 ml toluol (99.5%, Sigma-Aldrich) and 30 ml ethanol (AnalaR, NormaPur, 

VWR) per 10 ml oleyamine and centrifuged at 3000 rpm for 15 min. The supernatant was 

removed and the precipitate was redispersed in ethanol within 10 min of sonification and me-

chanical agitation. Subsequently, the solution was again centrifuged. This procedure was re-

peated twice and the final solution was stored at ~7 °C. 

For the preparation of the electrodes, a volume corresponding to a Co loading of 

322 nmol·cm-2 was drop coated onto the substrate and dried at 60 °C in air. Subsequently, the 

samples were heat treated for 15 min at 225 °C in Ar atmosphere to remove oleylamine resi-

dues.  

CoOOH 

Thin films of Co oxide consisting of only Co3+ Oh ions were prepared using electrodeposition 

based on a published routine.[108] The films were galvanostatically deposited from a solution 

of 0.01M Co(NO3)2 (Alfa-Aesar, 99.999%) in 0.1M NaOAc (Sigma-Aldrich, 99%) at 

0.1 mA/cm² for 322 s. The electrodeposition was conducted in a two-electrode arrangement in 

a single compartment cell. The films were deposited on GC plates (~10x10 mm) and a Ti-

coated Si(100) wafer. The Si(100) wafer were coated with a Ti layer with a nominal thickness 

of ~100 nm using electron beam evaporation. A GC plate was placed parallel to the working 

electrode in less than 1 cm distance and acted as counter electrode. The potential difference 

between working and counter electrode was ~1.7 V at steady-state. After deposition, the elec-

trodes were extensively washed using Milli-Q water to remove residues from the electrode-

position solution and dried under nitrogen flow.  

6.1.2 in situ X-ray Absorption Measurements 

Investigation of Co oxidation state and local atomic structure under electrochemical reaction 

conditions have been conducted at the I811 beamline of the synchrotron facility Maxlab, 

Lund (Sweden).[163] A custom-made in situ electrochemical cell for X-ray studies as described 

in Section 3.3 was used. During in situ XAS studies the electrolyte was constantly circulated 

using a peristaltic pump and degassed with N2. An Ag/AgCl (3M KCl, World Precision In-

struments, freshly calibrated versus a Pt/H2 electrode) acted as reference and a Pt wire was 

used as counter electrode. After ex situ XAS characterization of the as-prepared state, the 

working electrode was immersed at +1.62 V and the electrocatalysts conditioned at this OER 
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potential for 15 min. Each electrode potential during in situ characterization was approached 

using linear sweep voltammetry with 6 mV·s-1 and maintained for at least 10 min to ensure 

stationary conditions prior to the in situ XAS measurement. The OER potential was deter-

mined as the potential required to reach a current density of 0.5 mA cm-2 during the anodic 

potential scan with 6 mV·s-1.  

The absorption spectra were recorded in fluorescence mode using a 50 mm2 Vortex silicon-

drift detector and at an incident X-ray angle of ~2°. The fluorescence signal was normalized 

using incident X-ray intensity and the post-edge intensity. The beamline energy was adjusted 

to the absorption edge of a Co foil by aligning the first inflection point of the Co K-edge ab-

sorption spectra to 7709 eV.[175] The step size of the XANES region was 0.4 eV and 0.05 Å-1 

in the EXAFS region. 

Fitting of the k3-weighted EXAFS spectra was performed in k-space between 2.0 and 12 Å-1 

for rs- and w-CoO as well as 3 to 12 Å-1 for CoOOH. The amplitude-reduction factor S0
2 was 

0.75. A joint-fit approach was used, where the coordination numbers (N) were determined 

independently but the distances (R) and Debye-Waller factors (σ) had partially the same val-

ues for each sample; Fitting was performed using the software package SimX after calculation 

of the phase functions with the FEFF program[176-177] (version 8.4, self-consistent field option 

activated). The error ranges of the fit parameters were estimated from the covariance matrix 

of the fit and represent the 68% confidence intervals.[141] 
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6.2  Results 

In this section first the results of the physicochemical characterization of the Co oxides in the 

as-prepared state will be presented. The morphology of the electrocatalysts was determined 

from electron microscopy and the crystal structure of the desired Co oxide phases from 

GIXRD. The local atomic structure was extracted from XANES and EXAFS spectra recorded 

at the Co K-edge. The near-surface composition of the Co oxides was determined from X-ray 

photoemission spectra and the electronic structure from XANES spectra recorded at the 

Co L3- and O K-edge. Second, the Co surface redox electrochemistry and the electrocatalytic 

OER activity of the Co oxides were determined from cyclic voltammograms and quasi-

stationary potential step experiments in neutral, phosphate-containing electrolyte and alkaline, 

phosphate-free electrolyte. Third, the physicochemical properties of the as-prepared catalyst 

state are compared with the conditioned catalyst state after oxygen evolution in neutral, phos-

phate-containing electrolyte. Fourth, the local atomic structure and mean Co oxidation state of 

the catalytically active state as determined from in situ XANES and EXAFS are presented. 

Finally, the properties of the OER-conditioned Co oxides in terms of Co surface redox elec-

trochemistry, electronic structure and electrocatalytic properties are related to each other and 

structure-activity correlations are identified. 

6.2.1  Physicochemical Characterization of As-prepared Co oxides 

Crystal Structure and Crystallinity 

The crystal structure of the as-prepared Co oxides were investigated using GIXRD and Fig-

ure 20 shows the diffraction patterns of the Co oxide catalysts in the as-prepared state as de-

posited on Si(100) wafer. The Si(100) wafers were Ti-coated in case of the electrodeposited 

CoOOH.  

All Co oxides, except CoOOH, showed Bragg reflections of only one Co oxide phase. The 

reflections of Co3O4, rs-CoO, w-CoO agreed well with the database references of the Co3O4 

(Space group: Fd-3m, PDF#00-042-1467), rocksalt-CoO (Space group: Fm-3m, PDF#01-078-

0431) and wurtzite-CoO (Space group: P63mc, PDF#01-089-2803), respectively. In case of 

CoOOH the diffraction pattern showed only Bragg reflections of the Ti (Space group: 

P63/mmc, PDF#01-089-5009) from the substrate. No Bragg reflections from Co oxide phases 

were detectable which shows that the crystalline domains were either too small to be detected 

using GIXRD or the Co oxide was completely amorphous.  
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Figure 20: GIXRD patterns of the as-prepared state of Co3O4(black), rs-CoO(red), 
w-CoO(green) deposited on Si(100) substrate, and CoOOH(blue) on Ti-
coated Si(100) substrate recorded at an incident angle of 1° using parallel 
Cu Kα radiation. The diffraction patterns were background corrected for 
better visualization. The reflections for the database references are shown as 
bars. Co3O4 (black, PDF#00-042-1467), rocksalt-CoO (red, PDF#01-078-
0431), wurtzite-CoO (green, PDF#01-089-2803), and Heterogenite (blue, 
PDF#00-026-11107) are shown.  The uncorrected patterns are shown in the 
Figure A33. 

Table 1 shows the results from a Rietveld refinement of the diffraction pattern of the crystal-

line CoOx. The Rietveld refinement was conducted assuming the presence of only Co2+ ions 

in w- and rs-CoO as well as Co3+ and Co2+ at the octahedral and tetrahedral sites of the spinel 

structure of Co3O4, respectively. The refined diffraction patterns are shown in Figure A33.  

In case of rs-CoO, an ideal rock salt structure does not agree with the recorded diffraction 

pattern because the intensity ratio between the CoO(200) at ~42.7° and CoO(111) reflections 

at ~36.7° is lower than that of the database reference. This deviation from the ideal rocksalt 

structure can be induced by crystal defects which reduce the symmetry along one unit cell 

axis, e.g. by tetragonal distortion of the Co octahedra which can be induced by cationic va-

cancies and the accompanied charge compensation. A better fit result was achieved when the 

position of the O atom in the unit cell was refined according to a tetragonal distortion of the 

CoO6 octahedra (see Figure A33 for further details).  
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Table 1: Results of Rietveld refinements of the GIXRD patterns of Co3O4, rs-CoO and w-CoO as shown in 
Figure 20 and the refined patterns are shown in Figure A33. 

Sample 
Lattice constant Crystallite 

size / nm a / Å c / Å 

Co3O4 8.0890.001 – ~9 

rs-CoO 4.2330.002 – ~7 

w-CoO 3.2510.001 5.1980.001 ~22 

 

To achieve charge neutrality in the lattice, the lack of positive charge had to be compensated 

by protonation of the adjacent O sites or changes in the Co oxidation state leading to a distor-

tion of the octahedral coordination environment and additional electronic states within the 

band gap.[84]  Thus, rs-CoO in the as-prepared state might exhibit a slight fraction of defects in 

the oxide lattice e.g. induced by tetragonal distortion of the CoO6 octahedra and/or cationic 

vacancies. The presence of cationic vacancies can also explain a contraction of the oxide lat-

tice and thus, the shorter lattice parameter was observed for rs-CoO (a = -1.1 pm) compared 

to the PDF references. In contrast, the refined lattice parameters of w-CoO showed a contrac-

tion along the c axis and an elongation of the lattice parameter a (a = 4.1 pm, c = -4.2 pm). 

This distortion indicates either a decrease in bond angles of the CoO4 tetrahedron or the pres-

ence of one shorter Co-O distances along the c-axis and three longer Co-O per Co Td ion in 

the crystal lattice spanning the (001) plane of the unit cell. The lattice constant of Co3O4 dif-

fered only by 0.02 pm from the reference which agreed well with a low degree of crystal de-

fects and/or cationic vacancies. 

In addition to the properties of the unit cell, the volume-weighted structural coherence length 

of the crystalline Co oxides was extracted from the integral breadth of the reflections by 

Scherrer equation with the shape factor k=1. The structural coherence lengths are denoted in 

Table 1. The structural coherence length of the Co oxide was largest for the w-CoO (~22 nm) 

which was more than two times larger than that of Co3O4 (~9 nm) and more than three times 

larger than that of rs-CoO (~7 nm). These differences in the degree of crystallinity and crystal 

structure indicate differences in the morphology of these Co oxides which are described in the 

next section.  
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Figure 21: SEM micrographs of the as-prepared state of Co3O4(A), rs-CoO(B), CoOOH(C), and 
w-CoO(D). 

Morphology and Local Crystal Structure  

The morphology of the Co oxides films has been determined from scanning and transmission 

electron micrographs as shown in Figure 21 and Figure 22, respectively. Co3O4 and rs-CoO 

coatings exhibited a homogeneous morphology with a certain porosity leading to increased 

electrolyte accessibility. The film of rs-CoO is more porous compared to the Co3O4 film lead-

ing to a higher physical surface area. Both films of rs-CoO and Co3O4 consisted of agglomer-

ated nanocrystallites which exhibited in a first approximation spherical shape. The crystallites 

shape can also be obtained from the TEM micrographs (Figure 22). Therein, the size of the 

crystallites agreed well with the structural coherence length as determined from the diffraction 

pattern.  

Furthermore, the crystalline nature of the Co oxide domains can be seen from the lattice 

planes in Figure 22. The w-CoO also consisted of agglomerated nanocrystallites. The shape of 

the nanocrystallites of w-CoO was pyramidal with a hexagonal base. This morphology is in 

agreement to the shape of wurtzite-CoO nanoparticles reported in literature.[87] The size of the 

crystallites is significantly larger than that of Co3O4 and rs-CoO which is in agreement with 

the results from Rietveld refinements (see Table 1). Their base diameter is larger than 20 nm.  
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Figure 22: HRTEM micrographs of the as-prepared state of Co3O4(A), rs-CoO(B), CoOOH(C), 
and w-CoO(D). 

The TEM micrograph of w-CoO shows the lattice planes in the bulk and on the surface of 

crystallites. The CoOOH film exhibited a dense, almost featureless morphology with cracks 

of up to 500 nm width. Even at higher magnification in the TEM micrographs, the domains of 

CoOOH are not discriminable and no lattice planes are visible. This furthermore shows the 

high degree of structural disorder and the amorphous nature of the CoOOH. 

The local structure of the Co oxides was determined by selected-area electron diffraction 

(SAED) as shown in Figure 23. All Co oxides exhibited features in the electron diffraction 

pattern referable to Co oxide phases. The diffraction pattern of the crystalline Co oxides 

showed ring structures consisting of bright diffraction spots caused by the crystalline Co ox-

ide domains. The ring structure of the crystalline Co oxides agreed well with the database 

references and with the structural analysis performed with GIXRD. Surprisingly, the CoOOH 

which appeared to be X-ray amorphous exhibited a diffuse ring structure. Thus, the CoOOH 

showed partial crystalline order but at a very low degree due to the small domain size. The 

electron diffraction pattern of CoOOH exhibited a pattern similar to rs-CoO.  
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Figure 23: SAED pattern of the as-prepared state of Co3O4(A), rs-CoO(B), CoOOH(C), and 
w-CoO(D). 

Thus, the crystalline domains of the CoOOH might possibly be described as a 3D cross-linked 

CoOx(OH)y instead of a layered CoOOH. This 3D cross-linked CoOx(OH)y might be present 

as structure similar to the structure of the near-surface as found for the oxygen-evolving state 

of Co3O4.
[68] 

In the next section, the Co oxidation state and the local atomic structure are described as ex-

tracted from XANES and EXAFS analysis and related to the structure of the crystalline do-

mains as extracted from diffraction experiments. This is especially important to identify the 

structure of the X-ray amorphous CoOOH. 
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Figure 24: XANES and FT of EXAFS spectra of the as-prepared state of Co3O4(black), rs-CoO(red), 
w-CoO(green), and CoOOH(blue) recorded at the Co K-edge. Experimental curves are shown 
as bold, simulated as thin lines. See Chapter 5 for experimental details of Co3O4. The 
k3-weighted EXAFS spectra are shown in Figure A34. 

Local Atomic Structure and Co Oxidation State  

The local atomic structure and Co oxidation state of the Co oxides have been investigated 

using XANES and EXAFS as extracted from XAS recorded at the Co K-edge. Figure 24A 

shows the XANES spectra of the Co oxides in the as-prepared state. It can be seen that the 

edge position and XANES profiles differ strongly between the Co oxides which indicates dif-

ferences in mean Co oxidation state and coordination environment.  

As extracted from half-rise of the absorption edge it was found that the edge position in-

creases in the order w-CoO < rs-CoO < CoOOH < Co3O4 with 7716.7, 7717.3, 7718.7, and 

7719.3 eV, respectively. If the position of absorption edge was determined via the integral 

method[151], the oxidation state followed the same trend w-CoO < rs-CoO < CoOOH < Co3O4 

with 7717.2, 7717.5, 7719.0, and 7719.9 eV. Thus, rs- and w-CoO exhibited the lowest mean 

Co oxidation state. The Co ions in the CoOOH exhibited a lower mean oxidation state than 

the Co ions in the Co3O4 indicating a higher fraction of Co2+ ions in the structure of the sam-

ple CoOOH.  

The local atomic structure of the absorbing Co ions was determined qualitatively from the 

Fourier-transformed EXAFS spectra (Figure 24B) and quantitatively by EXAFS simulations 

(Table 2 and Figure A34). The GIXRD results (Figure 20 and Table 1) already showed sub-

stantial structural differences in the crystal structure which lead to differences in the Co-O 

distances and the Co-Co distances of the Co oxides. In general, the Co-O bond length is ex-
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pected to increase from Co3+ to Co2+ Oh which can be explained by the increasing ionic radius 

due to decreasing electron repulsion with decreasing number of electrons. Simultaneously, the 

decreased spatial overlap of the electron density between Co and O ions decreases the bond 

strength. Thus, tetrahedrally-coordinated transition metal ions exhibit a lower ionic radius 

than octahedrally-coordinated with same oxidation state because the “same number of orbitals 

shared between fewer bonds will make each bond stronger and therefore shorter”.[39] 

As shown in Chapter 5, Co3O4 exhibited three major distances from the absorbing Co ion of 

which the first peak in the FT-EXAFS corresponds to the mean Co-O distance of ~1.91 Å. 

The second and third peak is consistent with the distances between pairs of Co ions connected 

via di-µ-oxo (~2.85 Å) and mono-µ-oxo bridges (~3.36 Å), respectively. In contrast, the other 

three Co oxides exhibited only two peaks below a reduced distance of 3.5 Å caused by the 

Co-O distance and Co-Co distances. The peak position of the Co-O distances increased in the 

order CoOOH  Co3O4 < w-CoO < rs-CoO whereas the order of the shortest Co-Co is differ-

ent with CoOOH  Co3O4 < rs-CoO < w-CoO. Table 2 shows the results from simulation of 

the EXAFS spectra which confirm the increasing length of the mean Co-O distance from 

CoOOH and Co3O4 to w-CoO and rs-CoO and the increasing length of the shortest Co-Co 

distance from CoOOH and Co3O4 to rs-CoO and w-CoO.  

The Co-O and Co-Co distances found for CoOOH agreed well with Co3+ Oh ions which are 

connected via di-µ-oxo bridges. This structural motif is typical for layered transition metal 

(oxyhydr)oxides such as δ-MnO2, NiOOH and FeOOH as well as for the CoCat. However, 

there was no evidence from the structural analysis that hexagonal CoO6 layers connected via 

hydrogen bonds had formed. The typical and strong (00l) reflections which reflect the spacing 

between the layers in the layered (oxyhydr)oxide structures were absent in the diffraction pat-

tern either due to the low domain size or due to the absence of this structural motif. Alterna-

tively, a 3D cross-linked CoOx(OH)y with only di-µ-oxo bridged Co ions could have formed 

which was in agreement with the results from the structural simulation. This structure would 

also agree with the electron diffraction pattern showing the presence of a rocksalt-like 

CoOx(OH)y structure. In addition, a significant fraction of reduced Co sites were present in 

the CoOOH as determined from the XANES spectra. Interestingly, the reduced Co sites did 

not significantly influence the Co-O bonding environment and Co-Co cross-linking. This 

finding is in analogy to the CoCat which exhibits an oxidation state which is lower than +3 

when prepared under similar conditions but the Co-O bonding environment is typical for a 

Co3+-containing structure.[114, 119, 178]  
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Table 2: Results of simulation of the EXAFS spectra of Co3O4, rs-CoO, w-CoO, and CoOOH in the as-
prepared state. The experimental and simulated spectra are shown in Figure A34 and the complete 
results shown in Table 9. 

