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Abstract

Hydrogen might be the key to a sustainable energy future. However, the oxygen evolution

reaction (OER) is limiting the production of hydrogen from water by its high overpotential. To

decrease the overpotential, the understanding of oxygen evolution catalysts plays a crucial role.

In this PhD thesis, the influence of different coordination geometries of oxygen atoms around

a central cobalt atom is evaluated. Specifically, spinels and other oxides containing tetrahedral

and octahedral coordinated cobalt are synthesized, characterized and their activity towards

the OER under alkaline conditions is evaluated. The electrochemical analyses reveal, that

materials containing cobalt in tetrahedral oxygen coordination are better precatalysts for the

OER. Furthermore, it is demonstrated that leaching of inactive metals from a structure increases

the activity as well.

Based on these two hypotheses, the new material Zn0.35Co0.65O is proposed. It crystallizes in the

wurtzite structure and contains solely tetrahedrally coordinated atoms. In alkaline solutions, it

transforms from wurtzite structure via a hydroxide to γ-Co(O)OH, and nearly all Zn is leached

from the structure. By this, a material with a large electrochemically active surface area is

generated, that contains under-coordinated CoO6–x octahedra as active centers for the OER.

Thus, outstanding catalytic performance is achieved. The overpotential at 10 mA cm−2 is only

306 mV.

To generate further insights into the OER, diffuse reflectance ultraviolet visible (DRUV) spec-

troscopy is facilitated. It probes the electronic structure of a solid material.

In this thesis, novel flow-cell designs are proposed, that allow to record DRUV spectra of catalysts

under working conditions, i.e. operando. By this spectroelectrochemical approach, changes

the catalysts undergo during the OER are observed. The phase transitions of Zn0.35Co0.65O are

successfully followed, and it can be further shown, that CoAl2O4 and Co2SnO4 are only active at

their surface. By comparison to ex situ analyses, clear structure-activity correlations are proposed,

and deeper insights in the catalytically active structural motifs are obtained.

Keywords: cobalt • oxygen evolution reaction • operando • DRUV • spectroelectrochemistry •

structure-property relationships • zinc • spinel • wurtzite • γ-Co(O)OH
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Zusammenfassung

Wasserstoff könnte der Schlüssel zu einer nachhaltigen Energiezukunft sein. Eine effektive Wasser-

stoffproduktion wird jedoch durch die hohe Überspannung der Sauerstoffentwicklungsreaktion

(OER) gehindert. Um diese zu verringern, ist es essentiell, die Wirkungsweise der Sauerstoffent-

wicklungskatalysatoren zu verstehen.

In dieser Dissertation wird der Einfluss unterschiedlicher Sauerstoff-Koordinationsgeometrien um

ein zentrales Kobaltatom evaluiert. Genauer werden Spinelle und andere Oxide, die tetraedrisch

und oktaedrisch koordiniertes Kobalt enthalten, synthetisiert und charakterisiert. Zudem wird ihre

Aktivität in Hinblick auf die OER unter alkalischen Bedingungen untersucht. Die elektrochemis-

chen Analysen zeigen dabei, dass Materialien, die Kobalt in tetraedrischer Sauerstoffkoordination

enthalten, die besseren Katalysatorvorläufer für die OER sind. Weiterhin kann demonstriert

werden, dass das Herauslösen von inaktiven Metallen aus einer Struktur die Aktivität erhöht.

Basierend auf diesen beiden Hypothesen wird das neue Material Zn0.35Co0.65O vorgeschlagen.

Es kristallisiert in der Wurtzitstruktur und enthält nur tetraedrisch koordinierte Atome. In

alkalischen Lösungen wandelt sich die Wurtzitstruktur über die Zwischenstufe Co(OH)2 zum

γ-Co(O)OH um, und nahezu alles Zink wird aus der Struktur herausgelöst. Dadurch wird ein

Material mit einer großen elektrochemisch aktiven Oberfläche gewonnen, das unterkoordinierte

CoO6–x Oktaeder als aktive Zentren für die OER enthält. Hierdurch wird eine herausragende

katalytische Leistung erreicht. Die Überspannung bei 10 mA cm−2 liegt bei nur 306 mV.

Um weitere Einblicke in die OER zu generieren, wird Diffuse Reflexions UV/Vis (DRUV) Spek-

troskopie verwendet, welche die elektronische Struktur fester Materialien beprobt.

In dieser Dissertation werden neuartige Durchflusszellendesigns vorgeschlagen, die es erlauben,

DRUV Spektren während der Katalyse aufzunehmen, d.h. operando. Durch diesen spektroelektro-

chemischen Ansatz werden Veränderungen der Katalysatoren während der OER beobachtet. So

kann die Phasenumwandlung von Zn0.35Co0.65O erfolgreich verfolgt werden. Ebenso kann gezeigt

werden, dass CoAl2O4 und Co2SnO4 nur an ihrer Oberfläche katalytische Aktivität aufweisen.

Durch den Vergleich mit ex situ Analysen werden eindeutige Struktur-Eigenschaftsbeziehungen

vorgeschlagen und tiefere Einsichten in die katalytisch aktiven Strukturmotive erhalten.

Schlüsselwörter: Kobalt • Sauerstoffentwicklungsreaktion • operando • DRUV • Spektroelektro-

chemie • Struktur-Eigenschaft-Beziehungen • Zink • Spinell •Wurtzit • γ-Co(O)OH
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1 Introduction and Motivation

“The Times They Are a-Changin’ ” sang the nobel laureate Bob Dylan in 1964.[1] Since then,

major breakthroughs have been achieved by the human race. A man stepped on the moon,

supercomputers were developed, the human genome was decoded and lots of deadly diseases

can now be cured. The world became connected via the internet and knowledge is now just a

click away.

All these advances were enabled by an energy system based on fossil fuels and nuclear power.

On the downside, nuclear catastrophes like the core meltdowns in Chernobyl and Fukushima

happened. Hundreds of people were killed and large areas, with homes for hundreds of thousands

of people were contaminated with radioactive material. Thus, several countries began to shut

down their civil nuclear energy programs.[2,3]

In the case of fossil fuels, it was believed that the conventional resources such as coal, natural

gas and oil, would come to an end sooner or later, and therefore it would be inevitable that we as

a species would have to find alternatives. However, with the development of new techniques like

fracking, unexploited shale deposits became accessible, shifting the problem of resource depletion

to future generations.[4] Though, the combustion of these fuels to generate energy has led to

a rise in the emission of the greenhouse gas CO2, which contributes to the problem of global

warming. The impact can be seen worldwide in extreme weather events.[5] Discussions about

reducing the emissions of CO2 or compensating for them have generated significant visibility

in the media. In the “Fridays for Future” protests, millions of pupils demanded actions from

politicians and society as a whole against global warming and climate change. Their main claim

was the fulfillment of the Paris agreement, of which the central aim is to keep the temperature

rise in the 21st century below 2 ◦C in comparison to the pre-industrial age.[6,7]

What actions can be taken to reduce the use of fossil fuels today and in the future?

How can a world worth living in be maintained?

1



1 Introduction and Motivation

In 2015, the United Nations set 17 SDGs to be reached by 2030. They identified global problems

in different fields and formulated actions to solve them. The 7th goal, Affordable and Clean Energy,

aims to “[e]nsure access to affordable, reliable, sustainable and modern energy for all”. One

target is to “increase substantially the share of renewable energy in the global energy mix”.[8]

Sustainable energy sources include wind and solar energy plants, but also water and tidal power

plants, biomass reactors and geothermal plants. In Germany, for example, renewable energy

accounted for 37.8 % of the gross electricity production in 2018; further rising in comparison to

the previous years.[9] Wind and solar plants produce a sufficient amount of energy during the

day. On extremely sunny and windy days, nearly 100 % of electricity is provided by renewable

energies. Often, more energy is produced than consumed. In case of solar energy, this leads to an

export of cheap electricity to neighboring countries. In case of wind power, well working wind

turbines will be switched off. On the contrary, during the night, the energy is either produced

by nuclear power plants or coal and gas power plants, which rely on fossil fuels. Furthermore,

energy has to be imported from neighboring countries at higher prices. Thus, it would be more

sustainable and cost effective to store the surplus energy to dampen the inherent intermittency

and availability instead of exporting it or switching off plants.

An approach to reach this target is the storage of excess solar and wind energy in chemical

bondings, either in the form of batteries or in the hydrogen-hydrogen bond.[10–12] One factor in

the evaluation of these options is the efficiency of the technique.

A vivid example can be seen with vehicles, where the well-to-wheel efficiency can be measured.

Here, the supply chain from harvesting the energy to the consumption of it is evaluated. With

the emerging markets of battery electric vehicles (BEVs, 83,175 cars in Germany on January 1st

2019) and the niche technology fuel cell electric vehicles (FCEVs, 392 cars in Germany on 1.

January 2019), these efficiency data are becoming more available.[13,14] The efficiency of a BEV

lies around 80-85 %, while the efficiency of a FCEV lies approximately between 25-30 % today.

The losses of energy for FCEVs can thereby be broken down to the electrolytic production of H2,

the compression of the gas to carry it in special tanks and the back-conversion to electricity in a

fuel cell.[15]

Therefore, to arrive to a higher share of sustainable hydrogen in the energy mix, it is crucial to

increase the efficiency of each of these single steps.

The first step involves the production of H2 from H2O. In particular, H2 is produced by the

2



water splitting reaction. In this reaction, hydrogen and oxygen are formed by the splitting of

H2O molecules, based on a four electron transfer mechanism from oxygen to hydrogen. The

reaction is hindered by the half-cell reaction at the anode, the oxygen evolution reaction (OER),

which takes place at a theoretical potential of 1.23 V at standard conditions.[16] On top of the

theoretical potential, which cannot be changed, the overpotential (η) is required to produce O2

at the anode.
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Figure 1.1. Search result analysis of the Scopus abstract and citation database for the shown
keywords (accessed August 28, 2019).[17]

A search analysis for the keywords “oxygen evolution reaction” at the abstract and citation

database Scopus reveals that in recent years this topic gained great interest in the scientific

community (figure 1.1).[17]

Among the oxygen evolution catalysts (OECs), scarce and rare ruthenium and iridium oxides

were the best performing for a long time. However, during the last years, more and more OECs

based on earth abundant elements surpassed them. As figure 1.1 further shows, the development

of efficient OECs based on available first row transition metals like cobalt, nickel, iron and

manganese has attracted a lot of attention in the past five years. This is not surprising, since

cost effectiveness and abundant materials are key factors for the realization of a hydrogen based

energy economy.[18]

To overcome the aforementioned challenges, in this thesis the focus is laid on cobalt-based oxides

(CoOx) as OECs. Those exhibit high activities for the OER, especially in alkaline media. Where

does this activity originate and what are the relevant structures? How can these structures be

synthesized and characterized ex situ and operando?

To rally these questions, the interesting structures have to be identified first. In Chapter 2, state-

3



1 Introduction and Motivation

of-the-art water splitting electrolyzers and OECs were reviewed. Then, the underlying principles

of the OER were examined with respect to cobalt oxides. Following, relevant syntheses of CoOx

nanoparticles as well as relevant crystal structures were described. The chapter finishes with an

introduction of the analytical methods most relevant for the understanding of this thesis.

Chapter 3 is dedicated to the identification of relevant cobalt-containing structures for the OER.

In pristine CoOx crystalline materials, cobalt is typically coordinated by four oxygen atoms

tetrahedrally or by six oxygen atoms octahedrally. At the time this thesis was started, two studies

on the influence of the cobalt coordination in spinel structures on the activity towards the OER

were published. The study of Wang et al. stated that Co 2+
td is the underlying structure for a high

activity, while Co 3+
oh is nearly inactive.[19] Contrary to this, Menezes et al. attributed high activity

to Co 3+
oh present in the initial structure.[20]

Driven by this contradiction, materials containing cobalt in tetrahedral and octahedral coordina-

tion were synthesized and characterized thoroughly ex situ.

The following study started from spinel-type cobalt materials and continued to other cobalt-

containing crystal structures. Powder X-ray diffraction (pXRD) was thereby used to evaluate the

crystallinity of samples. High resolution transmission electron microscopy (HRTEM) was used

to visualize the morphology of the materials and to uncover the local crystallinity of interesting

structures by selected area electron diffraction (SAED) and power spectrum (PS) analyses. The

elemental composition was explored by energy dispersive X-ray spectroscopy (EDX) analyses. X-

ray photoelectron spectroscopy (XPS) gave insights into the surface of materials and in oxidation

states. X-ray absorption near-edge structure (XANES) spectroscopy was used as a complementary

technique for the determination of oxidation states and gave first indications about the local

atomic structure. By extended X-ray absorption fine structure (EXAFS), the local atomic envi-

ronment around the cobalt atoms was evaluated. Electrochemical measurements completed the

analyses and allowed the quantification of relevant activity parameters.

Following, the gained insights were discussed in order to gain deeper understanding of the OER.

Based on these results, the new wurtzite-type material Zn0.35Co0.65O was proposed.

In Chapter 4, a technique invented in the 1960s, namely diffuse reflectance ultraviolet visible

(DRUV) spectroscopy, was used to identify the environment of cobalt atoms in selected materials.

Based on this method, measurements were performed operando on Zn0.35Co0.65O, CoAl2O4 and

Co2SnO4 as model catalysts. The results were evaluated with respect to the ex situ results and

4



to reports in literature in order to gain insights into the electronic structure of materials under

working conditions.

To enable the measurements, existing operando cells were evaluated, and new cell designs were

proposed. To make operando measurements widely available, the final aim was to design a simple

cell which could be coupled to a variety of existing detectors in reflection geometry.

Chapter 5 summarizes the results of this work and provides recommendations for further stud-

ies.
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2 Theoretical Background

2.1 Water splitting

2.1.1 General issues

Water splitting is the term for the electrolysis of H2O into gaseous H2 and O2. The reaction was

first performed by Nicholson and Carlisle, van Troostwijk and Deiman and likely also Volta in the

end of the 18th century.[16,21,22] It is divided into two half-cell reactions: the oxygen evolution

reaction (OER) at the anode and the hydrogen evolution reaction (HER) at the cathode. The

half-cell reactions in an alkaline solution are shown in scheme 1.

At the positively charged anode, hydroxide ions get oxidized to oxygen and water is formed. At

the negatively charged cathode, water gets reduced to hydrogen and hydroxide ions are formed.

In the overall reaction, four electrons are transferred from oxygen to hydrogen. Hydroxide ions

act thereby as the electrolyte to close the electrical circuit.

Scheme 1. Half-cell reactions and overall reaction for the water electrolysis.

Anode 4 OH– O2 + 2 H2O + 4 e– E0 = 1.229 V
Cathode 4 H2O + 4 e– 2 H2 + 4 OH– E0 = 0.000 V

Overall 2 H2O 2 H2 + O2 ∆E0 = 1.229 V

The standard potential ∆E0 of the overall reaction is thereby 1.229 V, which is also the redox

potential of the redox couple H2O/O2. The standard redox potential of H2O/H2 is 0.0 V, as the

standards are defined to this reaction.

The formation of H2 in the water splitting reaction is relatively easy and contributes only little to

efficiency losses. The most efficient catalysts for the HER are based on platinum and ruthenium

compounds.[23,24]

In contrast, the formation of O2 involves the transfer of four electrons. It is thus much more

complex and the main reason for the low efficiency of the reaction. The main focus in the

development of active materials lies therefore on the improvement of the OER efficiency, which
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2 Theoretical Background

can be expressed in a low overpotential (η). Here, the best performing heterogeneous catalysts

are based on multi-metal oxides or oxyhydroxides, that often involve Ru, Ir, Co or Ni as the

active species and other less or inactive metals as modulators to the electronic and geometric

structure.[23]

However, just because a catalyst exhibits a low overpotential, it is not necessarily a good catalyst.

The stability plays an important role, too. Moreover, a catalyst needs to be affordable to be

implemented in large scale applications.

These applications will be presented in the next section. State-of-the-art water splitting techniques

as well as potential OECs to improve these will be shown.

2.1.2 State of the art

2.1.2.1 Water splitting electrolyzers[25–27]

Water splitting in a large scale is performed by mainly three different techniques: alkaline

electrolysis (AEL), proton exchange membrane electrolysis (PEMEL) and high temperature

electrolysis (HTEL). Whilst the first two are already widely available technologies, the latter is

still the subject of ongoing research and development. The schematic design of the techniques is

shown in figure 2.1.
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Figure 2.1. Schematic design of water splitting techniques. (a) Shows the alkaline electrolysis
(AEL), using KOH as the electrolyte, OH– as the charge carrier in a temperature range of 40-90 ◦C
and a diaphragm as the half-cell separator. (b) Shows the proton exchange membrane electrolysis
(PEMEL), using a solid acid polymer (Nafion®-based) as the electrolyte and half-cell separator,
H+ as the charge carrier and distilled H2O as the reactant in a temperature range of 20-90 ◦C.
(c) Shows the high temperature electrolysis (HTEL), using a ceramic metal compound as solid
O2– conductor and half-cell separator and H2O steam as the reactant in a temperature range of
700-1000 ◦C.[25]
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2.1 Water splitting

For the AEL, the two half-cells are divided by a diaphragm, which conducts only OH– ions but

neither H2 nor O2. It is commonly made of asbestos (e.g. (Mg,Fe,Ni)3Si2O5(OH)4), NiO, ZrO2 on

polyphenylsulphone, or polysulphone impregnated with either Sb2O5 or polyantimonic acid.

The cathode is made of Raney-Ni, which is a Ni-Zn-alloy, that is activated by the dissolution

of Zn. At the anode, Ni/Co/Fe alloys or spinel and perovskite oxides, e.g. Ni2CoO4, Co3O4 or

(La/Sr)CoO3 are used to promote the OER. A solution of 20 to 30 % KOH is used as the electrolyte

in a temperature range from 40 to 90 ◦C. The efficiency is up to 71 % at potentials of 1.7-2.1 V

with current densities up to 500 mA cm−2.[26]

In the PEMEL, the two half-cells are divided by a proton exchange membrane, mainly based on

the polymer of perfluorosulfonic acid, also known as Nafion®. It further acts as the electrolyte, to

connect the dry cathode to the anode, which is purged with H2O.

As H+ is the charge carrier, the used materials need to be resistant to acidic conditions. Therefore,

the cathode is made of Pt, whilst the anode is commonly based on RuO2 and IrO2. The operating

temperature lies typically between room temperature and 90 ◦C. The efficiency is up to 69 % at

potentials of 1.65-2.5 V with current densities up to 2500 mA cm−2.[26]

The HTEL, also known as solid oxide electrolysis (SOEL), facilitates the fact, that the OER has

a significantly lower Gibbs free energy at high temperatures, and thus less voltage needs to be

applied to split the H2O. On the downside, the cells as well as the H2O steam need to be heated

to the operating temperature of 700 to 1000 ◦C.

As the cells have to withstand high temperatures, the half-cells are divided by solid electrolyte

ceramics that are able to conduct O2– ions. The ceramics are based on zirconia doped with Y

and/or Sc (Y:ZrO2, (Y,Sc):ZrO2), Sm-doped CeO2 or Sr and Mg doped LaGaO3.

In these cells, H2O steam streams over the cathode, which consists of cermets, ceramic-metal

composites. Ni-Y2O3:ZrO2 is the most-widely used material, but it is prone to oxidization by the

steam and to poisoning by C and S. The same holds for Co and Fe. Therefore, other materials

have been tested, including La:SrVO3, Sr:LaMn1–xCrxO3, Nb:SrTiO3, La:SrTiO3 with CeO2 and

double perovskites Sr2FeNbO6.

For anodes, most of the time perovskite-based mixed conductors containing La are used. Here,

Sr:LaMnO3, Sr:LaCoO3, Sr:Co:LaFeO3 and Sr:LaNiO3 gained the most attention.

At potentials up to 1.28 V with current densities up to 1000 mA cm−2, the efficiency for HTEL is

close to 100 %, which makes it very interesting for industrial application.[28]
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2 Theoretical Background

The presented water splitting electrolyzers come all with up- and downsides. AEL is the most

studied system and allows nowadays for a high H2 production (1400 N m3 h−1 (Normal cubic

meter of gas) per stack) at the cost of lower flexibility and low current densities, which limit the

production of H2 per cell area.

PEMEL cells are on the rise, as they offer shorter start-up times and a compact design, resulting

in higher flexibility and higher current densities. On the other side, they are more expensive due

to the used materials.

The most expensive of the presented systems is nowadays the HTEL, because it is still in an early

development stage. Another limitation is the high operating temperature. Nevertheless, it is very

interesting with regard to its efficiency and other use-cases. It enables the reversed reaction, the

oxygen reduction reaction (ORR), with the same efficiency as the OER. Furthermore, it can be

used as a co-electrolyzer of CO2 in the presence of steam to produce syngas (CO and H2).

But even though real-life applications of water splitting already exist, research focusing on the

optimization of the materials employed is continuing. Special focus is thereby laid on reducing

the amount of scarce elements. In fact, by chemically tuning the properties of materials based on

earth abundant elements as cobalt, these catalysts already surpass expensive noble metal based

catalysts.[29] In the following, promising materials used as anodes for the OER under alkaline

conditions will be presented.

2.1.2.2 Oxygen evolution catalysts for alkaline electrolysis[23,30]

In recent years, OECs for AEL have been optimized with regard to the binding energy of the

intermediates to the catalytic center, the electronic structure or the surface of a material. The

simplest descriptor to compare the efficiency of different reported catalyst is thereby the overpo-

tential (η) towards the OER at a defined geometric current density (usually 10 mA cm−2, as it

is equivalent to a 10 % efficient solar-to-fuel device). However, it does not account for specific

surface area (ECSA or Brunauer Emmett Teller surface), mass activity, kinetics (Tafel slopes),

turnover frequency (TOF) or Faradaic efficiency. Furthermore, the mentioned descriptors are

often determined by different methods, that vary within the scientific community.[31]

As the AEL requires high potentials, even noble metals as ruthenium or iridium are oxidized in

the harsh alkaline environment. Hence, transition metal ((oxy)hydr)oxides are the key materials

for OECs.
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2.1 Water splitting

The most prominent representatives of heterogeneous OECs include: the rutile stucture (IrO2 (η=

320-380 mV) and RuO2 (η= 380 mV)); the perovskite structure (LaNiO3, η= 450 mV); the spinel

structure; and layered crystal structures such as layered double hydroxides (LDHs).[12,23,32–35]

Furthermore, especially on the surface of catalysts, amorphous phases play an important role.

The unifying structural motif in the mentioned structures are octahedrally coordinated active

metals. In the following, materials based on LDHs and spinels will be briefly introduced, as the

other two classes are of minor relevance for this thesis. Overpotentials are given vs. RHE and are

reported at 10 mA cm−2 in 1 M KOH or 1 M NaOH.

Due to their layered structure, LDHs exhibit some noteworthy properties.[36] They are ion

conductors and can intercalate species within their layers. When the layered structure is exfoliated,

almost every active center is accessible to the reactants.[37] LDHs are composed mainly of the

3d metals, in which Fe, Co and Ni are the most studied systems. The central metal atom is

coordinated octahedrally by OH groups, and the octahedra are linked edge-sharing. In alkaline

solutions, LDHs can in situ undergo a partly phase transition to oxyhydroxides, that are also

layered structures, in which the layers are connected via H-bonds.[38] Furthermore, it could be

shown that through the phase transformations, the (oxy)hydroxides form chemical bonds to the

substrates, which then enhance the stability and activity.[39]

Even though the single-metal LDHs exhibit a decent activity towards the OER, they cannot

compete with multi-metal LDHs. Trotochaud et al. and Burke et al. could show the importance of

Fe in Ni(O)OH and Co(O)OH. They proved that even traces of Fe could improve the activity, and

that an optimal amount of Fe exists, which provides the highest activity for the OER.[40,41]

Burke et al. then were able to order oxyhydroxides with regard to their activity in the sequence:

Ni(Fe)OxHy>Co(Fe)OxHy>FeOxHy-AuOx>FeOxHy>CoOxHy>NiOxHy>MnOxHy (based on TOF

at a certain η).[42] Zhang et al. expanded the multi-metal LDHs to ternary oxyhydroxides, and

prepared gelled Fe0.37Co0.38W0.26Ox(OH)y, which optimized the OH adsorption energetics (∆GOH)

and showed an exceptionally low overpotential (η = 191 mV).[29]

The presence of oxyhydroxides as structural motifs could be further verified in the catalytically

active phases of spinel-type oxides. For Co-containing spinels, that are described in more detail

in section 2.2.4.1, Dau, Strasser et al. concluded, based on operando XAFS studies, “that the

reducible Co3+ O sites that are present in layered and 3D cross-linked CoOx(OH)y are ultimately

decisive for high OER activity”.[20,43–46]
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In single-metal spinels, the activity depending on the overpotential follows roughly the sequence

Co3O4 (η = 270-500 mV) > Mn3O4 (η = 290-450 mV) > Fe3O4 (η = 320-650 mV).[30,33,35]

Thereby, the activity is strongly depending on the substrate and also on the morphology of

the materials. For example, Co3O4 nanoparticles embedded in tubular graphitic carbon nitride

(GCN) showed an overpotential of 270 mV, while mesoporous Co3O4 nanoflakes exhibited an

overpotential of 380 mV.[47,48]

For spinels, also multi-metal compounds are among the best catalysts.[30] Hereby, two classes

can be identified. In the first, one spinel site is occupied by a redox-inactive metal as Zn or Al,

which can leach from the surface of the compounds and generate vacancies. By this, not only the

surface area is enlarged, but also the electronic structure is altered in favor of the OER (ZnCo2O4

η = 390 mV).[20,49]

In the second class, two active metals are present, and the above mentioned synergistic effects

are facilitated.

CoFe2O4 spinels showed overpotentials between 240 mV for carbon encapsulated nanoparticles

on Ni-foam and 380 mV for nanoparticles spin coated on carbon fiber papers.[50,51] This again

underlines the supporting effect of Fe for active structures.

For NiCo2O4 spinels, overpotentials from 290 mV for hierarchical hollow microcuboids up to

460 mV for porous nanowire arrays grown on fluorine-doped tin oxide (FTO) are reported.[52,53]

Additionally, binary spinel structures can also be used as bifunctional catalysts, which means they

can perform the OER as well as the ORR.

The activity of the binary oxides (only focused on the OER) can be ordered in the following

sequence (overpotentials are reported for 0.1 M KOH). CoFe2O4 (η = 330-460 mV, rods grown on

mesoporous carbon and nanoparticle/graphene nanohybrids)[54,55] > MnCo2O4 (η= 340-630 mV,

nanoparticles grown on N-doped reduced graphene oxide and multiporous microspheres)[56,57] >

NiCo2O4 (η = 410-480 mV, nanowire arrays and mesoporous nanoplatelets on graphene)[58,59] >

FeCo2O4 (η = 480 mV, nanoparticles on hollow graphene spheres)[60] > CoMn2O4 (η = 600 mV,

microspheres).[61][30]

The presented materials already outperform the previously used Ir and Ru based catalysts.

Additionally, many of them contain cobalt, which underlines the importance of this element for

the oxygen evolution reaction. To further optimize existing catalysts, the reasons for their superior

activity have to be understood. Therefore, in the following sections the reaction mechanisms
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2.1 Water splitting

and thermodynamic principles behind the OER in alkaline media will be described for cobalt

oxides.

2.1.3 Reaction mechanism of the oxygen evolution reaction

In alkaline solution, several mechanisms are plausible for the OER, and three will be discussed

in detail below. The mechanisms generally involve different terminated surfaces (e.g. (110) or

(311)) and are partly dependent on oxygen or metal vacancies. All mechanisms are unified by

four single electron transfer steps and a change in the Co oxidation state or electron density.

Scheme 2. Proposed single site adsorbate evolution mechanism (AEM), according to Rossmeisl
et al. and adapted by others to cobalt systems.[62–65]

CoIII OH + OH– CoIV O– + H2O + e– (2.1)

CoIV O– + OH– CoIII OOH + e– (2.2)

CoIII OOH + OH– CoIV OO– + H2O + e– (2.3)

CoIV OO– + OH– CoIII OH + O2 + e– (2.4)

First, the single-site mechanism will be described. It was proposed by Rossmeisl et al. and adapted

by several others for cobalt systems.[62–65] The mechanism, also known as adsorbate evolution

mechanism (AEM), involves the steps shown in scheme 2.

The catalytic cycle starts with a condensation. A terminal hydroxy group is deprotonated by a

hydroxide ion, leaving a terminal oxo-species (equation (2.1)). Then, the O O bond is created by

the nucleophilic attack of another OH– ion, forming a terminal hydroperoxide (equation (2.2)).

In a second condensation, the OOH group is deprotonated by an OH– ion, forming a terminal

peroxo species (equation (2.3)). In the final step, by a ligand exchange with an OH– ion, the O2

molecule desorbs and the terminal OH group is recovered (equation (2.4)).

Another plausible mechanism was proposed by Mefford et al. and refined by Huang et al.[65,66]

Here, O2 is formed by a lattice oxygen atom. The mechanism, also known as LOM, is shown in

scheme 3.

An OH– ion deprotonates a terminal OH group (1). The generated terminal oxo-species bridges to

a lattice oxygen atom and forms the O O bond. Another OH– ion attacks the metal, reconstructs

the terminal OH group and leaves a µ2-peroxo-species (2). In the next step, the O2 molecule

desorbs from the metal atom, leaving a free coordination site (3), which is then occupied by
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another OH– ion (4). Finally, the lattice oxygen is restored by deprotonation by another OH– ion

(5).

Next to single-site, also dual site mechanisms were proposed. They involve two µ2-oxo-bridged

cobalt centers. Zhang et al. proposed the mechanism shown in scheme 4, which is a refined

version of the proposed mechanism by Gerken et al.[67,68] By operando Fourier-transform infrared

spectroscopy, they verified the presence of the CoIV O species.

The catalytic cycle starts with two terminal OH groups on two di-µ2-oxo bridged CoIII centers. An

OH– ion deprotonates one of the terminal OH groups, leaving the CoIV O oxo-species (1). The

same happens on the second Co atom (2). Then, a H2O molecule attacks nucleophilic on one
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2.1 Water splitting

oxo-species, forming the hydroperoxide and protonating the second oxo-species to an OH group.

Thus, the two cobalt centers are reduced to CoIII (3). In the next step, an OH– ion deprotonates

the hydroperoxide, leaving a terminal peroxy radical (4). Finally, the O2 molecule is desorbed by

a nucleophilic attack of an OH– ion on the Co center, closing the catalytic cycle (5).

Unraveling reaction mechanisms involves advanced analysis techniques. By ex situ analyses,

often involving isotope labeling, the footprint of a reaction on the catalyst and the products

can be tracked. However, during the reaction, the catalytically active phase is in an excited

state, and thus analyses after a reaction cannot account for this. In situ studies try to investigate

the reaction as close as possible to reality, but still some parameters need to be adapted to the

analysis technique. Therefore, techniques measuring the active state under working conditions

are required, which are operando measurements.[12,43,69,70] These measurements involve a high

degree of post-processing and interpretation, which makes them time-consuming and expensive.

Nevertheless, they are crucial to understand the principles behind a reaction.

By combining the experimental insights with theoretical calculations, structural motifs can be

identified for a specific catalyst/reaction. Further work can then focus on optimizing these motifs.

Consequently, the underlying principles of thermodynamics also need to be taken into account,

which will be presented in the following.

2.1.4 Thermodynamic description of the oxygen evolution reaction

The reaction H2O H2 + 1
2 O2 at standard conditions (298.15 K, 1 atm) has a reaction enthalpy

of ∆H0
R = 285.9 kJ mol−1. According to ∆G0

R = ∆H0
R − T∆S0, the reaction has a standard Gibbs

free energy of ∆G0
R = 237.2 kJ mol−1. This equation further shows that at elevated temperatures

the Gibbs free energy is reduced. Following the relation ∆G0
R = nF∆E0, the standard potential

∆E0 = 1.23 V for the OER can be obtained (with the Faraday constant F = 96485 C mol−1 and

the number of electrons n =2).

In figure 2.2, the Gibbs free energy of the single intermediates of the OER according to the AEM

vs. the reaction coordinate is shown schematically.[16,71] The Gibbs free energy of an intermediate

is thereby the binding energy between it and the catalyst center.

A reaction can occur spontaneously, when the Gibbs free energies for each reaction coordinate are

negative. At a potential E = 0 vs. RHE, an ideal catalyst would have an equal Gibbs free energy

for the formation of each intermediate. When the standard potential of the OER is exceeded, the
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Figure 2.2. Schematic diagram of the Gibbs free energy in the OER for intermediates and reactive
species, depending on the reaction coordinate and the applied potential. The reaction coordinate
involves the species present in the adsorbate evolution mechanism (AEM) proposed by Rossmeisl
et al.[62] Ideal catalysts are depicted in red, real catalysts in blue. A reaction will only occur
spontaneously, when all reaction steps involve a negative free energy. The solid blue line is
adapted from the free Gibbs energy of Zn0.1Co0.9O2 from Huang et al.[66] The figure is further
adapted from Dau et al. and Bergmann.[16,71]

reaction occurs spontaneously with a negligible overpotential.

In the case of real catalysts, the intermediates have different free energies. In the presented

case at E = 0 V vs. RHE, the formation of OOH(ads) has the highest Gibbs free energy. Thus, the

formation of this intermediate is the potential-limiting step.

Another example is the catalyst Zn0.1Co0.9O2 (solid blue line in figure 2.2), adapted from Huang

et al.[66] At the standard potential, the adsorption of OH– and the desorption of O2 are thermody-

namically possible, as they have a downhill free energy. However, the formation of O(ads) has the

highest free energy and is thus the potential-determining intermediate, followed by OOH(ads).

Accordingly, the reaction is thermodynamically not favored at this potential. Only when the

potential is sufficient enough to shift the free energy of the potential-determining step downhill,

the reaction can occur. The difference between this potential, denoted as E = OER, and the

standard potential ∆E0 = 1.23 V is the overpotential (η).

In order to decrease the Gibbs free energy of an intermediate, the binding energy to the substrate

needs to be optimized.[16] This can be achieved by either using another metal, or by inducing

different structural motifs around the active center.

In the previous sections, it was shown that the understanding of the mechanisms, thermodynamics

and structural motifs of metal oxide based OECs is crucial to develop new catalysts. By tailoring

the properties of an active structure, more efficient and ecological catalysts are accessible.
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Moreover, by providing a larger number of active centers, the output of a reaction can be

significantly increased. Indeed, for heterogeneous reactions, the active centers are located on

the surface of a material. To increase this surface, the materials are miniaturized down to the

nanometer scale. These nanomaterials will be described in the next section.

2.2 Nanoparticles

Nanomaterials are materials, that involve structures with dimensions less than 1 µm, more

specific with dimensions between 1 and 100 nm.[72] The name comes from the Greek word

“νάνoς” which translates to “dwarf”. Due to their size, nanoparticles are of special interest. They

can be used, e.g. as carriers for other molecules like drugs, to access areas where larger structures

would not fit. However, the most interesting aspect of nanomaterials is their properties, that are

depending on their size. By the large surface-to-volume ratio, effects occurring only at a surface

are drastically enhanced. Consequently, for example the turnover frequency of a reaction on a

surface is greatly increased, when instead of a bulk material the same amount of a nanomaterial

is used.

In the following section, the processes leading to the formation of nanoparticles will be examined,

while in the main part of this thesis, the application of different nanomaterials for the OER will

be in the focus.

2.2.1 Aqueous sol-gel chemistry[73]

To obtain metal oxide nanoparticles, two general preparation approaches are available. The

“top-down” approach reduces the size of larger structures by milling, laser ablation or lithographic

methods. Thereby, only limited control over the size and shape of the nanoparticles is possible.

The “bottom-up” approach on the other hand allows for precise control over the synthesis of

desired nanoparticles. By starting from molecular precursors, nanostructures are prepared by

chemical vapor or atomic layer deposition (CVD or ALD), electrospinning, mechanochemistry

or ceramic methods. The main technique to obtain nanoparticles from a solution is the sol-gel

process. A general synthesis involves the following procedure.

After a metal salt or a metal alkoxide is dissolved in water or in an organic solvent, the reaction

is initiated, either by a temperature raise or by adding another reagent, as an acid/base or an

oxidizing/reducing agent (or water in the case an organic solvent is used). Hydrolysis and
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condensation of the metal precursor form a sol, which is a stable dispersion of inorganic polymer

solid in the solvent. By further condensation reactions, the sol can be transformed to a gel, a

highly crosslinked amorphous solid with solvent incorporated. The gel can be treated further in

different ways to remove the solvent. Supercritical drying produces aerogels with high porosity.