Distance Sample N R / Å 
Debye-Waller  
factor  / Å 

Co-O 

Co3O4 5.3  0.2 1.908  0.001 0.046  0.002 

rs-CoO 
0.4  0.4 
4.4  0.6 

1.985  0.020 
2.135  0.008 

0.067  0.012 

w-CoO 3.2  0.6 1.971  0.016 0.070  0.010 

CoOOH 3.0  2.0 1.887  0.048 0.048  0.010 

Co-Co 1 

Co3O4 4.6  0.2 2.851  0.001 0.052  0.001 

rs-CoO 12.2  0.3 3.003  0.002 0.077  0.110 

w-CoO 6.3  2.5 3.228  0.014 0.077  0.017 

CoOOH 1.6  2.8 2.825  0.045 0.048  0.058 

Co-Co 2 
Co3O4 6.8  0.3 3.357  0.001 0.052  0.001 

rs-CoO 
1.7  0.6 
4.8  0.0 

3.985  0.012 
4.357  0.006 

0.032  0.014 

 

In case of rs-CoO, the low Co oxidation state and the length of the shortest Co-Co distance 

(3.00 Å) agrees well with a Co oxide in which primarily Co2+ Oh are connected via di-µ-oxo 

bridges. However, the best fit was achieved when the Co-O distance was simulated using a 

shorter (1.98 Å) and a longer distance (2.13 Å) which could be caused by distorted Co-O oc-

tahedra e.g. in the vicinity of cationic vacancies. The presence of an elongated Co-O compen-

sating the contracted Co-O distance within the oxide lattice was not simulated due to the su-

perposition with the Co-Co distance. This explanation is in agreement with ab initio DFT cal-

culations of CoO in which different degrees of cationic vacancies led to distortions in the 

CoO6 octahedra in vicinity.[84] The convolution of shorter and longer Co-O distance led to a 

shorter mean distance than in ideal rs-CoO. The results from the EXAFS simulation were 

thus, in good agreement with the results from the Rietveld refinement which already indicated 

a distortion in the rocksalt-structure (see Table 1). The presence of Co3+ and di-µ-oxo bridges 

between pairs of Co3+ ions was not detected. In agreement with the multiple Co-O distance, 

the second Co-Co distance (mono-µ-oxo bridged Co ions) was also simulated using two dis-

tances with 3.99 and 4.35 Å corresponding to shortened and elongated mono-µ-oxo bridges in 

the crystal lattice, respectively.  
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Figure 25: Co 2p (A) and O 1s (B) photoelectron spectra of the as-prepared state of Co3O4(black), 
rs-CoO(red), w-CoO(green), and CoOOH(blue) recorded at a kinetic energy of the photoelec-
trons of 550 eV. 

In case of w-CoO, the low Co K-edge position, the length of Co-O and of the shortest Co-Co 

distance of 1.97 Å and 3.23 Å, respectively, agreed well with a CoO in which only Co2+ Td 

are connected via mono-µ-oxo bridges.[80-82] The mean Co-O distance is longer than expected 

for an ideal, undistorted wurtzite-like CoO which would be 1.94 Å. The elongated Co-O dis-

tance determined by Rietveld refinement is 1.98 Å. Thus, the EXAFS results reflect well the 

distorted crystal structure of w-CoO as determined by the Rietveld refinement of the GIXRD 

data (see Table 1). In an undistorted hexagonal lattice, the Co-Co distance corresponds to the 

lattice parameter a.  

Thus, the Co oxidation state and local atomic structure of the crystalline Co oxides as deter-

mined from XANES spectra and EXAFS analysis were in good agreement with the crystal 

structures determined by GIXRD and Rietveld refinement (see Figure 20). Furthermore, the 

X-ray amorphous CoOOH exhibited a structure with a typical Co3+ octahedral bonding envi-

ronment but a lower mean Co oxidation state was found. In the next section, the determined 

bulk structure of the Co oxides is compared with the composition and the electronic structure 

of the near-surface. 

Near-Surface Chemical State and Composition 

The near-surface chemistry and composition of the Co oxides was investigated using synchro-

tron-based X-ray photoelectron emission spectroscopy (XPS). Figure 25A and B show the 

Co 2p and O 1s spectra of the four Co oxides in their as-prepared state. The Co 2p spectra are 

split by spin-orbit coupling and the two main lines appeared at ~780 and ~796 eV correspond-
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ing to Co 2p3/2 and Co 2p1/2 states, respectively. The presence of Co2+ and Co3+ ions in the 

near-surface can be determined from satellite features at ~786 eV and ~790 eV, 

respectively.[33] 

In case of rs- and w-CoO, the Co 2p spectra exhibited a distinct satellite feature at ~786 eV 

and negligible contributions at ~790 eV and thus, the near-surface of these two oxides con-

sisted of mainly Co2+ ions. In case CoOOH and Co3O4, the satellite feature at ~790 eV corre-

sponding to Co3+ was present and the Co2+ satellite feature exhibited low intensity. The inten-

sity of the Co2+ satellite feature in CoOOH was higher than in Co3O4. Thus, these two Co ox-

ides exhibited mainly Co3+ ions in the near-surface but CoOOH possibly exhibited a slightly 

higher fraction of Co2+ ions in the near-surface. The significant degree of reduced Co ions of 

the bulk was not found in the near-surface.  

The O 1s spectra in Figure 25B showed contributions of at least three different oxygen species 

in the near-surface of the Co oxides. The O ions incorporated in the oxide lattice, surface hy-

droxyl groups and chemisorbed water led to peaks at ~530 eV, 531.5 eV, and 533 eV, respec-

tively.[33]  

Table 3: Surface composition of Co3O4, rs-CoO, w-CoO, and CoOOH in the as-prepared state as extracted 
from peak fitting and integration of XPS Co 2p and O 1s spectra. 

Sample O/Co Fraction of 

Lattice O 
Lattice-O / 

Co 

Co3O4 1.48 0.54 0.83 

rs-CoO 1.15 0.59 0.68 

w-CoO 1.20 0.59 0.71 

CoOOH 2.40 0.27 0.65 

 

The surface composition of the Co oxides as extracted from peak fits (see Figure A35) is 

shown in Table 3. The fraction of lattice oxygen referred to all O atoms was ~0.54-0.59 for 

the Co2+ oxides and Co3O4 whereas the CoOOH exhibited a fraction of lattice oxygen of 0.27. 

Thus, the crystalline Co oxides exhibited a higher fraction of lattice oxygen species in the as-

prepared state than the X-ray amorphous CoOOH. The ratio of O/Co of the near-surface 

represents to a certain extent the oxidation state of the Co ions. Except for the CoOOH, the 

O/Co ratio increased in parallel to the mean Co oxidation state (see Figure 24).  
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Figure 26: Co L3 (A) and O K (B) XANES spectra of the as-prepared state of Co3O4(black), 
rs-CoO(red), w-CoO(green), and CoOOH(blue) recorded in total electron yield mode. 

The O/Co ratio of CoOOH was with 2.4 significantly higher than the position of the 

Co K-edge position suggested but fits to the bonding environment as extracted from EXAFS 

analysis and to the Co 2p spectra. The significant degree of protonated O sites and chemi-

sorbed water molecules in the near-surface of the CoOOH can explain the lower mean Co 

oxidation state and elevated the O/Co ratio.  

Electronic Structure  

In contrast to XPS, the XANES spectra recorded at the Co L3- and O K-edge probes unoccu-

pied near-surface electronic states in the 3d- and 2p-orbitals of the Co and O ions, respec-

tively. Figure 26A and B shows the XANES spectra of the four Co oxides in the as-prepared 

state recorded at Co L3- and O K-edge, respectively. The peak position of the Co L3 XANES 

spectra depended analogous to the K-edge on the Co oxidation state.  

The energy of the principal maximum of Co L3 XANES spectra increased from rs- and w-

CoO to Co3O4 and CoOOH and thus, followed the O/Co ratio as determined from XPS. The 

Co L3 XANES spectra of rs-CoO and Co3O4 were in very good agreement with reference 

spectra.[179] CoOOH exhibited a profile which was similar to the Co L3 XANES spectra re-

corded of the CoCat which contained mainly Co3+ Oh ions.[180-181] Thus, the Co electronic 

structure of CoOOH agreed well with the bonding environment of Co3+ Oh ions which was 

identified by EXAFS. But the presence of Co2+ Td ions was revealed by peak fitting (see Fig-

ure A38). In addition, the CoOOH spectrum showed a minor pre-feature (at ~777.6 eV for 

CoOOH). 
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In case of rs-CoO, the strong pre-feature at 777.2 eV is typical for Co2+ Oh ions which are in 

high spin configuration and thus, exhibit an unoccupied t2g state in the 3d orbitals which is 

probed in this pre-feature of the Co L3 XANES spectrum. Thus, in case of CoOOH this fea-

ture could be caused by Co Oh ions in high spin configuration leading to unoccupied t2g states. 

The Co2+ Oh feature was absent in the spectrum of w-CoO due to the tetrahedral coordination. 

In this case, the energy of the t2 and e states is reversed and the e states are fully occupied but 

formally the Co2+ Td ions exhibit high spin configuration. Thus, the tetrahedral coordination 

of the Co ions in the bulk of w-CoO could be proven for the near-surface.  

The O K XANES spectra of the as-prepared Co oxides can be divided into two regions – be-

low and above the main edge at ~534 eV. The main absorption edge and the features above 

are commonly assigned to electron transitions from the O 1s to hybridized orbitals of O 2p 

with Co 4s/4p states.[36, 182] The features below the main absorption edge (pre-edge features) 

are caused by electron transitions into hybridized Co 3d - O 2p orbitals.[36, 182] As shown in 

Figure 26B, all four Co oxides exhibited pre-edge features between 529 eV and 534 eV but 

revealed significant differences its shape. The position of the principal maximum of the pre-

edge increased in the order Co3O4 < w-CoO < rs-CoO  CoOOH.  

In total, three major O states were identified from the pre-edge features of the O K-edge spec-

tra of the four Co oxides. The lowest state at ~530.3 eV was found for Co3O4 and CoOOH 

and was thus assigned to electron transitions into states involving 3d orbitals of Co3+ Oh. A 

higher O state was found for the w-CoO at ~531.7 eV and was thus assigned to electron tran-

sitions into states involving 3d orbitals of Co2+ Td ions. This state could also contribute to the 

pre-edge feature of Co3O4 which also contains Co2+ Td ions. The highest O state was found at 

~532.7 eV for rs-CoO and CoOOH and was thus assigned to electron transitions into states 

involving 3d orbitals of Co2+ Oh ions. Additionally, rs-CoO exhibited an intermediate O state 

at ~531 eV and also a slight contribution at 530.3 eV. These contributions to the pre-edge 

feature might be caused by distorted Co octahedra in the CoO lattice as determined from 

structural analysis and is in agreement with DFT+U calculations on the electronic structure of 

defective CoO.[84]  

The assignment of the electron transitions into orbitals involving Co3+ Oh ions is in agreement 

with DFT calculations of the O K XANES spectrum of a crystalline CoOOH consisting only 

of Co3+ Oh ions.[181] These calculations showed that the pre-edge feature was composed of 

electron transitions into three O states in which only Co 3d eg states were involved. The O 
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states were spread over ~1.5 eV. The highest intensity was found for the lowest energy state 

involving Co dx²-y² and dz² states. The energetically highest O state involved only dx²-y² states.  

The position of O states as extracted from the local maxima increases with the mean Co-O 

bond length of the Co oxides as determined by EXAFS analysis and was thus, inversely corre-

lated to the Co-O bond strength. The O states of the Co2+ oxides in this study were shifted to 

higher energies compared to Co3+ and the energy of the main O state in w-CoO is lower than 

in rs-CoO. 

In summary, the near-surface and the bulk of the synthesized Co oxide catalysts exhibited the 

desired Co coordination and bonding environment. The Co oxide showed substantial differ-

ences in the electronic structure which could be related to the Co-O bonding environment. 

However, extensive DFT calculations could be helpful to verify the assignments of the elec-

tronic states but this would exceed the scope of this work. In the next section, the results from 

the electrochemical and –catalytic characterization in neutral and alkaline electrolyte are pre-

sented.  

6.2.2  OER Electrocatalysis and Redox Electrochemistry of Co oxide 

Electrochemical Characterization in Neutral Electrolyte 

The surface Co oxide redox chemistry and the electrocatalytic properties of the four Co oxide 

catalysts in neutral electrolyte were tested using cyclic voltammetry and quasi-stationary po-

tential-step experiments as shown in Figure 27A and B, respectively.  All four Co oxides 

showed a linear potential–log(i) dependence between 1.57 V and 1.70 V representing a cata-

lytic reaction following Butler-Volmer kinetics. Interestingly, the geometric current density at 

low overpotentials was very similar for the investigated Co oxides. 

The Co oxides thus, exhibited similar mass activity for OER due to the same Co loading. At 

higher electrode potential the catalytic current differed strongly between the Co oxides. The 

current density of CoOOH at ~1.7 V was twice the current of Co3O4. These differences were 

furthermore quantified using the Tafel slope which was maximal for Co3O4 with 86 mV·dec-1 

and minimal for CoOOH with 68 mV·dec-1. The two Co2+ oxides catalysts exhibited a similar 

Tafel slope with 74 and 76 mV·dec-1 for rs- and w-CoO, respectively, and represented inter-

mediate electrocatalytic behaviour between the CoOOH and Co3O4. Thus, it can be concluded 

that the X-ray amorphous CoOOH showed superior electrocatalytic properties.  
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Figure 27: Cyclic voltammograms (A) and Tafel plot (B) of Co3O4(black), rs-CoO(red), 
w-CoO(green), and CoOOH(blue) deposited on glassy carbon recorded in N2-saturated 
0.1 M KPi at pH 7. The Tafel plots were extracted from anodic quasi-stationary potential 
step experiments. The cyclic voltammograms were recorded with a sweep rate of 
200 mV·s-1. The Co loading was identical for all samples with 322 nmol·cm-2. *The cur-
rent of CoOOH in the cyclic voltammogram was divided by 5 for better visualisation. 

Commonly, a Tafel slope of 59 mV·dec-1 for OER in neutral, phosphate containing electrolyte 

is attributed to a chemical rate-determining step preceded by a proton-coupled electron trans-

fer step in equilibrium as found for the CoCat.[56, 183] The larger Tafel slope of the investigated 

Co oxides corresponds to an additional overpotential and energy loss mechanism present dur-

ing OER on these Co oxides which might superimpose the rate-determining step of the elec-

trocatalytic reaction. 

To investigate possible similarities and differences in the Co oxide redox chemistry and to 

link this with the structural and electrocatalytic properties a series of cyclic voltammograms 

was recorded in neutral, phosphate-containing electrolyte. The CVs shown in Figure 27A 

were recorded after two potential cycles in the OER region and prior to the quasi-stationary 

potential step experiments and thus, represented an OER-conditioned catalyst state. The CVs 

of all four Co oxides exhibited two redox transitions, namely A1/C1 with a redox potential of 

Eredox~1.4 V and A2/C2 of Eredox>1.54 V which were assigned to the Co2+/Co3+ and Co3+/Co4+ 

redox transitions, respectively.[100, 114] (see Figure 15a) CoOOH exhibited the highest redox 

potential of A2/C2 with EA2/C2>1.6 V and no significant peak splitting was detected. But the 

oxidative and reductive peaks were broad compared to the A2/C2 redox transition of Co3O4. 

The other three Co oxides exhibited a similar redox potential of A2/C2 (~1.54 V) and the 

peak splitting was ~80 mV for rs-CoO and Co3O4 as well as ~140 mV for w-CoO. No differ-

ences in redox potential of A1/C1 were observed for the Co oxides. Peak splitting of redox 

features is induced by transfer processes of electrons, protons or molecules from/to the redox 
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sites whereas the redox potential is a measure of the thermodynamics of the redox reac-

tion.[17, 184] The observed differences in the Co redox features can be explained by worse elec-

tron transfer properties in w-CoO compared to the other three Co oxides. Furthermore, the 

oxidation of a Co3+ ion to Co4+ at the surface of CoOOH exhibited a higher redox potential 

but the onset potential of OER is comparable to the other three Co oxides. Thus, the oxidation 

of Co3+ to Co4+ might be energetically more demanding which can be explained by the lower 

mean Co3+-O bond length of CoOOH compared to e.g. Co3O4 (see Table 2). This indicates 

that the stronger bond strength influences the thermodynamics of the redox processes. The 

broadness of these redox peaks might be related to the lower degree of confinement of the Co 

bonding environment in CoOOH due to the X-ray amorphous nature. This induces a broader 

distribution in the energy of the redox transition in contrast to redox transitions on single crys-

tal surfaces.[185] 

The density of electrochemically-accessible Co sites of the Co oxides can be compared using 

the total charge transferred during a cathodic scan between 1.0 V and the zero-crossing at 

E > 1.6 V. The geometric density of redox active Co sites decreased in the order CoOOH >> 

Co3O4 > w-CoO > rs-CoO. The difference in surface charge between the Co2+ oxides and 

Co3O4 was mainly caused by the difference in A2/C2 which was significantly more pro-

nounced for Co3O4. The significantly higher density of redox-active Co sites of CoOOH 

which should lead to a higher current density at the same overpotential was partially compen-

sated by the anodic shift of the Co3+/Co4+ redox couple and led to a comparable OER activity 

with respect to geometric surface area. 

The differences in the Co oxide redox chemistry were quantified using the ratio of peak cur-

rents of C1 (at 1.35 V or rather 1.43 V for CoOOH) and C2 (at the local minimum above 

1.45 V) as shown in Figure A36. This ratio was maximal for CoOOH with C1/C20.99 and 

was minimal for Co3O4 with C1/C20.19. The initially Co2+ oxides exhibited an intermediate 

state between Co3O4 and CoOOH with C1/C20.68 and 0.51 for rs- and w-CoO, respec-

tively. For all investigated Co oxides, the number of reducible Co3+ sites is seemingly never 

higher than the number of oxidizable Co3+ sites. (see Figure 27) Thus, the Co oxide redox 

chemistry was influenced by the initial crystal structure of the Co oxides and by the Co coor-

dination and oxidation state in the as-prepared state. The Co ions at the surface of the initially 

crystalline Co oxides exhibited a reduced amount of Co sites leading to feature A1/C1 

whereas the X-ray amorphous CoOOH had a similar number of Co sites causing features 

A1/C1 and A2/C2.  
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Figure 28: Tafel slope of Co oxides as function of the electrochemical reducibility 
of the Co3+ sites. Reducibility was determined from the peak current ra-
tio of C1 and C2 as extracted from cyclic voltammograms recorded with 
a sweep rate of 200 mV s-1 in 0.1M KPi at pH7. The potential of C1 was 
1.35 V in case of rs-, w-CoO and Co3O4 as well as 1.43 V for CoOOH. 
The potential of C2 was chosen by the local current minimum above a 
potential of 1.45 V. Tafel slope was determined from anodic quasi-
stationary potential step experiments in the same electrolyte. See Figure 
A36 for further details. 

Following this assignment, the reduction of Co3+ ions at the surface of Co3O4, rs- and w-CoO 

was hampered compared to CoOOH. In CoOOH almost all Co3+ sites that could be oxidized 

to Co4+
 can also be reduced to Co2+. These differences in the Co oxide redox electrochemistry 

can be related to electronic and local atomic structure. It has to be noted that the determined 

differences in the Co oxide redox behaviour cannot be caused by the participation of Co ions 

from the bulk of the CoOx(OH)y domains. The determined cathodic charges during cyclic 

voltammograms showed that only up to 5% of the Co ions deposited on the electrode are ac-

tually redox active. Therefore, the redox features of CoOOH (and of the other three Co ox-

ides) are predominantly caused by Co oxide surface sites.  
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Figure 29: Cyclic voltammograms of Co3O4(A), rs-CoO(B), CoOOH(C), and w-CoO(D) recorded 
with a sweep rate of 200 mV s-1 in N2-saturated 0.1 M KOH (solid) and 0.1M KPi at 
pH 7 (dashed). 