Removing the solvent under ambient conditions results in a xerogel with less pronounced pores.

Usually, in a final step the obtained gel is thermally treated to initiate crystallization and to arrive

to a crystalline solid.

The aqueous sol-gel chemistry is based on the nucleophilic attack of a water molecule (hydrolysis)

to a metal alkoxide (M OR) or a metal salt (M X, X = Cl, NO3, ClO4, etc.). Thus, a metal

hydroxide (M OH) and an alcohol (ROH) or a Brønsted acid (HX) are formed (equation (2.5)

and equation (2.6)).

M OR + H2O M OH + ROH (2.5)

M X + H2O M OH + HX (2.6)

In a next step, the metal-oxygen-metal (M O M) bond is either formed by the condensation of

two metal hydroxides (equation (2.7)) or by the condensation of a metal hydroxide with a metal

precursor (equation (2.8) and equation (2.9)), yielding H2O, ROH or HX, respectively.

M OH + HO M M O M + H2O (2.7)

M OH + RO M M O M + ROH (2.8)

M OH + X M M O M + HX (2.9)

In H2O, the reaction rate is very high, as the hydrolysis and the condensation occur simultaneously.

This results in little control over the structure and morphology of the resulting metal oxide. More

control can be gained by adding structure directing agents like oleylamine or oleic acid, or by

using metal precursors that differ in their reactivity. But still, a lot of parameters need to be

controlled during the syntheses to assure reproducible products. Furthermore, the syntheses of

multi-metal oxides is mostly achieved by using complex multi-metal precursors, that have to be

synthesized in advance.[74] Therefore, other routines of metal oxide syntheses were established,

which avoid H2O completely or decrease the amount significantly.
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2.2 Nanoparticles

2.2.2 Non-aqueous sol-gel chemistry[73]

By using non-aqueous syntheses, i.e. reaction pathways that use organic solvents instead of H2O,

a higher control over the structure, shape and size of nanoparticles can be obtained. One popular

approach is the “benzyl alcohol route”.[75] Here, benzyl alcohol (BA) acts as the solvent, oxygen

source, structure directing as well as stabilizing agent.

Several mechanisms are proposed for the formation of the M O M bond, depending on the

used metal precursors. The driving force behind these mechanisms is the formation of a stable

M O bond. Insights into the mechanisms are thereby gained by analyzing the organic products

after the reaction.

A general step is the formation of the benzyl (Bn) alkoxide at the metal. Often, this involves a

condensation reaction between the BA and the metal precursor:

M OR + HOBn M OBn + HOR. (2.10)

Analogous to the aqueous sol-gel mechanisms, depending on the metal precursor either alcohols

or Brønsted acids are formed. In the case of metal acetate precursors, the M O M bond is

then formed by the reaction of a metal alkoxide with the acetate under an ester elimination

(equation (2.11)).[76]

M O C( O)R + BnO M M O M + BnO C( O)R. (2.11)

Another proposed reaction pathway involves a secondary hydride transfer between a benzyl alkoxy

ligand attached to the metal and a BA molecule coordinated the metal complex (scheme 5). In a

disproportionation reaction, benzaldehyde and toluene are formed, as well as a metal hydroxide.

This then facilitates the condensation with another M OR (R = isopropoxide (OiPr), OBn) to an

alcohol (iPrOH, BA) and to the M O M bond.[77]

The generated benzaldehyde can further coordinate to a metal center and react in a Cannizzaro-

like reaction, catalyzed by either the metal center in a complex or on the surface of a nanoparticle.

Via another secondary hydride transfer, a metal benzoate and toluene are formed.

When the metal precursor holds an acetylacetonate (acac) ligand, the reaction is initiated by

the solvolysis of the acac ligand as proposed in scheme 6. BA attacks the C=O bond in an SN2
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Scheme 5. Proposed reaction pathway via secondary hydride transfer. Benzaldehyde and toluene
are formed by the disproportionation of BA.[77]

reaction, which results in breaking of the C-C bond and formation of a benzyl acetate coordinated

to the metal. In a ligand exchange, the acetate is replaced by BA. Next, the enolate can abstract

the alcoholic proton of the coordinated BA, forming acetone and the metal alkoxide, which then

can undergo a condensation reaction to form the M O M species.[78,79]

By using these methods, a large variety of (multi-) metal oxides is accessible at relatively low

temperatures below 300 ◦C, partly without the need of further thermal treatment. The outcome

of a reaction can be controlled by varying temperature, pressure and concentrations of precursors.

Also, different metal precursors and structure-directing agents can be used. The advantage of

the BA route lies in its simplicity. Just by supplying a homogeneous reaction mixture, advanced

materials are accessible, as will be seen in the main part of this thesis.

After the chemical reactions behind the formation of metal oxide nanoparticles have been

examined, the nucleation and growth of nanoparticles will be discussed in the next section.

Scheme 6. Proposed reaction pathway of acetylacetonates in benzyl alcohol, involving the
solvolysis of acac by benzyl alcohol.[78,79]
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2.2 Nanoparticles

2.2.3 Nanoparticle formation and growth in the liquid phase[80]

Nanoparticles in the liquid phase are formed by the nucleation of precursor molecules, that are

solvated in the beginning of a reaction. After the nucleation event, the particles can grow by

different mechanisms. The knowledge of these mechanisms is the key to arrive at particles of

desired size and shape.

The thermodynamic driving force behind a nucleation is the negative Gibbs free energy ∆G.

Hereby, two factors influence the Gibbs free energy: The negative Gibbs free bulk energy ∆GV

takes into account the formation of bonds in the bulk of a nucleus, while the positive Gibbs free

surface energy γ reflects the chemical potential at the surface, which is basically the surface

tension between the solid and the liquid. Thus, the Gibbs free energy of a spherical nucleus with

radius r can be expressed as

∆G =
4
3
πr3∆GV + 4πr2γ. (2.12)

To form a particle, the value of the bulk energy must be larger than the surface energy. This

condition is fulfilled, when the radius of a particle is larger than the critical radius, which is the

solution of d∆G/dr = 0:

rcrit = −
2γ
∆GV

. (2.13)

To obtain the critical Gibbs free energy ∆Gcrit, i.e. the energy, after which the growth of a particle

is favored over his dissolution, rcrit is inserted into equation (2.12), which yields

∆Gcrit =
16πγ3

3∆G2
V

. (2.14)

LaMer and Dinegar proposed a mechanism for the formation of nanoparticles.[81] The mechanism

is based on their observations on the preparation of monodispersed sulfur hydrosols.

Figure 2.3 shows the three steps of the nanoparticle formation as a qualitative scheme. In stage I,

the precursor concentration is increasing, but no nucleation is taking place. The increase in

concentration can be reached by a chemical reaction of the precursor pre-molecule, for example

by solvolysis or thermal decomposition. After cmin is passed, the formation of nanoparticles

starts very slowly and stage II is initiated. When the supersaturation cmax is reached, the

nucleation “rate becomes effectively infinite”.[81] Others describe this rapid self-nucleation as

“burst nucleation”.[80] Due to the formation of nuclei, the concentration of precursor is drastically
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decreased, and the supersaturation is released. Thus, when cmin is reached, the rate of nucleation

is again close to zero.

In stage III, nearly no new particles are formed. Instead, the particle growth is now controlled

by diffusion of precursors to the nuclei surfaces. Thereby, the precursor concentration is at an

equilibrium between the production of new precursors and the removal by the deposition on

particles.

According to this theory, the control of the concentration during the different steps, e.g. by

adding another reagent, more precursor or changing the temperature, has an influence on the

particle size and dispersity.

During the growth stage, however, another mechanism can lead to larger particles, which is the

Ostwald ripening.[82] Ostwald studied yellow and red HgO, which were believed to be isomers.

During his experiments, he proved that the color is depending only on the size of the particles and

isomerism does not play a role. He could further show, that the surface energy has an influence

on the chemical equilibrium, which means that the size of a particle governs its solubility. Thus,

the Ostwald ripening describes the effect, in which smaller particles dissolve while larger particles

grow.

Though, not only the LaMer model and the Ostwald ripening lead to larger particles. Also

coalescence, the aggregation of smaller particles or clusters to larger ones, is described.[80]

Hereby, smaller particles aggregate first to a larger polycrystalline system. In a relaxation period,

no new particles are taken up, and the system evolves into a monocrystalline particle, on which

then further smaller particles can accumulate.[83]
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Figure 2.3. Nanoparticle nucleation mechanism according to LaMer and Dinegar. The qualitative
graph shows the time-dependent precursor concentration.[81]
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2.2 Nanoparticles

2.2.4 Crystal structures of importance for this work[84,85]

The nanoparticles described in this thesis were all synthesized by the above mentioned sol-gel

procedures using temperatures up to 250 ◦C, with no further thermal treatment applied. In the

following, crystal structures of importance for this work will be discussed.

2.2.4.1 Spinel crystal structure

Figure 2.4. Scheme of the spinel crystal structure. O2– ions form a face-centered cubic lattice. 1/8

of the tetrahedral sites are occupied by A2+, 1/2 of the octahedral sites are occupied by B3+ ions.

The spinel crystal structure (space group: Fd3̄m) was named after the mineral Spinel, which

has the chemical formula MgAl2O4. It is a cubic crystal system, in which O2– ions are arranged

in a face-centered cubic (fcc) or cubic close-packed (ccp) lattice. In a normal spinel, 1/8 of the

tetrahedral sites are occupied by A2+ ions, while 1/2 of the octahedral sites are occupied by B3+

ions. Each O2– ion is coordinated by three B3+ and one A2+ ion in a distorted tetrahedron. The

BO6 octahedra are edge-sharing, while the AO4 tetrahedra have no contact to each other. Thus,

each unit cell of a spinel contains 56 atoms, and has the formula A8B16O32.

Several materials this thesis is dealing with crystallize in the spinel structure. In Co3O4, Co2+

occupies the tetrahedral sites and Co3+ the octahedral sites. In ZnCo2O4, Co2+ is replaced by

Zn2+, and in CoAl2O4, Al3+ replaces Co3+ in the octahedral sites.

A partial inversion of the sites has been described for CoAl2O4 and other Al3+ containing spinels.

Here, some of the Al3+ ions occupy the tetrahedral sites, while some of the Co2+ ions are located

in the octahedral sites.[86,87]
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Co2SnO4 crystallizes in the inverse spinel structure, where one half of Co2+ occupies 1/8 of the

tetrahedral sites and the other half shares 1/2 of the octahedral sites with Sn4+.

2.2.4.2 Wurtzite crystal structure

Figure 2.5. Scheme of the wurtzite crystal structure. O2– and A2+ ions each form a hexagonal
close-packed lattice. The two lattices are combined in that way, that each occupies one half of
the tetrahedral sites of the respective other lattice.

The wurtzite crystal structure (space group: P63mc) was named after the mineral Wurtzite, which

has the chemical formula ZnS. In the case of oxides, it is composed of hexagonal close-packed O2–

and hexagonal close-packed A2+ ions, that occupy the tetrahedral sites of the respective other

lattice. Thus, each ion is tetrahedrally coordinated by four ions of the respective other kind. In

total, half of the respective tetrahedral sites are occupied. The tetrahedra are connected via their

corners.

Zn0.35Co0.65O crystallizes in the wurtzite crystal structure.

2.2.4.3 Co(O)OH crystal structure[88]

Co(O)OH (space group P63/mmc) naturally occurs as the mineral Heterogenite-2H. It crystallizes

in a layered structure. “Each layer is composed of two sheets of O or OH in hexagonal close

packing with Co in octahedral coordination between the sheets”.[88] The octahedra are edge-

sharing. By hydrogen bridges, the layers are stacked parallel.

In this work, a defective Co(O)OH is formed in situ by the transformation of Zn0.35Co0.65O in 1 M

KOH. Due to the spacing between the layers, the catalytically active Co-sites are easier accessible

by the reactants.
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2.2 Nanoparticles

Figure 2.6. Scheme of the Co(O)OH crystal structure. Layers of edge-sharing CoO6 octahedra
are connected via hydrogen bridges.

2.2.4.4 Calculations on crystal structures

To assess the number of atoms in a nanoparticle, Lippens and Lannoo developed a mathematical

model, where an idealized spherical nanoparticle is constructed of shells of atoms.[89] The model

is condensed in two equations (equation 3a and 3b in the original work). Equation (2.15) is used

to calculate the number of atoms N in a particle that has an odd number of shells ns.

N =
1
12

(10 n3
s − 15 n2

s + 26 ns − 9). (2.15)

The number of atoms in a particle with an even number of shells ns is accessible by

N =
1
12

(10 n3
s − 15 n2

s + 26 ns − 12). (2.16)

By this two equations, the number of atoms in the core of a nanoparticle as well as on the surface

is accessible. Thus, the surface-to-volume ratio can be accessed, and in combination with other

experimental techniques, structure-activity correlations can be derived, that generate insights

into the active phase of a nanoparticle.
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2.3 Basics of analytical methods

2.3.1 X-ray based methods[90]

X-rays are photons with energies typically between 500 eV and 500 keV. This means they cover

wavelengths roughly from 0.025 nm to 2.5 nm, which places them between gamma and ultraviolet

visible (UV/Vis) rays in the electromagnetic spectrum. They were first discovered by Wilhelm

Conrad Röntgen in 1895, and due to their unknown nature he called them X-rays.[91] X-rays are

generated as a by-product of rapid deceleration of electrically charged particles with high kinetic

energy. Most commonly, the particles used to produce X-rays are electrons. The deceleration is

called Bremsstrahlung, and can be either induced by an electron hitting a target, i.e. atoms, or by

forcing it on a curved path, as it is applied for synchrotron radiation. Radiation generated this

way is continuous, and its intensity can be tuned by the acceleration voltage of the source.

nucleus

KM L

K
α

!α

K
b

external

stimulation

knocked-out

electron

electron

Figure 2.7. Generation of X-rays by external stimulation (electrically charged particle or X-ray
photon).

When an electron of sufficient energy hits an atom, it might knock out an electron from the

inner shell (K shell, principal quantum number n = 1). The remaining void is directly filled

by an electron from a higher shell, which releases a discrete amount of energy. There are two

main processes describing this energy-transfer: The first one is a radiation-free process called

Auger effect. Here, the energy is transferred to another electron of the same atom, which is

then emitted (Auger electron). The second process is in form of electromagnetic radiation and is

called fluorescence. This radiation is of defined wavelength, and thus characteristic for a specific

element.

Depending on the shell, from which an electron origins to fill the void in the K shell, characteristic
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K lines are generated. These are denoted with Greek letters depending on the origin shell of the

electron (Kα for an electron from the L shell, Kβ for one from the M shell). The same principle

holds for higher shells. An electron from outer shells, that fills a vacancy in the L shell, generates

characteristic L lines (figure 2.7).

X-rays can interact with basically every element of the periodic table. When the energy of X-rays

increases, their absorption by matter decreases. But when the energy of an X-ray photon is

sufficient, it can knock out an electron from a certain inner shell. This is ejected from the atom as

a photoelectron.[92] The remaining void is filled by an electron from a higher shell. The generated

radiation is the same as by an incident electron, and thus classified the same way. In an X-ray

spectrum, at the energy, where this interaction occurs, and slightly above, the absorption is

drastically increased. Therefore, this region is called the absorption edge. At energies above this

region, the absorption again starts to decrease.

2.3.1.1 Powder X-ray diffraction[93,94]

Powder X-ray diffraction (pXRD) is used to gather information about the periodic structures in

powders of crystalline materials. Information is gained, when the X-ray wavelength and the

analyzed structures share the same dimension. Thus, typical anode materials for pXRD are Cu

(λKα1 = 1.5406 Å) and Mo (λKα1 = 0.7093 Å). The underlying principle, based on their wave-

properties, is the elastic scattering of X-rays on the electrons of an atom within a material. In a

crystal, these atoms are aligned periodically in a three-dimensional lattice. X-rays are scattered

on the atoms, which results in a relative phase shift of the scattered X-rays. By the wave-nature of

X-rays, this phase shift leads to constructive and destructive interferences. These can be detected

as different X-ray intensities. Thus, information on the periodicity in materials can be derived. To

access the structural information, the Bragg-equation

nλ = 2 · dhkl · sin(θ) (2.17)

is used.[95] Here, the integer n is the order of the intensity maximum, λ the X-ray wavelength, dhkl

the interplanar spacing between parallel diffracting planes, characterized by the Miller-indices

hkl, and θ the incident and diffracting angle. Unit cell parameters as angles and lattice constants

can be derived from the different interplanar spacings in a pXRD pattern. Nowadays, most pXRD
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patterns are analyzed by comparing them to a database for known compounds.

Crystallite sizes are accessible by the Scherrer equation

L =
Kb · λ

b · cos(θ)
. (2.18)

Here, L is the crystallite size, Kb the Scherrer factor, corresponding to the Miller-indices of the

reflection at the incident angle θ and the shape of a crystallite, and b the full width at the half

maximum of the reflection.[96] The specific Scherrer factors for different crystallite sizes and

lattice planes were evaluated and summarized in tables by Langford and Wilson.[97] For Kb, the

reported values typically vary between 1.0 and 1.4.

2.3.1.2 X-ray absorption fine structure[98,99]

The XAFS process starts with the absorption of an X-ray photon by a core-level electron of

the absorber atom at the absorption edge (see section 2.3.1). This leads to the emission of a

photoelectron from the absorber with the wavenumber k (equation (2.21)) and the formation of

a core-hole. The easiest understanding of the whole process can be achieved when considering

the photoelectron as a wave. With a certain probability, the photoelectron can be scattered

from a neighboring atom and also return to its origin. During this process, it can modulate the

wave-function of the photoelectron (i.e., itself) at the absorber and alter its amplitude. This leads

to a difference in the absorption coefficient µ(E). During the XAFS experiment, µ(E) is measured

as a function of X-ray intensity loss through the sample. Plotting µ(E) against the energy E, gives

the XAFS spectrum (see figure 2.8), consisting of the pre-edge, the XANES around the edge and

the EXAFS region further away from the edge.

2.3.1.2.1 X-ray absorption near-edge structure

X-ray absorption near-edge structure (XANES) deals with the interpretation of the absorption

edge as well as features close to it in an XAFS spectrum. To interpret spectra, they are often

compared to empirical standards or calculated absorption spectra of similar compounds. The

oxidation state of a sample can be derived from the edge-shift in relation to reference compounds

with known valences. The typical method to assess the edge energy uses the first infliction point

of the first derivative of the XANES spectrum, i.e. the highest slope of the edge.

Another method allowing for a finer determination of the edge energy is the integral method.[100]
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Figure 2.8. XAFS spectrum of Zn0.35Co0.65O in wurtzite structure at the Co Kα edge.

In this method, the mean edge energy is calculated according to equation (2.19) (equation 2 in

Dau et al.).[100]

Eedge = E(µ1) +
1

µ2 − µ1

∫︂ E(µ2)

E(µ1)
µ2 − µ(E) dE. (2.19)

Here, µ1 is the first real value that fulfills µ ≤ 0.15 and µ2 is the first real value for µ ≥ 1.00. E(µ)

is the corresponding value on the energy axis.

Still, both methods lack in the thorough description of the XANES edge, as in the end, only one

value is obtained, even when there are several metal species with different oxidation states, that

should also reflect in different edge energies.

But there are more features, like peaks or inflicting points, that can be compared to standards to

assess the atomic environment around the absorber.[101] Of special interest for the symmetry is the

pre-edge peak. For a highly symmetric octahedral crystal field splitting, the only influence on the

intensity of the pre-edge feature is the allowed electric quadrupole transition 1s→ 3d. An intensity

increase by mixing of ungerade 4p states into the gerade 3d states is not possible. Contrary, in

a tetrahedral crystal field there is no centrosymmetric symmetry operator. Hence, the 3d state

is ungerade, and a mixing with 4p states is now possible. This allows electric dipole transition,

which adds up to the electric quadrupole transition and increases the intensity significantly.[102]

Due to its strong dependence on standards, XANES interpretation is quite straightforward.
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2.3.1.2.2 Extended X-ray absorption fine structure[103,104]

Extended X-ray absorption fine structure (EXAFS) interpretation, in comparison to XANES, relies

strongly on theory and on ab initio calculations. Thus, it is more prone to misinterpreting the

experimental data. Analyses of EXAFS are based on fitting the EXAFS equation

χ(k) =
∑︂

i

(NiS2
0)Fi(k)e−2Ri/λ(k)e−2k2σ2

i

kR2
i

sin(2kRi + δi(k)), (2.20)

with k =

√︃
2me(E − E0)

ℏ2 (2.21)

and Ri = R0 + ∆R, (2.22)

which describes the average scattering of a photoelectron created from an absorbing atom (ab-

sorber) with the surrounding atoms (scatterers). The wavenumber k of the created photoelectron

depends on the difference to the edge energy E0, the mass of an electron me and the Planck

constant ℏ ≡ h/2π. E0 is often also denoted as the energy shift and is physically reasonable

within ± 10 eV. The degeneracy Ni equals the coordination number for a single scattering. For

multiple scattering, Ni represents the different equivalent paths a photoelectron can be scattered

in. S2
0 is the amplitude reduction factor. It takes into account intrinsic losses from the interaction

with other core electrons and is normally treated as constant for one element in a specific setup

with values between 0.7 and 1.05. S2
0 and Ni are 100 % correlated, so it is not possible to

determine both parameters from a single fit. Due to its constant character, S2
0 is transferable to

other measurements on the same edge in the same setup. Fi(k), the effective scattering amplitude,

and δi(k), the effective scattering phase shift, are specific properties of the scatterer. The term

of Ri gives the half-path length, where R0 is the initial path length, i.e. the distance from a

scatterer to the absorber. ∆R is the difference between the fit and the theoretical value R0, and a

difference of more than 0.1 Å is a sign of an improper fit. The inelastic mean free path λ(k) is

the distance a photoelectron can travel before it is scattered inelastically or before the core-hole,

where it was ejected from, is filled by another electron (typically not more than 10 Å). Due to

thermal vibrations or structural inhomogeneities, scatterers with the same Ni are not distributed

equidistant around the absorber. The mean-square (relative/radial) displacement σ2
i , also known

30



2.3 Basics of analytical methods

as Debye-Weller factor, takes this into account and represents the variance in the positions of

scatterers.

The variables Fi(k), δi(k), λ(k) and R0 are accessible by theoretical ab initio calculations using

special software like FEFF.[105] The others are determined by fitting the theoretically calculated

values to the experimental data.

By fitting the EXAFS, the local atomic environment around the absorber atom is accessible. The

number, distances and arrangement of the neighboring atoms can be determined and thus the

structure of a material can be identified. Moreover, XAFS is one of the few available operando

techniques allowing insights in the active structure of materials under working conditions.

2.3.2 Diffuse reflectance UV/Vis

2.3.2.1 Basics of electronic absorption spectra of cobalt[106–110]

Many transition metals are colored in their compounds. The colors can arise from the excitation

of electrons within the 5 d orbitals and also from ligand-to-metal or metal-to-ligand charge

transfer (LMCT or MLCT) processes. Following, the first phenomenon will be described in more

detail. According to the ligand field theory and the crystal field theory, the d orbitals are split

depending on the ligands and the oxidation state of a central metal ion. In a weak ligand field,

where the ligand field splitting parameter Dq (≡ 1/10∆o, splitting in an octahedral field) is small,

the electrons occupy the orbitals in accordance to the Pauli exclusion principle and the Hund’s

rules, and a high spin configuration with a maximal number of unpaired electrons is obtained.

In contrast, in a strong ligand field the splitting energy is higher than the spin-paring energy.

Thus, the spin multiplicity is low, which results in a low spin configuration (still according to Pauli

exclusion principle and Hund’s rules for degenerate orbitals).

For the analyses of the electronic absorption spectra of cobalt oxides contained in this thesis, the

following ligand arrangements around the central Co ion (i.e. point groups) are of interest: A

sixfold coordination would result in an octahedral ligand field (Oh). By removing one ligand, a

five-fold coordination is achieved, which is either in a square-pyramidal ligand field (C4v) or in a

trigonal-bipyramidal ligand field (D3h). By removing one more ligand, a tetrahedral ligand field

(Td) is generated. In a single tetrahedral unit, however, the triangular faces have a C3v point

group symmetry. From character tables, the Mulliken symbols for the irreducible representations
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Figure 2.9. Energy levels of d orbitals in different ligand field symmetries. Tetrahedral (Td),
spherical, octahedral (Oh), square-pyramidal (C4v) and trigonal-bipyramidal (D3h) ligand field
symmetries are shown. The Mulliken symbols for the irreducible representation are written next
to the orbitals. The values of the energy levels were taken from Zuckerman.[111]

can be obtained.[112,113] These are assigned to the single d orbitals under the influence of the

according ligand field. The energy levels for the above mentioned ligand field splittings are

shown in figure 2.9.[111]

Optical absorption spectra are generated by measuring the intensity of light as a function of the

wavelength. At a certain wavelength, i.e. energy, an electron is excited from a lower energy

atomic level to a higher one. These energy levels follow the rules of quantum mechanics. The

energetic levels of electronic states are influenced by the electrostatic interaction of the d electrons

with ligands, their orbital angular momentum and the interaction of it with the single electron

spins. By solving the Schrödinger equation, the values of the energy levels can be obtained.

Possible transitions between the energy levels are determined by several selection rules, which

classify the absorption bands in centrosymmetric systems as allowed or forbidden by symmetry.

The orbital parity selection rule, also known as Laporte selection rule, says that “a transition is

forbidden if it only implies the redistribution of electrons within the same type of orbitals”.[106]

So transitions may only take place, when ∆l = ±1, e.g. the transitions p → d or d → f would

be allowed. Following this selection rule, transitions within d orbitals would be forbidden and

should not occur.

Exception to this rule results from a symmetry lowering of the molecular orbitals of the system

32
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by the mixing of ligand states with the central ion’s d orbitals. Thus, orbitals with ∆l = ±1 of

the same symmetry species can mix. For example, in a tetrahedral field, the mixing of d with p

orbitals takes place and allows for transitions. This is one reason why the transitions in Co 2+
td are

more intense than that of Co 2+
oh .

Another interaction between the spins and the orbital angular momenta is expressed by the

spin-orbit coupling, also known as LS coupling or Russel-Saunders coupling. The Russel-Saunders

terms can be expressed as

2S+1LJ, (2.23)

with the total spin quantum number S, being the sum of the single electron spins ms, the total

orbital angular momentum L, the sum of the electrons magnetic quantum numbers ml and the

total angular momentum quantum number J, which is |L − S| for a half-filled d shell and L + S for

a more than half-filled d shell. Thus, for Co2+ with a d7 electron configuration in a weak ligand

field, the ground state term symbol would be 4F9/2.

Additionally, the spin selection rule says that only transitions with the same spin multiplicity in

the ground and excited state are allowed, as light cannot change the spin of an electron. The rule

is weakened by LS coupling resulting in the selections ∆S = ±1 and ∆L = 0,±1,±2. However, this

only is of significant magnitude for heavy atoms where the LS coupling is strong.

Further channels to evade the selection rules lie in vibrational effects, also called vibronic

coupling, which lower the symmetry around a central ion, and thus again allow symmetry

forbidden transitions. Other effects like the magnetic dipole mechanism, where the magnetic

field of electromagnetic radiation interacts with the electrons, also help to bypass the selection

rules for optical absorption spectra.

2.3.2.2 Interpretation of electronic absorption spectra of cobalt

Possible transitions from the ground to excited states for d2 to d8 configuration of octahedral

complexes were first summarized quantitatively by Yukito Tanabe and Satoru Sugano.[107,108]

The transitions can be graphically presented in the form of Tanabe-Sugano diagrams. A typical

Tanabe-Sugano diagram for a d3 configuration can be found in figure 2.10. Here, the quotient of

the transitions energies E and the Racah parameter B is plotted against the quotient of the ligand

field splitting parameter ∆ and B.
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Figure 2.10. Tanabe-Sugano diagram for octahedral d3 configuration, which can be used for
explaining the transitions of Co 2+

td .

In a tetrahedral ligand field, the orbitals have the same irreducible representation as the octahe-

dral ones, but are inverted and have a lower ligand field splitting. Thus, in a good approximation,

the transitions of tetrahedral complexes are accessible from the octahedral ones by the relation

dn
td = d(10−n)

oh , (2.24)

with n being the number of electrons in the d orbitals. Therefore, the Tanabe-Sugano diagram for

the d3 configuration in figure 2.10 is also applicable for tetrahedral d7 complexes, as for example

in Co 2+
td .

The use of Tanabe-Sugano diagrams is limited to cubic or near-cubic symmetry around central

ions, more precisely to octahedral and tetrahedral symmetry. When states are split due to Jahn-

Teller effects or lower symmetry fields, the diagrams lose their applicability.[110] Nevertheless,

they still can hint to the underlying states of the band splitting.

For compounds for which structure information is provided by other than DRUV measurements,

the spectra can be easier interpreted using this information. The Tanabe-Sugano diagram

of the assumed electron configuration then can be used to estimate possible transitions. A

diagram can be interpreted graphically by calculating the ratio of two transition energies from

an UV/Vis spectrum and searching for the same ratio of E/B between two lines in the diagram.

The intersections of the vertical line with other lines show other possible transitions and the
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corresponding E/B values. Now B can be calculated by dividing the transition energy E by E/B,

and thus also the ligand field splitting parameter ∆ is accessible.

The best approach today would be the ab initio calculation of the single absorptions by a specific

software. Several of those softwares are based on the Angular Overlap Model (AOM), which

parameterizes the energy changes in the formation of molecular orbitals from atomic orbitals of

the central atom and ligand orbitals.[114,115] However, the use of such softwares is out of scope for

this work. If no such software is at hand, pre-calculated files with the E/B values plotted against

∆/B can be found online.[116] The files can be loaded to a program to avoid the geometrical

interpretation with pen and paper. Unfortunately, the pre-calculated diagrams are based on a

single C/B value. This does not allow for a precise quantitative interpretation of the diagrams.

Other factors hindering a precise interpretation are band widths and shapes. They can be caused

by vibrations depending on the temperature, further splitting of the states by LS coupling and

lower symmetries, that are not taken into account for Tanabe-Sugano diagrams. Additionally,

DRUV spectra of solids, especially under reaction conditions, are a superposition of contributions

of several species. A quantitative interpretation would first need a deconvolution of the single

contributions.

This also makes ab initio based computational methods even more complex. Typical methods used

for the calculation of electronic configurations are based on time-dependent density functional

theory (TDDFT). To obtain valid and precise results for highly diffuse excited states of crystalline

materials, calculations demanding high computational power are required. In the simple case of

a spinel unit cell, already 56 atoms have to be taken into account. Moreover, several of these

calculations would be required, as a mixture of several species is expected to contribute to one

spectrum under working conditions.

All the above stated results in some degree of uncertainty regarding the quantitative description of

observed bands. Nevertheless, the comparison to published band positions and spectra collected

during extensive experimental UV/Vis studies proves the validity of the described method for

the interpretation of DRUV spectra. Thus, qualitative conclusions can be drawn, that allow for

further structure-property correlations.[117]
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In 2015, Wang et al. published a study, that discussed the influence of octahedral vs. tetrahedral

oxygen environment on the catalytic activity of cobalt. They concluded, that Co 2+
td is a way

better precatalyst than Co 3+
oh .[19] In 2016, Menezes et al. published a paper that claimed the

opposite.[20] They also brought up the positive influence of leaching of inactive materials to form

more accessible active sites. The results generated during my master thesis “Stabilized Active

Centers for Oxygen Evolution Reaction” on the field of cobalt oxide based OER showed that both

works contained valid points, but also left room for further investigations.[118]

In the following chapter, a detailed study on cobalt oxides in different oxygen environments will

be presented. It will shed some light on the effects that contribute to an active oxygen evolution

catalyst. Two hypotheses will be proposed, evaluated on different Co-containing materials and

discussed based on the results generated and in context of available literature.

3.1 Co3O4 as reference compound

Co3O4 was used as the initial reference compound. It crystallizes in the cubic spinel structure.

Co 2+
td occupies 1/8 of the tetrahedral voids, and Co 3+

oh 1/2 of the octahedral voids in the structure.

The material has been studied since decades and was among the first Co-based OECs.[119,120]

Co3O4 was synthesized following the BA route and was obtained as a black powder.[118]

3.1.1 Characterization of as-synthesized Co3O4

The crystal structure and phase purity of Co3O4 was identified by pXRD. The diffractogram in

figure 3.1 shows only typical reflections of the cubic spinel structure (ICSD PDF-number 01-080-

1532).[121] The average crystallite size determined by the Scherrer equation was 10.2 nm.

The XPS spectrum in figure 3.2a shows the Co2p3/2 peak at a binding energy of 779.6 eV. Shifted

by 5.7 eV, a shoulder is visible. From the position, it can be assigned to a shake-up satellite,
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Figure 3.1. pXRD pattern of Co3O4. The bars show the reference pattern of Co3O4 in cubic spinel
structure (ICSD PDF-number 01-080-1532).[121]

indicating Co2+. At a chemical shift of 9.6 eV, another weak peak is visible. It can be assigned to

another shake-up satellite, indicating Co3+. The Co2p1/2 peak is shifted by 15.1 eV compared to

the binding energy of Co2p3/2, corresponding to the reported values for a Co3+ species. From XPS,

a mixture of Co2+ and Co3+ can be concluded, which is expected in the mixed oxide Co3O4.[122]
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Figure 3.2. XPS of and DRUV spectra of Co3O4. (a) Shows the XPS spectrum on the Co edge
before and after 1 h electrochemical reaction at 10 mA cm−2 in 1 M KOH. (b) Shows the DRUV
spectrum, asterisks mark the band positions.
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3.1 Co3O4 as reference compound

As both, Co 2+
td and Co 3+

oh are present in the structure, the analysis of the DRUV spectrum in

figure 3.2b was done by comparing the bands to the later discussed materials CoAl2O4 and

ZnCo2O4. Co 2+
td transitions arise from the 4A2g(F) ground state of a d7 electron configuration,

and Co 3+
oh transitions from a 1A1g(I) ground state in a d6 configuration. By comparison, the

region between 2000 and 1000 nm can be assigned to transitions arising from the fine structure

of 1A1g(I) 5T1g(D) and 4A2g(F) 4T1g(F). The strong band at 1316 nm (7599 cm−1) can be

assigned to the transition 1A1g(I)
3T1g(H). At 700 nm (14286 cm−1), the 1A1g(I) 1T1g(I)

transition is located. It is followed by the 4A2g(F) 2Eg(G) transition at 633 nm (15798 cm−1).

Bands lying in the higher energy region below 550 nm were not assigned individually. The exact

positions of the bands can be found in table D.1.

Figure 3.3. HRTEM micrographs of as-synthesized Co3O4. (a) Shows an overview. The particles
are mainly cuboids. (b) Shows an SAED pattern of the sample. The Debye-Scherrer rings are
assigned to a cubic spinel structure (ICSD PDF-number 01-080-1532).[121] (c) High magnification
micrograph. Around the particles, an amorphous layer of ~2 nm can be seen.

The HRTEM micrograph in figure 3.3a shows the morphology of the as-synthesized sample.

Mainly cuboids with a mean particle size of 18.5 ± 9.7 nm (skewness: 1.34) can be seen (100

particles measured manually). Based on the size estimated by the Scherrer equation, the larger

nanoparticles must consist of several smaller crystallites. Furthermore, some particles differ from

the cuboid morphology by exhibiting rounded corners or looking like a cube where a piece was

broken off.

The SAED pattern in figure 3.3b proves the crystallinity of the sample. The Debye-Scherrer rings

can be assigned to the cubic spinel structure (ICSD PDF-number 01-080-1532).[121] This verifies

that the observed cuboids and the deviations from it share the same crystal structure.

The high magnification micrograph in figure 3.3c shows a thin amorphous layer of ~2 nm around

the particles. Based on the high amount of capping agent oleylamine used, the layer can be
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3 Evaluating the Activity of Cobalt in Different Oxygen Environments

ascribed to this. In the left bottom corner of the image, a cuboid with an edge-length of around

20 nm is visible. From the contrast differences, it can be seen that it is an aggregate of smaller

cuboids, strengthening again the former formed hypothesis that bigger particles must consist of

several crystallites.
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Figure 3.4. XANES spectra and EXAFS of Co3O4. (a) Shows the XANES spectra of Co3O4 before
and after 1 h electrochemical reaction at 10 mA cm−2 on the Co-edge. (b) Shows the EXAFS as
the magnitudes of the Fourier transformation (FT) of spectra before and after reaction (before
reaction: k-range: 3.35-13.4, R-range: 1.4-4 Å; after reaction: k-range: 3-13, R-range: 1.4-3.7 Å).
The EXAFS before the reaction is shifted by 20 units on the y-axis.

The oxidation state of the as-synthesized Co3O4 was also determined by XANES. Here, a mean

oxidation state of +2.67 would be expected based on the crystal structure and on the XPS results.

Though, the edge-energy of 7721.0 eV points to a predominant oxidation state of +III for Co, as

the comparison to other samples studied by XANES later in this chapter shows. This deviation

from the expected oxidation state can be explained by the way the edge energy is determined

in XANES measurements. Typically, only one edge energy is given, and thus it does not account

for several species in different oxidation states, even though it provides a mean oxidation state.

Also, the shape of the edge is not taken into account, which can vary strongly depending on the

composition of a sample.[100]
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3.1 Co3O4 as reference compound

To investigate the local atomic environment around the Co, the crystal structure of the cubic

spinel was fitted to the EXAFS. Thereby, also the ratio between Co 2+
td and Co 3+

oh was determined

through the fit. A value of 43 % ± 7 % for Co 2+
td indicates a slightly increased occupation of

the tetrahedral sites. At a reduced distance of 1.91 Å, six O atoms are octahedrally coordinated

around Co3+, and four O atoms coordinate Co2+ tetrahedrally. The second shell at 2.83 Å

holds six Co atoms, that are located around Co 3+
oh . The third shell is composed of several single

scattering paths between the absorbers in the octahedral and tetrahedral sites at 3.32 Å, paths

to further O and Co atoms as well as two multiple scattering paths between the first and third

coordination sphere. The paths and the parameters of the fit can be found in table E.3. The fit of

the EXAFS confirms that in Co3O4 tetrahedrally as well as octahedrally coordinated Co is present.

Thus, it could be shown, that Co3O4 is indeed a suitable reference compound for the further

investigation of different sites in Co-containing materials.
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Figure 3.5. Cyclic voltammogram of Co3O4, recorded in 1 M KOH at 1600 rpm with a scan rate
of 20 mV s−1.

The cyclic voltammogram (CV) in figure 3.5 shows three oxidation peaks under anodic potential

and also three corresponding reduction peaks in the cathodic scan, indicating three redox couples

exhibiting reversible behavior. At ~1.0 V, the first redox couple is visible. It can be ascribed

to the redox process of Co 2+
td Co3+. The second reversible peak is visible at around 1.1 V.

From the position, it can only be caused by the redox pair Co2+/3+. From the low intensity of the

peaks, it must be related to a species, that is very low concentrated in the material. The most

reasonable explanation is a partial inversion of the spinel sites, so that some Co2+ ions occupy
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octahedral voids instead of the tetrahedral voids.[86] From the higher oxygen coordination, also

an increased redox potential can be expected.[123] Slightly above 1.4 V, the redox pair Co3+/4+ is

visible. It is followed by the onset of the OER at 1.5 V.

The activity of Co3O4 was assessed by linear sweep voltammetry LSV and the voltammogram

is shown in figure 3.37. An average η of 365 mV towards the OER was recorded at a current

density of 10 mA cm−2. The ECSA was derived from the double layer capacitance (Cdl) and is

0.91 cm2 (see also figure B.2).

3.1.2 Ex situ characterization of Co3O4 after electrochemical reaction

The XPS spectrum after 1 h electrochemical reaction at a current density of 10 mA cm−2 in

figure 3.2a shows the same binding energy for the Co2p3/2 peak (779.6 eV) and the same

chemical shift of the Co2p1/2 peak (15.1 eV). Though, the shake up satellites of the Co2p3/2 are

barely visible, maybe due to the increased noise in the spectrum. The positions of the main peaks

confirm the presence of Co3+, but there is no clear evidence visible for Co2+.

Figure 3.6. HRTEM micrographs of Co3O4 after 1 h electrochemical reaction at 10 mA cm−2.
(a) Shows an overview. The particles are mainly cuboids with a size of 17.0±9.8 nm (skewness:
1.49), but in some areas aggregates are visible. (b) Shows the SAED pattern of the sample. The
Debye-Scherrer rings were assigned based on a cubic spinel structure. (c) High magnification
micrograph showing the surface of nanoparticles. Small spherical crystallites are visible.

HRTEM micrographs in figure 3.6 after 1 h reaction still show cuboids as the main morphology.

In comparison to the as-synthesized product, additional aggregates without a distinct shape are

visible. The mean size of the cuboids is 17.0±9.8 nm (skewness: 1.49, 150 particles analyzed

manually) and thus slightly decreased in comparison to the as-synthesized Co3O4. The Debye-

Scherrer rings in the SAED pattern in figure 3.6 can be assigned to a cubic spinel structure. It

proves that the crystal structure of the sample after the reaction has not changed. In the high
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magnification micrograph in figure 3.6c, the surface of the nanoparticles is visible. It consists of

small spherical crystallites, that must have formed during the reaction. Compared to the high

magnification before the reaction, the amorphous layer surrounding the cuboids is no longer

visible, indicating a dissolution during the reaction. From the HRTEM it is clearly visible that the

surface of Co3O4 was changed during the reaction.

Small changes are also visible in the XANES spectrum after the reaction in figure 3.4a. The

edge-energy is lowered to 7720.2 eV, indicating a slightly lower oxidation state in the sample

than before the reaction. Furthermore, the edge shows two shoulders, that might explain the

smaller edge energy, as the shape of the edge is not taken into account when calculating the edge

energy.

In the EXAFS in figure 3.4b, the ratio between tetrahedral and octahedral coordinated cobalt

is slightly decreased (42 % Co 2+
td ), but the uncertainty is higher than before, which is why no

conclusion of a decreased population in tetrahedral sites can be drawn. At a reduced distance

of 1.92 Å, six O atoms are octahedrally coordinated around Co3+, and four O atoms coordinate

Co2+ tetrahedrally. The second shell at 2.85 Å holds six Co atoms, that are located around

Co 3+
oh . The third shell is composed of several single scattering paths between the absorbers in

the octahedral and tetrahedral sites at 3.34 Å and paths to further O and Co atoms. The paths

and the parameters of the fit can be found in table E.4. From the fit it can be seen, that the

absorber-scatterer distance is slightly increased after the reaction, although the main structure of

the sample has not changed.

To conclude, after 1 h electrochemical reaction at 10 mA cm−2 no changes in the crystal structure

of the sample could be detected. By EXAFS a minimal increase in the lattice factor could be

detected. Nevertheless, the surface of the nanoparticles was reconstructed after the reaction, and

consist now of small spherical crystallites instead of an amorphous layer. In contrast to Menezes

et al., neither amorphization of the surface nor formation of Co(O)OH could be observed.[20] If

any Co(O)OH was formed during the reaction, it was only on the top most layer of the particles,

and a detection was not possible by the herein used characterization techniques.
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3.2 ZnCo2O4 containingCo3+ in octahedral coordination

After Co3O4 has been identified as a reference compound containing both Co sites of relevance,

the different oxygen geometries around the central Co atom will be investigated separately. In

ZnCo2O4, Co 2+
td is replaced by catalytically inactive Zn2+. Only Co 3+

oh remains as a possible

active catalyst species. In the following section, as-synthesized ZnCo2O4 nanoparticles will

be characterized with regard to their crystallinity, the cobalt oxidation state and the local

environment around the Co atoms. Then, the electrochemical properties and the activity towards

the OER will be analyzed. Afterwards, the material will be characterized ex situ, to uncover

changes occurring during the electrochemical reaction.

ZnCo2O4 nanoparticles were synthesized in a solid state reaction adapted from Holgersson and

Karlsson and the product was obtained as a black powder.[124]

3.2.1 Characterization of as-synthesized ZnCo2O4

The crystal structure was identified by pXRD. In the diffraction pattern in figure 3.7, only typical

reflections of the cubic spinel structure (ICSD PDF-number 01-080-1532) are visible.[121] Using

the Scherrer equation, a mean crystallite size of 18.2 nm was calculated.
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Figure 3.7. pXRD pattern of ZnCo2O4. The bars show the reference pattern of a cubic spinel
structure (ICSD PDF-number 01-080-1532).[121]
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Figure 3.8. TEM micrographs and SAED patterns of as-synthesized ZnCo2O4 and after reaction.
(a) Shows the as-synthesized nanostructures. (b) Shows the corresponding SAED pattern. (d)
Shows the nanostructures after 1 h electrochemical reaction at 10 mA cm−2. The corresponding
SAED pattern is shown in (c). Adapted from Wahl et al. with permission from WILEY-VCH.[125]

The morphology of ZnCo2O4 nanoparticles was assessed by HRTEM. In figure 3.8a, elongated

structures with spherical particle domains are visible. The width of the structures varies between 9

and 20 nm and the spherical particles have diameters of 15 to 20 nm, showing a good agreement

with the crystallite sizes estimated from the pXRD pattern.

The Debye-Scherrer rings in the SAED pattern in figure 3.8b can be assigned to the cubic spinel

structure. This confirms that the structures are indeed ZnCo2O4 in the spinel phase.

The EDX analysis in table 3.1 gave a Co/Zn ratio of 80 %/20 %, indicating that more than half of

the tetrahedral Co was replaced by Zn. A uniform distribution of the elements over the sample

could be verified by EDX-mapping in figure A.1.

The XPS spectrum in figure 3.9a shows the Co2p3/2 peak at a binding energy of 780.6 eV. Shifted

by 5.7 eV, a weak shoulder is visible. From the position, it can be assigned to a shake-up satellite,

indicating Co2+. At a chemical shift of 9.6 eV, the shake-up satellite indicating Co3+ is visible.

The Co2p1/2 peak is shifted by 14.9 eV compared to the binding energy of Co2p3/2, corresponding

to the reported values for a Co3+ species. From XPS, the main oxidation state in the sample is

Co3+, but it indicates also the presence of some Co2+.[122]

The spectrum at the Zn edge in figure 3.9b shows the Zn2p3/2 peak at a binding energy of

1021.7 eV and the Zn2p1/2 spin-orbit component shifted by 23.1 eV at 1044.8 eV. This is typical

for Zn2+ in an oxygen environment.[126]

The oxidation state and the local atomic environment of ZnCo2O4 was further assessed by

XAFS. In the XANES spectrum at the Co-edge in figure 3.10a, the edge energy of ZnCo2O4 lies
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Figure 3.9. XPS spectra of ZnCo2O4. (a) Shows the spectra on the Co edge before and after
1 h electrochemical reaction. (b) Shows the spectra on the Zn edge before and after 1 h
electrochemical reaction.

at 7720.6 eV, which points to a predominant oxidation state of +III. Small pre-edge features

indicate an octahedral environment around the central Co atoms.
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Figure 3.10. XANES spectra and EXAFS of ZnCo2O4. (a) Shows the XANES spectra before and
after 1 h electrochemical reaction at 10 mA cm−2 on the Co-edge. (b) Shows the EXAFS as the
magnitude of the FT of spectra before and after reaction (before reaction: k-range: 4.0-13.6,
R-range: 1.4-4.0 Å; after reaction: k-range: 4.0-12.62, R-range: 1.4-4.0 Å). The EXAFS before
the reaction is shifted by six units on the y-axis.
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The local atomic structure was examined by fitting the spinel crystal structure to the EXAFS. The

magnitude of the FT can be found in figure 3.10b. In the first shell at a reduced distance of

1.92 Å, six O atoms are located. The second shell holds six Co atoms at a distance of 2.86 Å. In

the third shell, six Zn atoms are located at a distance of 3.34 Å. A multileg scattering path within

the first two shells also contributes to the third shell. An R-factor of 0.013 for this fit indicates,

that mostly Co 3+
oh is present in the sample.
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Figure 3.11. DRUV spectrum of ZnCo2O4 nanoparticles. Asterisks mark the band positions. Black
squares mark band positions that might be due to artifacts.

The interpretation of the DRUV spectrum of ZnCo2O4 in figure 3.11 is based on a d6 configuration

in a strong octahedral field. Therefore, the Tanabe-Sugano diagram of d6 is used. The ground

term is 1A1g(I).

The spectrum shows a lower intensity compared to other measured spectra in this chapter. It

is composed of 3 main regions. The first lies below 1000 nm, and from the Tanabe-Sugano

diagram, spin-allowed transitions are expected here. The transition 1A1g(I) 1T1g(I) lies at

731 nm (13680 cm−1) and has a small shoulder at 658 nm. At 462 nm (21645 cm−1), the

transition 1A1g(I) 1T2g(I) can be assigned.[127] Several small bands lie on top of this transition,

which may be due to splitting of it or to transitions to states of higher energy. Due to the general

low intensity of the spectrum, it is not clear whether the two bands marked by black squares arise

from artifacts or are real bands, as they are too sharp for d-d transitions. Further assignment of

the bands in this region is not possible, as the Tanabe-Sugano diagram predicts several possible

transitions in this region.
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3 Evaluating the Activity of Cobalt in Different Oxygen Environments

From the two assigned transitions, a Racah parameter B = 673 cm−1 and a ∆/B = 22.9 can

be approximated, which would result in a ligand field splitting parameter ∆o = 15400 cm−1.

From this ∆/B value, the transitions 1A1g(I)
3T1g(H) and 1A1g(I)

5T2g(D) are expected around

1384 nm (7725 cm−1) and 1783 nm (5610 cm−1), respectively. Indeed, in the second region of

the spectrum between 1000 nm and 1950 nm, two wide bands and several shoulders can be

found. Thus, the band with an intensity maximum at 1327 nm (7536 cm−1) can be assigned to

the transition 1A1g(I) 3T1g(H), while the second intensity maximum at 1531 nm (6532 cm−1)

and the shoulders at higher wavelengths can be assigned to the fine structure of the transition

1A1g(I)
5T2g(D). The transitions in the third region above 1950 nm to the infrared (IR) region

are not described in the Tanabe-Sugano diagram and thus cannot be assigned.
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Figure 3.12. Cyclic voltammogram of ZnCo2O4, recorded in 1 M KOH at 1600 rpm with a scan
rate of 20 mV s−1.

The CV in figure 3.12 shows an oxidation peak and a related reduction peak at around 1.44 V.

This can be attributed to the redox couple Co3+/4+. After that, at around 1.5 V, the OER starts.

Interestingly, no obvious signal for the redox pair Co2+/3+ is visible. In the region between 1.0

and 1.1 V there is a very weak redox feature, indicating a nearly suppressed reduction to Co2+ in

the cathodic scan.

The activity of ZnCo2O4 was accessed by LSV and is shown in figure 3.37. An average η of 369 mV

towards the OER was recorded at a current density of 10 mA cm−2. The ECSA was derived from

the Cdl and is 1.07 cm2 (see also figure B.3).
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3.2 ZnCo2O4 containingCo3+ in octahedral coordination

3.2.2 Ex situ characterization of ZnCo2O4 after electrochemical reaction

After 1 h electrochemical reaction under OER conditions at a current density of 10 mA cm−2,

further measurements were performed ex situ.

The HRTEM micrograph in figure 3.8d shows no big difference in the morphology of the sample

compared to the micrograph measured before the reaction. Some less dense areas in the

particles are visible, which might be caused by pinhole formation due to leaching of Zn from the

structure.[128] Indeed, the EDX measurement indicates a loss of Zn from the structure (Co/Zn =

85 %/15 %). This is well in agreement with Menezes et al., who also reported on this behavior for

ZnCo2O4.[20] Then again, the leaching of Zn seems to have no influence on the crystal structure,

as the SAED pattern in figure 3.8c shows only reflections of the cubic spinel phase.

The EDX-mapping in figure 3.13 clearly shows, that in areas, where the particles are less

agglomerated, significantly less Zn than Co is detectable. The pinholes seen in the HRTEM

micrographs are also visible in the HAADF image and are marked by red arrows. Corresponding

areas in the element maps are marked as well. In the Co elemental map, Co is still detectable at

this positions. Contrary, in the Zn element map, no or very little Zn is detectable at these spots.

As the magnification of the images is not sufficient enough to see more details, a final evaluation

of the proposed pinhole formation mechanism cannot be made.

The XPS spectrum after the reaction in figure 3.9a shows the Co2p3/2 peak at a binding energy

of 780.0 eV. At a chemical shift of 9.8 eV, the shake-up satellite indicating Co3+ is visible. The

Co2p1/2 peak is shifted by 15.1 eV compared to the binding energy of Co2p3/2, corresponding to

the reported values for a Co3+ species. The spectrum at the Zn edge in figure 3.9b shows the

Zn2p3/2 peak at a binding energy of 1020.7 eV and the Zn2p1/2 spin-orbit component shifted by

23.1 eV at 1043.8 eV. This is again typical for Zn2+ in an oxygen environment.

Compared to the spectrum before the reaction, the peaks show less broadening and less tailing.

This indicates fewer underlying cobalt and zinc species. Also, the satellite peak at a chemical

shift of 5.7 eV is no more visible in the XPS spectrum of Co. From XPS, the main oxidation state

Table 3.1. Averaged EDX quantification results of as-synthesized ZnCo2O4 and after 1 h electro-
chemical reaction at 10 mA cm−2.

Sample Co atom% Zn atom%

before reaction 79.5 20.5
after reaction 85.4 14.7
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3 Evaluating the Activity of Cobalt in Different Oxygen Environments

Figure 3.13. STEM high-angle annular dark field (HAADF) micrograph and EDX mapping of
ZnCo2O4 after 1 h electrochemical reaction. Red arrows mark spots, where pinholes can be seen.

of the sample after reaction is therefore Co3+, and no contributions of Co2+ are observable.

A slight change in the main oxidation state is also observable in the XANES spectrum in fig-

ure 3.10a, where the Co-edge lies now 0.7 eV higher than before the reaction, indicating a

predominant oxidation state of +III. Otherwise, the spectra before and after the reaction do not

differ essentially.

Comparing the EXAFS before and after the reaction obtained from the FT of the spectra using

the same parameters, a clear change in intensity is visible for the third shell, whilst the relative

intensity of the first two shells is not changed significantly. By fitting the EXAFS after the reaction,

a loss of 0.6 Zn atoms from the third shell can be revealed, while no changes for the first two

shells are visible. These results are well aligned with the EDX results.

In summary, it was possible to synthesize a structure, where parts of the Co 2+
td were replaced

by inactive Zn2+ atoms to leave mainly Co 3+
oh as a possible active catalyst species. Ex situ
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3.2 ZnCo2O4 containingCo3+ in octahedral coordination

measurements could prove the loss of Zn from the structure during the OER in alkaline solution.

None of this is new, as it was already shown by others.[19,20] Then again, the fact that the activity

of the ZnCo2O4 presented in this work is slightly decreased in comparison to pristine Co3O4

contradicts the previous mentioned references. While Wang et al. report very little if any activity

for Co 3+
oh and reason it to the prohibited formation of the active catalyst species, Menezes et al.

report an increased activity for the material in comparison to Co3O4, based on the leaching of Zn

from the structure.[19,20] The findings in this work, however, show that the “truth” lies somewhere

in between, indicating slightly reduced activity for Co 3+
oh , but still sufficient enough to perform

the OER. A detailed discussion on the structure-activity correlation will follow in section 3.8.
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3 Evaluating the Activity of Cobalt in Different Oxygen Environments

3.3 CoAl2O4 containing Co2+ in tetrahedral coordination

After pristine Co3O4, containing Co 2+
td and Co 3+

oh , and ZnCo2O4, containing mainly Co 3+
oh , have

been analyzed, the focus is now shifted to CoAl2O4, in which the octahedral sites are blocked by

redox-inactive Al3+ atoms. That way, only Co 2+
td should be available to take part in the OER.

Partial results of the work are available as “Operando Diffuse Reflectance UV-VIS Spectroelectro-

chemistry for Investigating Oxygen Evolution Electrocatalysts” as a pre-print on ChemRxiv.[129]

CoAl2O4 nanoparticles were synthesized following the BA route and the product was obtained as

a blue powder.[130] Several attempts to transfer the synthesis to a microwave assisted approach

were not successful.

3.3.1 Characterization of as-synthesized CoAl2O4

The crystal structure of CoAl2O4 was identified by pXRD. Only typical reflections of the cubic

spinel structure (ICSD PDF-number 01-070-0753)[131] were present in the pattern shown in

figure 3.14. Using the Scherrer equation, a mean crystallite size of 5.4 nm was calculated.

HRTEM analyses of as-synthesized CoAl2O4 in figure 3.15a show particles with a mean size of

5.98±1.35 nm (skewness: 0.50, 250 particles measured manually), which is in good accordance

to the crystallite size estimated by pXRD, indicating that every particle is a single crystallite.
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Figure 3.14. pXRD pattern of CoAl2O4. The bars show the reference pattern of CoAl2O4 in cubic
spinel structure (ICSD PDF-number 01-070-0753).[131]
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3.3 CoAl2O4 containing Co2+ in tetrahedral coordination

Figure 3.15. HRTEM micrographs of as-synthesized CoAl2O4. (a) Shows an overview, (b) the
corresponding SAED pattern, with diffractions that can be assigned to spinel-type CoAl2O4. (c)
Shows a high magnification micrograph of the sample.

The SAED pattern in figure 3.15b shows Debye-Scherrer rings, that can be assigned to reflections

of the CoAl2O4 phase with the (311) reflection as the most intense reflection.

The high magnification micrograph in figure 3.15c allows a clear view on the single particles and

confirms the high crystallinity.

EDX analysis (see table 3.2) yields a Co/Al ratio of 35.2 %/64.8 % for CoAl2O4, confirming the

stoichiometric implementation of both metals in the material. The EDX mapping in figure A.2

shows the uniform distribution of Co, Al and O in the particles.

Insight in the oxidation state of CoAl2O4 was gained by characterizing the chemical surface of
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Figure 3.16. XPS spectra of CoAl2O4. (a) Shows the spectra at the Co edge before and after the
reaction. (b) Shows the spectra at the Al edge before and after the reaction.
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3 Evaluating the Activity of Cobalt in Different Oxygen Environments

the sample by XPS. The Co2p3/2 peak in figure 3.16a is at 781.8 eV, with a shake-up satellite

shifted by 5.5 eV. The Co2p1/2 peak is shifted by 15.6 eV compared to Co2p3/2. This indicates an

oxidation state of +II for cobalt.[132–134] The Al2p3/2 peak in figure 3.16b is at 74.1 eV which

points to an Al3+ in an oxygen environment.[134]

The DRUV spectrum of powdered CoAl2O4 is shown in figure 3.17. From the preceding analyses,

only Co 2+
td is expected. Thus, a d7 configuration in a tetrahedral crystal field is expected. The

according Tanabe-Sugano diagram would be octahedral d3. The spectrum can be separated in

three ranges, from 2000 to 900 nm, 900 to 500 nm and below. The first range can be assigned to

the fine splitting of the transition 4A2(F) 4T1(F), with a little contribution of the 2ν residual

OH-groups at 1362 nm. Deconvolution of the second range shows three bands at 634, 577 and

549 nm, which can be assigned to the transitions 4A2(F) 2E(G), 4A2(F) 4T1(P) and 4A2(F)

2A1(G), respectively.[135] Below 500 nm, a very strong absorption is observed, which can involve

charge-transfer processes as well as transitions from the free ion H term, which is split in the

tetrahedral field. The band positions and assignments can be also found in table D.3.

The CVs in figure 3.18a show some noteworthy behavior. First it is to mention, that all three

exemplary measurements were performed on the same setup and with electrodes prepared from

the same ink. Despite the first cycle which shows the irreversible oxidation of surface species,

the CV cycles of the respective measurement show reproducible behavior and therefore only
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Figure 3.17. DRUV spectrum of CoAl2O4 nanoparticles. The fit is shown as a red line, the
deconvoluted bands as blue lines and the baseline as a dark yellow line.
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3.3 CoAl2O4 containing Co2+ in tetrahedral coordination

the fourth is plotted. For all three measurements, small peaks at ~1.43 V can be attributed to

the redox pair Co3+/4+, which indicates a reversible reaction. At around 1.5 V, the onset of the

OER starts. But large differences are visible at the potential where the redox couple Co2+/3+ is

expected, i.e. between 1.0 and 1.2 V. While the black CV shows one broad peak at 1.1 V, the

red CV shows a distinct peak at 1.0 V, followed by a very weak feature at 1.1 V. The third CV,

however, has both features visible. The commonality of all CVs is the oxidation peak at 1.1 V.

This is commonly referred to the oxidation CoII(OH)2 CoIII(O)OH. The oxidation peak at

1.0 V might be the oxidation of Co 2+
td to Co3O4 as an intermediate structure.[136] Hence, from

the potential region all peaks can be assigned to the redox couple Co2+/3+. Even though the

samples studied are nanoparticles and allow for different surface chemistry, up to now, there is

no explanation for the different results from the same setup. Furthermore, two peaks for the

Co2+/3+ redox couple are contrary to most published studies, where only one oxidation peak is

described in the region below 1.2 V vs. RHE.[19,20,122,137] An in depth discussion on the these

peaks will follow later in section 3.7.

From the power law relationship between the oxidation peak current i and the scan rate v,
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Figure 3.18. Cyclic voltammograms of CoAl2O4. (a) Shows the 1st and 4th CV cycles of three
exemplary measurements of CoAl2O4, recorded in 1 M KOH at 1600 rpm with a scan rate of
20 mV s−1. The same setup was used for the three measurements and the electrodes were
prepared by drop-casting from the same ink. (b) Shows the CVs at different scan rates v (20, 40,
60, 80, 100 mV s−1) at 1600 rpm. From these, the oxidation peak current i for the redox couple
Co2+/3+ was determined. The inset shows log(i) vs. log(v). The slope of the linear fit is 0.9.
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i = avb, it can be estimated, whether a surface or bulk redox process is taking place. a and b

are adjustable parameters, and b can be expressed as the slope of the plot of log(i) vs. log(v).

When b is close to 0.5, a Faradaic redox process in the bulk is indicated, while b being close to

1.0 indicates a surface-limited redox process.[138,139] When fitting the slope of log(i) vs. log(v)

(inset in figure 3.18b), b = 0.9 is obtained as the value for the redox couple Co2+/3+, indicating

a surface-limited reaction for CoAl2O4.

To assess the activity of CoAl2O4, an LSV was measured and is shown in figure 3.37. An average

η of 362 mV towards the OER was recorded at a current density of 10 mA cm−2. The ECSA was

derived from the Cdl and is 1.13 cm2 (see also figure B.4).

Table 3.2. EDX quantification results of as-synthesized CoAl2O4 and after 1 h electrochemical
reaction at 10 mA cm−2.

Co atom% Al atom%
before reaction 35.2 64.8
after reaction 40.0 60.0

3.3.2 Ex situ characterization of CoAl2O4 after electrochemical reaction

The influence of the OER on the material was analyzed in 1 M KOH by applying a current density

of 10 mA cm−2 for 1 h.

In the XPS spectrum after the reaction in figure 3.16a, the Co2p3/2 peak position is at 781.3 eV,

and the shake-up satellite is shifted by 5.7 eV. The Co2p1/2 peak is shifted by 15.6 eV compared

to Co2p3/2. For Co3+ species the shake-up satellite is expected to be shifted by 10.0 eV compared

to the Co2p3/2.[132] In the spectrum on the Al-edge in figure 3.16b, also no changes are visible.

The Al2p3/2 peak is shifted to 73.5 eV and can be still assigned to Al3+ in an oxygen environment.

The 0.5 eV chemical shift of the main peak positions can be attributed to small changes in the

Fermi level, resulting in an electrostatic potential at the surface. This is supported by the fact,

that the O1s peak is also shifted by this value (figure C.1b) and a change of oxidation state for

O is very unlikely. Thus, from XPS no change in the oxidation state of Co is visible, and a main

oxidation state of +II for Co can be concluded.

The HRTEM micrograph after reaction in figure 3.19a shows close aggregated particles. The

SAED pattern in figure 3.19b still shows only one phase, that can be assigned to spinel-type

CoAl2O4. Also the power spectral analysis (inset in figure 3.19c) indicates no second crystalline
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3.3 CoAl2O4 containing Co2+ in tetrahedral coordination

phase. On the other hand, as the reflections of pure Co3O4 are expected at nearly the same

position as for CoAl2O4, no distinction between these two can be made.

The EDX analysis after the reaction (see table 3.2) yields a Co/Al ratio of 40 %/60 %, indicating

a little loss of aluminum from the material. The EDX mapping in figure A.3, however, shows a

uniform distribution of Co and Al in the particles.

Figure 3.19. HRTEM micrographs of CoAl2O4 after 1 h electrochemical reaction at 10 mA cm−2.
(a) Shows an overview, (b) the corresponding SAED pattern, with diffractions assigned to spinel-
type CoAl2O4. (c) Shows a high magnification micrograph of the sample. The inset in (c) shows
the power spectrum of the marked area. The spots are assigned to the [101] zone axis of
spinel-type CoAl2O4.

Following Lippens’ and Lannoos equations (reproduced as equation (2.15) and equation (2.16)),

the number N of atoms in a particle is related to the numbers of shells ns.[89] If a spherical shape

is approximated for the particles, and only the diameter of the largest (smallest) particles is

taken into account, which is 7.4 nm (4.6 nm), a volume VNP = 212, 175 Å
3

(VNP = 50, 965 Å
3
)

can be approximated for one nanoparticle. Since the crystal structure is known, also the lattice

parameter is known (a = 8.10670 Å). From this, the volume of a unit cell is VUC = 532.76 Å
3
.

Furthermore, in a spinel the unit cell is constructed of oxygen atoms in an fcc cell, i.e. in cubic

close packing. Thus, a unit cell contains 32 O, 16 Al and eight Co atoms in the octahedral and

tetrahedral voids, respectively. Accordingly, the total number of O atoms can be derived from

equation (3.1) to be nO = 12, 744 (nO = 3, 061).

no = 32 ∗ VNP/VUC (3.1)

This corresponds, according to Lippens and Lannoo, to a particle consisting of 25 to 26 shells (15

to 16 shells). For 26 shells, 1564 atoms would be located in the topmost shell (564 for 16 shells).

Thus, ~11 % (~18 %) of all atoms are located in the topmost shell.
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3 Evaluating the Activity of Cobalt in Different Oxygen Environments

For the described CoAl2O4 particles of 5.98 ± 1.35 nm size, 11 – 18 % of all atoms are located

on the surface of a particle. The EDX results in table 3.2 indicate an Al content of 60 % after

reaction, which means a 10 % decrease compared to the perfect unit cell, where the Al content

would be 66.67 %. Approximately, the amount of Al leached can be attributed to the topmost

layer.
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Figure 3.20. XANES spectra and EXAFS of CoAl2O4. (a) Shows the XANES spectra of CoAl2O4
before and after 1 h electrochemical reaction at 10 mA cm−2 on the Co-edge. (b) Shows the
EXAFS as the magnitude of the FT spectra (k-range: 3.2-11.0, R-range: 1.15-3.6 Å). Only the
EXAFS after reaction could be fitted. The EXAFS before the reaction is shifted by 0.3 units on the
y-axis.

Analysis of the XANES spectra in figure 3.20a shows no change in the edge energy (7718.0 eV)

between CoAl2O4 before and after 1 h electrochemical reaction at 10 mA cm−2, based on the first

infliction point. Based on the integral method, the edge energy of the as-synthesized CoAl2O4

is 7718.5 eV. After the reaction it is slightly higher at 7718.8 eV. These values are within the

uncertainty of the measurement (±0.3 eV), and therefore no conclusions can be drawn from it.

Also, in the fingerprint region after the edge, only little difference is visible. This is in accordance

to the XPS results indicating no change in the oxidation state after the reaction.

The EXAFS in figure 3.20b of the sample before and after the reaction also shows high similarity.

Unfortunately, the EXAFS before the reaction can not be fitted with just a simple model based on

the crystal structure of CoAl2O4. A fit of the EXAFS after the reaction, however, was possible in

the range from 1.15 to 3.6 Å, assuming a spinel unit cell without defects. The peak at a reduced
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3.3 CoAl2O4 containing Co2+ in tetrahedral coordination

distance of 2.00 Å corresponds to four O atoms tetrahedrally coordinated around the central Co

atom. The second shell is composed of twelve Al atoms in a reduced distance of 3.29 Å, twelve O

atoms at 3.33 Å and four Co atoms at 3.44 Å. With an R-factor of 0.0235, the fit is not as optimal

as it could be, and it might be improved by using a complex model, where possible inversion

of Co and Al sites is taken into account. The other fitting parameters can be found in table E.7.

From comparison to the fit after reaction and with Maurizio et al., a qualitative analysis of the

EXAFS before the reaction can be done.[87] The first peak results from the oxygen coordinating

the cobalt atom. The second peak is less pronounced and slightly broader than after reaction,

indicating less regular features which might be due to surface species that were also visible in the

first CV cycle in figure 3.18a. The third peak is at around the same position as after the reaction,

but shows no shoulder. All in all, the EXAFS analyses of the samples also show no significant

change in the main features after the reaction.

To conclude, the ex situ characterization of CoAl2O4 before and after the reaction indicates no

significant change in the main crystalline structure. The loss of Al detected by EDX can be

ascribed to the topmost surface layer of a nanoparticle, but an additional change in the surface

structure could not be detected by the herein performed experiments. From its slightly higher

activity than the pristine Co3O4, and the noticeable increased activity compared to ZnCo2O4, a

minor tendency towards Co 2+
td being the superior precatalyst for the OER becomes visible. To

further investigate this tendency, more Co-containing materials will be examined in the following

sections.
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3 Evaluating the Activity of Cobalt in Different Oxygen Environments

3.4 CoO containing Co2+ in octahedral coordination

In CoO in cubic rock salt structure (CoOrss), in difference to the previous materials, only Co2+ in

octahedral environment is expected, as the tetrahedral voids in the rock salt structure are not

occupied. Nevertheless, the surface of Co2+ containing materials tends to be oxidized to Co3O4

by moisture and oxygen from the air.[122] In the following section, a closer look on CoOrs will be

taken.
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Figure 3.21. pXRD pattern of CoOrs. The bars show the reference pattern of CoO in cubic rock
salt structure (ICSD PDF-number 01-071-1178).[140]

CoOrs was synthesized following the BA route and a powdered product of brown color was

obtained.[75]

The crystal structure of CoOrs was identified by pXRD. Only typical reflections of the cubic rock

salt structure (ICSD PDF-number 01-071-1178)[140] were present in the pattern in figure 3.21.

Using the Scherrer equation, a mean crystallite size of 10.4 nm was calculated.

The HRTEM in figure 3.22 shows nanocuboids with a mean size of 7.77±1.33 nm (skewness:

0.50, 50 particles measured manually). This is slightly smaller than the results from the Scherrer

equation from the pXRD, indicating either a limitation of the Scherrer theory for this system or a

non-representative area in the TEM. Despite the difference between the two methods, it can be

assumed that all particles are single crystallites. The crystalline structure was confirmed by SAED

(figure 3.22b), showing only diffractions of a rock salt structure. At higher magnification, the

lattice fringes of the particles become visible in figure 3.22c.
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3.4 CoO containing Co2+ in octahedral coordination

Figure 3.22. HRTEM micrographs of CoOrs. (a) Shows an overview, (b) the SAED pattern, with
diffractions corresponding to rock salt structured CoO. (c) Shows a high resolution micrograph.