Comparing the Co oxide redox electrochemistry with the electrocatalytic properties showed a 

correlation between the redox features A2/C2, A1/C1 and the Tafel slope. The onset of OER 

on Co oxides was linked to the oxidation of the Co3+ ions; if Co4+ are present a linear poten-

tial-log(i) behaviour can be seen.  Thus, the formation of Co4+ is necessary to achieve cata-

lytic OER current. (see also Figure A24). 

The electrocatalytic properties were found to benefit significantly as the Tafel slope decreases 

with increasing ratio of C1/C2 as shown in Figure 28. The largest C1/C2 ratio and the lowest 

Tafel slope were determined for CoOOH whereas the lowest C1/C2 ratio was found for 

Co3O4 accompanied by the highest Tafel slope of the investigated Co oxides. Thus, a high 

fraction of electrochemically-reducible Co3+ sites at the surface is highly beneficial for OER 

activity. The beneficial influence of these reducible Co3+ sites is furthermore shown when the 

Co surface redox electrochemistry of the Co oxides in neutral electrolyte is compared with the 

OER activity determined in alkaline electrolyte as it is discussed in the next section.  
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Figure 30: Tafel plots of Co3O4 (black), rs-CoO (red), CoOOH (blue) and w-CoO 
(green) recorded in N2-saturated 0.1 M KOH. The solid lines represent 
the given Tafel slope 48, 42, 39, and 36 mV·dec-1 for Co3O4, rs-CoO, 
CoOOH, and w-CoO, respectively. 

Electrochemical Characterization in Alkaline Electrolyte 

Figure 29 shows cyclic voltammograms of the four Co oxides recorded in 0.1M KOH and in 

neutral electrolyte in 0.1M KPi at pH 7. In the alkaline electrolyte, all four Co oxides exhib-

ited two Co oxide redox transitions in analogy to the behaviour in neutral electrolyte. How-

ever, the redox potentials of both transitions were shifted cathodically. Redox transition 

A2/C2 was found at Eredox> 1.48 V and A1/C1 at ~1.15 V. Thus, the determined shift of 

A1/C1 was significantly larger (~200 mV) than that of A2/C2 (<100 mV) and the potential 

difference between Co2+/Co3+ and Co3+/Co4+ transition was more than 100 mV larger in alka-

line than neutral electrolyte.  

To determine the electrocatalytic properties of the Co oxides in alkaline electrolyte, quasi-

stationary potential step experiments in 0.1M KOH were performed and the experimental data 

are shown in Figure 30. The Tafel slopes of all Co oxides were lower than in neutral electro-

lyte. CoOOH exhibited the lowest (36 mV·dec-1) and Co3O4 the highest Tafel slope 

(48 mV·dec-1). rs- and w-CoO showed an intermediate electrocatalytic behaviour. The Tafel 

plot of Co3O4 furthermore exhibited a larger Tafel slope at low overpotentials. The overpoten-

tial at maximal current density of the quasi-stationary potential step experiment follows the 
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same order as the Tafel slope. Thus, both electrokinetic figures benefit from a higher charge 

of the Co2+/Co3+ redox peak. 

An influence of the redox electrochemistry of the Co oxides on their electrocatalytic proper-

ties was also seen in case of alkaline electrolyte. Firstly, the onset potential of OER shifted 

cathodically similar to the redox potential of the Co3+/Co4+ transition. The electrocatalytic 

activity in alkaline electrolyte benefited strongly from the geometric density of reducible Co3+ 

sites whereas the Tafel slope decreased only slightly.  

Furthermore, the lower Tafel slope of the Co oxides in alkaline electrolyte was accompanied 

by an increased potential difference between Co2+/Co3+ and Co3+/Co4+ redox transitions. This 

increased potential difference led to a significantly higher rate of oxidation of possibly formed 

Co2+ ions during OER which can be beneficial for the electrocatalysis due to elevated electro-

chemical healing of oxygen vacancies (see section 2.1.2 and 2.1.4-5). This step is possibly 

potential-determining for OER as found by DFT calculations for water oxidation on (012) 

surface of CoOOH.[25] However, the rate-determining step involves most likely O-O bond 

formation which can be formed via nucleophilic attack of adsorbed O by OH- ions in alkaline 

electrolyte. To correlate the differences in redox electrochemistry and OER electrocatalysis 

determined for the Co oxides with their structural and electronic properties of the near-surface 

and of the bulk it is necessary to investigate the Co oxides after OER conditioning. Co2+ ox-

ides are likely to undergo irreversible changes during the OER with its inherent oxidizing 

reaction conditions.  

In the next section, the extensive characterization of the morphology, local crystal and atomic 

structure as well as the near-surface composition and electronic structure are described for the 

Co oxides catalysts after OER conditioning in the neutral, phosphate-containing electrolyte. 

Thereby, irreversible changes of the physicochemical properties of the bulk and of the near-

surface are identified and are related the electrochemical and electrocatalytic properties. 
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 Figure 31: SEM micrographs of the OER-conditioned state of Co3O4(A), rs-CoO(B), CoOOH(C), 
and w-CoO (D) deposited on glassy carbon. OER conditioning was performed for 
15 min at 1.62 V in N2-saturated 0.1M KPi. 

6.2.3  Physicochemical characterization of OER-conditioned Co oxides 

Morphology and Local Crystal Structure  

The morphology of the Co oxides in the OER-conditioned state was investigated using scan-

ning and transmission electron microscopy as shown in  Figure 31 and Figure 32. OER condi-

tioning was performed for 15 min at 1.62 V in N2-saturated 0.1M KPi at pH 7 and the OER-

conditioned materials are denoted as e.g. Co3O4-OER. Comparing the morphology of the 

OER-conditioned state with the as-prepared state (Figure 21 and Figure 22) it becomes appar-

ent that the OER conditioning did not severely change the morphology of the Co oxides. 

However, the surface of the Co oxides crystallites changed (significantly) on the nanometre 

scale, as apparent from the TEM images (see Figure 32).  

The films of Co3O4-OER and rs-CoO-OER retained their homogeneity and porosity. The 

crystallites of Co3O4 did not change irreversibly in shape, size and local crystal structure as 

shown in Chapter 5.  
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Figure 32: HRTEM micrographs of the OER-conditioned state of Co3O4(A), rs-CoO(B), 
CoOOH(C), and w-CoO (D). OER conditioning was performed for 15 min at 
1.62 V in N2-saturated 0.1M KPi at pH 7. 

In case of rs-CoO-OER, the surface of the film seemed slightly rougher and the crystallite 

boundaries merged. This shows a restructuring of the surface of the film and/or crystallites. 

The TEM micrographs reveals that the crystallites of rs-CoO partially lost their spherical 

shape and transformed towards a more ellipsoidal shape with a rougher surface as shown in 

Figure 32B. This finding indicates an irreversible structural change of rs-CoO during OER. In 

contrast, the film of the CoOOH appeared more structured, defined and rougher after OER 

conditioning. The TEM micrograph shows that the bulk of the CoOOH-OER film incorpo-

rated darker regions compared to as-prepared state which indicates beginning crystallization 

and/or restructuring of the amorphous CoOOH. However, the size of the domains of the 

CoOOH-OER was still less than 2 nm and thus, the OER-conditioned state of CoOOH is 

highly disordered. 
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Figure 33: SAED pattern of the OER-conditioned state of Co3O4(A), rs-CoO(B), CoOOH(C), 
and w-CoO (D). The SAED patterns were recorded at lower magnification than the 
TEM micrographs shown in Figure 32.OER conditioning was performed for 15 min 
at 1.62 V in N2-saturated 0.1M KPi at pH 7. 

The strongest change in morphology due to OER was determined for the crystallites of 

w-CoO. Although the crystallites of w-CoO-OER retained their pyramidal shape, the facets 

got significantly roughened after OER electrocatalysis. This roughening can be traced in the 

SEM and TEM micrographs shown in  Figure 31D and Figure 32D, respectively. The smooth 

facets of the w-CoO crystallites of the as-prepared state transformed to a conglomerate of 

smaller domains in w-CoO-OER. The lattice planes of the as-prepared state were hardly visi-

ble in the w-CoO-OER (see Figure 23D). Thus, the OER led to an irreversible loss of crystal-

linity and restructuring of the near-surface of w-CoO.  

The crystal structure of the Co oxides after OER conditioning was investigated using SAED 

as shown in Figure 33. The crystal structure of Co3O4, rs-CoO and CoOOH did not change 

after OER conditioning as shown in Figure 33A-C. rs-CoO-OER and CoOOH-OER exhibited 

a rocksalt-like structure.  
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Figure 34: XANES (A) and FT of EXAFS (B) spectra of Co3O4(black), rs-CoO(red), w-CoO(green), and 
CoOOH(blue)  after OER recorded at the Co K-edge. Experimental curves are shown in bold, 
simulated in thin lines. The OER-conditioned state was investigated under in situ conditions 
at 1.2 V in N2-saturated 0.1M KPi at pH 7. OER conditioning was performed for 15 min at 
1.62 V in the same electrolyte. The Co3O4 show the dry state after OER conditioning as 
shown in Figure 16 and Figure 18.[68] The k3-weighted EXAFS spectra are shown in Figure 
A34. 

In case of rs-CoO-OER, single diffraction spots could be seen whereas the electron diffraction 

pattern of CoOOH-OER exhibited a diffuse ring structure. This furthermore shows the higher 

degree of order and larger domain size of rs-CoO compared to CoOOH also after OER condi-

tioning. In case of w-CoO-OER, the roughening and restructuring of the near-surface of the 

w-CoO-OER crystallites were accompanied with significant changes in the crystal structure of 

the pyramidal crystallites (see Figure 33D). The crystal structure transformed from a wurtzite-

like crystal structure of the as-prepared state to a structure similar to Co3O4 in the OER-

conditioned state.  

The determined irreversible changes in the morphology and crystal structure of the Co oxides 

due to OER conditioning indicated irreversible changes in the local atomic structure and Co 

oxidation state which are identified in the next section using in situ XANES and EXAFS 

analysis of the OER-conditioned Co oxides in the resting state. 

Local Atomic Structure and Co Oxidation State  

The local atomic structure and mean Co oxidation state of the Co oxides after OER condition-

ing were investigated at 1.2 V using in situ XANES and EXAFS as extracted from XAS 

measurements recorded at the Co K-edge. The XANES spectra of the OER-conditioned Co 

oxides (Figure 34A) showed that the edge position increased for the rs-, w-CoO and CoOOH. 

Co3O4-OER did not change irreversibly due to OER. The strongest edge shift was determined 
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for CoOOH-OER with +1.7 eV (by the integral method). The absorption edge of w-CoO-

OER and rs-CoO-OER shifted by +0.9 and +0.3 eV, respectively. The determined edge shift 

represents a partial, irreversible oxidation of Co2+ to Co3+ ions in the Co oxides. The forma-

tion of Co4+ can be ruled out due to the short lifetime of these states. For Co3O4-OER, the 

mean Co oxidation state did not change.  

The irreversible increase of the Co oxidation state of rs-, w-CoO and CoOOH were accompa-

nied by changes in Co bonding environment as determined qualitatively from the FT of the 

EXAFS spectra (Figure 34B) and quantitatively from the results of simulation of the EXAFS 

spectra (Table 4 and Figure A34). In case of CoOOH-OER, the strong edge shift was accom-

panied by a significant increase in intensity of the Co-O and Co-Co peaks in the FT of 

EXAFS spectra. 

Table 4: Results of simulation of the EXAFS spectra of Co3O4, rs-CoO, w-CoO, and CoOOH at 1.2 V after 
OER-conditioning. The differences between as-prepared state and the state at 1.2 V are given. In 
case of rs-, w-CoO and CoOOH after OER conditioning was perform prior to the XAS experiments. 
The experimental and simulated spectra are shown in Figure A34 and the complete fitting results in 
Table 10. 

Distance Sample N N R / Å Rmean / Å  / Å 

Co-O 

Co3O4 5.4  0.2 +0.1 1.908  0.001 0 0.046  0.002 

rs-CoO 
1.7  0.4 
2.0  0.4 

+1.3 
-2.4 

1.985  0.020 
2.135  0.008 

-0.02 0.061  0.007 

w-CoO 3.9  0.6 +0.7 1.932  0.014 -0.04 0.049  0.010 

CoOOH 5.0  2.1 +1.4 1.906  0.023 +0.02 0.03  0.03 

Co-Co 1 

Co3O4 4.7  0.2 0.0 2.851  0.001 0.00 0.052  0.001 

rs-CoO 
1.4  0.4 
10.6  0.6 

+1.4 
-1.6 

2.875  0.009 
3.003  0.002 

-0.01 
0.032  0.016 
0.077  0.009 

w-CoO 
2.6  1.7 
3.0  2.3 

+2.6 
-3.3 

2.840  0.020 
3.185  0.080 

-0.20 0.077  0.017 

CoOOH 4.2  3.1 +2.6 2.840  0.023 +0.02 0.060  0.030 

Co-Co 2 

Co3O4 7.0  0.3 0.0 3.357  0.001  0.052  0.001 

rs-CoO 0.0  0.7 0.0 3.350  0.000  0.077  0.009 

w-CoO 3.6  3.4 +3.6 3.351  0.048  0.071  0.010 
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This increase can be explained by an increase of the coordination numbers of Co-O and di-µ-

oxo bridges from 3.0 to 5.0 and, respectively, 1.6 to 4.2. The length of the two distances did 

not change significantly and was the shortest of the investigated Co oxides also in the condi-

tioned state. 

Thus, the Co bonding environment showed an even stronger confinement to Co3+ Oh ions af-

ter OER conditioning which was in agreement with the higher mean Co oxidation state and 

the beginning crystallization of the CoOOH-OER as determined by TEM. However, 

CoOOH-OER remained an X-ray amorphous CoOx(OH)y with mainly di-µ-oxo bridged Co3+ 

Oh ions. Furthermore, it has to be noted that the structural analysis was performed under 

in situ conditions cathodic of the Co2+/Co3+ redox transition and thus, a reversible structural 

change of the bulk between a layered CoOOH to a layered Co(OH)2 can be ruled out. 

In case of the rs-CoO-OER, only slight irreversible changes in the Co oxidation state and lo-

cal atomic structure could be determined. After OER conditioning, the number of shorter 

Co3+-O increased and di-µ-oxo Co3+-Co3+ distances had formed while the number of the 

Co2+-O distances with 2.13 Å and di-µ-oxo bridges between pairs of Co2+ Oh  with 3.00 Å 

decreased. Thus, only a slight fraction of the Co2+ ions in rs-CoO-OER got irreversibly oxi-

dized during OER conditioning and thus, led to a slight fraction of di-µ-oxo bridged Co3+ Oh 

ions. Generally, the low degree of changes in coordination number of the two shorter dis-

tances and the comparably low shift of the Co K-edge showed that only a slight fraction of the 

Co ions in rs-CoO-OER changed.  

In case of w-CoO-OER, the position and intensity of the peaks representing the Co-O and Co-

Co distance changed significantly due to OER conditioning. The Co-O distance was simu-

lated using a single distance representing the mean length of the Co-O bond. This distance 

shifted by approx. -4 pm to 1.93 Å after OER conditioning. The first Co-Co distance was 

found at ~2.84 Å which is typical for di-µ-oxo bridged Co3+ Oh ions. However, not all Co2+ Td 

ions in w-CoO-OER got oxidized and changed their coordination because mono-µ-oxo 

bridged Co2+ Td ions retained and the mean Co-O distance remained longer in the OER-

conditioned state than found for pure Co3+ Oh structures e.g. in CoOOH-OER and Co3O4-

OER. Furthermore, the Co K-edge of w-CoO-OER shifted by less than 2 eV which would 

have been the case if all Co ions had increased their oxidation state by +1. Thus, the majority 

of the Co2+ Td ions in w-CoO-OER transformed irreversibly to Co3+ Oh ions.  



Chapter 6 Linking Near-surface Structure, Redox Chemistry and Oxygen 
Evolution of Co Oxides and Their Catalytically Active State 115 

 

 

Figure 35: Co 2p (A) and O 1s (B) X-ray photoelectron spectra of the OER-conditioned state of 
Co3O4(black), rs-CoO(red), w-CoO(green), and CoOOH(blue) recorded at a kinetic en-
ergy of the photoelectrons of 550 eV. OER conditioning was performed for 15 min at 
1.62 V in N2-saturated 0.1M KPi at pH 7. 

In addition, the presence of Co-Co distances with ~3.35 Å indicated Co2+ Td ions incorporated 

in the normal spinel structure. However, no clear statement regarding the presence of a spinel 

phase could be made from the EXAFS simulations due to the large fit error. The local atomic 

structure of the bulk of w-CoO-OER was similar to Co3O4 as seen in SAED pattern (see Fig-

ure 33D).  

Thus, the irreversible changes in the Co oxidation state and in the local atomic structure of the 

initially Co2+ oxides and of the CoOOH led to structures similar to a CoOx(OH)y with primar-

ily di-µ-oxo bridged Co3+ Oh ions although to a very different degree. At 1.2 V, CoOOH-OER 

exhibited almost ideal Co oxyhydroxide structure; w-CoO-OER exhibited primarily the 

Co3+Ox(OH)y  structure whereas in case of rs-CoO-OER only a slight fraction of the material 

changed. In case of the w-CoO-OER, a CoOx(OH)y similar to the spinel structure possibly 

with only very limited occupancy of the tetrahedral sites could have been formed. In the next 

section, the determined bulk structure of the OER-conditioned Co oxides are compared with 

structure and composition of the near-surface of the Co oxides.  

Near-Surface Chemical State and Composition  

Figure 35A and B shows the XP spectra in the Co 2p and O 1s region of the OER-conditioned 

state of the four Co oxides. The Co 2p spectra showed two main peaks at ~780 and ~795 eV 

corresponding to the Co 2p3/2 and Co 2p1/2 spin-orbit split states, respectively. The presence of 
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Co2+ and Co3+ ions in the near-surface can be estimated from satellite features at ~786 eV and 

~790 eV, respectively.[33]  

The oxidation and structural change of the initially Co2+ oxides determined in the bulk was 

also present in the near-surface region. In case of rs- and w-CoO-OER, the distinct satellite 

feature at ~786 eV in the as-prepared state decreased significantly in the OER-conditioned 

state although it did not disappear completely. Co3O4-OER did not show a change in Co 2p 

spectra induced by OER whereas for CoOOH-OER the slight Co2+ satellite feature present in 

the as-prepared state decreased. Thus, the chemical state of the Co ions the near-surface re-

gion of the Co oxides in the OER-conditioned state unified to a stronger degree than it was 

found for the bulk local atomic structure.  