The XPS spectrum in figure 3.23a shows the Co2p3/2 peak at a binding energy of 779.9 eV. Shifted

by 5.7 eV, a weak peak is visible. From the position, it can be assigned to a shake-up satellite,

indicating Co2+. At a chemical shift of 8.7 eV, another weak peak is visible. The Co2p1/2 peak

shows a broadening, which indicates two underlying peaks, shifted by 15.1 and 15.6 eV compared

to the binding energy of Co2p3/2. From XPS, a mixture of Co2+ and Co3+ can be concluded. This

is expected, as CoIIO tend to form Co3O4 on the surface.[122]

The DRUV spectrum in figure 3.23b shows two main regions, one above and one below a wave-

length of 1000 nm. Based on the previous analyses, Co2+ in an octahedral oxygen environment
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Figure 3.23. XPS and DRUV spectra of CoOrs. (a) Shows the XPS spectrum on the Co edge. (b)
Shows the DRUV spectrum. The fit is shown as a red line, the deconvoluted bands as blue lines
and the baseline as a dark yellow line.
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is expected. Therefore, the Tanabe-Sugano diagram for octahedral d7 was used. The bands from

1714 to 1297 nm (5835 to 7708 cm−1) can be attributed to the fine structure of the transition

4T1g(F) 4T2g(F). A small band at 1360 nm can be attributed to the 2ν harmonic band of surface

OH groups. The bands at 732 and 518 nm (13658 and 19301 cm−1) can be attributed to the spin

allowed transitions 4T1g(F) 4A2g(F) and 4T1g(F) 4T1g(P), respectively. At lower wavelengths,

the bands might arise from the transitions 4T1g(F) 2T2g(H) and 4T1g(F) 2Eg(D) or further

splitting of the 2H free ion term. The comparison to the DRUV spectrum of commercial CoOrs

(figure D.1b) shows a slightly larger ∆O value of 7326 cm−1 compared to 7711 cm−1.
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Figure 3.24. Cyclic voltammogram of CoOrs, recorded in 1 M KOH at 1600 rpm with a scan rate
of 20 mV s−1.

The CV in figure 3.24 shows in the first cycle an oxidation peak starting from 1.1 V vs. RHE. From

the position, it can be assigned to the oxidation of surface Co2+. At ~1.45 V, a second oxidation

peak is visible, which has a corresponding reduction peak at around 1.41 V. It can be assigned to

the redox couple Co3+/4+. Interestingly, in the following cycles, no clear oxidation or reduction

peak is visible for the redox couple Co2+/3+. This is unexpected, as the previous results point

to a structure made of Co2+ in an octahedral environment. The missing of the signal, however,

points to a structure, where only Co3+ is present at the surface. Additionally, this species cannot

be reduced when a cathodic potential is applied.

The catalytic activity was examined by LSV measurements. Here, CoOrs showed an η of 369 mV

at 10 mA cm−2. From Cdl measurements, an ECSA of 1.68 cm2 was determined.

By pXRD and DRUV, it could be shown that CoOrs consists mainly of Co2+ octahedrally coordi-
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3.4 CoO containing Co2+ in octahedral coordination

nated in its “bulk” backbone. But on the surface, only Co3+ is present, as the XPS and CV show.

Interestingly, the CV indicates that this Co3+ cannot be reduced to Co2+. This is in accordance to

Wang et al., who also reported that Cooh is less prone to redox transitions.[19]
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3 Evaluating the Activity of Cobalt in Different Oxygen Environments

3.5 Co(O)OH containingCo3+ in octahedral coordination

In the previous section, CoOrs as a material consisting of mainly Co 2+
oh was studied. In the

following section, Co(O)OH will be examined. This material is often referred as the precatalyst

phase to form the active species under alkaline OER conditions.[141] In theory, this material

should only contain Co3+ octahedrally coordinated by O and OH ligands in a layered Heterogenite

structure.

The Co(O)OH described in here was synthesized by Sayed M. El-Refaei following the route

described by Yang et al.[132] The crystal structure was identified by pXRD. Typical reflections

of the hexagonal Heterogenite structure (ICSD PDF-number 01-073-0497)[142] were present in

the pattern in figure 3.25a. From the Scherrer equation, a mean crystallite size of 9.5 nm was

calculated.
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Figure 3.25. pXRD pattern and XPS spectrum of Co(O)OH. (a) Shows the pXRD pattern of
Co(O)OH. The bars show the reference pattern of hexagonal Co(O)OH (ICSD PDF-number
01-073-0497).[142] (b) Shows the XPS spectrum on the Co edge.

The XPS spectrum in figure 3.25b shows the Co2p3/2 peak at a binding energy of 780.8 eV. Shifted

by 10.0 eV, the shake-up satellite typical for Co3+ is visible. The Co2p1/2 peak is shifted by 15.1 eV

compared to the binding energy of Co2p3/2, corresponding to the reported values for a Co3+

species. The XPS analysis indicates a main oxidation state of Co3+.[122]

The HRTEM micrograph in figure 3.26a shows hexagonal rings with a mean long outer diagonal of
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3.5 Co(O)OH containingCo3+ in octahedral coordination

Figure 3.26. HRTEM micrographs and SAED pattern of Co(O)OH. (a) Shows hexagonal rings, (b)
shows the corresponding SAED pattern. The diffractions are assigned to hexagonal Heterogenite
structure according to ICSD PDF-number 01-073-0497.[142] (c) Shows the magnification of two
overlapping rings.

193 ± 79 nm (skewness: 1.21) and a mean thickness of 26±7 nm (skewness: 0.94, 250 particles

measured manually). The crystalline structure was further confirmed by SAED. According to the

crystallite size obtained from pXRD, the edges of the rings have to consist of several crystallites.

The diffraction pattern in figure 3.26b shows only diffractions of the hexagonal Heterogenite

structure. At higher magnification, lattice fringes become visible in the image in figure 3.26c.

Also, layers emerging from the edge of a ring are visible.

Based on the previous analyses, Co3+ octahedrally coordinated by O(H) is expected. Therefore,

the Tanabe-Sugano diagram for octahedral d6 in a strong ligand field was used. The DRUV

spectrum in figure 3.27a shows a weak band around 1244 nm (8039 cm−1), which is most

probably due to the 1A1g(I) 3T1g(H) transition. Deconvolution of the region between 900 and

225 nm yielded two broad bands with high intensities as well as 4 bands with lower intensities.

The high intensity bands are located at 610 nm (16393 cm−1) and 389 nm (25707 cm−1).

They can be attributed to the spin-allowed transitions 1A1g(I) 1T1g(I) and 1A1g(I) 1T2g(I),

respectively.[143] The lower intensity bands might be due to trigonal splitting of the T-states,

which can be expected from a system bearing different ligand species.[144]

The CV in figure 3.27b shows no large deviation of the first cycle to the following. At a potential

of around 1.13 V vs. RHE, the redox couple Co2+/3+ is clearly visible, indicating some Co2+ on

the surface, which is oxidized in the first cycle. Furthermore, the presence of distinct oxidation

and reduction peaks during the cycling indicates accessible Co centers that can easily undergo

redox reactions. Around 1.45 V, the redox couple Co3+/4+ is visible, followed by the onset of
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Figure 3.27. DRUV spectrum and cyclic voltammogram of Co(O)OH. (a) Shows the DRUV
spectrum. The fit is shown as a red line, the deconvoluted bands as blue lines and the baseline as
a dark yellow line. The asterisk marks the position of the local absorption maximum at lower
energies. (b) Shows the cyclic voltammogram of Co(O)OH, recorded in 1 M KOH at 1600 rpm
with a scan rate of 20 mV s−1.

the OER at ~1.5 V. Co(O)OH shows an η of 382 mV at 10 mA cm−2 and an ECSA of 5.71 cm2,

resulting in a roughness (R f ) of 80.8.

Even though the active sites in the OER are commonly attributed to the structural motifs present

in Co(O)OH, the pure material shows no outstanding performance as an OEC. This is even more

surprising with regard to the relatively high ECSA, which should allow for efficient reaction

kinetics. The reason for this behavior might be a disadvantageous local structure around the

active Co centers. For the OER, at least two adjacent Co atoms are required. This is also the case

for Co(O)OH, but by its layered structure, each Co atom has a maximum of six Co around it.

There is no CoOx features in a second layer below the surface, which might play an important

role for the charge balance over the whole material. Furthermore, the Co atoms may have an

improper spacing between them, disfavoring an optimal docking site for the OER.

Here again, an octahedral coordination around the Co atom in the precatalyst seems not to have

a positive influence on the OER activity.
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3.6 Co2SnO4 containing Co2+ in tetrahedral and octahedral coordination

3.6 Co2SnO4 containing Co2+ in tetrahedral and octahedral coordination

In the previous sections, several materials with cobalt in different oxygen environments have

been examined. The material exhibiting the lowest overpotential was CoAl2O4, which contains

Co 2+
td in its initial form. It is closely followed by Co3O4, showing both structural motifs, Co 2+

td and

Co 3+
oh in its initial structure. The studied materials containing only Co x+

oh in their precatalyst

form exhibited less activity for the OER. Now a material will be studied, that exhibits Co 2+
td and

Co 2+
oh in its initial state. Co2SnO4, also known as the light blue pigment Cerulean blue, crystallizes

in the inverse spinel structure. Here, 1/8 of the tetrahedral voids are occupied by Co2+, and 1/4 of

the octahedral voids are occupied by Co2+ and Sn4+, respectively.

Co2SnO4 was synthesized by a hydrothermal approach in water at 250 ◦C and the product was

obtained as a light blue powder.[145] The high temperatures lead to high pressure development

from the contained H2O, which resulted in heavy deformation of the Teflon inside the autoclave.

Attempts to synthesize Co2SnO4 by a modified BA route failed, pointing out that high pressures

and alkaline solutions are required for a successful preparation of the product. A modified

synthesis route at slightly lower temperature is given in chapter 6.

3.6.1 Characterization of as-synthesized Co2SnO4

The crystal structure of Co2SnO4 was identified by pXRD. In figure 3.28, beside the typical

reflections of the inverse spinel phase of Co2SnO4, also reflections of rutile-type SnO2 are

visible.[146] The crystallite size determined by the Scherrer equation is 26.6 nm assuming spherical

crystallites and 28.1 nm assuming cubic crystallites. This value has to be handled carefully, as the

main reflection of SnO2 overlaps with the one of Co2SnO4, which leads to a broader reflection

and thus an underestimation of the crystallite size.

In the HRTEM micrograph in figure 3.29a, particles with different shapes are visible. The

morphology varies between elongated structures and rectangular particles with rounded edges,

polygons with smooth edges and nearly spherical particles. In figure 3.29c, the particles are

shown at a higher magnification. The revealed lattice fringes indicate a high crystallinity for all

different shapes.

The SAED pattern in figure 3.29b further proves the crystallinity of the sample. Small reflections

of SnO2 are also visible, but a differentiation between SnO2 and Co2SnO4 particles in the bright
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Figure 3.28. pXRD pattern of as-synthesized Co2SnO4. The bars show the reference pattern of
Co2SnO4 in a cubic inverse spinel.[146] Asterisks mark reflections of SnO2 phase.

field micrographs was not possible. From the width of the first reflection of SnO2 in the pXRD

pattern in figure 3.28, the SnO2 particles seem to consist of very small crystallites. These

small particles might be hidden by the bigger Co2SnO4 particles. The particle sizes in the TEM

micrograph vary between 27 and 85 nm, indicating that the larger particles consist of several

crystallites.

EDX analysis of the sample yielded a Co/Sn ratio of 74 %/26 %, proving more cobalt than

expected in the material (table 3.3). As no separate cobalt phase is visible in the pXRD, Co may

have replaced some Sn in the octahedral voids.

Figure 3.29. HRTEM micrographs of as-synthesized Co2SnO4. (a) Shows an overview, (b) the
SAED pattern, with diffractions corresponding to the inverse spinel structure. Visible diffractions
of SnO2 are marked separately. (c) Shows particles in higher magnification.
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Figure 3.30. XPS spectra of Co2SnO4. (a) Shows the spectra at the Co edge before and after the
reaction. (b) Shows the spectra at the Sn edge before and after the reaction.

The oxidation state of the sample was investigated by XPS. The Co2p3/2 peak in figure 3.30a is

at 780.6 eV, with a shake-up satellite shifted by 5.5 eV. The Co2p1/2 peak is shifted by 15.8 eV

compared to Co2p3/2. This indicates an oxidation state of +II for cobalt.[132–134] The Sn3d5/2 in

figure 3.30b is at 486.4 eV, with the spin orbit component Sn3d3/2 shifted by 8.4 eV to higher

binding energies, which points to Sn4+ in sixfold oxygen environment.[147,148]

The oxidation state of the as-synthesized Co2SnO4 was also determined by XANES. An edge-

energy of 7718.0 eV points clearly to Co2+.

The crystal structure of the inverse spinel could be fitted to the EXAFS. The first shell is composed

of four O atoms at a distance of 1.95 Å and six O atoms at 2.05 Å. Three Co and three Sn share

the second shell at a radius of 2.99 Å. In the third shell, a total of twelve Co atoms is located, six

placed in tetrahedral and six in octahedral voids, at a distance of 3.51 Å. At the same distance, it

is further populated by six Sn atoms in octahedral oxygen environment. Additionally, at 3.67 Å

and at 3.71 Å, four Co and six O atoms are located, respectively.

The tetrahedral and octahedral site occupancy is also visible in the DRUV spectrum in figure 3.32.

As the asymmetry in a tetrahedral environment is higher, the corresponding bands have a higher

intensity. Between 900 and 500 nm the typical absorptions for tetrahedral environment are

visible. Assuming a tetrahedral d7 configuration, the bands at 670, 606 and 561 nm (14936,
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Figure 3.31. XANES spectra and EXAFS of Co2SnO4. (a) Shows the XANES spectra of Co2SnO4
before and after 1 h electrochemical reaction at 10 mA cm−2 on the Co-edge. (b) Shows the
EXAFS as the magnitudes of the FT spectra (before reaction: k-range: 2.65-11.1, R-range: 1.4-
3.8 Å; after reaction: k-range: 2.8-11.7, R-range: 1.25-3.65 Å). The EXAFS before the reaction is
shifted by four units on the y-axis.

16489 and 17827 cm−1) can be assigned to the transitions 4A2(F) 2E(G), 4A2(F) 4T1(P) and

4A2(F) 2A1(G), respectively.[135] But underlying, also absorptions of octahedral coordinated

Co2+ are present. The bands at 740 and 548 nm (13507 and 18265 cm−1) can be assigned to
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Figure 3.32. DRUV spectrum of Co2SnO4 nanoparticles. The fit is shown as a red line, the
deconvoluted bands as blue lines and the baseline as a dark yellow line.
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3.6 Co2SnO4 containing Co2+ in tetrahedral and octahedral coordination

the transitions 4T1g(F) 4A2g(F) and 4T1g(F) 4T1g(P), when an octahedral d7 configuration is

assumed.[86,87] Below 300 nm, transitions of SnO2 become visible. At higher wavelengths, the

typical fine structure of the transitions 4A2(F) 4T2(F), 4A2(F) 4T1(F) and 4T1g(F) 4T2g(F)

is observable. The band positions and assignments can be also found in table D.7. By DRUV,

especially in comparison to CoAl2O4, where only the tetrahedral configuration is visible, both

sites could be detected.
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Figure 3.33. Cyclic voltammogram of Co2SnO4, recorded in 1 M KOH at 1600 rpm with a scan
rate of 20 mV s−1.

The CV in figure 3.33 shows two oxidation and reduction peaks in the range where the redox

couple Co2+/3+ is expected, one at ~1.0 V and one at ~1.1 V vs. RHE. These can be assigned to

the oxidation of Co 2+
td and Co 2+

oh to Co3+, respectively. At around 1.43 V, the oxidation to Co4+ is

observable as a weak shoulder on the starting OER. All in all, the CV shows a reversible behavior

of the material.

The ECSA of the material was derived from the Cdl and is 1.09 cm2 (see also figure B.7) which

lies close to the ones of the other spinel structures. The activity towards the OER was assessed

by LSV, and an η of 376 mV was determined. This is remarkable, as all samples containing

Co 2+
td measured before showed an increased activity. To explain this behavior, ex situ analyses

will be evaluated in the next section.
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3.6.2 Ex situ characterization of Co2SnO4 after electrochemical reaction

The XPS spectra after 1 h electrochemical reaction in figure 3.30 are shifted a little bit due to

charging of the sample. The Co2p3/2 peak in figure 3.30a is at 780.1 eV, with a shake-up satellite

shifted by 5.6 eV, indicating the presence of Co2+. A second shake-up satellite is visible at a

chemical shift of 10.0 eV, indicating the presence of some Co3+. The Co2p1/2 peak is shifted by

15.8 eV compared to Co2p3/2. The Sn3d5/2 peak in figure 3.30b is at 486.0 eV, with the spin orbit

component Sn3d3/2 shifted by 8.4 eV to higher binding energies. Here again, only Sn4+ is present

in the sample.

Figure 3.34. HRTEM micrographs of Co2SnO4 after 1 h electrochemical reaction at 10 mA cm−2.
(a) Shows an overview, (b) the SAED pattern, with diffractions corresponding to the inverse
spinel structure. Visible diffractions coming from SnO2 are marked separately. (c) Shows particles
in higher magnification. Arrows mark regions, where the particles are damaged.

HRTEM analysis of the sample after reaction figure 3.34 shows no change in particle sizes or

shapes. The SAED pattern also shows no changes in the crystalline structure of the sample. But

some particles seem to be damaged on the surface. An explanation of these damages can be

given from the EDX analysis. It shows a decrease in the Co/Sn ratio to 71.6 %/28.4 %. In this

context, the visible damages on the surface of the particles might be pinholes formed by leaching

of Co from the sample.

Indeed, the EDX-mapping in figure 3.35 proves that the Co content is decreased in some areas.

The areas, marked by red arrows, are also clearly visible in the HAADF image.

Table 3.3. EDX quantification results of as-synthesized Co2SnO4 and after 1 h electrochemical
reaction at 10 mA cm−2.

Co atom% Sn atom%
before reaction (EDX) 73.8 26.2
after reaction (EDX) 71.6 28.4
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3.6 Co2SnO4 containing Co2+ in tetrahedral and octahedral coordination

Figure 3.35. STEM HAADF and TEM micrographs and EDX mapping of Co2SnO4 after 1 h
electrochemical reaction. Areas, where less Co is present, are marked by red arrows.

A slightly higher oxidation state is also visible in the XANES spectrum in figure 3.31a, with the

edge energy being increased to 7718.6 eV. By fitting the EXAFS in figure 3.31b, minor changes in

the local atomic structure after the electrochemical reaction could be revealed. Four and six O

at distances of 1.94 and 2.08 Å form the first shell. The second shell is composed of three Co

and three Sn at a distance to the absorber of 3.04 Å. In the third shell, stoichiometric amounts

of Co, Sn and O atoms can be fitted to the EXAFS. From the slightly increased path lengths, a

minor increase in the lattice parameter of the spinel could be detected. All of this shows, that the

inverse spinel structure is not changed, which is in good agreement with the results from the

SAED.

The ex situ characterization of Co2SnO4 shows, that the material underwent no changes in its

core structure. But on the surface, changes were visible. The oxidation state of Co is slightly

increased. Furthermore, the leaching of Co could be observed for the first time for one of the

samples examined in this thesis. Furthermore, on the example of Co2SnO4 it could be shown that

a tetrahedral oxygen environment around Co does not ensure an increased activity towards the

OER. Also the secondary metals play an important role. Therefore, in the following section, the

influences on the OER will be discussed, and an optimized material will be suggested.
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3.7 Electrochemical comparison of the materials

3.7.1 Analysis of the cyclic voltammograms

The CVs of the former described materials show some noteworthy features. In figure 3.36 the

qualitative 4th anodic half cycles of the Co-containing samples are shown, and single curves

were enlarged independently to make the oxidation peaks better visible. For all oxidation peaks,

the corresponding reduction peaks were visible (see previous sections). For greater clarity, the

reduction peaks are not shown here. While all CVs show the peaks commonly agreed to be

associated with the redox couple Co3+/4+ at a potential between 1.4 to 1.5 V vs. RHE, the peaks

of the redox pair Co2+/3+ are visible at different potentials or not at all. The samples are therefore

assigned to one of three groups.

1.0 1.1 1.2 1.3 1.4 1.5

C
u

rr
en

t 
d

en
si

ty
 (

ar
b

. u
n

it
s)

Potential (V vs. RHE)

 CoAl2O4  Co3O4

 ZnCo2O4  CoOrs

 Co2SnO4  Co(O)OH

Figure 3.36. Qualitative cyclic voltammograms of Co-containing samples showing the 4th anodic
half cycles, recorded in 1 M KOH at 1600 rpm with a scan rate of 20 mV s−1. Single curves were
enlarged independently for a better visibility of the oxidation peaks.

CoOrs and ZnCo2O4 form the first group. The common structural feature the oxides share is

Co octahedrally coordinated by O atoms. Here, no signal for the redox pair Co2+/3+ is visible.

This redox-inactivity indicates an electrochemically stable structure that might be described as a

passivation layer preventing reduction of the material below Co3+. Behl and Toni assigned this

structure to a Co(O)OH that cannot be reduced to Co(OH)2.[149]

The second group contains Co(O)OH on. This materials consist of Co(O)OH in its active phase,

bearing Co that is coordinated by six or less O(H) ligands.[66,150] It shows one pronounced
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broad oxidation peak at 1.15 V, which can be assigned to the oxidation of Co(OH)2

Co(O)OH.[41,137,151] The intensity of the peak indicates easily accessible Co 3+
oh sites. The dif-

ference in the peak potential compared to the other measured samples can be explained by

different Co(O)OH structures. Benson et al. showed that there is not only one Co(O)OH

structure, but three modifications with either different lattice spacing or different crystal sys-

tems (trigonal and hexagonal).[152] Nowadays, even more polymorphs of Co(O)OH have been

described.[142,153,154]

This is also one explanation of the electrochemical feature that unifies the third group, consisting

of CoAl2O4, Co3O4 and Co2SnO4. Here, at a potential of 1.0 V vs. RHE, a pronounced oxidation

peak is visible. Interestingly, in the literature a redox couple in this region is not very often

reported. This first peak is followed by a weak broad peak at around 1.1 V. The two peaks can

be explained by the successive oxidation of a Co2+ species to several Co3+ species. Not only

the different polymorphs of Co(O)OH are possible reasons for that, but also Co2O3 and Co3O4

can be expected at this potential. A precise differentiation between these structures was to my

knowledge not yet possible.[123,136,149,155–159] The structural motif uniting the third group is the

presence of Co 2+
td . Accordingly, the oxidation peak at ~1.0 V can be assigned to the oxidation of

Co 2+
td to some Co3+ containing structure that needs to be further defined.

These findings demonstrate, that there is still a lot to unravel for the formation mechanism

of active cobalt materials. The lack of reports of the peak at 1.0 V might be due to the fact

that most materials studied contain particles with sizes larger than 100 nm or electrodeposited

structures. Ivanova and Zamborini showed on the example of silver nanoparticles that with

increasing particle size also the redox potential for the oxidation peak increases.[160] And for

electrodeposited materials, the close contact to the electrode might increase the conductivity,

resulting in different kinetics.

However, the materials studied in this thesis have particle sizes between 4.5 and 50 nm, and thus

differences from bulk or molecular materials in terms of thermodynamic and kinetic properties

can be expected. The presence of two peaks for the oxidation of Co2+ further demonstrates,

that different structures are acting as intermediates to form the active Co(O)OH phase. This

difference might have a strong influence on the catalytic activity of cobalt-containing OECs.

In summary, there is a trend showing that cobalt oxides containing Co 2+
td exhibit a lower

electrochemical potential for the redox couple Co2+/3+ than cobalt oxides containing cobalt
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octahedrally coordinated by oxygen and hydroxide species. Furthermore, the absence of the

redox peak for samples containing cobalt octahedrally coordinated by oxygen in their initial

structure might indicate a relative inactivity of this structure, as also proposed by Wang et al.[19]

3.7.2 Comparison of the activity towards the oxygen evolution reaction

To evaluate the activity of the above analyzed materials, LSVs were recorded and are shown in

figure 3.37. An overview of the electrochemical properties can be also found in table 3.5.

Of the spinel type materials, CoAl2O4 shows the lowest overpotential (η) at 362 mV, followed

closely by Co3O4 (365 mV) and ZnCo2O4 (369 mV). Not only the overpotentials lie close together,

also the slopes of the graphs look alike. The Tafel slopes of the three materials show the same

sequence and can be ascribed to the same kinetic regime (CoAl2O4: 44.8 mV dec−1, Co3O4:

48.1 mV dec−1, ZnCo2O4: 51.5 mV dec−1). Also the ECSAs are comparable and lie around 1 cm2,

with Co3O4 showing the lowest and CoAl2O4 the highest area.
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Figure 3.37. Linear sweep voltammograms of Co-containing samples, recorded in 1 M KOH at
1600 rpm with a scan rate of 5 mV s−1. The error bars show the standard deviation between
three measurements.

CoOrs shows the same η as ZnCo2O4, but its curve differs compared to the spinel-type oxides. It

shows an early onset for the OER, but a lower slope at higher potentials. The ECSA (1.68 cm2) is

slightly larger than for the spinel oxides.
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The inverse spinel structure Co2SnO4 shows slightly lower activity (η = 376 mV). However, in

terms of ECSA and Tafel slopes, it is comparable to the other spinel-type oxides (1.09 cm2 and

49.8 mV dec−1).

The highest onset potential as well as the lowest activity is shown by Co(O)OH (382 mV). This is

surprising when considering the ECSA, which is the highest in the studied materials (5.71 cm2).

In the following section, the activity of the samples will be linked to the structural motifs present,

to shed light on the different behavior of the catalysts.

3.8 Structure-activity correlations for cobalt-containing metal oxides

From the experiments performed so far, clear structure-activity correlations can be derived.

CoAl2O4 and Co3O4 contain Co 2+
td in their initial structure and show the highest activity towards

the OER. ZnCo2O4, CoO and Co(O)OH on the other hand show reduced activity, although they

can be still described as OECs. From this observation, it appears that Co 2+
td in the initial structure

leads to more active materials. This seems to confirm the hypothesis of Wang et al. in 2015 and

2016, who concluded that Co 2+
td can be easier transformed to the active Co(O)OH phase than

Co 3+
oh .[19,139] Interestingly, among the materials studied in this thesis, CoAl2O4 is even more active

than Co3O4. Both materials hold the same amount of Co 2+
td , but the total number of possibly

active Co in the latter is threefold higher than in CoAl2O4. Thus, the presence of Co 2+
td cannot be

the sole reason for the higher activity. The smaller particle size in CoAl2O4 could be one obvious

factor, by providing generally more surface to catalyze the reaction. But the most important

factor seems to be yet another. It becomes apparent in the evaluation of Co2SnO4, which also

holds Co 2+
td in its initial structure, but shows the second lowest activity in comparison to the

other samples.

This obvious contradiction to the previous formed hypothesis can be explained by the different

relative chemical stability of the metal oxides in alkaline solution. Indeed, the EDX analyses

provided evidence that some material is leached during the electrochemical reaction in 1 M

KOH. ZnCo2O4 loses some of its Zn during the reaction. Also for CoAl2O4, the loss of Al, most

likely from the first shell of the nanoparticles, could be shown. By leaching the inactive metals

from the structure, more cobalt centers are exposed to the electrolyte and can facilitate the OER.

Furthermore, these centers seem to have just the right distance between them to facilitate an

optimized OER. This would satisfactorily explain the superior activity of CoAl2O4 over Co3O4. In
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Co2SnO4 on the other hand, the EDX analysis indicates a loss of cobalt from the structure leaving

fewer active centers for the OER.

From studies on the dissolution mechanism of Sn, it is assumed that in alkaline solutions and

under an applied potential, the material is passivated by the formation of SnO2 or hydrated forms

of this oxide.[161–163] Thus, for oxides derived from Cassiterite, which contains Sn octahedrally

coordinated by O in a rutile structure, a high stability can be expected in 1 M KOH. For Zn

containing oxides on the other hand, a dissolution is expected. ZnO first reacts in alkaline medium

to the insoluble Zn(OH)2, but with more OH– ions being available, the soluble [Zn(OH)4]2–

complex is formed.[85,164] Al2O3 as well can get dissolved in alkaline solution by the formation of

[Al(OH)4]–. Though, this process is slower, as pin-holes are formed in the surface first instead

of a uniform dissolution of the whole surface.[85,165,166] Differing, cobalt oxides are generally

described as basic oxides.[85] They form Co(O)OH in an alkaline milieu, which is not further

dissolving. However, a partly dissolution of Co from all materials in the form of [Co(OH)6]4– or

[Co(OH)6]3– during the formation of the active catalyst cannot be ruled out from the conducted

experiments.[85] For CoAl2O4 and ZnCo2O4, the EDX analyses show a change in the relative ratio

of the implemented metals to Co in favor of Co. Nevertheless, by this method no quantification

of the total metal content in the materials before and after reaction is possible. The amount of

leached cobalt is unclear, and only the relative losses of metals can be reported. To overcome this,

the electrolyte solution after the reaction could be analyzed by mass spectrometry to measure the

amount of dissolved Co, or the particles itself could be analyzed before and after the reaction by

appropriate methods. Still, a small loss of Co can be assumed also for this materials, which is

proven by the EDX analysis of Co2SnO4 showing a decrease in the Co/Sn ratio.

Therefore, from the conducted experiments, a trend in the stability of the metal oxides in alkaline

solution can be deduced:

SnOx > CoOx > AlOx >> ZnOx

By this, the presumed outlying behavior of Co2SnO4 from the hypothesis of initial Co 2+
td leading

to higher activity can be explained.

The observations showed, that a higher activity towards the OER is generated, when the local

structure around the Co centers can undergo changes. Thus, with regard to the design of new

catalysts, not the most stable materials should be chosen, but materials that provide some

flexibility in their surface structure.[45] Instead of using materials containing only the active

species, the use of leaching metals should also be pursued. To test this hypotheses, in the next
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section, a new material will be introduced, that contains Co 2+
td in its initial structure and also a

decent amount of Zn that can leach out during the formation of the active catalyst phase.
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3.9 Unifying the gained knowledge to create something new: Zn0.35Co0.65O

The following section is dedicated to the unification of gained insights from literature evaluation

as well as the previously mentioned experiments. It is a revised version of the already published

work “Zn0.35Co0.65O – A Stable and Highly Active Oxygen Evolution Catalyst Formed by Zinc

Leaching and Tetrahedral Coordinated Cobalt in Wurtzite Structure”.[125]

During the literature survey to this part of the thesis, the PhD thesis of Johannes Pfrommer was

discovered.[167] Pfrommer also investigated cobalt substituted ZnO towards the OER. I see it as

my scientific obligation to point to this work. The mentioned work was not known to me before

performing the research or the conclusions following.

In the beginning of this chapter, the controversial reportings of Wang et al.[19] and Menezes

et al.[20] were discussed. Wang et al. reported, that cobalt oxides containing Co2+ in tetrahedral

coordination (Co 2+
td ) show higher activity towards the OER than the ones with Co3+ in octahedral

coordination (Co 3+
oh ). Co 2+

td can be easily oxidized and form Co(O)OH, whilst Co 3+
oh is rather

inactive, as it might be blocked by OH-groups. From the experiments performed so far in this

thesis, it was found, that the samples containing Co 2+
td were better performing than the ones with

Co 3+
oh , which is in agreement with Wang et al. Contrary, Menezes et al. attributed the increased

activity to Co 3+
oh . By the leaching of Zn2+ from tetrahedral voids, the remaining Co 3+

oh is more

accessible to the reactants.

When combining the two concepts, one should arrive at a material capable of surpassing the

activity of Co 2+
td embedded in a rigid matrix that cannot be transformed, like in CoAl2O4 or

Co2SnO4. During the experiments for finding new solvothermal routes to ZnCo2O4, a high zinc

containing CoO in hexagonal wurtzite structure was synthesized. In the following, the product

denoted as Zn0.35Co0.65O will be thoroughly characterized and evaluated towards the OER.

By using the “BA route” in a microwave assisted approach, Zn0.35Co0.65O was synthesized.

Cobalt(III) acetylacetonate and zinc(II) acetate were used in a ratio of 2:1 as the metal precursors,

and BA was used as the oxygen source, solvent, reducing and stabilizing agent.[168–170] After

20 min reaction at 210 ◦C in a microwave, the reaction mixture was cooled down, washed with

ethanol (EtOH) and dried at 70 ◦C. The product was obtained as a dark-green powder.
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3.9.1 Characterization of as-synthesized Zn0.35Co0.65O

The crystal structure was identified by pXRD. Only typical reflections of the hexagonal wurtzite

structure (ICSD PDF-number 01-074-0534)[171] were present in the pattern in figure 3.38. Derived

from the full tetrahedral coordination of all atoms in the wurtzite structure, the crystallites were

assumed to be tetrahedral. Accordingly, application of the Scherrer equation yields a crystallite

size of 13.6 nm. Shifts in the positions of the reflections are not expected, since the ionic

radii for Co2+ and Zn2+ are very similar (57 vs. 60 pm) and cobalt replaces the zinc in the

structure.[173,174]

The HRTEM micrograph in figure 3.39a shows agglomerates of sheets that form spheres of

different sizes. This is in accordance to previous work from the group and proves the trend, that

a higher amount of cobalt directs the formation of spherical agglomerates.[175] The PS analysis

of the HRTEM micrograph in figure 3.39b shows the crystallinity of the sample. It further proves

that the observed structures indeed crystallize in the wurtzite structure.

The elemental composition was analyzed by EDX, and a ratio of Co/Zn of 65 %/35 % was found,

corresponding to the provided precursor ratios. It proves a stoichiometric implementation of

5 10 15 20 25 30 35 40 45

1 h at 10 mAcm -2

90 min 1 M KOH

Zn0.35Co0.65O,

Zn0.35Co0.65O

Zn0.35Co0.65O,

*******
***

*

*

In
te

n
si

ty
 (

ar
b

. u
n

it
s)

2 θ (degree)

*

Figure 3.38. pXRD patterns of as-synthesized Zn0.35Co0.65O, after 90 min in 1 M KOH and after
1 h electrochemical reaction at 10 mA cm−2 in 1 M KOH. The bars show the reference pattern
of the hexagonal wurtzite structure (ICSD PDF-number 01-074-0534).[171] Asterisks mark the
reflections of cobalt hydroxide Co(OH)2 in hexagonal Brucite-type layered structure (ICSD PDF-
number 01-074-1057).[172] Crosses mark the reflections a slightly distorted γIII-Co(O)OH.[154]

Adapted from Wahl et al. with permission from WILEY-VCH.[125]
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Figure 3.39. HRTEM micrographs of Zn0.35Co0.65O. (a) Shows, that the sample consists of layers
that agglomerate to form spheres of different sizes. (b) Shows the edge of a sphere in higher
magnification. The inset shows the power spectrum of the area selected by the circle. The spots
can be assigned to a hexagonal wurtzite structure aligned along the [120] zone axis. Adapted
from Wahl et al. with permission from WILEY-VCH.[125]

both metals (see also table 3.4). The EDX mapping shows the uniform distribution of Co, Zn and

O in the assembly (see figure A.5).

Insights in the oxidation state of the sample were gained by characterizing the chemical surface

of the sample by XPS (figure 3.40a). The Co2p3/2 peak is at 781 eV, with a shake-up satellite

shifted by 5.8 eV. The Co2p1/2 peak is shifted by 15.8 eV compared to Co2p3/2. As no further
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Figure 3.40. XPS spectra of Zn0.35Co0.65O. (a) Shows the spectra at the Co edge before and after
the reaction. (b) Shows the spectra at the Zn edge before and after the reaction. Adapted from
Wahl et al. with permission from WILEY-VCH.[125]
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peaks are visible, an oxidation state of +II for cobalt is reasonable.[132,133] The spectrum at the

Zn edge in figure 3.40b shows the Zn2p3/2 peak at a binding energy of 1021.6 eV and the Zn2p1/2

spin-orbit component shifted by 23.4 eV at 1045.0 eV. This is typical for Zn2+ in an oxygen

environment.[126]
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Figure 3.41. DRUV spectrum of as-synthesized Zn0.35Co0.65O. Asterisks mark the positions of
bands. Adapted from Wahl et al. with permission from WILEY-VCH.[125]

Further information on the oxidation state and the local atomic environment of the cobalt are

provided by DRUV spectroscopy. The spectrum in figure 3.41 shows three typical absorption

features at 661, 622 and 575 nm (15129, 16077 and 17391 cm−1), which correspond to the

transitions 4A2(F) 2E(G), 4A2(F) 4T1(P) and 4A2(F) 2A1(G), respectively. In the

near infrared (NIR) region, a very broad feature can be seen. It corresponds to the spin-allowed

transition 4A2(F) 4T1(F) and its fine structure. These bands are typical for Co 2+
td .[135,176–178]

The bands below 500 nm are typical for ZnO (see figure D.1a).

Additionally, the oxidation state and the local atomic environment of cobalt were assessed by

XAFS analysis. In the XANES spectrum in figure 3.42a, the edge position of Zn0.35Co0.65O is at

7717.9 eV. This observation leads to the conclusion, that the cobalt oxidation state in the material

is close to +II. From the distinct pre-edge peak in the spectrum, tetrahedral coordination of the

central cobalt atom can be deduced.[102]

The wurtzite crystal system can be fitted to the EXAFS in figure 3.42b. Here, cationic positions

were filled by 65 % Co2+ and 35 % Zn2+, derived from EDX results. The first shell around the

cobalt central atom at a reduced distance of 2.0 Å contains four oxygen atoms. The second shell
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Figure 3.42. XANES spectra and EXAFS of Zn0.35Co0.65O. (a) Shows the XANES spectra of
Zn0.35Co0.65O before and after 1 h electrochemical reaction at 10 mA cm−2 on the Co-edge. (b)
Shows the EXAFS of Zn0.35Co0.65O before and after reaction (before reaction: k-range: 2.13-13.9,
R-range: 1.3-5 Å; after reaction: k-range: 2.7-13.7, R-range: 1.0-3.5 Å). The EXAFS before the
reaction is shifted by eleven units on the y-axis. Adapted from Wahl et al. with permission from
WILEY-VCH.[125]

consists in a distance of 3.2 Å of six atoms, which are Co and Zn in the ratio 2:1. Overlapping

with the second shell, the third shell at a distance of 3.8 Å holds nine O atoms. The signal

assigned to the forth shell at 4.5 to 4.6 Å is a summation of the signals of two Zn, four Co and six

O atoms, as well as a multi-leg scattering part within the second and third shell. With an R-factor

of 0.0086 for this fit, the tetrahedral oxygen coordination of cobalt is further confirmed.

From the above mentioned analyses of the experimental data, it can be safely concluded that in

Zn0.35Co0.65O, cobalt is tetrahedrally coordinated by oxygen and in oxidation state +II.

Figure 3.43a shows the CV of Zn0.35Co0.65O. In the first CV cycle, an intense oxidation peak at

around 1.15 V is visible. Since there is no equally sized reduction peak, an irreversible oxidation

event can be concluded. In other Co-containing systems, this peak is attributed to the irreversible

oxidation of Co(OH)2 to the cobalt oxyhydroxide Co(O)OH.[137,151,179]

When integrating this peak, a charge of 0.45 mC is obtained. Division by the Faraday constant

(96485 C mol−1) yields an amount of 0.013 µmol electrons. The initial loading of the catalyst

was 3 µg, and the estimated molar mass of Zn0.35Co0.65O is 77.19 g mol−1. This equals a loading

of 0.039 µmol catalyst or 0.025 µmol Co. Correlating the obtained charge to the initial loading

84



3.9 Unifying the gained knowledge to create something new: Zn0.35Co0.65O

a)

1.0 1.1 1.2 1.3 1.4 1.5

-0.5

0.0

0.5

1.0

1.5

C
u

rr
en

t 
d

en
si

ty
 (

m
A

cm
-2

)

Potential (V vs. RHE)

b)

1.47 1.50 1.53 1.56 1.59 1.62

0

10

20

30

40
 Zn0.35Co0.65O

 CoAl2O4

 Co3O4

 ZnCo2O4

 CoO

 Co2SnO4

 Co(O)OH

C
u

rr
en

t 
d

en
si

ty
 (

m
A

cm
-2

)

Potential -iR (V vs. RHE)

Figure 3.43. Cyclic and linear sweep voltammograms of Zn0.35Co0.65O. (a) Shows the cyclic
voltammogram of Zn0.35Co0.65O, recorded in 1 M KOH at 1600 rpm with a scan rate of 20 mV s−1.
(b) Shows the linear sweep voltammogram of Zn0.35Co0.65O in 1 M KOH, in comparison to LSVs
of the other analyzed structures, at 1600 rpm with a scan rate of 5 mV s−1. Adapted from Wahl
et al. with permission from WILEY-VCH.[125]

of Co, 18.5 % of all contained Co2+ atoms are oxidized. This analysis, however, does not take

into account dissolved Co species during the measurement.

In the 4th CV cycle, 2 oxidation/reduction pairs are visible, around 1.05 V and around 1.45 V.

They can be assigned to the reversible oxidation of Co2+/3+ and Co3+/4+, respectively. The higher

current density of Zn0.35Co0.65O compared to the other studied cobalt catalysts points to more

accessible cobalt sites.

The higher amount of accessible cobalt sites was verified by calculating the ECSA from the

Cdl. The ECSA was around 20-fold larger than for other catalysts (21.9 cm2) which proves the

indication given by the CV. It is also in very good agreement with the exfoliated layered structure

observed by HRTEM.

The electrocatalytic activity of Zn0.35Co0.65O was measured by LSV. In figure 3.43b, on the one

hand a large deviation between single measurements is visible. On the other hand, Zn0.35Co0.65O

shows a significant low average overpotential η of 322 mV at a current density of 10 mA cm−2

and is thus the most active material examined in this thesis. The high activity is further reinforced

by the low Tafel slope of 42.6 mV/decade (figure B.1).

To evaluate the long-term stability of the catalyst, the potential response was tracked in a
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chronopotentiometry (CP) measurement at j = 10 mA cm−2 on a Au SPE. As can be seen in

figure 3.44, the potential increased linearly from 1.534 to 1.546 V vs. RHE during 98 h. This

corresponds to an η of 306 to 318 mV. Linear fitting of the data resulted in a mean potential

increase of 0.12 mV h−1. By this, the long-term stability of the material can be confirmed.

3.9.2 Characterization of the electrochemically active structure

When Zn0.35Co0.65O gets in contact with 1 M KOH (pH = 13.8), it instantaneously changes its

color from dark-green to light brown. To figure out the origin of color change, Zn0.35Co0.65O

powder was added to 1 M KOH and the dispersion was stirred at room temperature for 90 min.

Then, the sample was washed with ethanol, the solid products were collected by centrifugation,

and dried in an oven at 70 ◦C for 1 h.

The pXRD pattern in figure 3.38 shows the typical reflections of hexagonal cobalt hydroxide

Co(OH)2 in Brucite-type layered structure (ICSD PDF-number 01-074-1057)[172] and of hexagonal

wurtzite structure, leading to the conclusion, that the material is partly transformed to Co(OH)2.

The formation of Co(OH)2 is in agreement with the findings of Jang et al.[39] They reported the

spontaneous phase transformation of CoO in hexagonal wurtzite structure to hexagonal Co(OH)2

when it is exposed to water. By this observation, also the irreversible oxidation peak in the CV in

figure 3.43a can be explained.

The HRTEM micrographs in figure 3.45 show different areas examined on the TEM grid. EDX

analyses reveal the elemental composition in the different morphologies after 90 min in 1 M

KOH. First, in figure 3.45a, a large hexagonal plate covered with smaller particles or platelets
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Figure 3.44. Long-term stability test of Zn0.35Co0.65O. It shows the variation of potential as
function of time at a current density of 10 mA cm−2 in 1 M KOH on a Au SPE. The potential at
the beginning is 1.534 V, which corresponds to an overpotential η of 306 mV. Fitting the potential
linearly, an increase of 0.12 mV h−1 can be reported (R2 = 0.86). Adapted from Wahl et al. with
permission from WILEY-VCH.[125]
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Figure 3.45. HRTEM and EDX analyses of Zn0.35Co0.65O after 90 min in 1 M KOH. (a) Shows
a hexagonal plate covered with smaller particles or platelets, and (b) the corresponding SAED
pattern with typical reflections of Co(OH)2. (c) Shows platelets with an average thickness of
4 nm and a diameter of ~50 nm. (d) Depicts an agglomeration of larger platelets and smaller
particles or platelets. (e) Shows on the left side of the image an agglomeration and on the right
side rather thin platelets covered with particles. (f) Depicts the corresponding EDX mapping of
(e). The insets show the corresponding EDX ratios of the images. Partly adapted from Wahl et al.
with permission from WILEY-VCH.[125]

can be seen. The corresponding SAED pattern in figure 3.45b reveals, that the plate consists of

Co(OH)2. The EDX analysis of the image shows, that only 5 % of Zn are left in this structure.

Figure 3.45c shows an agglomerate consisting of ~4 nm thick platelets with a diameter of around

50 nm. In this structural motif, around 7.4 % Zn are left.

In figure 3.45d, another agglomerate can be seen. From the high contrast in the middle of the

agglomeration, it can be concluded that the sample is quite thick there. The EDX indicated a Zn

content of 11.4 %.

Finally, in figure 3.45e, on the left side, an agglomeration of some sheets can be seen, covered

again with small particles or platelets. On the right side, the contrast allows to rationalize a

rather thin sample thickness. The corresponding EDX mapping in figure 3.45f reveals, that in the

agglomerate, still a high amount of Zn is present, while in the thin area, most Zn is gone. The

overall element ratio by EDX is 81.5 % Co to 18.6 % Zn (table 3.4).
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From the combined HRTEM and EDX analyses, some conclusions can be drawn: Overall, the Zn

content is significantly decreased from its initial value of 35 % in Zn0.35Co0.65O. In sample regions,

where big agglomerates are present, the Zn content varies between 19 and 11 %. Here, most

probably the wurtzite phase is still present, as it is protected by already transformed material.

The thinner the sample becomes, the less Zn is detectable. In regions, where Co(OH)2 can be

clearly identified, the Zn content is at around 5 %, indicating a loss of nearly all Zn from the

structure. Furthermore, the analysis confirms the pXRD results, showing hexagonal Co(OH)2.

From the SAED pattern, the presence of the wurtzite phase could not be ruled out, as the signals

overlap with the one of the hexagonal Co(OH)2, and the resolution of the diffraction in the SAED

pattern is too low to separate them.

From these analysis results, it can be clearly deduced, that upon exposing Zn0.35Co0.65O to 1 M

KOH, the initial wurtzite structure is transformed into hexagonal Co(OH)2. Though, in contrast

to the findings of Jang et al., the transformation is not rapid, and even after 90 min, the wurtzite

structure is still detectable by pXRD. This leads to the conclusion, that the presence of Zn in the

initial structure has some stabilizing influence and prevents a fast conversion of the material.

3.9.3 Ex situ characterization of Zn0.35Co0.65O after electrochemical reaction

After Zn0.35Co0.65O was treated 1 h in 1 M KOH at a current density of 10 mA cm−2, further

analyses were performed to see the changes the material underwent.

In the XPS spectrum in figure 3.40a, the peaks of Co2p3/2 and Co2p1/2 are shifted to lower binding

energies of 779.9 and 795.0 eV, respectively. The first shake-up satellite is now shifted by 10.0 eV

in relation to the Co2p3/2 peak. This indicates a Co oxidation state of +III.[126] The biggest

difference in the XPS spectra can be seen on the Zn edge. Here, no signals of Zn were observable,

indicating the entire loss of Zn from the probed surface.

In the pXRD pattern in figure 3.38, three main reflections are visible at 2 θ angles of 5.57, 16.7

and 28.76 °. These correspond to d-values of 7.30, 2.44 and 1.43 Å, respectively. Bardé et al.

reported similar values for a slightly distorted γIII-Co(O)OH.[154] By comparison to their findings,

the reflections can be assigned to the (003), (101) and (110) lattice planes, respectively. The

d-value of the (003) lattice plane (7.30 Å) is slightly higher than the one reported by Bardé

et al., indicating a larger interlayer distance in the material after the electrochemical reaction.
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From the asymmetric reflections of the (101) and (110) lattice plane, a turbostratic disorder

can be derived.[180] Furthermore, the broadening in the Bragg reflections points to a lower

crystallinity of the in situ formed Co(O)OH. Assuming spherical crystallites, a size of 5.7 nm can

be assumed.

Figure 3.46. HRTEM micrographs of Zn0.35Co0.65O after 1 h electrochemical reaction. (a) Shows
exfoliated layers that are agglomerated into overlapping spheres. (b) Shows a magnified image
of the marked area in (a). (c) Shows the SAED pattern of (a). (d) Shows the SAED pattern of (b).
The diffractions can be assigned to a fcc structure with a lattice parameter a = 4.6 Å. Adapted
from Wahl et al. with permission from WILEY-VCH.[125]

The HRTEM micrograph in figure 3.46a shows that the main motif of a layered structure is

preserved after the electrochemical reaction. These layers are again agglomerated into spheres,

but less dense than before. The layers are more exfoliated, and the spheres show a higher overlap.

The Debye-Scherrer rings in the SAED pattern in figure 3.46c show a d-spacing of 2.42 and

1.44 Å, respectively. This is in very good agreement with the values found in the pXRD pattern.

Thus, the diffractions can be assigned to γ-Co(O)OH.

Figure 3.46b shows the marked area of the first micrograph in higher magnification. The

corresponding SAED pattern in figure 3.46d shows several Debye-Scherrer rings, that can be
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assigned to an fcc structure with a lattice parameter a = 4.6 Å. From this two different SAED

patterns at the same location, an electron-beam induced recrystallization of the sample can be

deduced.

This behavior is in very good agreement with the reported recrystallization of Ni(O)OH under

an electron beam.[181] The relative intensities of the reflections of the fcc structure in the SAED

pattern point to a rock salt rather than a zinc blende crystal structure. The most plausible material

containing cobalt in rock salt structure is CoO, although the largest reported lattice parameter

is a = 4.27 Å.[182] This further supports the findings of Jang et al. showing that rock salt CoO is

thermodynamically preferred over the wurtzite-type CoO in aqueous media.[39] Due to the beam

sensitivity, no statement about the size of single structural motifs can be made.

Figure 3.47. STEM HAADF and TEM micrographs and EDX mapping of Zn0.35Co0.65O after
1 h electrochemical reaction at 10 mA cm−2. Adapted from Wahl et al. with permission from
WILEY-VCH.[125]

Examining the EDX-mapping in figure 3.47, the loss of Zn becomes obvious. While in the mapping

before the reaction (figure A.5), Zn and Co are distributed over the whole material, Zn is now

barely visible. A detailed EDX analysis in figure 3.48 shows another clear trend.

The element ratio Co/Zn of the whole agglomerate in figure 3.48a is 94.7 %/5.3 %. When

analyzing an area close to the edge of the agglomerate (figure 3.48b), 4.6 % Zn can be detected.

On the edge of the agglomerate in figure 3.48c, only 2.6 % Zn are detectable. From this analysis
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Table 3.4. EDX quantification results of as-synthesized Zn0.35Co0.65O, after 90 min in 1 M KOH
and after 1 h electrochemical reaction at 10 mA cm−2. Adapted from Wahl et al. with permission
from WILEY-VCH.[125]

Sample Co atom% Zn atom%
as-synthesized 64.6 35.3

after 90 min in 1 M KOH
thin area 95.0 5.0

50 nm platelets 92.6 7.4

thick agglomerates
88.6 11.4
81.5 18.6

after 1 h reaction at 10 mA cm−2

bulk 94.5 5.4

edge 97.4 2.6

it becomes clear that on the edges of the material after electrochemical reaction, nearly no Zn is

left. This findings further supports the XPS results, which indicated no Zn on the surface of the

material. The averaged values of the EDX analyses can be found in table 3.4.

The local atomic environment around Co after the reaction was investigated by XAFS. In the

XANES spectrum in figure 3.42a, the changes the sample underwent are clearly visible. The

Co-edge lies now at 7721.2 eV, indicating an oxidation state of +III or slightly above. A distinct

pre-edge feature indicates a lower symmetry around the central Co.

The EXAFS in figure 3.42b also shows significant changes in the material. Fitting the magnitude

of the FT of the spectrum, the single shells can be assigned. At a reduced distance of 1.91 Å, 5.6

O atoms are located in the first shell around the absorber. The second shell is formed by 4.6 Co

Figure 3.48. HRTEM micrographs of Zn0.35Co0.65O after 1 h electrochemical reaction at
10 mA cm−2, with the corresponding EDX element ratios. (a) Shows an agglomerate. (b)
Shows the marked area in (a), closer to the edge of the agglomerate. (c) Shows the marked area
in (b), which is the edge of an agglomerate. Adapted from Wahl et al. with permission from
WILEY-VCH.[125]
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atoms at a distance of 1.84 Å and 4.3 O atoms at 3.44 Å. The deviation from the atom numbers

expected in a perfect Co(O)OH structure (six O atoms in the first shell, six Co and six O atoms in

the second shell) clearly points to oxygen vacancies in the first and second shell, as well as metal

vacancies in the second coordination sphere. By this difference from octahedral coordination,

also the pre-edge feature in the XANES spectrum can be explained.

3.9.4 Structure-activity correlations in Zn0.35Co0.65O

By the ex situ analyses of Zn0.35Co0.65O, clear structure activity correlations can be drawn, that

add up to the previously described results in section 3.8.

From the CV and the analysis of Zn0.35Co0.65O after 90 min in 1 M KOH, it was proven that

the active phase is formed via the intermediate Co(OH)2. It could be further shown, that the

transformation of wurtzite type CoO is slowed down by the presence of Zn in the initial structure

in aqueous media, compared to the results of others.[39] From detailed analysis after the reaction,

the structural motifs of the active phase could be derived.

Under an applied potential, Zn0.35Co0.65O is transformed to a hexagonal γ-Co(O)OH with an

interlayer spacing of 7.3 Å. This layered structure consists of Co atoms, that are octahedrally

coordinated by O or OH ligands. The octahedra are connected via their edges in one layer, and

the layers are hold together by hydrogen-bridges. Already by this structural motif, the Co centers

are easy accessible by the electrolyte.

Additionally, in the present case metal vacancies are formed by the leaching of Zn2+. This was

Table 3.5. Electrochemical properties of Co-containing samples. The overpotential (η), electro-
chemically active surface area (ECSA) and roughness (R f ) were determined in 1 M KOH, the
Tafel slopes were measured in 0.1 M KOH under quasi-stationary conditions. Adapted from Wahl
et al. with permission from WILEY-VCH.[125]

Sample η10 mA cm−2 ECSA R f Tafel slope
mV cm2 mV dec−1

Zn0.35Co0.65O 322 21.93 310.18 42.6

CoAl2O4 362 1.13 15.99 44.8

Co3O4 365 0.91 12.81 48.1

ZnCo2O4 369 1.07 15.12 51.5

CoOrs 369 1.68 23.71 —

Co2SnO4 376 1.09 15.35 49.8

Co(O)OH 382 5.71 80.77 —
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proven by EXAFS analysis. According to Menezes et al., this increases again the accessibility of

the Co sites.[20] The overall high number of accessible cobalt sites is further proven by the high

ECSA. It can also be seen from the intensity of the oxidation and reduction peaks in the CV.

The second conclusion that can be drawn from EXAFS is the transformation of Co 2+
td to under-

coordinated Co 3+
oh . As shown by Huang et al., the presence of oxygen vacancies around Co

enhances its activity towards the OER.[66] Moreover, by CoO6–x motifs on the surface of γ-

Co(O)OH, the density of states near the Fermi-level is increased. By this, the conductivity in the

material is increased, which supports the electron transport to the active centers.[150]

Nevertheless, also the leaching of Zn2+ from the structure contributes to the electronic structure

of the material. The missing charge of +II needs to be balanced by Co and O to arrive to an

electroneutral structure. Thus, Co and O undergo an oxidation process and arrive to a higher

valence.[69,183] The electrophilicity of O is increased, facilitating the adsorption of OH– to form

the *OOH species. This formation is in accordance to the Tafel slope the rate-determining step.

Furthermore, it is nowadays accepted, that when the absorption energy of *OOH is higher than

of *OH, also the activity is increased, resulting in a lower overpotential.[29,184–186]

But not only the leaching of Zn2+ from the structure plays an important role to create the

active centers. Also the remaining of a few atom% Zn in the structure has an influence on the

conductivity. Ling et al. showed, that already 4-6 atom% of Zn in CoO greatly increase the

ionic diffusion and electronic conductivity through the material.[187] Additionally, by the in situ

formation of γ-Co(O)OH, a chemical bonding to the electrode support is formed. Thereby, also

the conductivity in the sample might increase.[39,188]

The combination of these intrinsic and extrinsic factors make Zn0.35Co0.65O an excellent OEC.

By a fast, easy and reproducible one-pot synthesis, previously identified important structural

motifs of different materials were successfully designed into one material. Zn0.35Co0.65O exhibits

not only an exceptionally low overpotential of 306 mV but also a decent stability for at least

98 h.[23]
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3.10 Conclusion

In this chapter, cobalt-containing precatalysts were evaluated towards their activity for the

oxygen evolution reaction. Two hypotheses based on reports by others were proposed, tested by

synthesizing sufficient materials, and could be finally proven.

Hypothesis 1: Co 2+
td is a better precatalyst than Co x+

oh .

Hypothesis 2: Leaching of metals from the precatalyst influences the activity of an OEC.

To test the hypotheses, first the normal cubic spinel Co3O4, where Co is present as Co 2+
td and

Co 3+
oh , was examined in order to have a general reference for the electrochemical performance of

the spinel structure. It showed a decent activity towards the OER.

Then, either one of the sites was blocked by a catalytically inactive metal, namely Zn2+ to exclude

Co 2+
td or Al3+ to avoid Co 3+

oh in the structure. Here, a first trend became visible: ZnCo2O4,

although not all Co 2+
td was replaced by Zn, showed less activity towards the OER than Co3O4.

This indicated a slightly reduced redox-activity of Co 3+
oh . For this sample, as described by others

before, the leaching of Zn2+ could be proven by EDX analysis. Even though a defective structure

should be formed by the leaching, the activity of the remaining Co 3+
oh was not increased. This

further points to less active octahedral sites.

In contrast to ZnCo2O4, CoAl2O4 showed an increased activity. This is even more interesting, as it

has a relatively small ECSA in comparison to the other studied materials and the lowest amount

of Co in the structure. Thus, CoAl2O4 exhibits a higher activity per center than the other materials.

This observation suggests that Co 2+
td is more active towards the OER. But it raises the question,

why CoAl2O4 is even more active than Co3O4, which holds the same amount of Co 2+
td . The answer

to this question involves firstly the size of the nanoparticles. CoAl2O4 is roughly half the size

of the Co-only spinel. Additionally, EDX analyses demonstrated that Al3+ is released from the

structure. Contrary to ZnCo2O4, where a large amount of Zn2+ leaches from the structure, here

the amount of Al3+ leached could be assigned to the top most layer of the nanoparticles. By this,

Al vacancies are formed on the surface, allowing an easier accessibility of Co 2+
td . Furthermore,

the spacing between the active centers seems to be optimized in this structure.

The analyses of crystal structures containing either only Co 2+
oh (CoOrs) or Co 3+

oh (Co(O)OH)

showed once more, that materials containing Co octahedrally coordinated by O(H) exhibit less

activity towards the OER. This again supports the proposed hypothesis 1 of Co 2+
td being a better

precatalyst than Co x+
oh .
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Another test on hypothesis 1 was done by examining Co2SnO4, which contains Co 2+
td as well as

Co 2+
oh . Here, on the first sight, hypothesis 1 can be rejected. The activity is decreased and close to

the materials only containing Co x+
oh . But the decreased activity could be attributed to the stability

of the contained Sn4+ as well as to the leaching of active Co2+ from the structure, as could be

proven by EDX analyses. This led to the formation of hypothesis 2.

The metals contained in the investigated oxides were ordered with regard to their stability in 1 M

KOH, based on the characterizations performed within this work and also based on a literature

survey. Here it became obvious, that Sn is the most stable, followed by Co and Al. Zn, on the

other hand, was proven to be the least stable, i.e. the easiest to leach from any material in an

alkaline environment.

By combining the two hypotheses, a second material was designed, that contained a high amount

of Co 2+
td but also a sufficient amount of Zn to be leached. Zn0.35Co0.65O could be thoroughly

characterized before and after the OER, and indeed it could be demonstrated that the material

was significantly more active than the other materials examined in this thesis. Ex situ analyses

provided insights in the structure after the OER. They revealed that the material lost most of the

Zn content and was fully transformed to γ-Co(O)OH. The main motifs in this structure are layers

of edge-sharing octahedra, connected via µ2-O or OH bridges.[43] By EXAFS it could be proven,

that these octahedra are undercoordinated. The combination of this highly defective local atomic

structure with conductivity enhancement by the remaining Zn and an extended sheet-structure

was the key to the high activity of the cobalt sites towards the OER.
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Operando methods are applied to analyze properties of an active material under working con-

ditions, i.e., when a reaction is catalyzed. Operando spectroelectrochemistry combines an

electrochemical measurement with a spectroscopic one. The spectroscopic techniques applied

can vary. Measurements were already performed in combination with pXRD, XAFS, XPS, UV/Vis,

IR, Raman and Mössbauer spectroscopy, to mention some.[43,189]

In the following chapter, a new design of a spectroelectrochemical DRUV cell will be proposed and

measurements performed with it will be described. Partial results of the work are deposited as

“Operando Diffuse Reflectance UV-VIS Spectroelectrochemistry for Investigating Oxygen Evolution

Electrocatalysts” at the ChemRxiv preprint-server and are submitted for peer-review.[129]

UV/Vis spectroelectrochemical analyses were first described in the 1960s.[190] Back then, trans-

parent conducting glasses like indium- or fluorine-doped tin oxide (ITO, FTO) were used in

transmission geometry on spectrophotometers. Today, there are already several cells available

from the known suppliers like Pine Research, Metrohm and BioLogic.

In most cells, the active material is used as the working electrode (WE), either on a substrate or

self-supported. The counter electrode (CE) is adjusted to the investigated reaction. In the case of

OER, often a Platinum electrode is used as the CE. As a reference electrode (RE), often a Ag/AgCl

electrode is used, as there are several miniaturized electrodes available. Pine Research nowadays

uses a system, where the sample can be applied on a partly transparent electrode, which then is

placed with a special mount in a standard UV/Vis cuvette and then in any spectrophotometer.[191]

BioLogic uses a similar approach with a cuvette, but also provides a thin layer approach, an

own spectrometer system as well as a flow cell, that works in combination with an optical

fibre.[192] Probably the biggest variety is supplied by Metrohm. In 2017, Metrohm acquired the

majority of DropSens, which is a leading manufacturer in “SPE and portable electrochemical

instrumentation”.[193] They provide setups for the use in cuvettes, as well as cells for the use of

transmission experiments based on a fiber optic probe.
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But still, only few groups have made use of operando UV/Vis spectroscopy in transmission

geometry to investigate OECs. Thereby, the focus was laid on following the oxidation state of the

transition metals (mainly Ni, Co and Fe) during the OER.[194–197]

The operando technique evolved with the implementation of DRUV spectroscopy. This allows

measurements on non-transparent solid substrates in reflection geometry in the UV/Vis and NIR

range, e.g. on gold electrodes.[198] It bears also a disadvantage: most UV/Vis spectrophotometers

are based on transmission geometry, and an additional DRUV equipment comes with higher

acquisition costs. But in contrast to transmission geometry, bigger particles can be analyzed,

which would otherwise absorb all incoming light. Furthermore, the number of substrates is not

limited to transparent ones anymore, and if a sample is suitable, also substrate-free measurements

are imaginable.

Various cell designs with different conducting substrates have been proposed since.[199] The

technique found wider application, when suppliers like Pine Research, Metrohm and BioLogic

gave commercial access to specialized DRUV setups that require a fibre optical probe and an

appropriate spectrophotometer to measure a sample. Metrohm, for example, provides cells

and flow-cells for reflectance geometry, again based on an optical probe.[200] Often, the studied

samples are applied on a screen printed electrode (SPE).[201–203] The optical probes are most

of the time limited to the suppliers spectrophotometers, which makes the acquisition of such

systems a cost factor of several thousand C. The used spectrophotometers can acquire a spectrum

very fast, but in most cases with a limited wavelength resolution. Acquisition of such systems is

reasonable, when no electrochemical and/or optical equipment is available.

But, what if there is already existing DRUV equipment like an integration sphere, which collects

more of the scattered light, and is thus superior to fibre optics? Here, to my best knowledge, no

commercial setup is available.

Still, some designs for usage at the reflectance port of a spectrophotometer were proposed by

other researchers. Widrig and Majda used a cell consisting of two glass plates, which were placed

around a gold working and counter electrode, with a silver wire as quasi reference electrode. By

capillary forces, the electrolyte was brought to the electrode.[204] Kobielusz et al. used a Quartz

cuvette equipped with a platinum foil, on which the analyst was applied, in combination with a

Pt CE and a Ag/AgCl RE that were placed behind the WE.[205] Both methods minimize the optical

path to the working electrode, but they do neither allow for bubbles to desorb from the electrode,
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nor do they support the cell with fresh electrolyte.

Thus, in the following chapter, the development of new operando DRUV cells will be described.

Following, operando measurements will be performed on model catalysts Zn0.35Co0.65O, CoAl2O4

and Co2SnO4. Subsequently, the obtained data will be analyzed and structure-activity-correlations

will be proposed.

The following considerations may be used as a guide to manufacture a cell for an existing

DRUV setup, if access to a suitable workshop is granted. If not, and the products of the

aforementioned companies are not suitable, the Swedish company redoxme AB might be a good

address, as they provide several cells for all kind of purposes that might be also adapted to special

requirements.[206]
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4.1 Diffuse reflectance UV/Vis (DRUV) cell evolution

4.1.1 General design of a DRUV integration sphere

DRUV spectroscopic measurements are performed using an integrating sphere. Such spheres are

either 60 or 150 mm in diameter and coated with a material with very high diffuse reflectance.

Typically, Labsphere Spectralon® is used for that purpose, as it shows very high diffuse reflectance

over the UV/Vis and NIR range. A schematic optical layout of a integration sphere is shown

in figure 4.1. Samples can be generally mounted in three positions: the transmittance sample

port allows only the measurement of the diffuse transmitted light, the central mount allows for

measurement of diffuse transmittance as well as diffuse reflectance, whereas the reflectance port

only allows the measurement of the reflected light. When one of the first two mounts is used, a

Spectralon standard is placed at the reflectance port, to close the sphere. If only the reflected

light should be analyzed, a powdered sample is mixed with BaSO4 and placed in a holder behind

a Quartz window at the reflectance port. The sphere is build in such manner, that the direct and

specular reflected beam are guided into the specular reflectance trap, and only the diffuse share

of the beam arrives to the detector, which is placed at the bottom of the sphere.

Specular

Reflectance Trap

Center

Sample

Mount

Reflectance

Sample Port

Transmi" ance

Sample Port

Detector

Figure 4.1. Scheme of the optical layout of a DRUV integration sphere. Solid lines represent
incoming beams, transmission and specular reflectance, dotted lines diffuse reflectance.
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4.1.2 Ex situ measurements

The first DRUV measurements of the active materials mentioned in this work were performed ex

situ on FTO electrodes deposited on 2.2 mm thick glass slides. The active material was applied by

drop casting onto the transparent electrode and measured before and after the electrochemical

reaction. Figure 4.2a shows the normalized Kubelka-Munk absorbance of blank FTO in center

mount geometry. Due to the incorporated Sn, FTO exhibits a high absorption below 350 nm

and above 1500 nm. Consequently, measurements in this wavelength region are less favorable.

Also, the sample can only be mounted at the transmittance port or the center mount, because

there is no possibility to place a white standard behind the sample in the reflectance port. By the

thickness of the glass and the FTO film, the overall transmittance is also reduced significantly,

as can be seen in figure 4.2b. Here, CoAl2O4 is measured before and after 1 h electrochemical

reaction at a current density of 10 mA cm−2. The interesting region between 500 and 700 nm is

barely visible, and even when the region is enlarged, the signal-to-noise ratio is still insufficient. A

baseline correction based on a blank FTO holds also difficulties, as the thickness of the substrate

might differ and thus the effect of substrate cannot be excluded. Thus, this ex situ approach in a

transmission setup is not expedient.
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Figure 4.2. DRUV spectra on FTO in center-mount geometry. (a) Shows the blank FTO, and (b)
shows CoAl2O4 on FTO before and after 1 h electrochemical reaction at j = 10 mA cm−2.
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4.1.3 Version 1 of the operando cell - The Cuvette

4.1.3.1 Choice of the electrode substrate

In order to enable a setup at the reflectance port, a new conducting substrate was needed.

SPEs turned out to be the perfect candidates for this. A common usage is in electrochemical

bio-sensing and detection of small molecules. By the screen printing approach, various electrode

layouts and materials are nowadays available, with carbon as the most utilized electrode material.

The surface of the electrodes is often modified with certain metals, molecules, antibodies or

enzymes, to ensure a response to the specified analyst molecule, even in a sample with high

contamination.[202,203,207]

Shortly, the general design of an SPE will be described. On an insulating substrate, a connection

is printed with a silver ink. On the silver ink the specific electrode material is printed in the

shape needed for the application. To avoid interaction of the electrolyte outside the electrode

main area or on the electrode connections, an insulating polymer layer is placed on top of the

electrode. SPEs are due to their printability relatively cheap when one can fall back on commercial

available solutions, and very versatile if a custom solution is needed. The standardized fabrication

expresses in reliability and comparability between electrodes of the same type. Due to their single

use character, there is no further need for polishing or cleaning an electrode after usage.

All herein used SPEs were bought from DropSens, which is part of Metrohm.[208] The suppliers

reference code is given in parentheses for the models used. The chosen SPEs followed the same

base design: With dimensions of 34 x 10 x 0.5 mm, the ceramic substrate can easily fit in a

standard cuvette. A WE of 4 mm diameter is centered on the substrate. With a spacing of 1 mm,

the CE and RE surround the WE as a 1 mm wide ring, with the CE having the highest share. A

small spacing prohibits a connection between the CE and RE.

To find the most suitable WE for the DRUV measurements, four different SPEs shown in fig-

ure 4.3a where tested in a 0.1 M KOH solution. WEs consisted thereby of Carbon (Ref. 110),

Platinum (Ref. 550) Gold AT (Ref. 220AT) and Gold BT (Ref. 220BT). The latter are prepared

by one high (AT) and one low (BT) temperature ink, which resulted either in a relatively flat

electrode surface with golden color or in a rougher surface with a more brownish color.

The electrodes were prepared analogous to electrodes in rotating disk electrode (RDE) exper-

iments. A drop of a typical catalyst ink containing CoAl2O4 and Nafion® was placed on the
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Figure 4.3. Used SPEs and DRUV spectra of CoAl2O4 on different SPEs. (a) Shows a photograph
of the used SPEs (from top to bottom): Carbon (Ref. 110), Gold AT (Ref. 220AT), Gold BT (Ref.
220BT), Platinum (Ref. 550) and Gold AT with Pt CE (Ref. 250AT). (b) Shows comparative
DRUV spectra of CoAl2O4 on different SPEs to find the optimal WE for operando measurements
on Co-containing samples.

electrode and left for drying in air. While for the 3 mm glassy carbon (GC) electrode a volume

of 3-5 µL is sufficient, a drop of 8 µL was used on the SPE. First problems arose from this

preparation method: On Carbon (Ref. 110) and Gold BT (Ref. 220BT) electrodes, the surface

inhibits a stable drop formation (scanning electron micrographs provided by Metrohm DropSens

can be found in figure F.1). Some of the ink is soaked into the electrode. Thereby, the surface

tension on the interface between electrode and ceramic substrate is lost and the ink is run over

on the ceramic substrate, partially touching the CE. Thus, it is not possible to create electrodes

with a comparable catalyst loading and furthermore short circuits are possible. To overcome this

for the mentioned electrodes, two times 4 µL were drop-coated. DRUV spectra of the different

SPEs are shown in figure 4.3b. For each measurement, an electrode without loading was used as

the 100 % reflection baseline.

On the carbon electrode (Ref. 110), no cobalt bands are visible. The carbon absorbs a high

fraction of the incoming light, and thus is not suitable as a substrate, as it is not possible to collect

a 100 % reflection baseline.

On the platinum (Ref. 550), the bands of cobalt can be observed. But on the one hand, there is a

reflection around 400 nm which is nearly the same intensity of the one of cobalt On the other
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hand, the measurements were not reproducible (see figure F.2). Through its metallic character,

Pt can reflect every incoming wavelength, and thus also does not yield a suitable background.

Gold BT shows in general more noise and also less reflection, which can be easily explained

by the rougher surface of the electrode. More light can be scattered on the surface structures

of the Au. Using several SPEs, variation in the orientation of these structures leads to poor

reproducibility of the background spectrum. Also, as mentioned before, the electrode preparation

caused problems.

Gold AT yields a good reflection intensity as well as an acceptable signal-to-noise ratio. Its surface

is relatively smooth, and the intensity of a 100 % reflection baseline is sufficient. Furthermore,

the application of the ink to the electrode caused the least problems. Thus, gold AT was chosen

as a suitable substrate for the WE.