The O 1s spectra in Figure 35B showed the presence of at least three different oxygen species 

in the near-surface region of the Co oxides after OER conditioning. All four Co oxides exhib-

ited a decrease in lattice oxygen peak height compared to the as-prepared state although the 

decrease in lattice oxygen of Co3O4-OER was very low. 

Table 5: Surface composition of Co3O4, rs-CoO, w-CoO, and CoOOH in the as-prepared and OER-
conditioned state as extracted from peak fitting of XPS Co 2p, O 1s, and P 2p spectra. OER condi-
tioning was performed for 15 min at 1.62 V in 0.1M KPi. 

Sample 
O/Co ratio 

Fraction of Lat-
tice-O 

Lattice-O/Co 
ratio 

P/Co 
ratio 

ASP OER ASP OER ASP OER OER 

Co3O4 1.48 1.57 0.54 0.50 0.83 0.79 0.05 

rs-CoO 1.15 2.00 0.59 0.28 0.68 0.56 0.43 

w-CoO 1.20 2.33 0.59 0.23 0.71 0.54 0.39 

CoOOH 2.40 2.68 0.27 0.14 0.65 0.40 0.28 

 

Simultaneously, the peak height of hydroxyl contribution increased due to OER. The surface 

composition of the Co oxides was extracted from peak fits (see Figure A37) and is shown in 

Table 5. Firstly, the O/Co ratio increased slightly for Co3O4-OER and CoOOH-OER and sig-

nificantly for rs- and w-CoO-OER. This increase was caused inter alia by the increased Co 

oxidation state in the near-surface, by the smaller domain size in case of w-CoO-OER com-

pared to its as-prepared state, and by O-containing adsorbates. Furthermore, the fraction of 

lattice oxygen decreased to 0.50 and 0.14 for Co3O4-OER and CoOOH-OER, respectively.  
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Figure 36: Co L3 (A) and O K (B) XANES spectra of the OER-conditioned state of Co3O4(black), 
rs-CoO(red), w-CoO(green), and CoOOH(blue) recorded in total electron yield mode. OER 
conditioning was performed for 15 min at 1.62 V in N2-saturated 0.1M KPi at pH 7. 

For w- and rs-CoO-OER, the fraction of lattice oxygen decreased significantly from 0.59 to 

0.23 and 0.28, respectively. The decrease in lattice oxygen was accompanied by an increase 

of protonated oxygen ions. The formation of protonated O sites can be caused by three ef-

fects: surface hydroxylation, increase of cationic defects leading to charge compensation via 

protonation of adjacent O sites and by incorporation/adsorption of phosphates.  

 Table 5 shows that the P/Co ratio in the near-surface after OER conditioning depended on the 

initial Co oxidation state and coordination. The binding energy of P 2p was in agreement with 

P ions in phosphate groups.[33] For Co3O4-OER, the P/Co ratio is less than 0.1 whereas for rs- 

and w-CoO-OER the P/Co ratio was significantly larger with ~0.4. CoOOH-OER exhibited a 

P/Co ratio of 0.28 but a higher K/Co ratio (0.14) compared to the other Co oxides indicating 

that remnant electrolyte caused the higher P/Co ratio and the strong decrease in fraction of 

lattice-O species rather than adsorbed phosphates. 

It has to be noted that the determined increase in O/Co ratio cannot directly be related to the 

increase in Co oxidation state because it is unlikely that all oxygen atoms from the phosphate 

groups are linked to Co ions. Thus, complementary investigations using XANES recorded at 

the Co L3- and O K-edge were necessary to investigate the influence of structural transforma-

tion on the surface chemical state of Co and O ions.  

Electronic Structure  

Figure 36A and B show the XANES spectra of the four Co oxides in the OER-conditioned 

state recorded at the Co L3- and O K-edge, respectively. In line with the results from XPS the 

Co L3-edge position increased for rs- and w-CoO-OER whereas it did not change for 

774 776 778 780 782 784 786

A
In

te
ns

iti
y 

/ a
.u

.
Co L

3

 Co
3
O

4

 rs-CoO
 w-CoO
 CoOOH

E / eV

525 530 535 540 545

B

In
te

n
si

ty
 / 

a.
u.

O K

E / eV



118  
Chapter 6 Linking Near-surface Structure, Redox Chemistry and Oxygen 

Evolution of Co Oxides and Their Catalytically Active State 

 

 

Co3O4-OER and CoOOH-OER. The peak positions in the Co L3 XANES spectra in the OER-

conditioned state are rather similar, the lowest was observed for rs-CoO-OER with 780 eV 

and the highest for CoOOH-OER with 780.7 eV. w-CoO-OER and Co3O4-OER exhibited 

their maximum at 780.35 and 780.4 eV, respectively. The position of the typical Co2+ Oh fea-

ture increased by ~0.2 eV and decreased slightly in intensity for CoOOH-OER and strongly 

for rs-CoO-OER. This indicated the (reduced) presence of high spin Co2+/3+ ions in the near-

surface of rs-CoO and CoOOH after OER conditioning. In case of w-CoO, the typical Co2+ Oh 

feature was absent in the as-prepared and OER-conditioned state.  

Linear combination fitting of the Co L3 XANES spectra of rs-CoO-OER and w-CoO-OER 

with reference spectra revealed that in both cases Co2+ with their initial coordination were still 

present in the near-surface. The spectrum of the as-prepared Co3O4 was chosen as secondary 

fit component although this does not necessarily reflect the local atomic structure. This leads 

to a composition of rs-CoO-OER of 50.5% Co ions in Co3O4, 15.4% CoOOH, 23.7% Co2+ Oh 

and 10.3% Co2+ Td and w-CoO-OER consisted of 70% Co ions in Co3O4 and 30% Co2+ Td. In 

case of CoOOH-OER, a composition of 80% as-prepared CoOOH and 20% Co ions in Co3O4 

was determined (see Figure A38). 

The O K XANES spectra of the Co oxides after OER conditioning are shown in Figure 36B. 

Obviously, the unified coordination and oxidation state of the Co ions in the near-surface after 

OER conditioning led to a unification of the pre-edge feature of their O K XANES spectra. 

The pre-edge feature of all four Co oxides exhibited a principal maximum between 530.3 and 

530.6 eV which was previously assigned to electronic transitions into O states in which Co3+ 

Oh ions in low-spin configuration are involved.  

The intensity of the principal maximum increased from CoOOH-OER via w- and 

rs-CoO-OER to Co3O4-OER. The strong contributions from O states related to Co2+ Oh and Td 

ions decreased significantly but all Co oxides showed secondary contributions above the prin-

cipal maximum. The strongest secondary contribution was present in the pre-edge of CoOOH-

OER in which a shoulder ~1 eV above the maximum was present. The position of this state is 

too low to be caused by electron transitions in which Co2+ ions were involved and is thus, also 

assigned to electronic states related to Co3+ Oh ions. The origin of this state is discussed later 

in more detail. This additional state was also seen in the as-prepared state of rs-CoO (see Fig-

ure 26B) and might also be present in Co3O4, rs-, and w-CoO-OER but at low intensity. The 

contribution above 532 eV might involve O orbitals hybridized with Co2+ 3d or P orbitals.[181] 
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Below 530 eV, a tailing of the pre-edge feature can be seen which is lowest for Co3O4 and 

follows the presence of the high spin Co Oh as determined form the Co L3 XANES spectra of 

the other three Co oxides (see Figure 36A and Figure A39). 

Peak fitting of the O K pre-edge feature was performed to quantify the differences in O states 

and orbital hybridization. In the fit procedure, four Gaussian components were used and a 

linear rise of the pre-edge background assumed (see Figure A40). The peak at lowest energy 

had to be fitted by two components between 530.1 and 530.8 eV. The third component was 

located approximately ~1 eV higher whereas the 4th component was located between 532.2 

and 532.8 eV. Applying the assignment of peaks in pre-edge of the O K XANES spectra of 

the as-prepared state with the spectra of the OER-conditioned state showed that Peak 1 and 2 

are caused by electron transition into orbitals involving Co3+ Oh ions in low spin configura-

tion. Thus, the degree of orbital hybridization between low-spin Co3+ Oh ions and O ions was 

estimated from the area of peak 1+2 and it decreased in the order Co3O4-OER > w-CoO-

OER > rs-CoO-OER > CoOOH-OER. The degree of orbital hybridization of low spin Co3+ 

and O ions can be seen (in analogy to the lattice-O/Co ratio) as a measure of structural order. 

Thus, the investigation of the electronic structure of the OER-conditioned Co oxides revealed 

a strong unification. This finding was in agreement with the structural analysis showing the 

irreversible formation of very similar structural motifs due to OER in neutral, phosphate-

containing electrolyte. The irreversible changes indicate a common OER-active state of the 

four Co oxides in neutral, phosphate-containing electrolyte. Furthermore, it could be seen that 

the fraction of low-spin Co3+ ions in the near-surface differ strongly between the Co oxides. 

In the next section, the results regarding the local atomic structure and Co oxidation state dur-

ing OER are presented.  

6.2.4  Local Atomic Structure and Co Oxidation State during OER 

To determine the local atomic structure and the Co oxidation state of the catalytically active 

catalyst state after OER conditioning, in situ X-ray absorption spectroscopy under OER con-

ditions was performed. Figure 37A shows the Co K XANES spectra of the four Co oxides 

during OER. The edge position, determined via the integral method during OER, was higher 

for all four Co oxides than that in the resting state at 1.2 V. CoOOH exhibited the largest edge 

shift with +0.6 eV whereas the absorption edge of the initially Co2+ oxides shifted by only 

+0.1 eV. Co3O4 showed an edge position shift of +0.3 eV.  
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Figure 37: in situ XANES (A) and FT of EXAFS (B) spectra of Co3O4(black), rs-CoO(red), 
w-CoO(green), and CoOOH(blue) during OER recorded at the Co K-edge. Experimental 
curves are shown in bold, simulated in thin lines. The catalytically active state was investi-
gated under in situ conditions in N2-saturated 0.1M KPi at pH 7. The electrode potential was 
chosen to a current density of 0.5 mA·cm-2. Prior an OER conditioning was performed for 
15 min at 1.62 V in the same electrolyte. See Chapter 5 for experimental details of Co3O4.

[68] 
The k3-weighted EXAFS spectra are shown in Figure A34. 

Thus, the mean Co oxidation state increased strongest for CoOOH and remained rather un-

changed for rs- and w-CoO during OER compared to the OER-conditioned state. This behav-

iour was explained by the different number of redox active Co ions as determined by the cy-

clic voltammograms (Figure 27A). The charge transferred during CV is directly related to the 

number of redox active Co ions.  

Combining these results, the transferred charge corresponding to electrochemical Co oxida-

tion followed the same trend as the mean Co oxidation state during transition from resting 

state at 1.2 V to the catalytically active state. During OER anodic of the Co3+/Co4+ transition, 

the presence of Co4+ is thermodynamically possible, therefore the increased Co oxidation state 

during OER could be caused by the presence of Co4+ ions.  

The determined changes in the Co oxidation state were accompanied by changes in the Co 

local atomic structure of the four Co oxides during OER as determined qualitatively from the 

FT of EXAFS spectra (Figure 37B) and quantitatively from simulation of EXAFS spectra 

(Table 6 and Figure A34). In case of Co3O4 the near-surface region of the crystallites was 

found to transform reversibly to a 3D CoOx(OH)y during OER due to change of Co coordina-

tion from Co2+ Td to Co3+/4+ Oh (see Chapter 5).[68] In case of the other three Co oxides, the 

Co-O distance was found to decrease after transition to the catalytically active state by 

~0.02 Å but the coordination numbers hardly increased above the fit error. 
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Table 6: Results of simulation of the EXAFS spectra of the catalytically active state of Co3O4, rs-CoO, 
w-CoO, and CoOOH. The spectra were recorded after OER conditioning and the differences be-
tween the catalytically active state during OER and the state at 1.2 V are given. The experimental 
and simulated spectra are shown in Figure A34 and the complete results shown in Table 11. See 
Chapter 5 for experimental details of Co3O4.

[68] 

Distance Sample N N R / Å Rmean / Å  / Å 

Co-O 

Co3O4 5.4  0.2 0 1.908  0.001 - 0.046  0.002 

rs-CoO 
2.0  0.3 
2.4  0.4 

+0.3 
+0.4 

1.950  0.014 
2.135  0.008 

-0.03 
0.00 

0.067  0.012 

w-CoO 4.0  0.7 +0.1 1.910  0.014 -0.02 0.049  0.010 

CoOOH 5.6  2.2 +0.5 1.887  0.022 -0.02 0.045  0.027 

Co-Co 

Co3O4 5.0  0.2 +0.3 2.851  0.001 - 0.052  0.001 

rs-CoO 
1.7  0.4 
10.2  0.7 

+0.4 
-0.4 

2.862  0.008 
3.003  0.002 

-0.01 
0.00 

0.032  0.016 
0.077  0.009 

w-CoO 
3.2  1.9 
2.3  2.1 

+0.6 
-0.7 

2.833  0.022 
3.185  0.080 

-0.04 0.077  0.017 

CoOOH 4.6  3.0 +0.4 2.830  0.021 -0.01 0.058  0.028 

Co-Co 

Co3O4 6.0  0.3 -1.0 3.357  0.001 - 0.052  0.001 

rs-CoO 0.5  2 +0.5 3.350  0.000 - 0.077  0.009 

w-CoO 2.8  2.9 -0.8 3.351  0.050 - 0.077  0.017 

 

Furthermore, the length of the di-µ-oxo bridges between pairs of Co3+/4+ ions decreased dur-

ing OER for rs-, w-CoO, and CoOOH. Thus, the oxidative conditions during OER led to 

changes in the Co bonding environment. As already shown for Co3O4 the mean oxidation 

state is higher during OER due to the electrochemical oxidation of the Co ions, possibly up to 

Co4+.  This electrochemical oxidation is accompanied by a decrease in the Co3+-O and 

Co3+-Co3+ distances. This effect was only seen for rs-, w-CoO and CoOOH and thus, for the 

Co oxide electrocatalysts that exhibited a near-surface with low degree of order after OER 

conditioning. 

In the next section, the results of the extensive characterization of the morphology, local crys-

tal and local atomic structure as well as the near-surface composition and electronic structure 

of the OER-conditioned state are related to the Co oxide redox electrochemistry. Furthermore, 

these correlations are referred to the electrocatalytic OER properties of the Co oxides and 

conclusions drawn guiding towards the identification of the active site and the mechanism of 

OER on Co oxides.  
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6.3  Discussion 

In this chapter four Co oxide OER electrocatalysts were prepared by spin coating, drop coat-

ing of a colloid solution as well as electrodeposition and were extensively investigated with 

respect to their morphology, crystal and local atomic structure, their Co oxidation state and 

near-surface properties such as composition and electronic structure. The as-prepared struc-

ture differed substantially ranging from crystalline Co2+ oxides consisting of either octahe-

drally or tetrahedrally-coordinated Co ions to the crystalline normal spinel with octahedrally-

coordinated Co3+ and tetrahedrally-coordinated Co2+ ions and an X-ray amorphous CoOOH 

consisting of Co ions in a Co3+ Oh bonding environment. These Co oxides were characterized 

in the as-prepared state, after OER conditioning and additionally, the structure of the catalyti-

cally active state was determined using in situ X-ray absorption spectroscopy. The Co oxide 

redox electrochemistry and its electrocatalytic OER properties were determined in neutral, 

phosphate-containing and alkaline, phosphate-free electrolyte. 

In Chapter 5 a reversible, structural transformation and amorphization of the near-surface of 

Co3O4 crystallites during OER was identified.[68] In this chapter an irreversible structural 

transformation of the Co2+ oxides and the CoOOH during OER towards an amorphous 

CoOx(OH)y consisting of primarily Co3+ Oh was determined. The CoOOH showed an as-

prepared state with a significant fraction of Co2+ ions which were irreversibly oxidized to 

Co3+ during OER conditioning. The Co-O coordination environment and Co-Co cross-linking 

of the Co2+ oxides after OER conditioning was similar to the X-ray amorphous CoCat and 

CoOOH which can be referred to as a phosphate-free analogue of the CoCat. The degree of 

structural transformation of the initially Co2+ oxides was stronger in the near-surface than in 

the bulk and was significantly stronger for the wurtzite-like w-CoO compared to rs-CoO ex-

hibiting a defective rocksalt crystal structure in the as-prepared state. The latter crystal struc-

ture was found to resist bulk oxidation in the investigated time scale. However, no conclusion 

regarding long-term resistance against bulk oxidation can be made on the basis of the results 

of this work. But structural investigation of Co2+-based electrocatalysts after long-time OER 

in neutral electrolyte points towards a complete oxidation and structural transformation to-

wards the CoCat.[186]  

During OER in neutral electrolyte, the structure of all four Co oxides seems to exhibit a uni-

versal, catalytically active state although to a different degree. The catalytically active state is 

independent from the crystalline or amorphous nature of the as-prepared state and consists of 
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predominantly di-µ-oxo bridged Co3+/4+ Oh ions and an elevated degree of structural disorder. 

The Co bonding environment of the Co3+ Oh ions in rs-, w-CoO and CoOOH contracts during 

OER compared to the resting state at 1.2 V. This slight contraction can be explained by the 

oxidation of the Co3+ to Co4+ ions during oxygen evolution presumably via deprotonation of 

µ-OH bridges. This finding is in agreement with the catalytically active state of the amor-

phous and thus, structurally-flexible CoCat.[114]  

Although the Co oxides exhibited unified structural motifs in the catalytically active state, 

substantial differences in their electrocatalytic properties and Co oxide redox chemistry were 

found. The Tafel slope and the ratio of the two Co redox features differed substantially be-

tween the Co oxides. The beneficial influence of reducible Co3+ sites on the Tafel slope was 

revealed by the electrochemical characterization in neutral and alkaline electrolyte. In neutral 

electrolyte, the highest fraction of reducible Co3+ sites was found in the CoOOH which exhib-

ited a redox behaviour and Tafel slope very similar to the CoCat. In contrast, Co3O4 exhibited 

the lowest fraction of reducible Co3+ sites and the highest Tafel slope. rs- and w-CoO exhib-

ited  intermediate Tafel slopes and fractions of reducible Co3+ sites.  

The Tafel slope determined in alkaline electrolyte was found to be significantly lower than in 

neutral electrolyte. However, it also benefited from a larger number of reducible Co3+ sites. 