The SPEs tested before used the same material for both the WE and the CE. Optimization of the

system for OER measurements included procurement of SPEs with gold AT as the WE, platinum as

the CE and silver as the pseudo-RE (Ref. 250 AT). All the following measurement were performed

on these electrodes.

4.1.3.2 Catalyst deposition optimization

In the first experiments, 8 µL catalyst ink were drop-casted with an Eppendorf Research® plus

one-channel pipette (0.5 - 10 µL) onto the WE. Catalyst inks generally consisted of 79.6 %

MilliQ water, 20 % 2-propanol and 0.4 % Nafion® solution, with a catalyst concentration of

1 mg mL−1. This kind of ink is normally used for RDE experiments on GC electrodes, where the

Nafion® acts like a glue to prevent the catalyst to fall off the electrode tip. Since in our case no

movement of the SPE is involved during the measurement, the use of Nafion® can be avoided. As

mentioned before, the spotting is based on a drop of ink slowly evaporating from the surface of

the WE. For RDE tips this works in general nicely, as the electrode is enclosed by a hydrophobic

polymer as polyether ether ketone (PEEK), which inhibits spilling over the WE. In the case of the

SPE, the ceramic substrate is rather hydrophilic, and thus a drop formation only on the WE is

trickier. These points show the need for another ink composition and also a different deposition

methodology.

Instead of drop casting, another approach was pursued. By spotting only a small volume of

ink on the WE and letting it dry before applying another aliquot, spilling on the ceramic could
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4.1 Diffuse reflectance UV/Vis cell evolution

be prevented. Though, water in the ink counteracts this approach, as it takes a long time to

evaporate. Thus, the ink was based solely on EtOH, as it is fast evaporating.
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Figure 4.4. In situ DRUV spectra of different CoAl2O4 inks in 0.1 M KOH showing the influence
of different catalyst loadings.

Another aspect was the catalyst concentration in the ink. To investigate the influence, two inks

with a CoAl2O4 concentration of 1 mg mL−1 and 5 mg mL−1 were prepared, respectively. The

results are presented in figure 4.4. The WE prepared by an ink with a higher loading shows a

clear increase in intensity, as well as a better signal-to-noise ratio in the DRUV measurements.

Additionally, the single bands are better resolved. The downside of a higher loading might be a

decreased conductivity through the sample. But such effect was not observed during the herein

presented measurements.

As consequence of the above mentioned, the final ink was prepared by dispersing 5 mg of catalyst

powder in 1 mL EtOH using an ultrasonic bath. Since the ink is not stable over a long time, re-

dispersion shortly before the application onto the WE is needed. By using a higher concentration

of catalyst, the volume of applied ink could be further decreased. The amount of ink needed to

cover the WE was estimated visually, and in the end, spotting of 2 µL was sufficient.

Though, using an Eppendorf pipette to spot the ink turned out to be unwieldy. The pipettes

tip is designed for a rather fast outlet of liquid, which makes the dosage of smaller amounts

difficult. Even with only 2 µL, often too much ink was released. Also the ’large’ pipette handle

was unhandy. An easy alternative was established by using glass capillaries known from thin
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layer chromatography. The ink was soaked in a 2 µL disposable glass capillary pipette, and

then spotted by repeatedly wetting different areas of the WE. To evaporate the EtOH faster, a

continuous air stream was held over the SPE by a small pump. This approach allowed for a

relatively homogeneously coverage of the WE within seconds.

4.1.3.3 Design considerations

The first cell design was straightforward and inspired by conventional cuvette cells. Figure 4.5

shows a scheme of the cell. A disposable UV/Vis plastic cuvette was taken as the main body

of the cell. On the side of the cuvette facing the spectrophotometer, a black absorbing foil

(MetalVelvet™, ACM Coatings GmbH) with a 4 mm diameter hole was glued. In the cuvette, to

hold the SPE in place, a polytetrafluoroethylene (PTFE) component was placed. It left 1 mm

space towards the wall of the cuvette, to fit the SPE and a 0.5 mm film of electrolyte in front of

it.

spectrometer
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electrode

holder
black

absorbing

foil

magnets

Au WE

Pt CEAg RE

UV plastic

cuve! e

ABS cuve! e

holder and

spectrometer

cover

electrode

connector

hole

screen printed

electrode

Figure 4.5. Scheme of the operando DRUV cell version 1.

For a typical measurement, the SPE was prepared as described earlier. After, it was placed in

the cuvette equipped with the PTFE component. Dropwise, the electrolyte was added, until

the electrode was covered. Then, the cuvette was placed in a 3D-printed cover made from

acrylonitrile butadiene styrene (ABS) or polylactic acid with an integrated cuvette-holder, which

was designed to avoid damaging the spectrophotometers back cover. To connect the SPE to a
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4.1 Diffuse reflectance UV/Vis cell evolution

portable potentiostat (BioLogic SP50), the cable connector supplied with the SPEs (Ref. CAC)

was introduced via a hole in the top of the cover. External stray light in the setup was avoided by

covering everything with a light impermeable black tissue.

In this cell, first operando measurements were possible, but not favorable. Longer measurements

are limited by the little amount of electrolyte (ca. 125 µL). Evolving gas bubbles tend to stick

between the electrode and the wall of the cuvette. Thus, more refraction leads to higher noise

in the DRUV spectra. Also, the electrolyte coverage of the electrode is decreased by bubbles on

the WE, resulting in highly disturbed electrochemical data. Therefore, most measurements were

performed below the OER potential.

0.0 0.5 1.0

0

2

4

6

8

0 50 100 150 200

0.0

0.3

0.6

0.9

0 100 200 300 400
0.91

0.92
c)

b)

C
u

rr
en

t 
d

en
si

ty
 (

m
A

cm
-2

)

Potential (V vs. Ag)

 CV cycle1

 CV cycle2

a)

P
o

te
n

ti
al

 (
V

 v
s.

 A
g

)

Time (s)

P
o

te
n

ti
al

 (
V

 v
s.

 R
H

E
)

Time (s)

Figure 4.6. Results of electrochemical stability tests of SPE 250AT. (a) Shows the first two cycles
of the Au WE vs. the Ag pseudo RE. (b) Shows the corresponding potential waveform vs. time.
(c) Shows the open circuit voltage (OCV) of the Ag pseudo RE vs. RHE.

The biggest problem arose from the randomly occurring potential-instability of the Ag pseudo

RE. In figure 4.6, the current response of the Au WE vs. the Ag pseudo RE is shown. In the CV

above 0.7 V, a lot of noise is visible. This noise in the current density is normally accompanied by

noise in the corresponding potential. But as figure 4.6b shows, the potential waveform shows

no perturbation at all. Another, more direct proof of the instable potential of the Ag pseudo RE

is shown in figure 4.6c. Here, the OCV of the Ag pseudo RE is measured directly vs. a RHE. It

shows a distinct increase in potential over time. Thus, the use of a different reference electrode

was required.

Since the distance from the WE to the spectrophotometer should be as small as possible, and the
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cuvette was only wide enough to contain the SPE, a new cell design was pursued.

4.1.4 Version 2 of the operando cell - The Bulky Prototype

4.1.4.1 Cell design

To overcome the aforementioned problems, a different cell was developed. A scheme of the cell

can be found in figure 4.7. The most important requirement thereby was to keep the distance

between the SPE and the spectrophotometer as small as possible. To achieve this, a material

with a sufficient mechanical strength was needed. Since the material was going to get in contact

with corroding chemicals, alkaline and acid solutions, metal was not an option. Glassware was

not considered because of the very challenging manufacturing process. PTFE would provide the

needed chemical resistivity, but is a very soft material that could not withstand the mechanical

stress. Hence, the front part of the cell was crafted from PEEK. This polymer has an outstanding

mechanical strength and yet chemical resistivity. Commercially it is widely used in various

electrochemical setups, starting from shafts of reference electrodes or RDEs to measurement cells,

where glass or PTFE cannot be used. Furthermore, it is relatively easy to process by computer

numerical control (CNC) milling.

Figure 4.7. Scheme of the operando DRUV cell version 2.
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4.1 Diffuse reflectance UV/Vis cell evolution

To allow light from the spectrometer to pass to the WE, a window was cut in the front part. Also

the material of the window should withstand corrosive electrolytes and chemicals. Furthermore,

it should be UV/Vis-transparent. Here, two options were considered. Quartz as well as UV/Vis

special plastic were suitable materials. A Quartz window would allow for a broad wavelength

range to be passed to the electrode. At this stage of cell evolution, a rectangular window was

planned to be implemented. Thus, also a rectangular Quartz piece would have been needed.

As none was available, and the deconstruction of a Quartz cuvette would have most likely lead

to destruction or non-reproducible shape of the window, this option was discarded. Instead,

a UV/Vis special plastic cuvette was dismantled carefully by cutting it apart, so two windows

could be obtained from one cuvette. The plastic could be easily processed and allowed for a

customized geometry. To minimize the thickness in front of the plastic window, the edges of it

were chamfered, and the corresponding chamfer was also milled in the PEEK front part. Thus,

the window and the front part were at the same level. The window was tightened by a custom

made PTFE gasket, that was first glued with the provided adhesive. This glue was unfortunately

prone to the electrolyte, so later on it was exchanged with silicone rubber. The gasket had a

thickness of 1 mm, which was then also the thickness of the flow channel in front of the SPE.

Thus, the total path length from the port opening to the WE is 2 mm. To connect the SPE to the

potentiostat, three electrode connector slits were milled in the upper front part.

To hold the SPE in place, a back part of PTFE was crafted. It contains a cavity with the dimensions

of the SPE as well as the channels that are used as the inlet and outlet of the electrolyte. The

channels itself have diameters of 2 mm, to minimize the pressure build up by the liquid. To

connect it to the peristaltic pump and the waste bottle, HPLC connectors in combination with

0.8 mm diameter PTFE tubings were used. The pump is connected to an electrolyte reservoir. A

hole with a diameter of 1.6 mm was drilled perpendicular to the outlet channel and ended on

top of it. The RE, a Mini HydroFlex® RHE, was placed in this hole during the measurements. As

its diameter was slightly thicker than 1.6 mm, the hole holding it was widened manually.

The PTFE back and the PEEK front part were connected by bolts and nuts, that can be closed at

the back part. The cell was connected to the metallic plate of the spectrophotometers reflectance

port by the provided bolts of the port. To enable a close connection near the ports opening,

small magnets were embedded near the cell window. In order to avoid reflections not originating

from the WE, a black absorbing (MetalVelvet™) foil was glued to the front of the cell. To avoid

stray light, the whole cell was covered with a 3D-printed cover, similar to the one shown in
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figure 4.5, without the cuvette holder. The cover has holes for the inlet, the outlet, the RHE and

the electrode connector.

Figure 4.8. Photograph of operando DRUV cell version 2, mounted to the spectrophotometer.

By this flow cell design, it was possible to supply fresh electrolyte to the electrode and also purge

evolving gases and dissolved metal species from the electrode. Thereby, only heterogeneous

catalysis can take place at the electrode. It was shown by others that even traces of dissolved

metal species can account for the whole catalytic activity.[209] But if the solution in front of the

electrode is renewed every few seconds, the influences of dissolved catalyst can be minimized,

especially in long term experiments. Thus, for the first time, a working spectroelectrochemical

flow cell at the reflectance port of a DRUV spectrophotometer was crafted. A photograph of

the setup is shown in figure 4.8. The results of measurements obtained from this cell will be

presented later in section 4.2.

4.1.4.2 Drawbacks of the design

After some tests, of course problems arose. It became obvious that the channel in front of the

SPE exhibited unfavorable flow dynamics. Often, the liquid left the channel faster then new

electrolyte could be supplied, because the end of the outlet tubing was below the flow channel

and thus the hydrostatic pressure was too low in the cell. This resulted in the locking of air
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bubbles in the channel in front of the electrode, partly leaving the electrode without contact to

the electrolyte. To overcome this problem, the middle part of the outlet tube was placed at a

higher level to increase the pressure in the cell a bit. Additionally, to reduce the dead volume in

the cell, especially below the outlet next to the SPE, provisional PTFE liquid guides were glued to

the window above the inlet and below the outlet of the channels in front of the SPE.

Another problem resulting from the higher outlet and thus the increased pressure was leaking of

electrolyte into small cavities between the single parts. Here it is to mention, that by the design of

the front part, a leaking of electrolyte into the spectrophotometer could be successfully avoided

at any time. The leaking could be easily fixed by applying silicone rubber to the affected parts of

the cell.

During some experiments, liquid also leaked to the electrode connector, which led to exclusion of

the measurement from further analysis. Here, the silicone sealing needed to be exchanged more

often. It further showed, that the PTFE gasket separating the window and the SPE was too stiff

to effectively seal the cell.

Also the use of dismantled UV/Vis plastic cuvettes held some drawbacks. As the plastic material

is prone to scratches, the dismantling process takes more cautiousness. Also, as the cuvettes are

originally designed for single-use, after time they became opaque. Thus, the window needed

to be replaced, resulting in dismantling the front part of the cell, removing the black absorbing

foil and destroying it irreversibly. Afterwards, the inside needed to be cleaned from the sealing

silicone rubber. After re-assembling, the tightness of the cell needed to be restored by detecting

any leaks and seal it again with silicone rubber. This procedure took at least 24 h, often multiple

times, as the silicone rubber needs this time to harden. Furthermore, the range of application for

the used UV/Vis special plastics lies between 220 to 900 nm, excluding the NIR range, which

would be also measurable with the spectrophotometers detector.

Based on the drawbacks and in order to allow transferability to other spectroscopic measurements,

in the following section an improved cell design will be proposed.

4.1.5 Version 3 of the operando cell - The Elegant Versatile

Based on the lessons learned previously, in this section an improved version of the cell will be

described. Here I have to thank Bettina Röder from the mechanic workshop of the BAM, as
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she contributed to the idea of a smaller cell design and also suggested to use silicone gaskets.

Figure 4.9 shows a scheme of version 3 of the operando DRUV spectroelectrochemical cell.

spectrometer

screen-printed

electrode

silicon

gaskets

PEEK

front
PTFE

back

Quar!

window

inlet

Mini HydroFlex®

RHE reference

connection

black

absorbing

foil

magnet cavity

nut cavity

bolt holes

outlet

peristaltic pump

flow

channel

Figure 4.9. Scheme of the operando DRUV cell version 3.

The general design is smaller than the previous one, decreasing the amount of PEEK and PTFE

significantly and thus reducing the waste during the production. The front part is again made

from PEEK, which is covered once with a black foil (MetalVelvet™) with a 4 mm hole, to only

reflect light from the working electrode. As the foil does not get in contact with the window, the

replacement of the window is now possible without exchanging the foil. To connect the front to

the spectrophotometer, it is now placed on a 3D-printed mount that uses the standard reflectance

port sample holder foot. Thus, an unscrewing of the standard equipment is no longer necessary.

Close contact to the metallic back plate of the port is again assured by magnets. In the middle of

the front, the PEEK has a thickness of 2 mm. To allow to a wider wavelength range, a 0.25 mm

thick Quartz window (∅: 18 mm) is embedded in the PEEK and glued with silicone rubber. In

case of cracking, the window can be removed relatively easy and a new one can be glued, without

dismantling the whole front part. Plus, now also the NIR range can be measured.

As for the previous cells, an SPE is used as the substrate for the catalyst. It is connected via a

2 pin connector cable (2.54 mm contact spacing) to the potentiostat. Instead of gluing a PTFE

gasket to the cell, now removable 0.5 mm thick silicone gaskets are cut from a silicone rubber

sheet and used for tightening the setup. Thus, the need of applying silicone rubber manually
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Figure 4.10. Photographs of operando DRUV cell version 3. (a) Cell mounted at the reflectance
port of the UV/Vis spectrophotometer, equipped with the RHE. (b) Front view of the PEEK part,
covered with black absorbing foil. (c) Back view of the PEEK part. (d) Silicone gaskets and flow
channel, equipped with the SPE. (e) View in the integrating sphere, showing the front of the
cell and the Au WE. (f) Full view of the setup. (S) is the UV-vis spectrophotometer, (E) is the
potentiostat, (C) the 3D-printed cover. Holes in the cover allow for the electronic connections to
the potentiostat and the tubes connecting the cell to the waste (W) and the peristaltic pump (P),
which supplies the cell with electrolyte from the reservoir (R). The spectrophotometer and the
potentiostat are connected to the processing unit (PC).

to various parts of the cell is largely reduced. One gasket covering the window and the inner

part of the PEEK forms the tilted flow channel, which has now less dead volume and allows

a maximum volume of ~50 µL in front of the SPE. By this design, the total distance from the

electrode to the reflectance port is now ~2.5 mm, so 0.5 mm more than in the previous version.

But in the new version, the amount of liquid is reduced by 50 %, increasing the flow rate and

decreasing the influence of the liquid on the spectrum. When the electrolyte is pumped at a rate

of 0.92 mL min−1 through the system, the solution in front of the electrode is renewed ~18 times

per minute. This flow rate was determined gravimetrically, after the flow was adjusted to avoid

gas bubbles in the system and to consume not too much electrolyte. Further studies on the flow

rate were not performed.

The 0.5 mm thick SPE is enclosed by another silicone sheet, in which two holes allow the
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electrolyte to pass through. Whether the additional sheet in the back of the electrode is needed

or not should be in the scope of further testing.

The electrolyte passes further through the 2 mm diameter channels in the back part of the

spectroelectrochemical cell, which is again made from PTFE. In an early prototype, it was 3D-

printed from ABS. But over the testing time, it could be seen that the resolution of the printer

was too low, allowing liquid to leak between the single polymer layers. Thus, PTFE manufactured

by CNC-milling was favored. The back is again connected by PTFE tubes with HPLC fittings to

the peristaltic pump and the waste bottle, as this system showed no problems in the previous

version. Once more, a RHE (Mini HydroFlex®) is used as the RE. Its tip is now in contact to the

electrolyte at the upper part of the inlet channel to reduce the contact to dissolved species during

the reaction.

Four bolts connect the front and back part and allow for a tight setup. A 3D-printed cover with

holes for the tubes, cables and RHE protects the cell from ambient light. Additionally, the system

can be covered with a black tissue. Figure 4.10 shows photographs of the real setup.

In the following section, the data generated with this cell and the predecessor model described in

section 4.1.4 will be analyzed.

4.2 Insights generated by the operando cells

The cells designed discussed in the previous sections were used to collect DRUV spectra at

predefined quasi-stationary conditions. First, the catalyst applied on the SPE gold electrode

was measured without any electrolyte to compare to the DRUV spectrum of the powdered form.

Then, the electrolyte was pumped through the cell and the sample was measured without an

applied potential, denoted as “OCV” or “in 1 M KOH”. Afterwards, chronoamperometry (CA)

measurements were started. The potential steps were applied for 30 s plus the time needed

to measure one spectrum. This varied depending on the covered wavelength range and the

resolution, resulting in a measurement time of 4 to 8 min per spectrum. Thus, a full operando

measurement took between 1 and 2 h. The collection of spectra was started manually 30 s after

the first electrochemical measurement was initiated, and the following spectra were automatically

measured after a defined time. The different potential steps were also applied automatically. 30 s

seem to be sufficient, as the CA data in figure 4.12 show a fast decreasing current after a new
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potential step was applied. The development of a central software or an analogous signal to start

either of the measurements was not pursued in this thesis. Nevertheless, it might help to increase

the reproducibility between single measurements and allow for more complex analyses, but the

proof-of-concept was the main purpose of the thesis.

In the following section, spectra recorded for three model catalysts Zn0.35Co0.65O, CoAl2O4

and Co2SnO4 will be analyzed. These were selected, because the first showed in the ex situ

characterization large changes in its structure, and the latter showed only minor deviations

from their initial structure. By comparing the ex situ and operando results, new insights in the

structure-activity-correlation of the OECs are created. The bands observed in the spectra will be

assigned according to the literature and to the procedure that is described in section 2.3.2.

4.2.1 Validation of SPE 250 AT for Zn0.35Co0.65O measurements

To validate the measurement on an SPE, Zn0.35Co0.65O was first measured in its dry state after

depositing on the Au electrode. The spectrum in figure 4.11a shows little difference to the one of

Zn0.35Co0.65O in its powdered form (figure 3.41). The three bands at 667, 624 and 580 nm can

be assigned to the typical Co 2+
td transitions 4A2(F) 2E(G), 4A2(F) 4T1(P) and 4A2(F) 2A1(G),

respectively. The broad band between 1000 and 1800 nm can be assigned to 4A2(F) 4T1(F).

Overall, the intensity of the spectrum was reduced, and in particular, the relative absorptions of

Zn at higher and Co at lower energies were decreased in comparison to the absorptions before

the application on the SPE. The bands and assigned transitions can be found in table D.9. The

comparison shows that an SPE with a Au WE is a suitable substrate to measure Zn0.35Co0.65O.

To find an optimal wavelength range to measure the absorption of the sample, the electrolyte

was measured (see figure 4.11b). Although the overall intensity was low, 1 M KOH with a Au

WE as background yielded a distinct band in the region between 1400 and 1600 nm, as well as

a strong absorption starting at around 1700 nm. This itself is not a problem, as the electrolyte

could be included in the background determination before the measurement. But mainly due

to the evolution of bubbles at higher potentials, the thickness of the liquid film in front of the

electrode might change. Thus, it is more likely to measure KOH absorptions formerly covered by

the background spectrum. Therefore, data from the region above 1400 nm should be treated

with care or directly excluded from the measurement.

On the lower wavelength region of the spectrum, wavelengths below 350 nm were excluded from
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Figure 4.11. DRUV spectra of dried Zn0.35Co0.65O on Au WE and of pure 1 M KOH. (a) Shows
the DRUV spectrum of dried Zn0.35Co0.65O on the Au WE of an SPE. Asterisks mark the positions
of the bands. (b) Shows the DRUV spectrum of pure 1 M KOH. The background measured for
both samples was a blank Au SPE.

the measurements to avoid the lamp change of the instrument at 319 nm. It normally causes a

small increase or decrease in intensity. Also, the amount of information from the spectrum would

be too complex to analyze, as with higher energy more transitions become available.

4.2.2 Operando measurement of Zn0.35Co0.65O – first observations

Figure 4.12 shows the evolution of spectra under step-wise increased potentials (400 s stationary

potential/step). The dry sample on the SPE in the cell in figure 4.12a showed very little deviation

from the dry sample on the SPE. Solely the overall intensity was decreased. Upon wetting the

sample with 1 M KOH, the transitions of the tetrahedral configuration vanished. With increasing

potential (and thus also longer exposure time to KOH), transitions at higher energies became

visible in figure 4.12b-e. From the CV in figure 3.43a, the oxidation of Co2+ to Co3+ is expected

in the region between 1.0 and 1.2 V. The spectra showed a clear change at these potentials.

The center of gravity shifted to lower energies, and the absorption intensity raised. Noteworthy,

within 1.2 and 1.3 V, no clear change could be observed in the spectra. This can be explained

by an equilibrium in the oxidation of Co2+ to Co3+. Consequently, the corresponding structure

might be a stable intermediate. When the potential was increased to 1.4 V, again an increase in

intensity was observed. From the CV, the oxidation of Co3+ to Co4+ is expected at this potential.
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Figure 4.12. Operando DRUV spectroelectrochemistry of Zn0.35Co0.65O under applied anodic
potentials, with 400 s stationary potential/step: (a) Shows the DRUV spectrum of Zn0.35Co0.65O
on the SPE in the cell. (b)-(e) Show the spectra in 1 M KOH. (f) Shows the applied potential as
a variation of time. (g)-(k) Show the CA measurements. The colors correspond to the applied
potentials.
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At higher potentials, the OER took place, which was clearly visible in the CA measurements by

the increase in current density. The spectra showed higher absorption and the center of gravity

was again shifted to lower energies. Also, caused by the evolution of O2 bubbles from the WE,

the spectra became noisier.

In the following, the spectra at noteworthy potentials will be analyzed in detail.

4.2.3 Zn0.35Co0.65O in 1 M KOH

The DRUV spectrum of Zn0.35Co0.65O in 1 M KOH without an applied potential in figure 4.13a

had a weak intensity compared to other spectra. From the pXRD pattern of Zn0.35Co0.65O after

90 min in 1 M KOH, the formation of Co(OH)2 is expected, when the sample comes in contact

with KOH. Therefore, d7 electron configuration in a weak octahedral ligand field was assumed.

A deconvolution of the absorption bands below 800 nm yielded 3 underlying bands. The first

band at 632 nm (15823 cm−1) was assigned to the spin-allowed transition 4T1g(F) 4A2g(F). It

is followed by the likewise allowed transition 4T1g(F) 4T1g(P) at 533 nm (18762 cm−1). At

396 nm (25253 cm−1) and below that, bands arising from the splitting of the 2H free ion term

and the mixing with other states are expected.[210] Compared to the spectra of commercial CoOrs

a)

400 500 600 700 800 900

0.01

0.02

0.03

S
m

o
o

th
ed

 K
u

b
el

k
a-

M
u

n
k

 (
ar

b
. u

n
it

s)

Wavelength (nm)

b)

400 500 600 700 800 900

0.02

0.04

0.06

0.08

0.10

0.12

S
m

o
o

th
ed

 K
u

b
el

k
a-

M
u

n
k

 (
ar

b
. u

n
it

s)

Wavelength (nm)

Figure 4.13. Operando DRUV spectra of Zn0.35Co0.65O in 1 M KOH and at 0.9 V. (a) Shows the
spectrum in 1 M KOH without an applied potential. (b) Shows the spectrum at 0.9 V vs. RHE.
The fits are shown as red lines, the deconvoluted bands as blue lines and the baselines as dark
yellow lines.
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and CoOrs nanoparticles, the approximated ∆o value was larger (8428 cm−1 vs. 7711 cm−1 and

7326 cm−1). This can be expected, as from the theory of the spectrochemical series, the OH–

ligand is a σ-donor ligand and thus induces a stronger ligand field splitting than the oxo ligand

(O2–), which has more of a π-donor character.[110]

As the in situ spectrum of Zn0.35Co0.65O in 1 M KOH can be assigned to Co 2+
oh coordination, the

previously proposed formation mechanism of the active phase via Co(OH)2 can be confirmed.

4.2.4 Zn0.35Co0.65O at 0.9 V vs. RHE

When a potential of 0.9 V vs. RHE was applied, very little current can be measured. Hence, no

change in oxidation state is expected. A difference to the spectrum recorded without an applied

potential was the higher overall intensity of absorption (see figure 4.13b). The centers of gravity

of the assigned transitions were close to the previous found. While the first two transitions at

630 nm and 548 nm showed no big difference in relative intensity, the third at 407 nm had

a lower relative intensity than in the previous measurement. A possible explanation for the

increased intensity might be the induced positive charges on the sample, that are generated

by the withdrawing of electrons by the potentiostat. Thus, Zn2+ ions are likely to leach from

the structure by coulomb repulsion and more defects are generated. This increases the mixing

with transitions arising from lower symmetries than Oh, e.g. C3 or D3d, which are expected

upon stretching or shrinking of an octahedron.[210,211] Another explanation might be spin-orbit

coupling originating in the 2G free ion term.[212]

4.2.5 Zn0.35Co0.65O at 1.3 V vs. RHE

The spectra between 1.0 V and 1.3 V in figure 4.12c showed obvious changes in comparison

to the spectra recorded previously. The spectra from 1.0 V to 1.15 V indicated changes in the

electronic structure. These changes were completed thereafter, as the spectra recorded at 1.2,

1.25 and 1.3 V vs. RHE showed no significant differences anymore.

In comparison to the spectrum recorded at 0.9 V, the intensity raised with increasing potential,

and the maximum absorption was shifted to lower energies (1.0 V: 620 nm, 1.1 V: 640 nm, 1.15 V:

650 nm, 1.2-1.3 V: 670 nm). The main change visible was the increased absorption starting

from 800 nm. According to previous studies, the mechanism of forming an OEC from Co(OH)2

involves the oxidation of Co2+ to Co3+ and further to Co4+.[43,68] From the CV, the oxidation
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of Co2+ to Co3+ is expected between 1.0 and 1.2 V. Indeed, the results of the corresponding

CA measurements in figure 4.12h showed a current increase, which also supports the expected

oxidation to Co3+. The change in the current especially at 1.0 and 1.1 V points to a Faradaic

current, where Co2+ is oxidized.

Integration of the currents from 1.0 to 1.2 V gave access to a charge of 1.25 mC. Correlating this

value to the initial catalyst loading of 10 µg (corresponding to 0.130 µmol catalyst or 0.084 µmol

Co), the number of oxidized Co2+ atoms can be accessed. Consequently, 15.4 % of all initial

contained Co2+ atoms were oxidized. This is in good agreement with the integration of the

Co2+/3+ oxidation peak in the first CV cycle in section 3.9.1, which yielded ~19 % of Co2+ being

oxidized to Co3+. Additionally, it proves once more the validity of this operando technique. From

this electrochemical analysis, it can be concluded that still a significant amount of Co2+ is present

in the sample. This means that the recorded spectra are a superposition of spectra of Co2+ and

Co3+ containing structures.

The ex situ measurements after the electrochemical reaction in section 3.9 have proven that

the main phase after reaction is Co(O)OH. Also, in the literature it is consensus, that the active

phase consists of Co(O)OH units.[41,137,151] Co in Co(O)OH has a d6 electron configuration. But

when the recorded spectrum is compared to the spectra of d6 reference materials Co(O)OH

(figure 3.27a) and ZnCo2O4 (figure 3.11), large differences become visible. In Co(O)OH na-

noparticles, the first absorption covered the region between 200 and 800 nm. The minimum

of absorption laid between 800 nm up to 1100 nm. After this region, the very weak 1A1g(I)

3T1g(H) transition was observed. Similar holds for ZnCo2O4 though it had less intense bands.

Broad absorptions in the range between 250 and 1000 nm were observed, with an absorption

minimum again at approximately 1000 nm.

In the present case, however, the onset of the first band laid around 500 nm. Also, in contrast to

the reference samples, no absorption minimum at higher wavelengths could be seen. Instead, a

continuously decreasing absorption was observed. As can be seen from figure 4.14a, in the NIR,

the absorption continued to at least 1400 nm. A deconvolution of the band is not convenient,

as there is no clear end to the broad absorption band, and thus the number of Gaussian peaks

cannot be estimated.

When applying the Tanabe-Sugano theory for octahedral symmetry with a d6 electron config-

uration in a strong ligand field, within reasonable values for B and ∆ no bands are expected

above 850 nm. Otherwise, at the moment a weak ligand field cannot be excluded. Electron
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Figure 4.14. Operando DRUV spectra of Zn0.35Co0.65O at 1.3 V vs. RHE. (a) Shows the spectrum
under an applied anodic potential with the NIR range included. (b) Shows the spectra under
applied anodic (black) and cathodic (red) potentials.

paramagnetic resonance spectroscopy could be helpful here to get more insights in the electron

configuration.

Nevertheless, the observed spectrum showed a broad absorption starting from 500 nm. The ex

situ EXAFS analysis in section 3.9 gave access to a cobalt coordination number of 5.6 after the

reaction. Consequently, a lower geometry than octahedral can also be assumed for Co during the

reaction. Since one metal center can only hold a natural number of ligands, a linear combina-

tion of sixfold and five or less coordinated Co could give a good approximation. The extreme

cases of five-coordinated Co would be a trigonal-bipyramidal structure with D3h geometry or a

square pyramid with C4v geometry.[213–215] Indeed, Grimaud et al. showed on double perovskite

structures that the C4v geometry plays an important role for the OER activity of Co-containing

materials.[216]

The continuous absorption above 700 nm can be explained by so called “electrochromism”.

Electrochromism is attributed to the oxidation of the central ion followed by intercalation of OH–

ions into the material to maintain electroneutrality under an applied anodic potential.[217,218]

Accordingly, Co-containing materials (Co3O4 in the mentioned studies) are colored upon applying

an anodic potential, i.e. their absorption is increased. Under an applied cathodic potential, they

are bleached.[219–222] This effect was also observed in situ for NiFe oxyhydroxides in alkaline solu-
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tions and for electrodeposited amorphous Co oxide films (CoCat) in neutral solutions.[195,196,223]

Accordingly, electrochromism results from a change in the band structure of the central ion. The

Fermi-level is lowered, and thus electrons can get easier excited to the conduction band.

4.2.6 Zn0.35Co0.65O at 1.4 V vs. RHE

The CA data in figure 4.12j showed again a Faradaic current, which can be attributed to the

oxidation of Co3+ to Co4+. In the CV in figure 3.43a it is visible as a shoulder. Integration of the

current of the CA measurement gave access to a charge of 0.62 mC (assuming no contribution

of OER current). Relating it to the charge obtained from the Co2+/3+ oxidation indicated that

49.8 % of Co3+ are oxidized to Co4+.

The influence of Co4+ on the spectrum can be also seen in figure 4.12d. Changes to the spectra

before were the increased absorption and the shift of the absorption maximum to lower energies

(690 nm). From the charge analysis, it can be deduced that the spectrum is a superposition of

Co3+ and Co4+ containing species.

The observed elevated absorption at higher wavelengths is further in accordance to measurements

done by Webster et al. for octahedral coordinated molecular Co4+ species.[224] Though, the

missing absorption at lower wavelengths is in contrast to these findings. It points again to a

deviation from octahedral symmetry.

4.2.7 Zn0.35Co0.65O at OER potential

Starting from 1.45 V vs. RHE, the current in figure 4.12k showed no more decreasing when

the potential was increased. Instead, all current can be attributed to Faradaic current arising

from the formation of O2. At 1.55 V, an average current density of 10 mA cm−2 was reached.

This is in excellent agreement with the LSV measurements of Zn0.35Co0.65O in figure 3.43b. It

demonstrates once more the suitability of the substrate, the cell and the technique.

The CA showed oscillation, which can be attributed to the evolution of oxygen bubbles on the

electrode and the inhibited mass transport of electrolyte to the electrode surface. This is also

clearly visible in the spectra in figure 4.12e. Especially in the lower energy regime, the noise

increased more than in the previous measurements. Again, the absorption maximum was shifted

to lower energies (1.45 V: 700 nm, 1.6 V: 720 nm), and the intensity was slightly increased. This

indicates an ongoing oxidation of residual Co3+ to Co4+ during the OER. The general shape of
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the absorption band was not changed, and thus major changes in the structure are not expected

between 1.3 V and OER potential.

400 500 600 700 800 900
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

1.0

1.2

1.4

1.6

0 500 1000 1500 2000 2500
0

1

2

3

4

5c)

b) 1.00 V

 1.05 V

 1.10 V

 1.15 V

 1.20 V

 1.25 V

 1.30 V

 1.35 V

 1.40 V

 1.45 V

 1.50 V

 1.55 V

S
m

o
o

th
ed

 K
u

b
el

k
a-

M
u

n
k

 (
ar

b
. u

n
it

s)

Wavelength (nm)

a)

P
o

te
n

ti
al

 (
V

)
j 

(m
A

cm
-2

)

Time (s)

Figure 4.15. Operando DRUV spectroelectrochemistry of Co(O)OH. (a) Shows the DRUV spectra
of Co(O)OH in 1 M KOH. (b) Shows the potential as a variation of time. (c) Shows the CA
measurements. The colors correspond to the potentials.

To validate the measurements, operando spectra were also measured for as-synthesized Co(O)OH.

The spectra are shown in figure 4.15. They exhibit the same electrochromism and also the same

trend in the shift of the absorption maxima. This proves, that the measured species can be derived

from a Co(O)OH phase.

4.2.8 Zn0.35Co0.65O reduction

When reducing the potential back to 1.1 V, the reversed effect as for the oxidation was observed

in figure 4.16. The CA data from 1.4 to 1.1 V show a small negative current, which indicates the

reduction of the Co4+ species.

When the potential was decreased, also the intensity decreased in the spectra. Additionally,

the absorption maximum was shifted to higher energies again (1.1 V: 630 nm). The overlay in

figure 4.14b shows the similarities in the spectra recorded at 1.3 V under anodic and cathodic

potential. There is only minor differences in the intensity, and the maximum absorption is at the

same position (673 nm). This proves a retention in the geometric and electronic structure of the

sample after OER. Accordingly, a reversible behavior of the active material can be derived.
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Figure 4.16. Operando DRUV spectroelectrochemistry of Zn0.35Co0.65O under applied cathodic
potentials. (a) Shows the DRUV spectra of Zn0.35Co0.65O in 1 M KOH. (b) Shows the potential
as a variation of time. (c) Shows the CA measurements. The inset shows the current density at
1.6 V. The colors correspond to the potential.

4.2.9 Stability under OER conditions

To assess the stability of the operando measurements, one cycle of oxidation and reduction was

measured (total of 4800 s, shown in figure D.2a) and subsequently a chronopotentiometry (CP)

measurement was performed. Figure 4.17a shows the recorded DRUV spectra at the OCV and at

10 mA cm−2 (one spectrum every 240 s). In figure 4.17b, the corresponding CP data can be seen.

In the beginning, the OCV was still relaxing. This was also visible from the first spectrum at OCV

(black), that showed a higher intensity followed by two identical spectra (red and blue) after 240

and 480 s.

When the current density was raised to 10 mA cm−2, the intensity of the signals was directly

increased in the spectra. Thereby, a deviation in the intensity of the signals is observable. The

deviations can be explained by the formation of O2 bubbles, which vary the refractive index of

the solution in front of the electrode. The sawtooth shape of the CP further proves the formation

and desorption of bubbles from the electrode surface.

The stability of the OEC can be derived on the one hand from the CP data, that show, despite of

the oscillation from the evolving bubbles, an average increase of the overpotential of 5.4 mV h−1

(ηinitial = 329 mV). On the other hand, the shape of the DRUV spectra was not changed, indicating

the stability of the structure over the whole time. The absorption maximum was thereby at

~720 nm, which is the same value reported earlier in the detailed discussion of the spectra.
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Figure 4.17. Operando DRUV spectroelectrochemical chronopotentiometry (CP) of Zn0.35Co0.65O
after 1 cycle of oxidation and reduction (4800 s, shown in figure D.2a). (a) Shows the DRUV
spectra at OCV and at 10 mA cm−2. The time given is 30 s before the spectrum was taken. (b)
Shows the corresponding CP measurement with the potential variation during at OCV and at
10 mA cm−2. The initial overpotential lies at 329 mV and is increased by 5.4 mV h−1.

This CP measurement demonstrates that the OEC is not changed during the OER. And, to think

one step further: if the spectrum could be reproduced by a computational simulation, the active

structural motif would be revealed.

4.2.10 Response time of operando measurements

Another important factor for the validity of the presented spectroelectrochemical technique is

the response time. It is the time passing until a structural change of a sample can be derived

from a spectrum, after a new electrochemical potential has been applied. It can be best seen in a

measurement, that on the first sight looks like a failure.

In figure 4.18, a new potential was applied every 400 s. During this time, two spectra were

supposed to be measured, starting every 200 s. In the software of the spectrophotometer, the

time needed to collect a spectrum is not displayed, most probably because the time varies, in

which mechanical processes like monochromator and mirror motion as well as lamp and detector

changes take place. The collection time further varies depending on the selected wavelength

range and resolution and is only accessible by external time measurement.
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Figure 4.18. Operando DRUV spectra of Zn0.35Co0.65O indicating the response time and misalign-
ment between the electrochemical and optical measurements.

Therefore, in the presented case, the collection of one spectrum took more than 200 s, with a new

spectrum directly collected after the previous. This resulted in a visible misalignment between

electrochemical and optical measurements after 600, 1000, 1400 and 1800 s. Nevertheless, by

this misalignment the response time of the catalyst system can be derived. When the potential

changed during the collection of a spectrum, a sharp jump in intensity occurred. The second

spectrum measured at the same potential showed nearly the same intensity in the wavelength

range after the jump. Before the jump, it had the same intensity as the previous spectrum. The

jumps covered a wavelength range between 15 and 20 nm, which results in an estimated response

time below 10 s for the studied system above 0.9 V.

On the one hand, the overlap between two spectra collected above 0.9 V at the same potential

further proves that the structure does not change during this steady-state potential. On the

other hand, below 0.9 V, the two spectra at the same potential showed differences. This can be

explained by the ongoing structure change by releasing Zn2+ and transforming from wurtzite to

Co(O)OH, which was discussed previously.

The fast response at elevated potentials further demonstrates that instead of collecting several

spectra at a certain potential, the collection of one spectrum after an initial waiting time is

sufficient, reducing the total time of the operando measurement.

Nevertheless, the response time is strongly dependent on a sample and should be tested previously.
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The ongoing changes below 0.9 V further open up alternatives of performing the experiments.

In the present case, the electrochemistry is the leading technique. A potential is applied for

a predefined time, a certain number of spectra is collected and subsequently the potential is

changed.

Another strategy could make the spectroscopy the leading technique. Thus, a fixed potential

will be applied, as long as the spectra change. If the change is below a certain threshold, a new

potential would be applied.

Of course, this technique would need a more advanced software that is able to align the two

measurements, and not, as in the presented case, two independent acting softwares. As no setup

of the previously named equipment suppliers was available during this thesis, it is not known,

if this option is already implemented in the proprietary softwares they provide. However, with

some effort, it should be also possible to link the spectroscopic and electrochemical software, if

they allow for a minor external input, by a third self-written software.

4.2.11 Operando measurement of CoAl2O4

After the optical response to the phase transformation of Zn0.35Co0.65O has been examined, the

spectrum at OER potential could be unequivocally assigned to the active structural motif, which

might be Co4+ in edge-sharing CoO(6–x) octahedra, connected via µ2-O or OH bridges. However,

this could not be proven from the spectra.

In the following, CoAl2O4 will be measured by operando DRUV spectroscopy.

In contrast to Zn0.35Co0.65O, where the sample undergoes a phase transformation, here no

significant changes could be observed by the ex situ analyses after the OER (see section 3.3).

This is also visible in the spectra in figure 4.19. The spectra recorded under anodic potentials

showed neither a shift in the peak positions, nor are there new bands visible in comparison to the

spectrum of the powdered CoAl2O4 in figure 3.17. Only the total intensity was increased. When

a higher potential was applied, the intensity was slightly raised. This can be again attributed to

the before described electrochromism. Increase in the bands below 500 nm at higher potentials

indicates the presence of another structural motif during the OER. The increased absorption

above 800 nm at 1.65 V can be attributed to the increased absorption of the Au-background,

which absorbs at high applied potentials (see figure D.2b). Although this effect is one order of

magnitude smaller in comparison to the absorption of Zn0.35Co0.65O and thus negligible, in the
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Figure 4.19. Operando DRUV spectroelectrochemistry of CoAl2O4 under anodic potentials. (a)
Shows the DRUV spectra, (b) the applied potentials and (c) the corresponding current densities.
The colors correspond to the applied potentials.

case of CoAl2O4 it can contribute to the absorption at potentials higher than 1.5 V.

Also for the spectra recorded under cathodic potential (figure 4.20), only a decrease in the

intensity was observed when the potential was lowered. This shows on the one hand, that the

intensity changes are reversible. On the other hand, the spectra prove that the “bulk” of the

material, even though the particle size is below 8 nm, is unaffected by the anodic potential, where
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Figure 4.20. Operando DRUV spectroelectrochemistry of CoAl2O4 under cathodic potentials. (a)
Shows the DRUV spectra, (b) the applied potential and (c) the corresponding current density.
The colors correspond to the applied potentials.
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a cobalt oxidation state of +IV is expected. This is in line with the other ex situ characterizations

of CoAl2O4, that indicated no additional phase after the reaction. Then again, the CV analysis in

figure 3.18b indicated redox reactions confined at the top most surface of the nanoparticles.[139]

Furthermore, the loss of Al detected by EDX (see table 3.2) points to a reorganization on the top

most surface layer.

In summary, the results of the operando DRUV studies match the ex situ chemical and structural

characterizations of CoAl2O4 and could further demonstrate that the OER is only performed on

the first atomic layer of this material.

4.2.12 Operando measurement of Co2SnO4

From the spectra of CoAl2O4, no structural change in the crystalline backbone could be derived.

Only the increase of intensity at higher potentials was visible, but the underlying electrochromism

could not be assigned to a certain structure with the available tools. In the following, Co2SnO4

will be measured by operando DRUV spectroscopy. Here, in contrast to the other samples, the

leaching of Co could be detected, but further structure change after the OER was not observed by

the ex situ characterizations in section 3.6.
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Figure 4.21. Operando DRUV spectroelectrochemistry of Co2SnO4 under anodic potentials. (a)
Shows the DRUV spectra, (b) the applied potentials and (c) the corresponding current densities.
The inset shows the current density at higher potentials. The colors correspond to the applied
potentials.

129



4 Development of Operando Spectroelectrochemical Cells

The spectra in figure 4.21 recorded under anodic potential showed neither a shift in the peak

positions, nor are there new bands visible in comparison to the spectrum of the powdered

Co2SnO4 in figure 3.32. Only the bands below 500 nm were again suppressed. Compared to the

operando spectra of CoAl2O4, only the overall intensity of the absorption that can be ascribed to

the tetrahedral coordination was higher. Otherwise, no difference in the general trend could be

seen.

Starting from 1.50 V, an increase in the current density was visible in the CA measurements in

figure 4.21c. This is also expressed in the DRUV spectra, as the intensity of the absorption was

raised, whilst at lower potentials the absorption has nearly the same intensity. Especially below

500 nm and above 700 nm, broad bands became visible. They can be ascribed on the one hand to

electrochromism. On the other hand, in the spectra of Zn0.35Co0.65O and Co(O)OH, also higher

absorption was observed in this region. Thus, it is valid to assume that the observed absorption is

the signature of the active Co4+ species. Webster et al. also reported an increase in the absorption

between 1333 and 870 nm and ascribed it to an CoIV species.[224] As the intensity of the bands

was quite high, an influence of the Au-support, that absorbs only very weak, can be ruled out

(compare figure D.2b).

Also for the spectra recorded under cathodic potentials (figure 4.22), only a decrease in the

intensity was observed when the potential is lowered. It can be seen that the intensity changes
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Figure 4.22. Operando DRUV spectroelectrochemistry of Co2SnO4 under cathodic potentials. (a)
Shows the DRUV spectra, (b) the applied potential and (c) the corresponding current density.
The colors correspond to the applied potentials.
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were reversible, and thus it is proven, that also the structures present during the OER show

a reversible behavior. This is in line with the other ex situ characterizations of Co2SnO4, that

indicated no additional phase after the reaction. The loss of Co detected by EDX (see table 3.3)

had also no visible influence on the spectra.

In summary, the results of the operando DRUV studies match the ex situ chemical and structural

characterizations of Co2SnO4. As for CoAl2O4, no change in the core structure can be observed,

pointing to an OER only at the surface of the particles.

4.3 Conclusion

The operando DRUV spectroelectrochemistry in combination with the newly developed cell

showed some interesting insights in the active states of oxygen evolution catalysts.

Indeed, the operando measurements were able to track the structural changes the Zn0.35Co0.65O

precatalyst underwent when it got in contact with KOH and when a potential was applied. The

observations in low potential regions could be analyzed and the results could be linked to ex situ

measurements. Thus, deeper insights in the formation mechanism of the active cobalt species

could be gained.

From pure Co 2+
td in the wurtzite-type Zn0.35Co0.65O precatalyst, the Co-coordination changed

to octahedral, without changing its oxidation state, proving the formation of Co(OH)2 as an

intermediate, which is confirmed by the results in section 3.9.2. Upon applying an anodic

potential, the oxidation state was partly changed to +III above 1.1 V and further to +IV above

1.4 V. During the oxidation process, also a decrease in symmetry around the central Co atom

could be shown. Thereby, either square pyramid C4v or trigonal-bipyramid D3h structures are

formed, which could not be identified by the other experimental tools.

Furthermore, it could be shown that the active structure still holds a significant amount of Co3+

at OER potential above 1.5 V, as only a little shift in the absorption maximum could be observed

compared to lower potentials (e.g. 1.3 V). If the whole sample would have changed to Co4+, the

shift would have been larger. This is in good agreement with the literature and the proposed

mechanism for the OER, where the active centers switch the oxidation state between +III and

+IV.[43,66,67,225] It was also shown, that the formation of the active phase is a reversible process,

as the spectra after the cathodic potential did not differ essentially from the ones in the anodic

potential, as shown in figure 4.14b.
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4 Development of Operando Spectroelectrochemical Cells

Nevertheless, it was shown that electrochromism cannot be neglected when measuring DRUV

spectra at elevated potentials. But in contrast to in situ UV/Vis experiments performed on CoCat

in pH 7, in this study absorption at higher wavelengths was observed.[46] This points to different

structures and possibly also different mechanisms in other pH regions, however further work on

this observation is needed.

The spectra recorded at 1 V and above also showed the advantages of the operando DRUV

technique.

Since electron absorption spectroscopy probes the valence electrons, it is very prone to small

changes in the electronic structure of a sample. On the other hand, an assignment of certain bands

to a structural motif is very complex. The spectra are not only a superposition of contributions

of several structures, but also the electronic terms of a single solid can split further into fine

structures depending on the ligand field geometry. Furthermore, also ligand to metal charge

transfer processes can take place. By the continuous formation and breaking of bonds on the

probed atom, on the one hand the electron configuration of the central atom changes, but also

vibrations are introduced in the structure, which then again have an influence on the electronic

structure.

Based on the Tanabe-Sugano theory, the analysis of the presented DRUV spectroelectrochemical

study is at the moment limited to octahedral and tetrahedral coordination. But this experimental

work lays the foundation on advanced computational methods, that someday will be able to

simulate the spectra by taking all the above mentioned influence factors into account.

Traditionally, OECs are bulk materials, where only the surface exhibits catalytic activity. To

represent this, operando investigation on the model catalyst CoAl2O4 were performed. Ex situ

characterization of this structure proved that the catalytic activity can be attributed to the surface

only, as for most catalysts. Even though CoAl2O4 exhibited a high electrochemical activity towards

the OER, the operando DRUV investigations revealed only minor structure changes, which is

in accordance to the ex situ findings. In particular, the clear signature of Co 2+
td was unaffected

during the experiments. This, in combination with the results of the EDX and CV measurements,

allows to ascribe the catalytic activity of CoAl2O4 to the top first atomic layer only. Although,

from the presented data, no final conclusions on the structural motifs in the active centers can be

drawn. But the leaching of Al points to a restructuring at the surface. Based on the results on

Zn0.35Co0.65O, it is a valid assumption that this restructuring leads to the formation of similar
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structural motifs. Namely, this would be edge-sharing CoO(6–x) octahedra, connected via µ2-O or

OH bridges.[43]

The observations made for Co2SnO4 do not differ essentially from CoAl2O4, indicating the same

reaction pathway. It further shows, that the assignment of electrochromism to one or more

structures should be the focus of future computational or complementary experimental studies.

The inertia of the underlying tetrahedrally coordinated cobalt backbone further indicates that the

assignment of the active phase to one certain structure is not straightforward.

In this chapter it could be demonstrated that by combining operando DRUV measurements with

ex situ chemical and structural analyses valuable information can be acquired. By continuously

purging the system with fresh electrolyte, dissolved species or products are carried away from the

reaction zone. Thus, the studied reactions are purely heterogeneous and do not involve species

dissolved in the electrolyte that could act as a homogeneous catalyst.

All the above elaborated results would not have been possible without suitable measurement

equipment. It could be demonstrated that the presented spectroelectrochemical cell acts as

the missing link between available characterization techniques and advanced operando studies

providing insights in the active species of electrocatalysts. The applicability of the new cell design

was proven by DRUV spectroscopy. But this is just one possible application of the setup.

The big advantage of this operando cell lies in its relatively wide accessibility. By the small profile

of the cell, it can fit even to small detectors. Furthermore, it is no longer required to have large

reservoirs or glass cells to provide sufficient amounts of electrolyte.

By just modifying the mount of the presented cell, it can fit to any DRUV spectrophotometer with

very little effort. Moreover, the cell can be easily adapted to other experiments.

By replacing the Quartz window with a Kapton™foil, the setup can be used in combination with

a wide range of X-ray detectors that are based on reflection geometry. Thus, also operando XAFS

measurements are accessible. Nowadays, this method already provides deep insights in the

mechanisms of reactions, but it is still limited to large synchrotron facilities.

A first step in this direction was already taken by a collaboration with the Federal Institute for

Materials Research and Testing (BAM). By the low profile, the cell can fit to a LLA-Cen4 detector

system (LLA Instruments GmbH & Co. KG, Berlin, Germany), that has its focus point only 5 mm

133



4 Development of Operando Spectroelectrochemical Cells

in front of the leading edge of the detectors. Unfortunately, the system has not yet been tested

due to limited access to the synchrotron facility BESSY-II in Berlin.

With this cell design, also more advanced experiments are conceivable, especially for heteroge-

neous catalysis. As the cell is purged continuously by a stream of liquid, the solution could be

also exchanged during the measurement, with a more advanced pumping system. By this, for

example, a pH gradient could be applied to monitor the activity of a sample in different milieus

without changing the whole system. Moreover, another electrolyte or stream of reactants could

be supplied during one experiment.

Furthermore, arising from the continuous purging of the cell, evolving species are flushed away

from the electrode surface and do not take place in the reaction anymore. By coupling with other

detectors, e.g. gas sensors or mass spectrometers, this species could be analyzed online. Thereby,

also the degradation of the active species over time could be monitored.
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5 Summary and Conclusion

In a green society, where the net-emission of CO2 would be zero, hydrogen could play a key role.

Not only as direct energy carrier, but also as an educt in further reactions, e.g. the generation of

fuels from CO2. But, the production of H2 from H2O is still very inefficient.

This is caused by the high overpotential required for the oxygen evolution reaction. To lower this

overpotential, it is crucial to understand the underlying principles of the catalytic reactions.

In this thesis, the approach to understand these principles was to investigate materials containing

cobalt in different oxygen environments, namely in tetrahedral and octahedral coordination.

Focused first on the spinel class, the compounds Co3O4, ZnCo2O4 and CoAl2O4 were synthesized

and characterized. The electrochemical evaluation of the materials showed that the Co 2+
td con-

taining materials exhibit a higher activity towards the OER. Thus, the hypothesis that Co 2+
td is a

better precatalyst than Co x+
oh was proposed.

To test the hypothesis, the study was then widened to other cobalt oxides. CoO in cubic rock

salt structure contains Co 2+
oh and Co(O)OH contains Co 3+

oh . These materials also showed less

activity towards the OER than the Co 2+
td containing spinel structures, thereby strengthening the

proposed hypothesis. Contrary, the inverse spinel Co2SnO4, which contains Co 2+
td and Co 2+

oh ,

showed decreased activity towards the OER in comparison to the other spinel samples. At first

sight, this is in contradiction to the proposed hypothesis.

Nevertheless, based on these findings, a second hypothesis was formed: Leaching of metals

from the precatalyst has an influence on the activity of an oxygen evolution catalyst. EDX

analyses of the studied metal oxides allowed to express a stability trend in the sequence

SnOx > CoOx > AlOx >> ZnOx. In binary oxides in alkaline solutions, a higher amount of

the less stable metal is leached in the electrolyte. Thus, in the case of Co2SnO4, mainly the active

Co is leached from the material, while the redox-inactive Sn remains in the structure.

Based on the two hypotheses, a material was proposed, which on the one hand contains a high

amount of Co 2+
td in its structure, and on the other hand also a sufficient amount of leachable Zn.

135



5 Summary and Conclusion

Therefore, Zn0.35Co0.65O was synthesized. It crystallizes in the wurtzite structure type, where all

atoms are coordinated tetrahedrally. Furthermore, one third of its metal atoms are Zn. Indeed,

Zn0.35Co0.65O showed a significant activity increase towards the OER. Detailed analyses before

and after the catalytic reaction proved, that the initial material is transformed from a wurtzite

structure to a layered γ-Co(O)OH and loses a high amount of Zn2+. Furthermore, after the

reaction, the coordination number of Co was decreased from 6 in an octahedron to 5.6, which

points to a defective structure as the active structural motif. Based on the performed analyses and

on comparison to the literature, this structural motif are most probably edge-sharing CoO(6–x)

octahedra, connected via µ2-O or OH bridges.

Further studies should focus on finding the optimal ratio between Co and Zn in the presented

material. Additionally, other leachable elements should be investigated. Finally, the incorporation

of Ni or Fe next to Co should be considered.

To create deeper insights into phase transitions and the active phase present during the catalytic

reactions, advanced operando and in situ techniques have been established in recent years. Yet, a

lot of them involve highly expensive experiments and the access to large infrastructures such as

synchrotrons, e.g. operando X-ray absorption fine structure and X-ray photoelectron spectroscopy.

But sound research should be performed all over the world, not only at these facilities. Therefore,

the development of cost-effective operando techniques is urgently needed.

In this thesis, a novel and simple cell design was proposed, that utilizes a technique invented in

the 1960s, namely diffuse reflectance UV/Vis spectroscopy. The usefulness of this cell in DRUV

operando analyses was successfully demonstrated for three different cobalt oxide-based oxygen

evolution catalysts. It could be shown, that the active phase during the reaction involves a decent

amount of Co4+. Additionally, it was shown that the active cobalt structure exhibits a lower

symmetry than octahedral.

The clearest results were thereby obtained from measurements of Zn0.35Co0.65O. Its active phase

is derived from a layered double hydroxide structure. Layered double hydroxides stand exemplary

for a class of materials that involve large portions of their structure as the active phase. Thus, also

a higher share of excited species is present during the oxygen evolution reaction. Consequently,

the presented operando DRUV technique will bring the largest benefit in the study of these

materials.

Nevertheless, the suitability of the technique was also demonstrated for bulk materials CoAl2O4
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and Co2SnO4, where only the surface is active. Even though the dominating absorptions in the

spectra could be attributed to the tetrahedral features in the bulk of the materials, absorptions of

structural motifs only present during the OER were also detected.

However, this is only the beginning and a lot still needs to be done. In this thesis, the analysis of

the spectra was based on pre-calculated Tanabe-Sugano diagrams for octahedral and tetrahedral

complexes. Though, for an improved interpretation of the spectra, lower symmetries and fine

splittings of terms also need to be taken into account. These data are highly complex and require

advanced computational models. By the time the proposed operando UV/Vis technique will be

established in the scientific community, more spectra of materials under working conditions

will be available. This will also promote the research and development of these computational

models, to better correlate the spectra to active structural motifs.

The proposed operando technique will further enable the development of better catalysts all over

the world. Even with limited research funding, this could help to improve the efficiency of the

water splitting reaction. It would be the first step towards an optimized storage of renewable

energy from wind and solar power plants to overcome the supply and demand problem of

non-fossil based energy.

In a broader scope, the insights of this work could help to reach the 7th sustainable development

goal of the UN and to decrease the CO2 emissions, which are destroying the only world we have

to live in.

The human race will continue to achieve major breakthroughs, but it needs to be possible without

relying on fossil fuels.

The times are changing, and it is on us scientists to change them for the better.
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6 Experimental Section

6.1 Syntheses

6.1.1 General methodology

Microwave assisted syntheses were either performed in a Monowave 300 (Anton Paar, Graz,

Austria) with a maximum power output of 850 W, or in a Discover SP (CEM, Kamp-Linfort,

Germany) with a maximum power output of 300 W.

Solvothermal syntheses were performed in a 45 mL PTFE-lined steel autoclave (Parr instrument

Company, Moline, IL, USA). Purified water with resistivity 18.2 MΩ cm−1 was used for sample

preparation or washing.

6.1.2 Synthesis of Co3O4

Co3O4 was synthesized by adding 1.098 g Co(ClO4)2 · 6 H2O (3 mmol, 1 eq.) and 3.95 mL

oleylamine (12 mmol, 4 eq.) to 18 mL benzyl alcohol in a 30 mL microwave reaction vial.

Subsequently, the mixture was heated in a microwave reactor (Anton Paar) at 60 ◦C for 2 min

followed by 180 ◦C for 30 min, and cooled down rapidly with compressed air. The solid product

was collected by centrifugation, washed three times with EtOH and dried overnight at 70 ◦C in

an oven. 224 mg of a black powder were obtained (92.9 % yield on precursor stoichiometry).

6.1.3 Synthesis of CoAl2O4

CoAl2O4 was synthesized by adding 177 mg Co(OAc)2 (1 mmol, 1 eq.) and 408 mg Al(OiPr)3

(2 mmol, 2 eq.) to 20 mL benzyl alcohol in a 45 mL PTFE-lined stainless steel autoclave equipped

with a stirring bar under an argon atmosphere. After sealing the autoclave, it was placed on a

stirring plate and stirred for 2 h to dissolve all solids. Then, it was heated to 250 ◦C for 48 h.

After cooling, the product was obtained as a blue dispersion. Collecting the solid product by

centrifugation and washing with EtOH was challenging, as the dispersion formed in benzyl

139



6 Experimental Section

alcohol as well as in EtOH was very stable. After washing, the product was dried at 70 ◦C in

an oven. 20.4 - 254.0 mg of a blue powder were obtained (11.5 - 143.8 % yield on precursor

stoichiometry). The large differences in yields can be explained by dispersed nanoparticles in

the reaction and washing solutions. Indeed, the solutions had a blue color indicating dispersed

product. The highest yields were obtained by cooling the washing solution and centrifuging at

high rotation rates.

6.1.4 Synthesis of ZnCo2O4

ZnCo2O4 was first synthesized by mixing 582 mg Co(NO3)2 · 6 H2O (2 mmol, 2 eq.) and 288 mg

ZnSO4 (1 mmol, 1 eq.) in a ceramic crucible. The crucible was then placed in an oven and heated

with a heating rate of 3.5 ◦C min−1 to a temperature of 350 ◦C, that was maintained for 24 h.

The solid product then was dispersed in deionized water, collected by centrifugation, washed

with water two times and one time with EtOH and finally dried overnight at 70 ◦C. 126 mg of a

black powder were obtained (68 % yield on precursor stoichiometry).[124]

6.1.5 Synthesis of CoOrs

CoO was synthesized by adding 53 mg Co(OAc)2 (0.3 mmol, 1 eq.) and 99 µL oleylamine

(0.3 mmol, 1 eq.) to 3 mL benzyl alcohol in a 10 mL microwave reaction vial. Subsequently,

the mixture was heated in a microwave reactor (CEM) at 60 ◦C for 2 min followed by 210 ◦C

for 15 min, and cooled down rapidly with compressed air. The solid product was collected by

centrifugation, washed three times with EtOH and dried overnight at 70 ◦C in an oven. 15.6 mg

of a brown powder were obtained (69.4 % yield on precursor stoichiometry).

6.1.6 Synthesis of Co(O)OH

Co(O)OH was synthesized by S. El-Refaei following the route described by Yang et al.[132] 50 mL

of a freshly prepared 0.1 M NaOH solution were added dropwise to 80 mL of a 0.05 M Co(NO3)2

solution (prepared from dissolving 1.163 g Co(NO3)2 · 6 H2O (4 mmol) in 80 mL deionized

H2O) at 45 ◦C in an oil-bath. After 1 h at 45 ◦C, a pink precipitate was formed, collected by

centrifugation and washed with deionized water three times. One half of the precipitate was

then redispersed in 20 mL deionized water under stirring at 45 ◦C. To the dispersion, 5 mL of a

freshly prepared 8 M NaOH solution and 2 mL of a 30 % H2O2 solution were added dropwise
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under stirring at 45 ◦C. The reaction mixture was held at 45 ◦C for 18 h, the resulting brown

precipitate was collected by centrifugation and washed with deionized water three times. Finally,

the product was dried overnight in an oven at 70 ◦C to yield a brown powder.

6.1.7 Synthesis of Co2SnO4

Co2SnO4 was synthesized by a hydrothermal approach.[145] Stoichiometric amounts of CoCl2 ·

6 H2O and SnCl4 · 5 H2O were dissolved in deionized H2O. Then, 10 eq. 1 M NaOH were added

dropwise, and the reaction mixture was placed in a Teflon-lined stainless steel autoclave. The

reaction mixture was held at 250 ◦C for 24 h. After the reaction, the solid products were collected

by centrifugation, washed three times with EtOH and dried at 70 ◦C. 270 mg of a light blue

powder were obtained (90 % yield on precursor stoichiometry).

The high temperatures and the resulting high pressure led to heavy deformation of the Teflon

cup. Therefore, a slightly modified synthesis route is presented in the following.

Co2SnO4 was synthesized by adding 476 mg CoCl2 · 6 H2O (2 mmol) and 351 mg SnCl4 · 5 H2O

(1 mmol) to 30 mL deionized H2O. Then, 5 mL of a freshly prepared 2 M NaOH solution were

added dropwise under magnetic stirring. The solution was transferred in a 45 mL PTFE-lined

stainless steel autoclave and heated to 230 ◦C for 72 h. After cooling, the solid product was

collected by centrifugation, washed with water and EtOH several times and dried at 70 ◦C in an

oven. 293 mg of a blue powder were obtained (97.6 % yield on precursor stoichiometry).

6.1.8 Synthesis of Zn0.35Co0.65O

Zn0.35Co0.65O was synthesized by adding 71 mg Co(acac)3 (0.2 mmol, 2 eq.) and 18 mg

Zn(OAc)2 (0.1 mmol, 1 eq.) to 3 mL benzyl alcohol in a 10 mL microwave reaction vial. The

reaction mixture was stirred at room temperature for 2 h, until all precursors were dissolved.

Subsequently, the mixture was heated in a microwave reactor (CEM) at 60 ◦C for 2 min followed

by 210 ◦C for 20 min, and cooled down rapidly with compressed air. The solid product was

collected by centrifugation, washed three times with EtOH and dried overnight at 70 ◦C. Averaged

over 6 reactions, the yield was 18.8 mg of a dark green product (81.5 % yield on precursor

stoichiometry).
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6.2 Analytical methods

6.2.1 Powder X-ray diffraction (pXRD)

pXRD patterns were obtained using a STOE STADI MP diffractometer (STOE, Darmstadt, Ger-

many) running at U= 50 kV and I= 40 mA with Mo Kα1 (λ = 0.7093 Å) monochromatic

radiation (using a Ge(111) monochromator) and a “MYTHEN 1K” (DECTRIS, Baden-Daettwil,

Switzerland) detector. The patterns were recorded in transmission geometry in the range of 4 to

60 °. Scherrer factors used to determine the crystallite sizes were 1.1359 for cubic crystallites in

the spinel phase at the (311) reflection, 1.1547 for cubic rock salt phase at the (111) reflection,

1.3867 for tetrahedral wurtzite at the (100) reflection and 1.0747 for any spherical particles or

non-cubic particles independent on the Miller indices.[97]

6.2.2 Transmission electron microscopy (TEM)

TEM micrographs and EDX spectra were captured using a Philips CM200 microscope (FEI,

Hillsboro, OR, USA), operated with an LaB6 anode at 200 kV, equipped with an EDAX EDX

detector.

HRTEM and STEM images as well as EDX-mappings were captured using a FEI Talos F200S

scanning/transmission electron microscope operated at 200 kV. EDX spectra and maps were

recorded with build in SuperX EDS detector. EDX spectra were analyzed either using FEI TEM

Imaging & Analysis software version 4.17 SP1 or using FEI Velox software version 2.6 with the

Schreiber-Wims ionization cross-section model EDX mappings were analyzed using FEI Velox

software version 2.6 with the Schreiber-Wims ionization cross-section model.

6.2.3 X-ray absorption fine structure (XAFS)

XANES and EXAFS measurements of pristine samples and of samples after 1 h electrochemical

reaction at 10 mA cm−2 were performed at the BAMline (BESSY-II, Helmholtz Centre Berlin for

Materials and Energy, Berlin, Germany). The beam was monochromated using a double-crystal

monochromator (DCM). The size of the beam was 3 x 1 mm. The measurements were performed

at Co-K edge (7709 eV) in transmission geometry, with two ionization chambers as detectors.

The excitation energy was varied from 7614 eV to 8428 eV, with varying energy steps. For the

pre-edge region, the energy was varied in 1 eV steps; for the region around the edge, energy was
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tuned in 0.5 eV steps and in the EXAFS region with a constant step in the k-space of 0.04 Å
−1

.

The associated uncertainty was experimentally determined by measuring the cobalt metal foil

10 times. A value of ±0.3 eV was obtained. For the measurements, the samples were mixed

with boron nitride and fixed in plastic sample holders. Before collecting the sample spectra, a

cobalt foil was used as a reference for the cobalt edge. The relative energies of the spectra were

calibrated to the first infliction point of the cobalt metal absorption edge.

XANES and EXAFS measurement of the Zn0.35Co0.65O after 1 h electrochemical reaction on a gold

SPE were measured at 8C nano-probe XAFS beamline (BL8C) of Pohang Light Source (PLS-II) in

the 3.0 GeV storage ring, with a ring current of 400 mA. The X-ray beam was monochromated

by a Si(111) double crystal where the beam intensity was reduced by 30 % to eliminate the

higher-order harmonics. The X-ray beam was then delivered to a secondary source aperture,

where the beam size was adjusted to be 0.5 mm (v) x 1 mm (h). XAFS spectra were collected in

fluorescence mode.

To determine the edge energy for the samples, the integral-method was used.[100] XAFS data

were processed by ATHENA and ARTEMIS from Demeter version 0.9.26.[226] This GUIs program

belongs to the main package IFEFFIT (v. 1.2.12).[105] A Hanning window function with dk = 0.1

was used to remove the data near the endpoints of the k-range. The data were fitted based on

the crystallographic references used in the pXRD diffractograms of the corresponding samples.

All parameters used in and obtained from the fits are presented in Appendix E.

6.2.4 X-ray photoelectron spectroscopy (XPS)

XPS was performed in an ultrahigh vacuum chamber (base pressure 5 x 10−10 mbar) using a JEOL

JPS-9030 set-up comprising a hemispherical photoelectron spectrometer and a monochromatic

Al Kα (hν = 1486.6 eV) X-ray source. The XPS measurements were performed with an energy

resolution of 0.7 eV as determined on a polycrystalline Ag 3d core level. As-synthesized samples

were dispersed in EtOH and drop-casted on a smooth Al-foil. Ex situ samples were directly

measured on Au SPEs before and after 1 h electrochemical reaction at a current density of

10 mA cm−2.

All spectra were corrected for charging by shifting the C1s peaks to 284.8 eV.
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6.2.5 Electrochemical analyses

Electrochemical analyses were performed using a Bio-Logic VMP3 multichannel potentiostat/

galvanostat with a built-in EIS analyzer. The electrochemical behavior and activity of catalysts

were measured in a three-electrode electrochemical cell using a 3 mm diameter GC rotating

disc electrode (RDE, Autolab RRDE, Metrohm, Filderstadt, Germany) operated at 1600 rpm

at 25 ◦C as the WE. A platinum wire was used as the CE and a RHE (HydroFlex, gaskatel,

Kassel, Germany) was used as a RE. The electrodes were prepared by drop casting 3 µL of a

catalyst ink onto GC. The ink was prepared by sonicating 1 mg catalyst powder with 490 µL

EtOH, 490 µL purified water and 20 µL Nafion® for 30 min. Data were recorded using the

Bio-Logic EC-Lab software package. Cyclic voltammograms were typically recorded with a scan

rate of 20 mV s−1. Linear sweep voltammograms were typically recorded with a scan rate of

5 mV s−1. The electrode potentials were corrected for Ohmic losses determined by potentiostatic

electrochemical impedance spectroscopy (PEIS) measurements.

Long-term stability tests were performed on SPEs (DropSense 250AT, Metrohm, Filderstadt,

Germany) consisting of a Au working electrode with a diameter of 4 mm and a platinum CE. A

RHE (HydroFlex, gaskatel, Kassel, Germany) was used as the RE. 2 µL of an ethanolic dispersion

(5 mg mL−1) of the catalyst were drop-casted on the Au electrode and dried in an air stream.

Then, the electrode was placed in 150 mL of a 1 M KOH solution at room temperature, a current

of 1.257 mA (equivalent to 10 mA cm−2) was applied for 98 h (1 h for ex situ XPS and ex situ

XAFS measurements) and the potential was recorded every 0.5 s. Samples for ex situ TEM, pXRD

and XAFS were prepared by drop-casting a ethanolic catalyst dispersion several times on a Ni-foil

with a defined area and drying under an air stream. The Ni-foil was then placed in 1 M KOH and

a current density of 10 mA cm−2 was applied for 1 h. Afterwards, the samples were scratched of

the Ni-foil using a plastic spatula and EtOH to rinse residues. The whole process was repeated

several times, to obtain a sufficient amount of sample for further characterization. The solid

products were collected by centrifugation, washed one time with EtOH and dried in an oven at

70 ◦C.