The lower Tafel slope in alkaline electrolyte compared to neutral electrolyte is accompanied 

by an increased overpotential of the onset of OER versus the Co2+/Co3+ redox potential. These 

findings indicate differences in the rate-determining step between neutral and alkaline electro-

lyte. The higher concentration of OH- significantly enhances proton abstraction from the OH 

and OH2 adsorbates (see Figure A12). Furthermore, the O-O bond formation via nucleophilic 

attack by OH- ions might become energetically favoured over the preferred (geminal) cou-

pling of adsorbed O ions as found for neutral electrolytes.[69] However, Fe impurities, com-

monly found in alkaline electrolytes, are discussed to have significant influence on the OER 

on Co and Ni oxides and (oxy)hydroxides.[20, 43, 72] It has been shown that the removal of Fe 

impurities increases the Tafel slope of Co oxyhydroxides in alkaline electrolyte to 

~60 mV·dec-1. The alkaline electrolyte used in this work was not purified but in contrast to 

other reports XPS did not reveal accumulation of Fe ions in the near-surface after alkaline 

OER conditioning. 

To reveal the relation between the local atomic and the electronic structure of the near-surface 

with the OER electrocatalysis in neutral electrolyte the fraction of reducible Co3+ sites and the 
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degree of order/structural integrity after OER conditioning were compared. The Co3O4 which 

was crystalline at non-catalytic conditions exhibited the lowest ratio of reducible Co3+ sites 

whereas the X-ray amorphous CoOOH exhibited the highest ratio; w- and rs-CoO showed an 

intermediate behaviour with an intermediate state of structural disorder and/or restructuring in 

the near-surface.The degree of structural disorder in the near-surface can also be related to the 

degree of hybridization between 3d orbitals of low-spin Co3+ and 2p orbitals of the O ions of 

the OER-conditioned Co oxides as determined from the pre-edge feature of the O K XANES 

spectra.  

Figure 38 shows that the electrochemical reducibility is anticorrelated and the Tafel slope is 

correlated to the presence of electronic states related to low-spin Co3+ ions. The presence of 

low-spin Co3+ ions is related to the presence of undistorted CoO6 octahedra in the near-

surface and thus, to structural order. Vice versa, this finding points towards the importance of 

structural disorder leading to the reducible Co3+ sites at the surface and to preferable OER 

electrocatalytic properties. The elevated degree of disorder in the CoOx(OH)y domains is re-

lated to a lower domain size and to a higher number of defects such as cationic vacancies. 

Both phenomena decrease the fraction of Oµ3 sites to terminating O and Oµ2 sites and there-

fore, induce a structural distortion of the CoO6 bonding symmetry. Bonds between surface Co 

ions and terminating O are shorter than bonds between Co and bridging O[66, 99] and 

µ2-hydroxo bridges between Co3+ ions are longer than µ3-oxo bridges.[70] A symmetrical 

CoO6 bonding environment is thus, primarily present in the bulk and on special surface planes 

such as CoOOH(001) and Co3O4(111) surfaces as well as within the CoO6 layer fragments of 

the CoCat. The distortion of the CoO6 bonding environment has significant influence on the 

electronic structure because it splits the energy of the degenerate eg states of Co ions as found 

by combined experimental and computational studies.[96, 98] This splitting changes the Co3+ 

spin state from low to intermediate or high spin configuration and can also explain the split-

ting of the O K pre-edge feature of the X-ray amorphous CoOOH (see Figure 36). The signifi-

cant contribution of an electronic state which is present ~1 eV above the dominant O state 

related to low spin Co3+ ions can be explained by the higher state of the energetically sepa-

rated eg orbitals. An intermediate contribution of low-spin Co3+ ions was found for rs- and 

w-CoO-OER.  
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Figure 38: Co oxide reducibility (black squares) and Tafel slope (red circles) 
in 0.1M KPi at pH 7 as function of the normalized of hybridization 
between the 3d orbitals of low-spin Co3+ Oh ions and O 2p orbitals. 
The reducibility of the Co oxides was determined from the peak 
current ratio of C1 and C2 as extracted from the cyclic voltammo-
grams as shown in Figure 27A and Figure A36. The Tafel slope 
was determined from quasi-stationary anodic potential step ex-
periments as shown in Figure 27B. The normalized degree of or-
bital hybridization was estimated from area of the O K pre-edge 
feature according to electron transitions at ~530.5 eV and normal-
ized with the peak area of Co3O4. The peak area was determined 
by fits as shown in Figure A40. 

Furthermore, the tailing of the low energy side of O K pre-edge feature indicates the presence 

of unoccupied t2g states of high-spin Co3+ ions. The low hybridization of the O 2p with low 

spin Co3+ 3d orbitals and the different spin configuration cannot be explained by a layered 

CoOOH because the crystalline, layered LiCoO2 exhibited a similar pre-edge feature as the 

crystalline Co3O4 of this work.[187] Simultaneously, the participation of Co sites within the 

bulk and layers cannot explain the elevated reducibility because crystalline, layered Co(OH)2 

exhibited similar redox behaviour in neutral electrolyte as the crystalline Co3O4 with primar-

ily one redox couple at ~1.6 V.[188-189] 

However, the direct quantification of the Co3+ Oh ions in intermediate or high spin configura-

tion on the surface is difficult due to the presence of remnant Co2+ ions, (adsorbed) phos-

phates and an elevated information depth of up to 10 nm. Furthermore, extensive DFT calcu-

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.2

0.4

0.6

0.8

1.0

C
o3+

  R
ed

uc
ib

ili
ty

 / 
-

Norm. Orbital Hybridization

low-spin Co3+ - O / -

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
65

70

75

80

85

90

T
afel slope / m

V
 dec

-1



126  
Chapter 6 Linking Near-surface Structure, Redox Chemistry and Oxygen 

Evolution of Co Oxides and Their Catalytically Active State 

 

 

lations of the O K XANES spectra of bulk and surface Co and O ions are necessary to com-

pletely understand the electronic structure. But the data of this work show that the reducibility 

of the Co3+ ions is correlated to a lower number of O sites related to low-spin Co3+ ions and 

thus, to a special CoO6 configuration which can be explained to a higher degree of structural 

disorder in the catalytically-relevant near-surface. 

The electrochemical reducibility of Co3+ ions can also be related to their CoO6 bonding envi-

ronment and a higher number of terminating O (OT) sites. The intermediate and high spin 

Co3+ ions are specially coordinated and thus, reducible in contrast to the low spin Co3+ Oh 

ions with ideal octahedral bonding symmetry. The low-spin Co3+ Oh ions are connected via 

di-µ3-O(H) bridges as shown in Figure 2. These Co3+ sites can be oxidized via deprotonation 

of the µ3-OH bridges but are not electrochemically reducible to Co2+ via secondary protona-

tion of µ3-oxo bridges. In contrast, the intermediate and high spin Co3+ sites can be electro-

chemically reduced via protonation of the µ2-oxo bridges and protonation of OT sites leading 

to surface hydroxyls. These special coordinated Co sites are present at edges and steps of the 

surface planes of the CoOx(OH)y domains.  

The electrochemical reducibility of these special coordinated Co3+ sites has a beneficial influ-

ence on the OER electrocatalysis. These sites can possibly act as catalytically active site for 

OER as described in the following. Due to the high fraction of terminating O these surface Co 

ions exhibit (multiple) adsorption sites for H2O which is the reagent of oxygen evolution in 

acidic and neutral electrolyte. Furthermore, the presence of multiple terminating O ions is 

highly beneficial for O-O bond formation via geminal coupling of adsorbed O ions and O2 

release. Geminal coupling of adsorbed O atoms has been found to be energetically preferred 

over nucleophilic attack on Co oxide in neutral electrolyte especially if more than one termi-

nating O site per Co ion is present.[69] The rate-determining step of OER on Co oxide in neu-

tral electrolyte is thought to be a chemical step which is preceded by a coupled pro-

ton/electron transfer step in equilibrium.[56, 183] Thus, O-O bond formation (or O2 release) is 

the rate-determining step and in this mechanistic framework an ideal Tafel slope of 

~59 mV·dec-1 is found. The deviation of the Tafel slope obtained for the Co oxides from this 

value (determined from anodic potential step experiments) can be related to the fraction of 

bridging O in the near-surface. A larger fraction of bridging O and lower fraction of terminat-

ing O lead to a higher Tafel slope because bridging O have to participate in the OER mecha-

nism especially at elevated oxygen evolution rates. But O2 evolution from bridging O is 

slower e.g. due to the higher formation energy of O vacancies at the surface because the for-
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mation energy increases from OT via Oµ2 to Oµ3 sites.[67] Thus, the rate-determining step is 

hampered which leads to a higher Tafel slope with increasing degree of structural order. This 

additional process cannot be caused by charge transfer processes following Ohm’s law be-

cause it depends on the overpotential exponentially and not linearly. According to Butler-

Volmer equation, a higher number of active sites would not lead to a lower Tafel slope but 

would only change the exchange current density. Furthermore, O vacancies in the reaction 

zone can induce structural transformation of the near-surface of Co oxides as found by DFT 

calculations[67] and as shown by the growth of the CoOx(OH)y reaction zone into the crystal-

line Co3O4.
[68] Thus, the Tafel slope as determined from anodic potential step experiments 

might (also) reflect the degree of structural transformation of the near-surface induced by par-

ticipation of bridging O in OER and thus, the formation of the disordered reaction zone for 

OER. The Tafel slope as determined from cathodic potential step experiments has been found 

to be lower for the crystalline Co3O4 which can be explained by the formation of a larger reac-

tion zone at higher oxygen evolution rates leading to almost optimal Tafel slope within this 

mechanistic framework. (see Figure A24) 

Thus, fast and slow OER sites are present at the surface of the CoOx(OH)y. At the fast OER 

sites the surface Co ion are reducible and predominantly terminating O atoms participate in 

the reaction mechanism. At slow OER sites, the Co3+ ions might be irreducible and/or bridg-

ing O are needed to form O2. This finding is in agreement with the presence of two surface 

species on a Co3O4 during photocatalytic water oxidation in neutral, phosphate-containing 

electrolyte which exhibit different kinetics.[62] The authors concluded from in situ step-scan 

FTIR spectra that two adjacent, electronically-coupled Co4+ sites exhibit fast OER kinetics. 

The slow kinetics were attributed to single Co sites leading to Co4+=O at which formation of 

O2 molecules is hampered. However, the authors did not specify how and in which ratio these 

sites are present on the catalyst surface. Following the results of the near-surface structure, the 

Co oxide redox electrochemistry and electrocatalysis in the same electrolyte the fast OER site 

can be assigned to the reducible, µ2-oxo bridged Co3+ sites with possibly more than one OT 

sites at which the O-O bond formation via (geminal) coupling is possible. The slow site might 

be assigned to the irreducible Co3+ sites at which O-O bond formation is hampered (or impos-

sible under photocatalytic conditions) due to the necessity of bridging O participation in the 

OER mechanism.  

Furthermore, the spin state of surface Co ions in LaCoO3 and in the layered LiCoO2 has been 

identified as significant parameter in the evolution of O2 in electrochemical processes.[110, 190] 
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It has been argued that the intermediate or high spin state is accompanied by a weaker Co-O 

bond which leads to elevated O2 evolution. The lower bond strength enhances desorption of 

molecular O2 as discussed above for the OT and Oµ2 sites. In case of LiCoO2, a higher Co spin 

state was found for the high-index surface termination (104) which exhibited a higher cata-

lytic activity in alkaline electrolyte according to experimental and computational re-

sults.[25, 110]  

This finding is also in agreement with the results of this work in which the near-surface struc-

ture with elevated degree of structural disorder and higher Co spin state and increased the Co 

oxide reducibility was found to significantly enhance the OER activity on Co oxide electro-

catalysts. 

6.4  Summary 

In this chapter, structure-activity correlations of Co-based OER electrocatalysts were unrav-

elled using an array of microscopic, diffraction and spectroscopic methods. Therefore, four 

distinctly-different Co oxides and oxyhydroxides were synthesized and their physicochemical 

properties extensively investigated in as-prepared state and after OER. Additionally, the local 

atomic structure of the OER-conditioned and catalytically active state was determined using 

in situ X-ray absorption spectroscopy.  

A strong correlation between the near-surface (electronic) structure, the Co oxide redox elec-

trochemistry and the electrocatalytic properties was unravelled. The presence of electro-

chemically-reducible Co3+ sites is highly beneficial for the OER electrocatalysis in neutral 

and alkaline electrolyte. These Co sites in the near-surface of the CoOx(OH)y domains exhibit 

distinct differences in their electronic structure which can be explained by a distortion of the 

octahedral bonding environment. This distortion is due to differences in the Co-O bond length 

of terminating O sites and µ2-(hydr)oxo bridges. The identification of their electrochemical 

and spectroscopic fingerprints allows the discrimination against the electrochemically-

irreducible Co3+ ions which exhibit symmetric octahedral bonding environment and are con-

nected via µ3-oxo bridges. The presence of these reducible Co3+ sites is related to the degree 

of structural disorder e.g. cationic vacancies and low domain size and their catalytic function 

could be integrated into a mechanistic framework. 

In addition, a strong irreversible structural transformation of the Co2+ crystallites during OER 

towards an amorphous CoOx(OH)y with a universal structural motif of di-µ-oxo bridged Co3+ 

Oh ions was identified. The oxygen-evolving state of the Co oxide electrocatalysts is stronger 
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oxidized and exhibits a contracted CoO6 bonding environment. This contraction is expected to 

be beneficial for the O-O bond formation via (geminal) coupling of adsorbed O atoms during 

OER. This structure is expected to be related to the structure of the near-surface of the Co3O4 

crystallites under OER conditions (see Chapter 5). 

Thus, universal structural motifs of the catalytically active state of Co-based OER electrocata-

lysts were determined. Furthermore, important activity-determining properties of Co-based 

OER electrocatalysts and their electrochemical and spectroscopic fingerprints were success-

fully identified. These findings might be also valid for other OER electrocatalysts although 

they still have to be unravelled. These new insights of this work lead to a better understanding 

of the OER electrocatalysis on 3d transition metal-based electrocatalysts and will therefore 

help to develop improved electrocatalysts for efficient water electrolysis. 
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Chapter 7 Summary and Outlook 

The aim of this work was to identify structure-activity correlations and the structure of the 

catalytically active state of 3d transition metal (TM)-based electrocatalysts for oxygen evolu-

tion reaction (OER). These TM oxides and oxyhydroxides are promising candidates to realize 

inexpensive water electrolysis devices for the efficient generation of molecular hydrogen in 

neutral and alkaline reaction conditions. This hydrogen can serve as chemical storage medium 

for electricity generated by intermittent renewable energy sources and thus, can enhance the 

industrial transformation towards a nuclear-free and CO2-neutral primary energy supply. 

In this work structurally-different Co- and Mn-based electrocatalysts were synthesized and 

extensively characterized in the as-prepared and OER-conditioned state to correlate their 

physicochemical with their electrochemical and -catalytic properties. These investigations led 

to the identification of a special TM coordination in the near-surface for elevated OER activ-

ity in neutral and alkaline electrolyte. Spectroscopic and electrochemical fingerprints of this 

activity-determining property were identified. Additionally, an electrochemical setup for in 

situ X-ray studies was realized and applied to determine the local atomic and crystal structure 

of the catalytically active state of the 3d TM electrocatalysts. The local atomic structure and 

the crystallinity in the oxygen-evolving state differ from that in the catalytically-silent and/or 

in the as-prepared state and transform (reversibly) towards di-µ-oxo bridged TM3+/4+ ions in 

an amorphous near-surface. Thus, the results of this work significantly increase the under-

standing of OER electrocatalysis and emphasize the importance of in situ structural investiga-

tions. 

Specifically, strong similarities in structure-activity correlations of Mn- and Co-based electro-

catalysts in neutral electrolyte are illustrated. The importance of special coordination TM sites 

and octahedral cross-linking is shown for Mn- and Co-based electrocatalysts. These sites are 

related to TM sites with special coordination in ground state similar to the so-called coordina-

tively unsaturated (cus) sites. It is shown that a Mn oxide with 3D octahedral cross-linking 

and a crystal structure leading to cus sites at selected surface planes exhibits superior OER 

activity compared to a crystalline layered MnOx (see Chapter 4). The OER activity of the Co-

based electrocatalysts does also benefit from a higher fraction of these special coordinated Co 

sites in the near-surface (see Chapter 6). The fraction of these sites increases with structural 

disorder e.g. cationic vacancies and lower domain size leading to a higher fraction of kinks 

and edges which connect differently terminated surface planes. The importance of these spe-

cial coordination TM sites for OER is in agreement with findings for other OER catalysts and 

for other oxidation reactions.[110, 161-162]  
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The beneficial influence of these special coordination Co sites was found as their electro-

chemical and spectroscopic fingerprints were identified and compared to their OER activity. 

These sites excel in their electrochemical reducibility from Co3+ state as revealed by their 

cyclic voltammograms and exhibit pronounced differences in the electronic structure as iden-

tified by their O K X-ray absorption spectra. Both features are correlated with the catalytic 

activity as determined by the Tafel slope and therefore, allow the discrimination against the 

irreducible and presumably catalytically-inactive Co surface sites (see Chapter 6). In case of 

MnOx the redox features are not as specific which inhibits the identification of correlations 

between redox electrochemistry and catalytic activity (see Chapter 4). 

These special coordinated sites and their catalytic function can be integrated into a mechanis-

tic framework as they can act as adsorption sites for the OER reagents in the reaction zone of 

the catalyst. The µ2-oxo bridges in vicinity enable (or enhance) deprotonation of the reaction 

intermediates as they are better proton acceptors than µ3-oxo bridges. Multiple terminating O 

sites might furthermore enhance the rate-determining step, either O-O bond formation or O2 

release. The importance of proton abstraction by the electrolyte during OER has been exem-

plarily shown in this work for Mn oxide catalysts (see Chapter 4). At large proton uptake ca-

pability (near the acid dissociation constants pKa’s of the buffered electrolyte and at high OH- 

concentrations) the proton abstraction is fast and does not hamper the OER rate. But at low 

buffer capacity (between the pKa’s of the buffer) the proton abstraction is slow and can limit 

the OER rate. Thus, the proton abstraction by the anions of electrolyte is crucial but does not 

deteriorate the OER under conventional reaction conditions at high pH and near the pKa’s of 

the buffered electrolyte.  

Furthermore, the results of this work show that the (near-surface) structure of the catalyti-

cally-silent or as-prepared state of TM-based electrocatalysts does not necessarily reflect the 

structure of the oxygen-evolving state. Irreversible changes in TM coordination and cross-

linking after OER occur and are induced by the electrochemical oxidation of the TM ions 

leading to Co3+ and Mn4+ ions in octahedral coordination. The near-surface of pure Co2+ ox-

ides transforms towards CoOx(OH)y with elevated degree of structural disorder and di-µ-oxo 

bridged Co3+ Oh ions (see Chapter 6). In case of the 3D cross-linked MnOx the µ-oxo bridging 

of the Mn ions partially changes from mono- to di-µ-oxo bridges after OER. Thus, the inves-

tigated TM-based electrocatalysts exhibit universal structural motifs with octahedrally-

coordinated and di-µ-oxo bridged TM ions and an oxidation state of +3 in case of Co and +4 

in case of Mn.  

In addition to these irreversible changes, this work unravels structural changes during transi-

tion from a catalytically-silent to an oxygen-evolving state. In case of the amorphous 
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CoOx(OH)y domains a contraction of the CoO6 bonding environment compared to the cata-

lytically-silent state was identified during OER (see Chapter 6) and is in agreement with the 

structure of the catalytically active state of the CoCat. This contraction is expected to be bene-

ficial for the O-O bond formation from two adsorbed O atoms at the same Co ion. In case of 

crystalline Co3O4 a reversible amorphization of the near-surface of the crystallites was identi-

fied at elevated OER rate (see Chapter 5). This structural transformation is accompanied by an 

electrochemical oxidation as well as by a change in Co coordination from tetrahedral to octa-

hedral. It can be explained by the participation of bridging O from the oxide in the OER 

mechanism. Thus, OER leads to an amorphous reaction zone on the crystalline core and this 

effect might represent a universal phenomenon for crystalline OER electrocatalysts. These 

findings highlight the importance of in situ structural investigations of OER electrocatalysts to 

identify the structure of the oxygen-evolving state as well as to correlate this to the structure 

of the catalytically-silent and of the as-prepared state.  

In summary, the insights of this work lead to a better understanding of the OER electrocataly-

sis on 3d transition metal-based electrocatalysts, to a new approach towards a unified under-

standing of heterogeneous water oxidation catalysis and will help to develop improved elec-

trocatalysts for efficient water electrolysis. 

However, further investigations on the activity-determining properties and on the catalytically 

active state of highly-active and –stable OER electrocatalysts are necessary. Especially, the 

direct confirmation of the TM coordination and electronic structure in the near-surface under 

operating conditions is a cornerstone in understanding (electrochemical) water splitting and 

oxygen evolution. Therefore, surface-sensitive X-ray photoelectron and absorption spectros-

copy experiments have to be conducted in presence of adsorbed water/electrolyte and under 

electrode potential control. Several groups are currently working on this topic and first results 

have already been published.[191-192] These studies could be supported by the application of in 

situ electrochemical TEM which also is under development.[193] The combined in situ X-ray 

diffraction and absorption experiments should be extended to other highly-active and crystal-

line electrocatalysts like NiFe layered double hydroxides or Ru- and IrO2 to confirm the uni-

versal character of an amorphous reaction zone of crystalline OER catalysts. 

Furthermore, the role of lattice O in the OER mechanism has to be deeply investigated to spe-

cifically determine the structure of the active site. Therefore, an extensive study on the over-

potential-dependent composition of the reaction products during operation in isotope-labelled 

electrolyte should be conducted for Co- and Mn-based electrocatalysts in neutral 

electrolyte.[61] The O atoms at the active site would be exchanged by 18O atoms and their 

spectroscopic identification would lead to further insights into the structure and properties of 
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the active sites. The role of the anionic species in the electrolyte like PO4
-, SO4

- on the cata-

lytic mechanism and its interaction with the surface of the electrocatalyst remained largely 

unknown. The interaction between catalyst and these anions can be determined by in situ vi-

brational spectroscopy studies under catalytic conditions.[194] 

The design of improved electrocatalysts has to aim at the formation of a large fraction of these 

special coordinated TM sites. This can be inter alia realized by the introduction of templating 

agents such as foreign metal ions which can be selectively removed by chemical or electro-

chemical methods. This dissolution will lead to cationic vacancies and therefore, lead to ele-

vated fraction of active sites[65] or enhance the near-surface amorphization of e.g. Co3O4.  

Generally, the investigation of the catalysts stability is highly important as it represents an-

other key barrier for their application in commercial electrolyzers. Thus, the structural stabili-

zation of active sites and reduced metal dissolution rate at high catalytic activity is necessary. 

To realize this property ternary metal oxides have to be considered and possibly new synthe-

sis concepts have to be developed.  
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BEP Brønsted or Bell-Evans-Polanyi 
BET Brunauer-Emmet-Teller 
ccp cubic close-packed 
CFSE Crystal field stabilization energy 
Cus Coordinatively unsaturated site 
CV Cyclic voltammogram 
DEMS Differential electrochemical mass-spectrometry 
DFT Density functional theory 
DSA Dimensionally-stable anode 
DW Debye-Waller factor 
ECSA Electrochemical surface area 
EELS Electron energy loss spectroscopy 
EXAFS Extended X-ray absorption fine structure 
FT Fourier transform 
GC Glassy carbon 
GIXRD Grazing-incidence X-ray diffraction 
hcp hexagonal close-packed 
HE-XRD High energy X-ray diffraction 
Hupd Hydrogen underpotential deposition 
HZB Helmholtz-Zentrum Berlin 
ICP-OES Inductively-coupled plasma – optical emission spectroscopy 
KPi Potassium phosphate buffer 
LDH Layered double hydroxide 
MMS Mercury/Mercury sulphate 
MS Mass spectrometry 
MWNT Multi-walled carbon nanotubes 
NHE Normal hydrogen electrode 
OER Oxygen evolution reaction 
PCET Proton-coupled electron transfer 
PCTFE Polychlorotrifluoroethene 
PEIS Potentiostatic electrochemical impedance spectroscopy 
PTFE Polytetrafluoroethene 
RDE Rotating disk electrode 
rds Rate-determining step 
RHE Reversible hydrogen electrode 
SAED Selected-area electron diffraction 
TM Transition metal 
TOF Turnover frequency 
TPR Temperature-programmed reduction 
XANES X-ray absorption near-edge structure 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
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Table 9:  Results of simulation of the EXAFS spectra of rs-CoO, w-CoO, and CoOOH in the as-
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Figure 1:  Schematic diagram of Gibbs free energy of reactive species and intermediates as function of 
reaction coordinate within the four step mechanistic framework considered by Rossmeisl.[21-

25] The educt, reaction intermediates and product as well as the activation energies for the 
reaction intermediates are denoted. In case of an ideal catalyst (black) all activation energies 
are equally large. On a real catalyst (red) one reaction step defines the lowest overpotential at 
which all reaction steps are energetically downhill and thus, occur spontaneously. See Eqns. 
7-10 and the next section. Figure adapted from Dau et.al.[29] and Hong et.al.[20]. 23 

Figure 2:  Ideal structures of selected Co oxides and Co oxyhydroxides: Co3O4 (a), rocksalt-CoO (b), 
CoOOH (c) and wurtzite-CoO (d). The CoO6 coordination octahedra and CoO4 coordination 
tetrahedra are shown. Co3+, Co2+ octahedra and Co2+ tetrahedra are shown in blue, red, and 
green, respectively. Hydrogen atoms are shown in white. 34 

Figure 3:  Electronic configuration of 3d orbitals in octahedral Co3+ (A-C) as well as octahedral 

Co2+ (D) and tetrahedral Co2+ (E). o/t denotes the crystal field stabilization energy (CFSE) 

which is lower at intermediate or high spin configuration compared to low spin configuration 
in octahedral ligand field of Co3+.  The same applies for the tetrahedral compared to 
octahedral ligand field of Co2+. The 3d orbitals are shown as degenerate for clarity. The figure 
is based on [20, 94-96]. 36 

Figure 4:  Structures of selected MnO2 modifications: β-MnO2 (a), γ-MnO2 (b), and δ-MnO2 (c). The 
MnO6 coordination octahedra are schematically shown. The structures are extended in the 
direction perpendicular to the paper plane by rows of edge-sharing octahedra (in a, b, and c). 
This results in (1x1) tunnels of coordination octahedra (a), in (2x1) tunnels (b), and in a 
layered manganese oxide (c). In the layered oxides, the interlayer space is filled with water 
molecules and ions. Figure reproduced from Ref. [121] with permission from the Royal 
Society of Chemistry. 43 

Figure 5:  Schematic drawing of experimental setup for in situ X-ray studies at electrocatalysts under 
electrochemical reaction conditions. The inset shows a photograph of the in situ X-ray setup 
as operated at Bessy II, Berlin. Therein, the X-ray beam comes from the tube on the left side 
and the scattered X-ray from the sample are collected at the detector connect to the evacuated 
tube on the right side. RE, CE, and WE denotes reference, counter, and working electrode , 
respectively. 48 

Figure 6:  Powder X-ray diffraction pattern of s-MnOx (black) and i-MnOx (red) between 10° and 75°, at 
Cu Kα radiation. Reflections are labeled by squares for β-MnO2, by circles for γ-MnO2, by 
triangles for the layered MnO2 phase, and by stars for the reflexes caused by the support 
material. The latter are shown in Figure A1. 54 

Figure 7:  X-ray absorption spectra of s-MnOx (black) and i-MnOx (red) deposited on electrodes before 
and after catalysis. The edge region of the spectra (XANES) is shown in the inset. The 
average oxidation state of Mn in the two samples directly after deposition on the electrode 
(thick lines) is around 3.5, while after 3 min of operation at 1.763 V in 0.1 M KPi at pH 7, it 
increases to 3.9-4.0 (thin lines). The structural motifs considered in the EXAFS simulations 
are schematically depicted next to the corresponding FT peak and the obtained interatomic 
distances are indicated. (Mn4+ ions are presented as spheres in magenta, Mn3+ ions in dark 
purple, and oxygen as red spheres.) 56 
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Figure 8:  Schematic model for a distorted MnOx layer fragment formed from edge-sharing (di-µ-oxo 
bridged) Mn4+O6 and Mn3+O6 octahedra. Some Mn ions from the layer are missing (defects), 
and other Mn ions are bound on top (or below) of the layer resulting in mono-µ-oxo bridges 
(corner-sharing octahedra). At these defect sites, a row of edge-sharing octahedra could grow 
perpendicularly to the first one; this eventually may lead to formation of tunnel-like 
structures. Binding of a Mn3+ ions on top of the layer at sites without layer defects results in 
formation of a (distorted) Mn4O4 cubanes. (Mn4+ ions in magenta, Mn3+ ions in dark purple, O 
in red.) 58 

Figure 9:  Coordination numbers and interatomic distances obtained by joint simulation of the k3-
weighted EXAFS spectra from s-MnOx (upper panel) and i-MnOx (lower panel) before and 
after operation as water oxidation catalysts in 0.1M KPi (pH 7) or 0.1M KOH (pH 13). The 
corresponding absorber-backscatter distances were kept equal for all seven spectra and are 
displayed together with the corresponding structural motif (colour code as in Fig. 2). The 
error bars represents the 68% confidence interval; the error for the interatomic distances is 
given in parentheses below the corresponding structural motif. For further details, see Figure 
A6. 59 

Figure 10:  Cyclic voltammograms (CV) of first (solid) and 11th (dashed) scan of s-MnOx (black) and i-
MnOx (red). The CVs were recorded in 0.1 M KPi at pH 7 with a scan rate of 100 mV s-1. 
Two minima resolved in the s-MnOx CV are labeled by MnR-1 and MnR-2, respectively. 61 

Figure 11:  Tafel plot of s-MnOx (black) and i-MnOx (red) extracted from quasi-stationary potential-step 
RDE experiments in 0.1 M KPi at pH 7. All electrode potentials have been iR-corrected. The 
respective Tafel slopes as determined by linear regression are indicated. 62 

Figure 12:  pH dependency of the overpotential (η) of s- and i-MnOx determined in 0.1 M KPi at constant 
currents of (a) 50 µA and (b) 20 µA. The overpotential has been calculated according to 
η = ENHE + (59mV/pHunit) · pH – 1.23 V. 63 

Figure 13:  pH dependence of the catalytic current (I) determined in 0.1 M KPi at a constant electrode 
potential of 1.35 V vs. NHE. 64 

Figure 14:  Scanning electron micrographs in low (a) and high magnification (c), transmission electron 
micrograph (b) and selected area electron diffraction (SAED) pattern (d) of as-prepared 
Co3O4 films. Diffraction rings of Co3O4 are indexed in the SAED pattern. The scale bars 
represent 2 µm, 50 nm, 100 nm, and 5 nm-1 in panel a, b, c, and d, respectively. 72 

Figure 15:  Tafel plot (a) and cyclic voltammogram (b) of Co3O4 films deposited on glassy carbon 
recorded in 0.1 M KPi at pH 7. The Tafel plot was extracted from cathodic quasi-stationary 
potential-step rotating disc electrode (RDE) experiments after equilibration for 4 min at each 
potential; the line corresponds to a Tafel slope and an exchange current density of 65 mV/dec 
and  2.26·10-9 mA cm-2

ECSA, respectively. The cyclic voltammogram was recorded with a scan 
rate of 100 mV s-1 and shows a minor and major Co redox feature at ~1.4 V (A1/C1) and 
~1.54 V (A2/C2), respectively. The capacitance-corrected reductive charge of the two redox 
features showed that only ~1.8% of the Co ions change its oxidation state by one equivalent. 
Electrode potentials were corrected for Ohmic losses and current was normalized using 
electrochemical surface area (ECSA) as determined by potentiostatic electrochemical 
impedance spectroscopy.[51] The electrochemical surface roughness was 26.4. 73 
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Figure 16:  In situ X-ray diffraction patterns (a) and Fourier-transforms (FT) of (quasi-)in situ EXAFS 
spectra collected at the Co K-edge (b) of Co3O4 catalyst films. Experimental data and fitted 
profiles are shown in bold and thin lines, respectively. The diffraction patterns were recorded 
using grazing-incident excitation at α=0.3° and 12 keV. The electrode potential was increased 
stepwise from +1.0 V to +1.62 V vs. RHE, the latter representing the catalytically-active 
catalyst state, in 0.1 M KPi at pH 7. (cf. Figure 15a and Figure A24) The state after OER is a 
dry state for which the electrode was removed from electrolyte at +1.0 V rinsed with de-
ionized water and dried in N2 flow. The Miller indices of selected Co3O4 reflections are 
indicated; the diffraction patterns were background corrected for better visualization. Fitting 
was performed using pseudo-Voigt profiles. Samples for XAS were freeze-quenched under 
potential control using liquid N2 after 15 min at 1.62 V in 0.1M KPi. 74 

Figure 17:  Structural coherence length of Co3O4 (a), shift of the Co X-ray absorption K-edge (b), change 
in EXAFS coordination number of di- and mono-µ-oxo bridges between Co ions (c) with 
respect to the as-prepared state. The state at +1.62 V corresponds to the catalytically active 
oxygen evolution state (cf. Figure 15 and Figure A24). Electrode potentials in this particular 
experiment are not corrected for Ohmic losses but we note that Ohmic correction decreased 
the electrode potential at +1.62 V by less than ~1 mV in the quasi-stationary experiment. The 
structural coherence length was calculated using the Scherrer equation from the integral 
breadth of the Co3O4(511) and (440) reflections.[164] A shape factor k of 0.89 was used. The 
error of the structural coherence length was calculated from the estimated standard deviation 
of the fitted integral breadth. The likely error of the shift of the Co K edge was estimated to 

be 0.1 eV. The coordination numbers were determined by simulations of k3-weighted 

EXAFS spectra. The error ranges of the EXAFS fit parameters were estimated from the 
covariance matrix of the fit and represent the 68% confidence intervals. Further details on 
data analysis are given in the caption of Table 7 and Table 8 75 

Figure 18:  Fluorescence-detected quasi-in situ XANES spectra of Co3O4 films in various catalyst states. 
For increasingly positive potentials, the Co K-edge absorption edge shifted reversibly to 
higher energies suggesting oxidation of 10-15% of the cobalt ions under stationary oxygen 
evolution conditions. Under OER conditions, the XANES profile exhibited an almost linear 
increase due to significantly weaker shoulders marked with (A) and (B). The intensity at the 
principal edge-maximum at (C) was clearly reduced only in the oxygen evolving active state 
(at +1.62 V). Samples were freeze-quenched under potential control using liquid N2 after 
15 min at 1.62 V in 0.1M KPi and stored in liquid N2 until XAS measurements were 
conducted. 77 

Figure 19:  Possible near-surface structures on crystalline Co3O4 core under electrochemical conditions. 
At potentials below Co redox features, Co3O4 is in a healed state at which defects in the near-
surface are oxidized. At elevated O2 evolution, the CoOx(OH)y grows into the crystalline 
Co3O4 core leading to a reversible amorphization of a sub-nm shell. This amorphous 
CoOx(OH)y shell consists of di-µ-oxo bridged Co3+/4+ ions with arbitrary site occupancy in the 
ideal-cubic close-packed O2- lattice. Hydrogen atoms and phosphates are not shown. 80 

Figure 20:  GIXRD patterns of the as-prepared state of Co3O4(black), rs-CoO(red), w-CoO(green) 
deposited on Si(100) substrate, and CoOOH(blue) on Ti-coated Si(100) substrate recorded at 
an incident angle of 1° using parallel Cu Kα radiation. The diffraction patterns were 
background corrected for better visualization. The reflections for the database references are 
shown as bars. Co3O4 (black, PDF#00-042-1467), rocksalt-CoO (red, PDF#01-078-0431), 
wurtzite-CoO (green, PDF#01-089-2803), and Heterogenite (blue, PDF#00-026-11107) are 
shown.  The uncorrected patterns are shown in the Figure A33. 90 
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Figure 21:  SEM micrographs of the as-prepared state of Co3O4(A), rs-CoO(B), CoOOH(C), and 
w-CoO(D). 92 

Figure 22:  HRTEM micrographs of the as-prepared state of Co3O4(A), rs-CoO(B), CoOOH(C), and 
w-CoO(D). 93 

Figure 23:  SAED pattern of the as-prepared state of Co3O4(A), rs-CoO(B), CoOOH(C), and w-CoO(D). 94 

Figure 24:  XANES and FT of EXAFS spectra of the as-prepared state of Co3O4(black), rs-CoO(red), 
w-CoO(green), and CoOOH(blue) recorded at the Co K-edge. Experimental curves are shown 
as bold, simulated as thin lines. See Chapter 5 for experimental details of Co3O4. The 
k3-weighted EXAFS spectra are shown in Figure A34. 95 

Figure 25:  Co 2p (A) and O 1s (B) photoelectron spectra of the as-prepared state of Co3O4(black), 
rs-CoO(red), w-CoO(green), and CoOOH(blue) recorded at a kinetic energy of the 
photoelectrons of 550 eV. 98 

Figure 26:  Co L3 (A) and O K (B) XANES spectra of the as-prepared state of Co3O4(black), 
rs-CoO(red), w-CoO(green), and CoOOH(blue) recorded in total electron yield mode. 100 

Figure 27:  Cyclic voltammograms (A) and Tafel plot (B) of Co3O4(black), rs-CoO(red), w-CoO(green), 
and CoOOH(blue) deposited on glassy carbon recorded in N2-saturated 0.1 M KPi at pH 7. 
The Tafel plots were extracted from anodic quasi-stationary potential step experiments. The 
cyclic voltammograms were recorded with a sweep rate of 200 mV·s-1. The Co loading was 
identical for all samples with 322 nmol·cm-2. *The current of CoOOH in the cyclic 
voltammogram was divided by 5 for better visualisation. 103 

Figure 28:  Tafel slope of Co oxides as function of the electrochemical reducibility of the Co3+ sites. 
Reducibility was determined from the peak current ratio of C1 and C2 as extracted from 
cyclic voltammograms recorded with a sweep rate of 200 mV s-1 in 0.1M KPi at pH7. The 
potential of C1 was 1.35 V in case of rs-, w-CoO and Co3O4 as well as 1.43 V for CoOOH. 
The potential of C2 was chosen by the local current minimum above a potential of 1.45 V. 
Tafel slope was determined from anodic quasi-stationary potential step experiments in the 
same electrolyte. See Figure A36 for further details. 105 

Figure 29:  Cyclic voltammograms of Co3O4(A), rs-CoO(B), CoOOH(C), and w-CoO(D) recorded with a 
sweep rate of 200 mV s-1 in N2-saturated 0.1 M KOH (solid) and 0.1M KPi at pH 7 (dashed). 106 

Figure 30:  Tafel plots of Co3O4 (black), rs-CoO (red), CoOOH (blue) and w-CoO (green) recorded in 
N2-saturated 0.1 M KOH. The solid lines represent the given Tafel slope 48, 42, 39, and 
36 mV·dec-1 for Co3O4, rs-CoO, CoOOH, and w-CoO, respectively. 107 

Figure 31:  SEM micrographs of the OER-conditioned state of Co3O4(A), rs-CoO(B), CoOOH(C), and w-
CoO (D) deposited on glassy carbon. OER conditioning was performed for 15 min at 1.62 V 
in N2-saturated 0.1M KPi. 109 

Figure 32:  HRTEM micrographs of the OER-conditioned state of Co3O4(A), rs-CoO(B), CoOOH(C), 
and w-CoO (D). OER conditioning was performed for 15 min at 1.62 V in N2-saturated 0.1M 
KPi at pH 7. 110 

Figure 33:  SAED pattern of the OER-conditioned state of Co3O4(A), rs-CoO(B), CoOOH(C), and w-
CoO (D). The SAED patterns were recorded at lower magnification than the TEM 
micrographs shown in Figure 32.OER conditioning was performed for 15 min at 1.62 V in 
N2-saturated 0.1M KPi at pH 7. 111 

  



List of Figures 151 

 

 

Figure 34:  XANES (A) and FT of EXAFS (B) spectra of Co3O4(black), rs-CoO(red), w-CoO(green), and 
CoOOH(blue)  after OER recorded at the Co K-edge. Experimental curves are shown in bold, 
simulated in thin lines. The OER-conditioned state was investigated under in situ conditions 
at 1.2 V in N2-saturated 0.1M KPi at pH 7. OER conditioning was performed for 15 min at 
1.62 V in the same electrolyte. The Co3O4 show the dry state after OER conditioning as 
shown in Figure 16 and Figure 18.[68] The k3-weighted EXAFS spectra are shown in Figure 
A34. 112 

Figure 35:  Co 2p (A) and O 1s (B) X-ray photoelectron spectra of the OER-conditioned state of 
Co3O4(black), rs-CoO(red), w-CoO(green), and CoOOH(blue) recorded at a kinetic energy of 
the photoelectrons of 550 eV. OER conditioning was performed for 15 min at 1.62 V in N2-
saturated 0.1M KPi at pH 7. 115 

Figure 36:  Co L3 (A) and O K (B) XANES spectra of the OER-conditioned state of Co3O4(black), 
rs-CoO(red), w-CoO(green), and CoOOH(blue) recorded in total electron yield mode. OER 
conditioning was performed for 15 min at 1.62 V in N2-saturated 0.1M KPi at pH 7. 117 

Figure 37:  in situ XANES (A) and FT of EXAFS (B) spectra of Co3O4(black), rs-CoO(red), 
w-CoO(green), and CoOOH(blue) during OER recorded at the Co K-edge. Experimental 
curves are shown in bold, simulated in thin lines. The catalytically active state was 
investigated under in situ conditions in N2-saturated 0.1M KPi at pH 7. The electrode 
potential was chosen to a current density of 0.5 mA·cm-2. Prior an OER conditioning was 
performed for 15 min at 1.62 V in the same electrolyte. See Chapter 5 for experimental 
details of Co3O4.

[68] The k3-weighted EXAFS spectra are shown in Figure A34. 120 

Figure 38:  Co oxide reducibility (black squares) and Tafel slope (red circles) in 0.1M KPi at pH 7 as 
function of the normalized of hybridization between the 3d orbitals of low-spin Co3+ Oh ions 
and O 2p orbitals. The reducibility of the Co oxides was determined from the peak current 
ratio of C1 and C2 as extracted from the cyclic voltammograms as shown in Figure 27A and 
Figure A36. The Tafel slope was determined from quasi-stationary anodic potential step 
experiments as shown in Figure 27B. The normalized degree of orbital hybridization was 
estimated from area of the O K pre-edge feature according to electron transitions at ~530.5 eV 
and normalized with the peak area of Co3O4. The peak area was determined by fits as shown 
in Figure A40. 125 

 

  



152  List of Figures 

 

 

  



List of Publications 153 

 

 

List of Publications 

These publications were published during within the course of PhD.  

 [1] A. Bergmann, E. Martinez-Moreno, D. Teschner, P. Chernev, M. Gliech, J. Ferreira de 

Araújo, T. Reier, H. Dau, P. Strasser, Reversible amorphization and the catalytically ac-

tive state of crystalline Co3O4 during oxygen evolution. Nat. Commun., 6:8625 (2015). 

[2] T. Reier, Z. Pawolek, S. Cherevko, M. Bruns, T. Jones, D. Teschner, S. Selve, 

A. Bergmann, H. N. Nong, R. Schlögl, K. J. J. Mayrhofer, P. Strasser, Molecular In-

sight in Structure and Activity of Highly Efficient, Low-Ir Ir–Ni Oxide Catalysts for 

Electrochemical Water Splitting (OER). Journal of the American Chemical Society 137, 

13031-13040 (2015). 

[3] M. Bernicke, E. Ortel, T. Reier, A. Bergmann, J. Ferreira de Araujo, P. Strasser, 

R. Kraehnert, Iridium Oxide Coatings with Templated Porosity as Highly Active Oxy-

gen Evolution Catalysts: Structure-Activity Relationships. ChemSusChem 8, 1908-1915 

(2015). 

 [4] E. Ortel, J. Polte, D. Bernsmeier, B. Eckhardt, B. Paul, A. Bergmann, P. Strasser, 

F. Emmerling, R. Kraehnert, Pd/TiO2 coatings with template-controlled mesopore struc-

ture as highly active hydrogenation catalyst. Applied Catalysis A: General 493, 25-32 

(2015) 

[5] T. N. Huan, E. S. Andreiadis, J. Heidkamp, P. Simon, E. Derat, S. Cobo, G. Royal, 

A. Bergmann, P. Strasser, H. Dau, V. Artero, M. Fontecave, From molecular copper 

complexes to composite electrocatalytic materials for selective reduction of CO2 to for-

mic acid. Journal of Materials Chemistry A 3, 3901-3907 (2015). 

[6] T. Reier, D. Teschner, T. Lunkenbein, A. Bergmann, S. Selve, R. Kraehnert, 

R. Schlögl, P. Strasser, Electrocatalytic Oxygen Evolution on Iridium Oxide: Uncover-

ing Catalyst-Substrate Interactions and Active Iridium Oxide Species. Journal of the 

Electrochemical Society 161, F876-F882 (2014). 

[7] P. W. Menezes, A. Indra, N. R. Sahraie, A. Bergmann, P. Strasser, M. Driess, Cobalt–

Manganese-Based Spinels as Multifunctional Materials that Unify Catalytic Water Oxi-

dation and Oxygen Reduction Reactions. ChemSusChem 8, 164-171 (2014). 

 



154  List of Publications 

 

 

[8] A. Indra, P. W. Menezes, N. R. Sahraie, A. Bergmann, C. Das, M. Tallarida, 

D. Schmeißer, P. Strasser, M. Driess, Unification of Catalytic Water Oxidation and 

Oxygen Reduction Reactions: Amorphous Beat Crystalline Cobalt Iron Oxides. Journal 

of the American Chemical Society 136, 17530-17536 (2014). 

[9] A. Bergmann, I. Zaharieva, H. Dau, and P. Strasser, Electrochemical water splitting by 

layered and 3D cross-linked manganese oxides: correlating structural motifs and cata-

lytic activity. Energy & Environmental Science 6, 2745-2755 (2013). 

[10] K. Mette, A. Bergmann, J.-P. Tessonnier, M. Hävecker, L. Yao, T. Ressler, R. Schlögl, 

P. Strasser, M. Behrens, Nanostructured Manganese Oxide Supported on Carbon Nano-

tubes for Electrocatalytic Water Splitting. ChemCatChem 4, 851-862 (2012). 

  



Appendix 155 

 

 

Appendix 

A1 Supplementary Information to Chapter 4[121] 

 

 

Figure A1: Powder x-ray diffraction pattern of 
MWNTox between 10° and 75° at Cu 
Kα radiation. 

 

Figure A2: Calibration line based on Mn com-
pounds with known structure and oxi-
dation state (in blue). Black symbols 
and labels indicate the edge position 
and estimated mean Mn oxidation state 
for s-MnOx powder before (s-MnOx) 
and after (s-MnOx/GC) deposition on 
the electrode, and after electrocatalytic 
operation at 1.763 V vs. RHE for 3 min 
at pH 7 (0.1 M KPi) or pH 13 (0.1 M 
KOH). Red symbols and label repre-
sent the corresponding values for the i-
MnOx.  
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Figure A3: XANES spectra of s-MnOx (in black) and i-MnOx (in red) after synthesis (A), after deposition on 
GC electrode (B), and after operating for 3 min at 1.763 V vs. RHE in 0.1 M KPi, pH 7 (C). In (D) 
is shown a comparison of the XANES spectra recorded from s-MnOx at different stages of catalyst 
preparation. 

 

Figure A4: Fourier-transformed EXAFS spectra of s-MnOx (black solid lines) and i-MnOx (red solid lines) 
after synthesis (A), after deposition on GC electrode (B), and after operating for 3 min at 1.763 V vs. 
RHE in 0.1 M phosphate buffer, pH 7 (C). In (B) the spectra from δ-MnO2 and b-MnO2 reference 
compounds are shown using black and red dotted lines, respectively. In (D) a comparison of the 
Fourier-transformed EXAFS spectra recorded from s-MnOx at different stages of catalyst prepara-
tion is shown. 
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Figure A5: Simulation results for the independent fits of the k3-weighted EXAFS spectra from s-MnOx and i-
MnOx before and after operation as water oxidation catalysts in 0.1 M KPi (pH 7) or 0.1 M KOH 
(pH 13). (A) – EXAFS coordination numbers, (B) – interatomic distances, (C) – Debye-Waller pa-
rameters. During the simulation, the sum of the coordination numbers for the two oxygen shells was 
kept equal to six and the same Debye-Waller parameter was used for each of the two oxygen shells. 
The Debye-Waller parameters for the last two Mn-Mn shells were fixed to 0.063 Å. The errors rep-
resent a 68% confidence interval.  

 

 

Figure A6: Debye-Waller parameters for the oxygen shell of backscattering atoms. The other fit parameters are 
presented in Fig. 3 in the main text. 
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Figure A7: k3-weighted experimental EXAFS spectra of the studied Mn oxides (thin black lines) and the joint-
fit simulation result (red lines for s-MnOx, blue for the i-MnOx). The fit parameters are given in Fig. 
3 of the main manuscript. The grey vertical lines indicate the range used to calculate the RF error 
factor. The averaged RF-values equalled 15.1% for the joint-fit simulation approach and 13.6% for 
simulations with independently variable interatomic distances 

. 

 

Figure A8: First (solid) and 11th (dashed) voltam-
mogram of MWNTox (without cata-
lyst) recorded in 0.1 M KPi at pH 7 
with a scan rate of 100 mV s-1.  

 

 

 

Figure A9: pH dependence of the electrode poten-
tial vs. NHE at a constant current of (a) 
50 µA and (b) 20 µA recorded during 
titration of aliquots of 40 wt.% KOH 
into 0.1 M KPi increasing the pH be-
tween 5 and 12. At each pH values the 
corresponding potential was detected 
after equilibration for 3 min. 
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Figure A10: Background current of MWNTox 
without deposited catalysts. The Tafel 
plot of MWNTox in 0.1 M KPi at pH 7 
was extracted from quasi-stationary po-
tential-step RDE experiments at a rota-
tion speed of 1600 rpm. All electrode 
potentials have been iR-corrected. We 
note that the current values are signifi-
cantly lower than the corresponding 
figures in the presence of the investi-
gated Mn oxide catalysts. The Tafel 
slope was determined to 216 mV dec-1 
from linear regression between 1.675 
and 1.8 V. 

 

Figure A11: pH dependence of electrolyte resistance 
(a) and η-pH profile after correction for 
ohmic losses (iR correction) (b). In (a), 
the high frequency resistance RHF of 
the bulk electrolyte has been deter-
mined via electrochemical impedance 
spectroscopy at 1.35 V vs. NHE. The 
pH was adjusted via titration of ali-
quots of 40 wt.% KOH.  

 

 

Figure A12: pH dependence of the calculated buffer strength (β). For a concentration of the potassium phosphate 
buffer of 0.1 M, the buffer strength was calculated as described in ref.[195]  
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A2 Supplementary Information to Chapter 5[68] 

 

Figure A13: Cross-section scanning electron micrographs of as-prepared Co3O4 films deposited on Si (100) wa-

fer. Film thickness is 85  8 nm. The Co loading of the same sample is 294  14 nmolCo·cm-2 as de-

termined from ICP-OES.  The porosity of the Co3O4 films is 0.46 by assuming ideal Co3O4 with a 
molecular weight of 240.7956 g·mol-1 and a density ρ of 6.07 g·cm-3. 

 

Figure A14: Potentiostatic electrochemical impedance spectra of Co3O4 films deposited on glassy carbon re-
corded at 1.0 V. Impedance spectra were fitted using an equivalent electrical circuit consisting of a 
serial connection of an Ohmic resistance, RC circuit and a constant phase element. A specific ca-
pacitance of 35 µF cm-2 was used to calculate ECSA from the determined capacitance.[51] 

 

Figure A15: Quasi-stationary anodic potential step experiment of Co3O4 films performed in O2-saturated 0.1M 
KPi (a) and cyclic voltammograms (b) recorded at 50 mV/s in N2-saturated 0.1M KPi at pH 7 before 
(black) and after (red) the quasi-stationary cathodic potential step experiment performed in O2-
saturated electrolyte. The Tafel slope is 76 mV/dec while the exchange current density is 1.52·10-8 
mA·cm-2

ECSA. Current was normalized using the initial ECSA as determined by PEIS. Electrode po-
tentials were corrected for Ohmic losses using PEIS. 
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Figure A16: Quasi-stationary cathodic potential step experiment of Co3O4 films performed in N2-saturated 0.1M 
KPi (a) and cyclic voltammograms (b) recorded at 100 mV/s in N2-saturated 0.1M KPi at pH 7 be-
fore (black) and after (red, dashed) the quasi-stationary cathodic potential step experiment. The Ta-
fel slope is 65 mV dec-1 while the exchange current density is 2.09·10-9 mA cm-2

ECSA. Current was 
normalized using the initial ECSA as determined by PEIS. Electrode potentials were corrected for 
Ohmic losses using PEIS. 

 

 

Figure A17: Series of cyclic voltammograms of 
Co3O4 thin films recorded at the given 
sweep rates in N2-sat. 0.1M KPi at 
pH 7. The cyclic voltammograms were 
recorded after two initial CVs recorded 
with a sweep rate of 6 mV s-1 between 
1.0 and 1.76 V as shown in Figure 
A18. Current was normalized using the 
initial ECSA as determined by PEIS. 
Electrode potentials were corrected for 
Ohmic losses using PEIS. 

 

 

 

Figure A18: Cyclic voltammograms of Co3O4 thin 
films recorded at 6 mV s-1 in N2-
saturated 0.1M KPi at pH 7 at different 
stages of the electrochemical charac-
terization protocol. The initial irre-
versible loss of current can be ex-
plained by the electrochemical oxida-
tion of organic, carbonaceous residues 
adsorbed on the Co3O4 surface. Current 
was normalized using the initial ECSA 
as determined by PEIS prior to OER. 
Electrode potentials were corrected for 
Ohmic losses using PEIS.  
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Figure A19: Current and potential vs. time profile of quasi-stationary potential step experiments of Co3O4 films 
recorded in anodic direction in N2-saturated 0.1M KPi at pH 7. Each electrode potential was hold for 
~4 min and an electrochemical impedance spectra (current spikes) was recorded at each potential 
step. Current was normalized using the initial ECSA as determined by PEIS. Electrode potentials 
were corrected for Ohmic losses using PEIS. 

 

Figure A20: Tafel plot (a) and cyclic voltammograms (b) of Co3O4 thin films recorded at 50 mV s-1 in N2-
saturated 0.1M KPi at pH 7 before and after the quasi-stationary anodic potential step experiment. 
Current was normalized using the initial ECSA as determined by PEIS. Electrode potentials were 
corrected for Ohmic losses using PEIS. 

 

Figure A21: Current-time profile (a) of potential step experiments at the electrode potentials selected for in situ 
characterization and cyclic voltammograms (b) recorded with 100 mV s-1 after 15 min at the corre-
sponding electrode potentials. The 10th cycle is shown. N2-saturated 0.1M KPi at pH 7 acted as elec-
trolyte. Current was normalized using the initial ECSA as determined by PEIS. Electrode potentials 
were corrected for Ohmic losses using PEIS. 
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Figure A22: Scanning electron micrographs in low (A) and high magnification (C), transmission electron micro-
graph (B) and selected area electron diffraction (SAED) pattern (D) of Co3O4 films after OER. Dif-
fraction rings of Co3O4 are indexed in the SAED pattern. Micrographs and diffraction pattern were 
recorded after 15 min of OER at 1.62 V in 0.1M KPi. After 15 min of OER at 1.62 V in 0.1M KPi 
approximately 1% of the initial Co loading was dissolved in the electrolyte. The scale bars represent 
2 µm, 50 nm, 100 nm, and 5 nm-1 in panel a, b, c, and d, respectively. 

 

Figure A23: Transmission electron micrograph of Co3O4 films (a) in the as-prepared state and (b) after 15 min at 
1.62 V in 0.1M KPi at pH 7 without electrochemical reduction after electrocatalysis in the left and 
right panel, respectively. Transmission electron micrographs recorded after OER show no presence 
of a restructuring in the near-surface due to cationic redistribution but some defects in the outermost 
surface layer of the Co3O4 crystallites. The scale bars represent 5 nm. 
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Figure A24: Cyclic voltammogram (black) of Co3O4 
film deposited on glassy carbon re-
corded at 6 mV s-1 in 0.1M KPi at pH 7 
as well as the corresponding signals of 
m/z=32 (blue) and m/z=44 (grey) cor-
responding to the signals of O2 and 
CO2, respectively. The electrode poten-
tial was corrected for Ohmic losses us-
ing PEIS and current was normalized 
using geometrical sample area. 
 

 

Figure A25: in situ X-ray diffraction patterns of 
Co3O4 catalyst films. The diffraction 
patterns were recorded using grazing-
incident excitation at α=0.3° and 12 
keV. The electrode potential was in-
creased stepwise from 1.0 V to 1.62 V 
vs. RHE, the latter representing the 
catalytically active state, in 0.1 M KPi 
at pH 7. The state after OER is a dry 
state for which the electrode was re-
moved from electrolyte at 1.0 V rinsed 
with de-ionized water and dried in N2 
flow. The Miller indices of selected 
Co3O4 reflections are indicated. Dif-
fraction pattern were background cor-
rected for better visualization.  

 

 

Figure A26: quasi-in situ k3-weighted EXAFS spec-
tra of Co3O4 thin films recorded at Co 
K-edge as a function of catalyst state. 
Experimental and simulated spectra are 
shown in bold and thin, respectively. 
Samples were freeze-quenched using 
liquid N2 under electrochemical poten-
tial control after electrochemical condi-
tioning for 15 min at the given poten-
tial in 0.1M KPi at pH 7. 

 

 

Figure A27: quasi-in situ FT of EXAFS spectra of 
Co3O4 films recorded at Co K-edge as 
function of catalyst state. Samples were 
freeze-quenched using liquid N2 under 
electrochemical potential control after 
electrochemical conditioning for 15 
min at the given potential in 0.1M KPi 
at pH 7. 
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Figure A28: in situ X-ray diffraction patterns of Co3O4 catalyst films. The diffraction patterns were recorded 
using grazing-incident excitation at α=0.3° and 12 keV. The electrode potential was increased step-
wise from 1.0 V to 1.62 V vs. RHE, the latter representing the catalytically active state, in 0.1 M 
KPi at pH 7. The state after OER is a dry state for which the electrode was removed from electrolyte 
at 1.0 V rinsed with de-ionized water and dried in N2 flow. Diffraction pattern were background cor-
rected for better visualization. 
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Table 7:  Fit results for Co3O4(511) and Co3O4(440) reflections of the in situ X-ray diffraction of thin films as 
function of catalyst state. Fitting was performed using pseudo-Voigt profiles. The error of the fit pa-
rameters represents one estimated standard deviation. The structural coherence length was deter-
mined from the integral breadth in the Scherrer equation. A shape factor of 0.89 was used. 

Co3O4(511) as-prepared 1.00V 1.20V 1.55V 1.62V after OER 

2 / ° 38.861 38.906 38.900 38.878 38.859 38.885 
Error 0.005 0.009 0.007 0.006 0.01 0.008 
d / Å 1.5511 1.5494 1.5494 1.5505 1.5512 1.5502 
Error 4E-4 7E-4 7E-4 5E-4 7E-4 7E-4 
Height/ cts 123 70 73 86 99 74 
Error 2 2 1 1 2 2 
Area/ cts·° 2969 1691 1638 1846 2767 1709  
Error 56 50 42 43 76 47 
FWHM / ° 0.936 0.95  0.91  0.943 1.13 0.91 
Error 0.018 0.02 0.02 0.019 0.03 0.02  
IB / ° 1.20 1.20 1.12 1.07 1.39 1.15  
Error 0.04 0.07 0.04 0.03 0.06 0.06 
CLIB / nm 4.62 4.6 4.97 5.19 3.99 4.8  
Error 0.16 0.2 0.19 0.18 0.19 0.2 
 

 

Co3O4(440) as-prepared 1.00V 1.20V 1.55V 1.62V after OER 

2 / ° 42.48 42.495 42.493 42.484 42.504 42.491 
Error 0.005 0.007 0.006 0.005 0.008 0.008 
d / Å 1.424 1.4238 1.4239 1.4242 1.4236 1.4240 
Error 3E-4 5E-4 4E-4 3E-4 7E-4 5E-4 
Height/ cts 147 81 88 105 112  82 
Error 2 1 1 1 2 1 
Area/ cts·° 3405 1742 1823 2151 2749 1655 
Error 61 43 39 41 75 42 
FWHM / ° 0.949 0.91 0.893 0.910 0.97 0.92 
Error 0.015 0.02 0.018 0.015 0.02 0.02  
IB / ° 1.15 1.06 1.03 1.02 1.22 1.00 
Error 0.03 0.03 0.03 0.02 0.05 0.03 
CLIB / nm 4.87 5.30 5.45 5.51 4.6 5.5 
Error 0.15 0.19 0.17 0.15 0.2 0.2 
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Table 8:  Simulation results for the fits of the k3-weighted EXAFS spectra of Co3O4 thin films as a function of 
catalyst state. The error ranges of the fit parameters were estimated from the covariance matrix of 
the fit and represent the 68% confidence intervals.[141] 

Shell Sample ASP 1.00V 1.20V 1.55V 1.62V after OER 

Co-O N 5.30 5.44 5.45 5.42 5.40 5.34 
R = 1.908 +/- 0.001 Å Error of N 0.2 0.2 0.2 0.2 0.2 0.2 
σ = 0.046 +/- 0.002 Å       

Co-Co N 4.63 4.73 4.76 4.83 5.01 4.61 
R = 2.851 +/- 0.001 Å Error of N 0.2 0.2 0.2 0.2 0.2 0.2 
σ = 0.052 +/- 0.001 Å         

Co-Co N 6.81 7.03 6.72 6.84 6.3 6.77 
R = 3.357 +/- 0.001 Å Error of N 0.3 0.3 0.3 0.3 0.3 0.3 
σ = 0.052 +/- 0.001 Å  

Co-Co N 7.73 7.37 7.7 7.98 7.27 7.29 
R = 4.986 +/- 0.003 Å Error of N 0.9 0.9 0.9 0.9 0.9 0.9 
σ = 0.052 +/- 0.001 Å    

Co-Co N 10.98 12.14 10.85 9.28 9.98 10.62 
R = 5.315 +/- 0.002 Å Error of N 1.1 1.1 1.1 1.1 1.1 1.1 
σ = 0.052 +/- 0.001 Å    

Co-Co-Co, multiple N 1.17 1.3 1.09 1.09 1.11 1.09 
scattering from Error of N 0.4 0.4 0.4 0.4 0.4 0.4  
di-μ-oxo bridged Co  
on a straight line 
R = 5.703 +/- 0.002 Å 
σ = 0.052 +/- 0.001 Å    

Rf  10.95 12.38 12.7 12.19 12.39 13.16 

 
  



168  Appendix 

 

 

Surface chemistry and electronic structure 

For further insight in the elemental composition, atomic and electronic structure of the near-

surface of the Co3O4 crystallites at the electrode/electrolyte interface before and after OER, 

we conducted synchrotron-based XPS and XANES at Co L- and O K-edge experiments on the 

Co3O4 films. Figure A29a and b show Co 2p XPS and the Co L3 XANES spectra of Co3O4 

films, respectively. The Co 2p spectrum of the Co3O4 shows two peaks at 779.7 and 794.7 eV 

arising from Co 2p3/2 and Co 2p1/2 states, respectively. The main 2p3/2 satellite at ~789 eV and 

the weaker satellite at ~786 eV are characteristic for a Co oxide containing mainly Co3O4 in 

the near-surface. Both spectra support the notion of a Co oxide containing mainly Co3O4 in 

the near-surface of the crystallites.[33] We note that due to the more pronounced fine structure 

at the low energy side of the Co L3 absorption peak, the presence of a minor fraction of 

Co2+ Oh in the near-surface is possible (cf. Figure A31). The oxygen 1s XPS showed that the 

near-surface of the as-prepared state incorporated protonated oxygen atoms in addition to lat-

tice oxygen. (cf. Figure A29c and Figure A32) Oxygen ions incorporated in the crystal lattice 

give rise to a peak at 530 eV, whereas the broad shoulder at ~531.5 eV is mainly caused by 

hydroxylated O.[33] Additionally, traces of adsorbed water are present leading to a contribu-

tion at ~533 eV.[33] The strong pre-edge feature of oxygen K-edge XANES spectrum revealed 

significant hybridization of Co 3d and O 2p orbitals. The main absorption edge and the fea-

tures above are assigned to electron transitions from the O 1s to hybridized orbitals of O 2p 

with Co 4s/4p states.[36, 182] (cf. Figure A29d) Thus, the near-surface of the as-prepared state 

consists of primarily Co3O4 with possible minor contribution of additional Co2+ Oh ions. The 

O/Co ratio (at photoelectron kinetic energy of 550 eV) is 1.48 and the fraction of lattice O is 

54.4%. 

After OER, the near-surface of the Co3O4 crystallites was largely unchanged; XPS and 

XANES spectra showed almost identical profiles when compared to the as-prepared catalyst 

material. Minor differences can be accounted for by adsorption of phosphate ions (P/Co=0.05) 

during operation of the catalyst film in the phosphate-containing electrolyte.(cf. Figure A30) 

The presence of the phosphate ions in the near-surface after OER also influences the O 1s 

spectrum (increased intensity at ~531 eV[33]) and the O K-edge absorption spectrum (addi-

tional feature between 535 and 540 eV).[180] We conclude that the increase of the O/Co ratio 

to 1.57 is thus primarily caused by the presence of the phosphate ions. We conclude that the 

identified reversibility of the structural transformation observed by X-ray diffraction and X-

ray absorption spectroscopy at the Co K-edge is fully supported by our surface-sensitive spec-

troscopic. 
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Figure A29: X-ray photoelectron spectra of Co 2p (a), O 1s (c) as well as XANES spectra recorded at Co L3-(b) 
and O K-edge (d) of Co3O4 thin films prepared on GC. XPS spectra were recorded at photoelectron 
kinetic energy of 550 eV. XANES spectra were recorded in total-electron yield mode. 

 

Figure A30: X-ray photoelectron spectra of P 2p 
recorded using as prepared Co3O4 thin 
films as prepared on glassy carbon and 
after 15 min of OER at 1.62 V in 0.1M 
KPi at pH 7. XPS spectra were re-
corded at photoelectron kinetic energy 
of 550 eV. 

 

 

Figure A31: Co L3-XANES spectra of Co3O4 thin 
films in the as-prepared state as well as 
of Co3O4 and Co2+ Oh references.[179] 
XANES spectra were recorded in total-
electron yield mode. 
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Figure A32: Fits of O 1s spectra of Co3O4 thin films as-prepared (a) and after oxygen evolution (b). XPS spectra 
were recorded at photoelectron kinetic energy of 550 eV. The fit of hydroxyl groups includes also 
contributions from oxygen species in phosphate molecules.  
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A3 Supplementary Information to Chapter 6 

 

 

 

Figure A33: Results of the Rietveld Refinement of Co3O4, rs-CoO and w-CoO in the upper, middle and lower 
panel, respectively. Experimental data are shown in black, calculated patterns (Ycalc) in red, and 
difference (Diff) in green. Rwp’ = 2.92, 73.92, 9.38, and 1.43 for Co3O4, rs-CoO with ideal occu-
pancy and symmetrical Co2+ octahedra, rs-CoO with ideal occupancy and asymmetrical Co2+ octa-
hedra, and w-CoO, respectively. The symmetry of the Co2+ octahedra were refined via the O posi-

tion u in the unit cell leading to ux = uy = 0.505 and uz = 0.460.03 in contrast to the ideal case in 

which ux= uy= uz= 0.5. 
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Figure A34: EXAFS spectra of rs-CoO, w-CoO, and CoOOH in the upper, middle and lower panel, respectively. 
Experimental data of the as-prepared state, the OER-conditioned state and during OER are shown in 
black, red, and green, respectively. The simulated spectra are shown in thin black lines. Fitting of 
the k3-weighted data was done in k-space between 2.0 and 12 Å-1 for rs- and w-CoO as well as 3 to 
12 Å-1 for CoOOH. The fit results are shown in Table 9 - Table 11. 
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Table 9: Results of simulation of the EXAFS spectra of rs-CoO, w-CoO, and CoOOH in the as-prepared 
state. The experimental and simulated spectra are shown in Figure A34. 

Rs-CoO Co-O Co-O Co-Co Co-O Co-Co Co-Co Co-Co Co-Co Co-Co Co-Co 

R / Å 2.135 1.984 3.003 3.707 3.985 4.357 4.821 5.142 5.274 5.823 

error 0.008 0.02 0.002 0.028 0.012 0.006 0.018 0.049 0.033 0.006 

 / Å 0.067 0.067 0.077 0.067 0.032 0.032 0.032 0.077 0.077 0.077 

error 0.012 0.012 0.12 0.012 0.014 0.014 0.014 0.011 0.011 0.011 

N 4.45 0.394 12.1 2.92 1.77 4.73 2.32 16.6 31.1 28 

error 0.61 0.5 0.32 1.6 0.61 0 1.3 8.3 9.6 6.8 

Rf 13.38          

 

w-CoO Co-O Co-Co Co-O Co-Co 

R / Å 1.971 3.228 3.746 4.563 

error 0.016 0.014 0.043 0.033 

 / Å 0.0489 0.0774 0.0489 0.0774 

error 0.01 0.017 0.01 0.017 

N 3.2 6.38 5.99 4.7 

error 0.6 2.5 3 3.1 

Rf 14.2    

 

CoOOH Co-O Co-Co 

R / Å 1.887 2.825 

error 0.048 0.045 

 / Å 0.0588 0.0481 

error 0.041 0.058 

N 3.64 1.65 

error 2.7 2.8 

Rf 22.08  
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Table 10: Results of simulation of the EXAFS spectra of rs-CoO, w-CoO, and CoOOH at 1.2 V after OER-
conditioning. The differences between as-prepared state and the state at 1.2 V in case of rs-, w-CoO 
and CoOOH after OER conditioning are given. The experimental and simulated spectra are shown 
in Figure A34.  

Rs-
CoO Co-O Co-O 

Co-
Co 

Co-
Co 

Co-
Co Co-O 

Co-
Co 

Co-
Co 

Co-
Co 

Co-
Co 

Co-
Co 

Co-
Co 

R / Å 2.135 1.984 2.875 3.003 3.35 3.707 4.821 3.985 4.357 5.137 5.274 5.823 

error 0.008 0.02 0.009 0.002 - 0.020 0.018 0.012 0.006 0.04 0.03 0.006 

 / Å 0.067 0.067 0.032 0.077 0.077 0.067 0.032 0.032 0.032 0.077 0.077 0.077 

error 0.012 0.012 0.016 0.12 0.12 0.012 0.014 0.014 0.014 0.011 0.011 0.011 

N 1.9 1.7 1.3 10.6 0.04 4.5 2.9 1.6 3.1 11 18 18 

error 0.4 0.3 0.3 0.6 0.71 1.9 1.1 0.5 0.7 5 7 5 

Rf 8.301            

 

w-CoO Co-O Co-Co Co-Co Co-Co Co-Co Co-Co 

R / Å 1.932 2.839 3.185 5.26 3.351 5.014 

error 0.014 0.029 0.08 0.042 0.048 0.037 

 / Å 0.0489 0.0771 0.0774 0.0771 0.0771 0.0771 

error 0.01 0.025 0.017 0.025 0.025 0.025 

N 3.9 2.61 3 6.03 3 5.3 

error 0.6 1.7 2 7 3 6.3 

Rf 12.88      

 

CoOOH Co-O Co-Co 

R / Å 1.906 2.84 

error 0.023 0.023 

 / Å 0.0385 0.0609 

error 0.03 0.03 

N 5.09 4.22 

error 2.1 3.1 

Rf 9.812  
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Table 11: Results of simulation of the EXAFS spectra of rs-CoO, w-CoO, and CoOOH during OER. The ex-
perimental and simulated spectra are shown in Figure A34. 

Rs-
CoO 

Co-
O 

Co-
O 

Co-
Co 

Co-
Co 

Co-
Co 

Co-
O 

Co-
Co 

Co-
Co 

Co-
Co 

Co-
Co 

Co-
Co 

Co-
Co 

R / Å 2.135 1.95 2.862 3.003 3.35 3.707 3.985 4.357 4.821 5.13 5.27 5.823 

error 0.008 0.014 0.008 0.002 - 0.028 0.012 0.006 0.018 0.04 0.03 0.006 

 / Å 0.067 0.067 0.032 0.07 0.07 0.067 0.032 0.032 0.032 0.077 0.077 0.077 

error  0.012 0.012 0.016 0.12 0.12 0.012 0.014 0.014 0.014 0.011 0.011 0.011 

N 2.4 2.0 1.7 10.2 0.4 3.0 0.8 3.0 2.6 7 15 14 

error 0.4 0.3 0.4 0.7 1.9 1.9 0.4 0.7 0.9 5 4 3 

Rf 10.1            

 

w-CoO Co-O Co-Co Co-Co Co-Co Co-Co Co-Co

R / Å 1.91 2.833 3.185 5.26 3.351 5.014 

error 0.014 0.022 0.08 0.042 0.048 0.037 

 / Å 0.0489 0.077 0.077 0.077 0.077 0.077 

error  0.01 0.025 0.017 0.025 0.025 0.025 

N 3.99 3.22 2.37 4.55 2.82 4.95 

error 0.65 1.9 2.1 6.2 2.9 5.7 

Rf 11.48      

 

CoOOH Co-O Co-Co 

R / Å 1.887 2.830 

error 0.022 0.021 

 / Å 0.0456 0.0584 

error  0.027 0.028 

N 5.63 4.61 

error 2.2 3 

Rf 5.368  
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Figure A35: Fits of the O 1s spectra of Co3O4(A), rs-CoO(B), CoOOH(C) and w-CoO(D) in the as-prepared 
state. The spectra were recorded at a kinetic energy of the electrons of 550 eV.  

 

Figure A36: Cyclic voltammograms of Co3O4(A), rs-CoO(B), CoOOH(C) and w-CoO(D) recorded with a sweep 
rate of 200 mV s-1 in 0.1M KPi at pH7 after OER conditioning. The potentials where the reductive 
current of C1 and C2 was extracted are denoted.  
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Figure A37: Fits of the O 1s spectra of Co3O4(A), rs-CoO(B), CoOOH(C) and w-CoO(D) after OER conditioning 
for 15 min at 1.62 V in 0.1M KPi at pH 7. The spectra were recorded at a kinetic energy of the elec-
trons of 550 eV.  

 

Figure A38: Fits of the Co L3 XANES spectra of rs-CoO (A), w-CoO (B), CoOOH-ASP (C), and CoOOH-OER 
(D). The OER conditioned samples were treated for 15 min at 1.62 V in 0.1M KPi at pH 7. 
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Figure A39: Difference of the pre-edge features of the O K XANES spectra of rs-CoO(red), CoOOH(blue) and 
w-CoO(green) with respect to Co3O4. The spectra were recorded in total-electron yield mode and af-
ter OER conditioning in 0.1M KPi at pH7.  

 

Figure A40: Fits of the pre-edge feature of the O K XANES spectra of Co3O4(A), rs-CoO(B), CoOOH(C) and w-
CoO(D) after OER conditioning in 0.1M KPi at pH7. 
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