Overpotentials were calculated using η = EWE − 1.228 V, with EWE being the potential vs. the

RHE and 1.228 V the standard potential of the OER.
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6.2.5.1 Electrochemically active surface area (ECSA)

To determine the ECSA, the method described by McCrory et al. was used.[33] First, the double

layer capacitance (Cdl) is measured in the non-Faradaic region, a 0.1 V potential window around

the OCV. All current in this region is attributed to double layer charging. Charging currents are

measured during CV measurements with different scan rates (10, 20, 30, 40, 50, 60, 80 and

100 mV s−1). The anodic and cathodic currents at the center of the potential window are averaged

over the last 4 cycles at each scan rate and plotted vs. the scan rates. By linear fitting the cathodic

and anodic current and averaging the results, the Cdl is calculated. The ECSA is calculated by

dividing Cdl by the specific capacitance (Cs). The Cs is typically reported as 0.040 mF cm−2.

More information about this value can be found in the supplementary information of McCrory

et al.[33] The roughness (R f ) can be calculated by dividing the ECSA by the geometric area of the

electrode.

6.2.5.2 Tafel slopes

Tafel slopes were recorded in 0.1 M KOH (pH = 13), according to the method described in the

supplementary information of Menezes et al.[20] A Ag/AgCl electrode (3.0 M KCl, 0.210 V vs.

RHE, Metrohm, Filderstadt, Germany) was used as the RE. 15 equally spaced quasi-stationary

potential steps in the range from 0.5 to 0.8 V vs. Ag/AgCl were applied for 5 min each and a

PEIS was performed at each potential step. The current density (j) was recorded and averaged

for each potential step and corrected for the Ohmic loss determined from the PEIS measurements.

The obtained potentials were referenced to the RHE by the formula ERHE = EAg/AgCl + 0.059 V ·

pH + 0.210 V). Then, the potential was plotted against log10( j). The Tafel slopes were obtained

as the slopes of the linear fit in the linear region of the graphs.

6.2.6 Diffuse reflectance UV/Vis (DRUV)

DRUV spectroscopy was performed on a PerkinElmer LAMBDA 950 UV/Vis Spectrophotometer

equipped with a 150 mm integrating sphere coated with Spectralon®. The detector change was

at 860.80 nm and the lamp change at 319.20 nm. Powdered samples were measured at the

reflectance sample holder port, by mixing them with a small amount of BaSO4, placing them in the

sample holder and filling the sample holder approximately 2 mm with BaSO4. Reflection spectra

were measured in the wavelength range between 2500 and 200 nm. For baseline detection, pure
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BaSO4 was placed in the sample holder. All spectra were exported as csv-files by the spectrometers

software and treated further with other software.

6.2.6.1 Python based analysis of DRUV spectra

The spectra were imported as csv-files into the OriginPro 2017 software. The obtained reflection

spectra were corrected for the lamp and detector change by adding the intensity difference

between the last data point before the change and the first data point after the change to the

spectra after the change. Then, the spectra were transformed using the Kubelka-Munk function:

(1 − R/100)2

2 · R/100
(6.1)

with R being the reflection in %. Some spectra were smoothed afterwards using a locally weighted

scatterplot smoothing (Loess) function with a proportion of 1 and a span of 0.01.

The band positions were obtained manually by selecting the maximum intensity of a band or the

position of a shoulder or by Gaussian peak deconvolution. The deconvolution was performed by

fitting the spectra with Gaussian peaks using the “Peak Analyzer” tool and the “Fit Peaks (Pro)”

option. The centers of gravity of the deconvoluted peaks were then used as the band positions.

To assign the bands to transitions, a self-written Python 3 script was used.[227] First, datasets

containing the numerical values for Tanabe-Sugano diagrams, that can be found online, were

imported.[116] Then, the wavelengths of the centers of bands obtained from the spectrum were

stored in a list. The ratio between two bands was calculated (ratiobands), and the two most

probable transitions from the corresponding Tanabe-Sugano diagram were selected manually,

based on comparison to literature and experimental sources. Afterwards, all ratios of the two

assigned transitions (ratiotransitions) were calculated for all distinct ∆/B values, and the two values

closest to ratiobands (∆/Bmin = ratiotransitions < ratiobands and ∆/Bmax = ratiotransitions > ratiobands)

were selected. By linear fit between ∆/Bmin and ∆/Bmax, a refined ∆/B was obtained. From

this refined value, the E/B values for the other transitions were calculated, transformed to

wavelengths and compared manually to the wavelengths of the bands of the spectrum. The

transitions lying closest to the observed bands and having the highest physical validity were then

assigned to the bands. These assignments can be found in the tables in Appendix D.

From the used approach, a certain error can be expected, as general Tanabe-Sugano diagrams
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were used, that each relied on only one C/B value.

6.2.6.2 Operando DRUV spectroscopy

Spectra measured with the first two versions of the cell could be collected in the range between

1000 and 200 nm. Spectra measured with the third version of the cell could be collected in the

range between 2000 and 200 nm. The reported graphs were measured in the shown wavelength

ranges.

A 4 mm Au SPE (DropSens 250AT, Metrohm, Filderstadt, Germany) was used as the WE.

Screen-printed platinum was used as the CE and a RHE (Mini HydroFlex®, gaskatel, Kassel,

Germany) was used as the RE. The cell was connected to a Bio-Logic SP50 portable single channel

potentiostat/ galvanostat. The cell was placed at the reflectance sample holder port of the above

mentioned spectrophotometer, and covered with a 3D-printed cover and a black tissue. For

baseline detection, a blank SPE was used. The samples were prepared by drop casting 2 µL of

a catalyst ink on the Au electrode of the SPE and drying it in an air stream. The catalyst ink

was prepared by dispersing 5 mg of catalyst powder in 1 mL ethanol using an ultrasonic bath.

The spectra were collected typically in the range between 1000 and 350 nm with a resolution of

1 nm. 1 M KOH was used as the electrolyte, and the flow was controlled to 0.92 mL/min by a

tubing pump (flow rate 0.03 to 8.20 mL/min, neoLab Migge GmbH, Heidelberg, Germany). The

spectra were measured 30 s after a new potential was applied, respectively. Then, the spectra

were analyzed according to section 6.2.6.1.

6.3 Software used

Crystal structure graphics were created with VESTA version 3.4.7.[228]

Reaction schemes were created with ChemDraw Prime version 16.0.1.4 (77) (PerkinElmer Infor-

matics, Inc.).

General schemes, figures, TEM micrograph assemblies and annotations were created with Corel-

DRAW X7 version 17.5.0.907 (Corel Corporation).

TEM and HRTEM micrographs were analyzed and edited with Velox version 2.7.0.1025-XXX (FEI

Company, Thermo Fisher Scientific), TEM Imaging & Analysis version 4.17 SP1 (FEI Company,

Thermo Fisher Scientific), DigitalMicrograph version 3.7.0 (Gatan Inc.) and ImageJ version 1.49q

(Wayne Rasband, National Institutes of Health, USA).
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SAED and PS were analyzed with Crys TBox Server version 1.10 (M. Klinger, Academy of Sciences

of the Czech Republic).[229]

pXRD were analyzed with MATCH! version 3.6.2.121 (Crystal Impact, Bonn, Germany).

XAFS data were processed by ATHENA and ARTEMIS from Demeter version 0.9.26 (by Bruce

Ravel).[226] This GUIs program belongs to the main package IFEFFIT version 1.2.12 (Matt New-

ville, University of Chicago, USA).[105]

General figures and graphs displaying data were analyzed and created with OriginPro 2017

version b9.4.0.220 (OriginLab Corporation, USA).

Electrochemical analyses were analyzed with EC-Lab software version 11.12 (Bio-Logic - Science

Instruments).

3D models of the cells were generated with Autodesk Inventor Professional 2018 build 112 (Au-

todesk Inc.).

Python 3 code was written and executed in Jupyter Notebook (Anaconda Inc.) based on a Python

3.6.5 and IPython 6.4.0 kernel.

The document was written with TeXstudio version 2.12.16 (Benito van der Zander, Jan Sunder-

meyer, Daniel Braun, Tim Hoffmann). The document was compiled with TeX Live version 2019.

The references were managed with JabRef version 4.3.1.
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6.4 Chemicals

Aluminum(III) isopropoxide; 98 % Sigma Aldrich, Munich, Germany

Benzyl alcohol; puriss., 99 % Sigma Aldrich, Munich, Germany

Cobalt(II) acetate; anhydrous, 98 % Alfa Aesar, Kandel, Germany

Cobalt(III) acetylacetonate; 98 % abcr GmbH, Karlsruhe, Germany

Cobalt(II) chloride hexahydrate; ACS reagent,

98%

Sigma Aldrich, Munich, Germany

Cobalt(II) nitrate hexahydrate; 99 %, reagent abcr GmbH, Karlsruhe, Germany

Cobalt(II) perchlorate hexahydrate; reagent

grade

abcr GmbH, Karlsruhe, Germany

Ethanol; abs., EMPARTA ACS Merck, Darmstadt, Germany

Hydrogen peroxide; 30 % VWR International GmbH, Darmstadt, Ger-

many

Nafion® perfluorinated resin solution; 5 wt.%,

15-20 % water

Sigma Aldrich, Munich, Germany

Oleylamine; tech. grade, 70 % Sigma Aldrich, Munich, Germany

Potassium hydroxide solution (0.1 N) Carl Roth GmbH, Karlsruhe, Germany

Potassium hydroxide solution (1 N) Carl Roth GmbH, Karlsruhe, Germany

Sodium hydroxide flakes; 98 % abcr GmbH, Karlsruhe, Germany

Tin(IV) chloride pentahydrate; 98 % Sigma Aldrich, Munich, Germany

Zinc(II) acetate; 99.99 % Sigma Aldrich, Munich, Germany

Zinc(II) sulfate heptahydrate; 97 % Carl Roth GmbH, Karlsruhe, Germany
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6.5 Consumables and materials

Disposable glass capillaries (2 µL) VWR International GmbH, Darmstadt, Ger-

many

F doped SnO2 coated glass slide, 2.2 mm, sur-

face resistivity ~7 Ω/sq

Sigma Aldrich, Munich, Germany

Rotilabo®-single-use UV cells, solvent resis-

tant

Carl Roth GmbH, Karlsruhe, Germany

MetalVelvet™(20 x 30 cm) ACM Coatings GmbH, Naumburg, Germany

Custom PTFE gaskets RESOGOO GmbH & Co KG, Westerrönfeld,

Germany

PTFE tubing, 0.8 mm ∅, flanged VWR International GmbH, Darmstadt, Ger-

many

PTFE workpieces ADS Drehservice GmbH, Ahaus, Germany

PEEK workpieces Grünberg Kunststoffe, Berlin, Germany

Quartz coverslip 18 mm ∅, 0.25 mm thick Plano, Wetzlar, Germany

Silicone rubber Scrintec® 600, oxime cross-

linking

Carl Roth GmbH, Karlsruhe, Germany

Silicone sheet, white, 0.5 mm thickness,

~60 Sh-A

Modulor GmbH, Berlin, Germany

Screen printed electrodes: Metrohm DropSens, Filderstadt, Germany

Ref. 110: C WE, C CE, Ag RE

Ref. 220AT: Au WE, Au CE, Ag RE

Ref. 220BT: Au WE, Au CE, Ag RE

Ref. 250AT: Au WE, Pt CE, Ag RE

Ref. 550: Pt WE, Pt CE, Ag RE

TEM grids, 300 mesh copper, Carbon coated Science Services, Munich, Germany

TEM grids, 300 mesh molybdenum, Carbon

coated

Science Services, Munich, Germany
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Appendices
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A Transmission electron microscopy

Figure A.1. STEM HAADF and TEM micrographs and EDX mapping of as-synthesized ZnCo2O4.

ii



Figure A.2. STEM HAADF and TEM micrographs and EDX mapping of as-synthesized CoAl2O4.

Figure A.3. STEM HAADF and TEM micrographs and EDX mapping of CoAl2O4 after the reaction.

iii



A Transmission electron microscopy

Figure A.4. STEM HAADF and TEM micrographs and EDX mapping of as-synthesized Co2SnO4.

Figure A.5. STEM HAADF and TEM micrographs and EDX mapping of as-synthesized
Zn0.35Co0.65O. Adapted from Wahl et al. with permission from WILEY-VCH.[125]
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a) b) c)

d) e) f)

Figure A.6. Nanoparticle size distributions from TEM micrographs. (a) pristine Co3O4; (b) Co3O4
after 1 h electrochemical reaction; (c) pristine CoAl2O4; (d) pristine CoOrs; (e) pristine Co(O)OH,
long outer diagonal; (f) pristine Co(O)OH thickness.

a) b) c) d) e)

f) g) h) j) k)

Figure A.7. EDX spectra of presented samples. (a) pristine ZnCo2O4; (b) ZnCo2O4 after 1 h
electrochemical reaction; (c) pristine CoAl2O4; (d) CoAl2O4 after reaction; (e) pristine Co2SnO4;
(f) Co2SnO4 after reaction; (g) pristine Zn0.35Co0.65O; (h) Zn0.35Co0.65O after 90 min in 1 M KOH;
(j) Zn0.35Co0.65O after reaction, bulk; (k) Zn0.35Co0.65O after reaction, edge.
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B Electrochemistry
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Figure B.1. Tafel plots in 0.1 M KOH at 1600 rpm under quasi-stationary conditions. The slopes
were fitted in the linear region of the graphs. Partly adapted from Wahl et al. with permission
from WILEY-VCH.[125]
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Figure B.2. Cdl measurements on Co3O4 for determining the ECSA in 1 M KOH (exemplary). (a)
Shows the respective 3rd cycle out of 5 CVs that were measured with different scan rates in the
non-Faradaic region. (b) Shows the anodic (black) and cathodic (red) charging currents versus
the scan rate. The data-points are the currents measured at 1.2 V, averaged over the last 4 CV
cycles of each scan rate. The values calculated are: Cdl = 0.036 mF, ECSA = 0.91 cm2 and R f =
12.81.
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Figure B.3. Cdl measurements on ZnCo2O4 for determining the ECSA in 1 M KOH (exemplary).
(a) Shows the respective 3rd cycle out of 5 CVs that were measured with different scan rates
in the non-Faradaic region. (b) Shows the anodic (black) and cathodic (red) charging currents
versus the scan rate. The data-points are the currents measured at 1.2 V, averaged over the last
4 CV cycles of each scan rate. The Cdl is calculated as the average of the absolute slopes of the
linear fit of two datasets. The values calculated are: Cdl = 0.043 mF, ECSA = 1.07 cm2 and R f =
15.12.
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Figure B.4. Cdl measurements on CoAl2O4 for determining the ECSA in 1 M KOH. (a) Shows the
respective 3rd cycle out of 5 CVs that were measured with different scan rates in the non-Faradaic
region. (b) Shows the anodic (black) and cathodic (red) charging currents versus the scan rate.
The data-points are the currents measured at 1.2 V, averaged over the last 4 CV cycles of each
scan rate. The Cdl is calculated as the average of the absolute slopes of the linear fit. The values
calculated are: Cdl = 0.045 mF, ECSA = 1.13 cm2 and R f = 15.99.
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Figure B.5. Cdl measurements on CoOrs for determining the ECSA in 1 M KOH. (a) Shows the
respective 3rd cycle out of 5 CVs that were measured with different scan rates in the non-Faradaic
region. (b) Shows the anodic (black) and cathodic (red) charging currents versus the scan rate.
The data-points are the currents measured at 1.2 V, averaged over the last 4 CV cycles of each
scan rate. The Cdl is calculated as the average of the absolute slopes of the linear fit of two
datasets. The values calculated are: Cdl = 0.067 mF, ECSA = 1.68 cm2 and R f = 23.71.
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Figure B.6. Cdl measurements on Co(O)OH for determining the ECSA in 1 M KOH. (a) Shows the
respective 3rd cycle out of 5 CVs that were measured with different scan rates in the non-Faradaic
region. (b) Shows the anodic (black) and cathodic (red) charging currents versus the scan rate.
The data-points are the currents measured at 1.2 V, averaged over the last 4 CV cycles of each
scan rate. The Cdl is calculated as the average of the absolute slopes of the linear fit. The values
calculated are: Cdl = 0.228 mF, ECSA = 5.71 cm2 and R f = 80.77.
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Figure B.7. Cdl measurements on Co2SnO4 for determining the ECSA in 1 M KOH (exemplary).
(a) Shows the respective 3rd cycle out of 5 CVs that were measured with different scan rates
in the non-Faradaic region. (b) Shows the anodic (black) and cathodic (red) charging currents
versus the scan rate. The data-points are the currents measured at 1.2 V, averaged over the last 4
CV cycles of each scan rate. The values calculated are: Cdl = 0.043 mF, ECSA = 1.09 cm2 and R f
= 15.36.
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Figure B.8. Cdl measurements on Zn0.35Co0.65O for determining the ECSA in 1 M KOH. (a)
Shows the respective 3rd cycle out of 5 CVs that were measured with different scan rates in the
non-Faradaic region. (b) Shows the anodic (black) and cathodic (red) charging currents versus
the scan rate. The data-points are the currents measured at 1.2 V, averaged over the last 4 CV
cycles of each scan rate. The values calculated are: Cdl = 0.877 mF, ECSA = 21.93 cm2 and R f

= 310.18. Adapted from Wahl et al. with permission from WILEY-VCH.[125]
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C X-ray photoelectron spectroscopy
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Figure C.1. XPS spectra of CoAl2O4 on the (a) uncorrected C edge and on the (b) corrected O
edge.
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D Ultraviolet visible spectroscopy
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Figure D.1. (a) Shows the DRUV spectrum of powdered ZnO in the wurtzite structure. (b) Shows
the DRUV spectrum of commercial CoOrs powder. Asterisks mark the positions of the bands.
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Figure D.2. Operando DRUV spectra of Zn0.35Co0.65O and SPE 250AT. (a) DRUV spectra of
Zn0.35Co0.65O (240 s stationary potential/step). (b) DRUV spectra of blank SPE 250AT.
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D Ultraviolet visible spectroscopy

In the following tables, bands were assigned to transitions predicted by the according Tanabe-

Sugano diagrams. Bands assigned on a strong guess based on the approximated values for B

and ∆/B are written in parentheses, as the assignment might be wrong. In the last column,

the expected positions of the assigned bands are given, based on the according Tanabe-Sugano

diagram. The band positions are obtained manually by selecting the maximum intensity of a

band or the position of a shoulder or by Gaussian peak deconvolution.

Table D.1. DRUV band positions and assignments of powdered Co3O4 nanoparticles. The bands
are assigned by comparing to ZnCo2O4 and CoAl2O4.

wavelength wavenumber assigned transition expected at
/nm /cm−1 /nm

2297 4354
unassigned

2150 4651

1847 5414 fine structure of
1A1g(I)

5T1g(D),
4A2g(F) 4T1g(F)

1567
1458

1513 6609
1406 7112
1223 8177

1316 7599 1A1g(I)
3T1g(H) 1327

700 14 286 1A1g(I)
1T1g(I) 721

633 15 798 4A2g(F) 2Eg(G) 631

507 19 724
higher transitions461 21 692

403 24 814
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Table D.2. DRUV band positions and assignments of powdered ZnCo2O4 nanoparticles. The
bands are assigned assuming Co 3+

oh (d6) in a strong ligand field. Transitions are derived from
Tanabe-Sugano diagram for d6 octahedral (approximated values: B = 661 cm−1, ∆/B = 23.6).

wavelength wavenumber assigned transition expected at
/nm /cm−1 /nm

2482 4029

unassigned
2341 4272
2136 4682
2011 4973

1845 5420
(fine structure of
1A1g(I)

5T2g(D))
1567

1791 5583
1527 6549
1422 7032

1327 7536 1A1g(I)
3T1g(H) 1327

721 13 870 1A1g(I)
1T1g(I) 721

555 18 018
fine structure of
1A1g(I)

1T2g(I)
and higher
transitions

459

514 19 455
482 20 747
444 22 523
377 26 525
281 35 587

Table D.3. DRUV band positions and assignments of powdered CoAl2O4 nanoparticles. The
bands are assigned assuming Co 2+

td (d7). Transitions are derived from Tanabe-Sugano diagram
for d3 octahedral (approximated values: B = 806 cm−1, ∆/B = 4.9).

wavelength wavenumber assigned transition expected at
/nm /cm−1 /nm

1854 5394
fine structure of
4A2(F) 4T1(F)

1458
1585 6309
1405 7117
1257 7955

1362 7342 2ν(OH) harmonic band

634 15 773 4A2(F) 2E(G) 631

577 17 007 4A2(F) 4T1(P) 585

549 18 215 4A2(F) 2A1(G) 553

<500 >20000 unassigned transitions
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D Ultraviolet visible spectroscopy

Table D.4. DRUV band positions and assignments of powdered CoOrs nanoparticles. The bands
are assigned assuming Co 2+

oh (d7). Transitions are derived from Tanabe-Sugano diagram for d7

octahedral (approximated values: B = 933 cm−1, ∆/B = 7.9).

wavelength wavenumber assigned transition expected at
/nm /cm−1 /nm

1714 5835 fine structure of
4T1g(F) 4T2g(F)

15821556 6425
1297 7708

1360 7351 2ν(OH) harmonic band

903 11 078 not assigned

732 13 658 4T1g(F) 4A2g(F) 732

518 19 301 4T1g(F) 4T1g(P) 518

394 25 394 (4T1g(F) 2T2g(H)) 387

297 33 682 (4T1g(F) 2Eg(D)) 305

Table D.5. DRUV band positions and assignments of powdered commercial CoOrs. The bands
are assigned assuming Co 2+

oh (d7). Transitions are derived from Tanabe-Sugano diagram for d7

octahedral (approximated values: B = 802 cm−1, ∆/B = 9.6).

wavelength wavenumber assigned transition expected at
/nm /cm−1 /nm

1843 5426 fine structure of
4T1g(F) 4T2g(F)

14881510 6623
1309 7639

693 14 430 4T1g(F) 4A2g(F) 693

563 17 762 4T1g(F) 4T1g(P) 563

512 19 531 (4T1g(F) 2T1g(P)) 511

443 22 573 (4T1g(F) 2T2g(H)) 431

330 30 303 (4T1g(F) 2Eg(D)) 326
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Table D.6. DRUV band positions and assignments of powdered Co(O)OH nanoparticles. The
bands are assigned assuming Co 3+

oh (d6) in a strong ligand field. Transitions are derived from
Tanabe-Sugano diagram for d6 octahedral (approximated values: B = 777 cm−1, ∆/B = 23.7).

wavelength wavenumber assigned transition expected at
/nm /cm−1 /nm

1244 8039 1A1g(I)
3T1g(H) 1118

610 16 393 1A1g(I)
1T1g(I) 610

544 18 382
(splitting of 1T1g(I) state)478 20 921

389 25 707 1A1g(I)
1T2g(I) 389

308 32 468 (1A1g(I)
3T2g(G)) 311

271 36 900 (splitting of free-ion 1G state)

213 46 948 (1A1g(I)
3T1g(G)) 212

Table D.7. DRUV band positions and assignments of powdered Co2SnO4 nanoparticles. The
bands are assigned assuming Co 2+

td (d7) and Co 2+
oh (d7). Transitions are derived from Tanabe-

Sugano diagram for d3 octahedral (ground term 4A2(F), approximated values: B = 765 cm−1,
∆/B = 5.3) and d7 octahedral (ground term 4T1g(F), approximated values: B = 877 cm−1, ∆/B
= 8.4).

wavelength wavenumber assigned transition expected at
/nm /cm−1 /nm

2322 4308 (fine structure of
4A2(F) 4T2(F))

24522140 4674
2023 4944

1848 5411 fine structure of
4A2(F) 4T1(F) &
4T1g(F) 4T2g(F)

1417
1573

1780 5618
1531 6533
1289 7757

740 13 507 4T1g(F) 4A2g(F) 730

670 14 936 4A2(F) 2E(G) 663

606 16 489 4A2(F) 4T1(P) 600

561 17 827 4A2(F) 2A1(G) 572

548 18 265 4T1g(F) 4T1g(P) 540

396 25 273 4T1g(F) 2T1g(H) 393

< 255 > 39206 transitions of SnO2
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D Ultraviolet visible spectroscopy

Table D.8. DRUV band positions and assignments of powdered Zn0.35Co0.65O nanoparticles. The
bands are assigned assuming Co 2+

td (d7). Transitions are derived from Tanabe-Sugano diagram
for d3 octahedral (approximated values: B = 776 cm−1, ∆/B = 4.6).

wavelength wavenumber assigned transition expected at
/nm /cm−1 /nm

1867 5356
fine structure of
4A2(F) 4T1(F)

1596
1629 6139
1426 7013
1325 7547

1355 7380 2ν(OH) harmonic band

661 15 129 4A2(F) 2E(G) 657

622 16 077 4A2(F) 4T1(P) 618

575 17 391 4A2(F) 2A1(G) 582

377 26 525 (4A2(F) 2E(D)) 372

297 33 670 band gap of ZnO

Table D.9. DRUV band positions and assignments of Zn0.35Co0.65O on an SPE. The bands are
assigned assuming Co 2+

td (d7). Transitions are derived from Tanabe-Sugano diagram for d3

octahedral (approximated values: B = 768 cm−1, ∆/B = 4.7).

wavelength wavenumber assigned transition expected at
/nm /cm−1 /nm

1615 6192
fine structure of
4A2(F) 4T1(F)

1580
1535 6515
1409 7097
1310 7634

667 14 993 4A2(F) 2E(G) 664

624 16 026 4A2(F) 4T1(P) 621

580 17 241 4A2(F) 2A1(G) 586

382 26 178 (4A2(F) 2E(D)) 373

Table D.10. DRUV band positions and assignments of Zn0.35Co0.65O on an SPE at OCV in 1 M
KOH. The bands are assigned assuming Co 2+

oh (d7). Transitions are derived from Tanabe-Sugano
diagram for d7 octahedral (approximated values: B = 827 cm−1, ∆/B = 10.2).

wavelength wavenumber assigned transition expected at
/nm /cm−1 /nm

632 15 823 4T1g(F) 4A2g(F) 633

533 19 762 4T1g(F) 4T1g(P) 534

396 25 253 (4T1g(F) 2T1g(H)) 395
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Table D.11. DRUV band positions and assignments of Zn0.35Co0.65O on an SPE at 0.9 V vs.
RHE in 1 M KOH. The bands are assigned assuming Co 2+

oh (d7). Transitions are derived from
Tanabe-Sugano diagram for d7 octahedral (approximated values: B = 791 cm−1, ∆/B = 10.7).

wavelength wavenumber assigned transition expected at
/nm /cm−1 /nm

630 15 873 4T1g(F) 4A2g(F) 630

548 18 248 4T1g(F) 4T1g(P) 548

407 24 570 (4T1g(F) 2T1g(H)) 407

xvii



E X-ray absorption fine structure

In the following section, the parameters obtained by fitting the EXAFS are listed. In the tables,

the parameters for single or multiple scattering paths are given. Below the tables, common

parameters valid for all path are given. Underlined values were fixed during the fitting process.

The parameters used in and obtained from a fit are the following:

Table E.1. Parameters used in and obtained from EXAFS fitting. See also Ravel for further
information.[104]

Parameter Meaning

S2
0 Amplitude reduction factor

N Path degeneracy
R Half-path length
σ2 Debye-Weller factor
∆E Energy shift
Nidp Number of independent points
Nvar Number of variables used in the fit
R-factor Percentage of misfit
χ2 Goodness of fit
χ2

red Closeness of fit to data
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Table E.2. EXAFS fit parameters for reference Co-foil 1 at the Co-K edge, measured before the
spectra of Co3O4, ZnCo2O4, CoAl2O4 and Co2SnO4.

Path N R σ2 ±σ2

/Å /Å2 /Å2

Co1.1 12 2.487 0.006 0.001
Co1.2 6 3.525 0.009 0.001
Co1.1 Co1.1 48 3.740 0.009 0.001
Co1.1 Co1.1 24 4.259 0.012 0.001
Co1.1 Co1.2 48 4.259 0.012 0.001
Co1.3 24 4.321 0.012 0.001
Co1.1 Co1.1 48 4.657 0.012 0.001
Co1.1 Co1.3 96 4.657 0.012 0.001
Co1.4 12 4.993 0.012 0.001
Co1.1 Co1.1 12 4.993 0.012 0.001
Co1.1 Co1.4 24 4.993 0.012 0.001
Co1.1 12 4.993 0.012 0.001
Co1.1 Co1.4 Co1.1 12 4.993 0.012 0.001
Co1.1 48 4.993 0.012 0.001
Co1.1 Co1.1 Co1.1 48 4.993 0.012 0.001
Co1.1 12 4.993 0.012 0.001
Co1.1 Co1.3 Co1.1 48 4.993 0.012 0.001
Co1.1 Co1.3 48 5.176 0.012 0.001
Co1.2 Co1.3 48 5.176 0.012 0.001

R-factor : 0.0053, S2
0

: 0.832±0.038,

∆E (eV) : 7.10±0.45, ∆R (Å) : -0.019±0.003,
Nidp : 34.2, Nvar : 17, χ2 : 1996, χ2

red
: 116,

fitted R-range : 1.7 - 5.5 Å, fitted k-range : 3.4 – 13.3.

Table E.3. EXAFS fit parameters at the Co-K edge for as-synthesized Co3O4.

Path N R σ2 ∆E ±R ±σ2 ±∆E
/Å /103Å2 /eV /Å /103Å2 /eV

O1.1oh 6 1.907 2.76 −3.19 0.006 0.52 2.05
O1.1td 4 1.911 2.76 6.41 0.006 0.52 1.26
Co2.1oh 6 2.833 2.76 −3.19 0.009 0.52 2.05
Co2.1td 12 3.322 7.88 6.41 0.011 0.91 1.26
Co1.1oh 6 3.322 7.88 −3.19 0.011 0.91 2.05
O1.2td 12 3.357 7.88 6.41 0.011 0.91 1.26
Co1.1td 4 3.470 7.88 6.41 0.011 0.91 1.26
O1.3oh 6 3.532 7.88 −3.19 0.011 0.91 2.05
O1.1 Co2.1td 24 3.570 1.43 6.41 0.012 1.25 1.26
O1.1 Co1.1oh 12 3.570 1.43 −3.19 0.012 1.25 2.05

R-factor : 0.0094, ratio td/oh: 0.43 ± 0.07,Nidp : 25.2, Nvar : 16, χ2 : 2138,

χ2
red

: 233, fitted R-range : 1.4 - 4.0 Å, fitted k-range : 3.35 – 13.4, S2
0

: 0.83195.
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E X-ray absorption fine structure

Table E.4. EXAFS fit parameters at the Co-K edge for Co3O4 after 1 h electrochemical reaction at
10 mA cm−2.

Path N R σ2 ∆E ±R ±σ2 ±∆E
/Å /103Å2 /eV /Å /103Å2 /eV

O1.1oh 6 1.920 1.28 −2.28 0.005 0.79 1.32
O1.1td 4 1.924 1.28 −2.28 0.005 0.79 1.32
Co2.1oh 6 2.852 1.28 −5.86 0.008 0.79 1.28
Co2.1td 12 3.344 4.63 −5.86 0.009 0.84 1.28
Co1.1oh 6 3.344 4.63 −5.86 0.009 0.84 1.28
O1.2td 12 3.379 4.63 −2.28 0.009 0.84 1.32
Co1.1td 4 3.493 4.63 −5.86 0.009 0.84 1.28
O1.3oh 6 3.556 4.63 −2.28 0.009 0.84 1.32

R-factor : 0.0163, ratio td/oh: 0.42 ± 0.10, Nidp : 23.1, Nvar : 15,

χ2 : 6742, χ2
red

: 830, fitted R-range : 1.4 - 3.7 Å,

fitted k-range : 3.0 – 13.0, S2
0

: 0.83195.

Table E.5. EXAFS fit parameters at the Co-K edge for as-synthesized ZnCo2O4.

Path N R σ2 ±R ±σ2

/Å /103Å2 /Å /103Å2

O1.1oh 6 1.916 3.88 0.005 0.54
Co2.1td 6 2.858 6.34 0.007 0.43
Zn1.1oh 6 3.343 4.92 0.005 0.43
O1.1 Co2.1td 24 3.349 5.11 0.006 0.48

R-factor : 0.0128, ∆E : -8.727 ± 0.987 eV, Nidp : 24.1,

Nvar : 15, χ2 : 2372, χ2
red

: 262, fitted R-range : 1.4 - 4.0 Å,

fitted k-range : 4.0 – 13.6, S2
0

: 0.83195.

Table E.6. EXAFS fit parameters at the Co-K edge for ZnCo2O4 after 1 h electrochemical reaction
at 10 mA cm−2.

Path N ∆N R σ2 ±R ±σ2

/Å /103Å2 /Å /103Å2

O1.1oh 6.00 0.00 1.908 3.75 0.004 0.75
Co2.1td 6.00 0.00 2.861 5.41 0.004 0.25
Zn1.1oh 5.36 0.39 3.354 5.41 0.004 0.25

R-factor : 0.0052, ∆E : -1.081 ± 0.734 eV, Nidp : 21.5, Nvar : 13,

χ2 : 1449, χ2
red

: 170, S2
0

: 0.83195, fitted R-range : 1.4 - 4.0 Å,

fitted k-range : 4.00 – 12.62.
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Table E.7. EXAFS fit parameters at the Co-K edge for CoAl2O4 after 1 h electrochemical reaction
at 10 mA cm−2.

Path N R σ2 ∆E ±R ±σ2 ±∆E
/Å /Å2 /eV /Å /Å2 /eV

Co-O1 4 1.999 0.0053 2.83 0.012 0.0009 1.62
Co-Al1 12 3.295 0.0135 −7.47 0.020 0.0015 2.02
Co-O2 12 3.331 0.0135 2.83 0.020 0.0015 1.62
Co-Co1 4 3.444 0.0135 −7.47 0.020 0.0015 2.02

R-factor : 0.0235, Nidp : 17.6, Nvar : 11, fitted R-range : 1.15 - 3.6 Å,

fitted k-range : 3.2 – 11.0, χ2 : 863, χ2
red

: 132, S2
0

: 0.83195.

Table E.8. EXAFS fit parameters at the Co-K edge for as-synthesized Co2SnO4.

Path N R σ2 ∆E ±R ±σ2 ±∆E
/Å /Å2 /eV /Å /Å2 /eV

O1.1td 4 1.950 0.0029 −6.04 0.011 0.0009 1.76
O1.1oh 6 2.051 0.0029 −6.04 0.012 0.0009 1.76
Co2.1oh 3 2.993 0.0030 −1.67 0.017 0.0014 1.97
Sn2.1oh 3 2.993 0.0052 −1.67 0.017 0.0029 1.97
Co1.1oh 6 3.510 0.0232 −1.67 0.020 0.0121 1.97
Co2.1td 6 3.510 0.0232 −1.67 0.020 0.0121 1.97
Sn2.1td 6 3.510 0.0146 −1.67 0.020 0.0061 1.97
Co1.1td 4 3.666 0.0146 −1.67 0.021 0.0061 1.97
O1.3oh 6 3.706 0.0146 −1.67 0.021 0.0061 1.97

R-factor : 0.0151, ratio td/oh: 0.5, Nidp : 20.0, Nvar : 15, χ2 : 3012,

χ2
red

: 600, fitted R-range : 1.4 - 3.8 Å, fitted k-range : 2.65 – 11.1,

S2
0

: 0.83195.
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E X-ray absorption fine structure

Table E.9. EXAFS fit parameters at the Co-K edge for Co2SnO4 after 1 h electrochemical reaction
at 10 mA cm−2.

Path N R σ2 ∆E ±R ±σ2 ±∆E
/Å /Å2 /eV /Å /Å2 /eV

O1.1td 4 1.981 0.0067 −0.99 0.005 0.0008 0.96
O1.1oh 6 2.084 0.0067 −0.99 0.006 0.0008 0.96
Co2.1oh 3 3.041 0.0033 3.56 0.008 0.0006 1.42
Sn1.1oh 3 3.041 0.0033 3.56 0.008 0.0006 1.42
Co2.1td 6 3.566 0.0233 3.56 0.009 0.0082 1.42
Sn1.1td 6 3.566 0.0233 3.56 0.009 0.0082 1.42
Co1.1oh 6 3.566 0.0233 3.56 0.009 0.0082 1.42
O1.1 O1.1td 12 3.599 0.0233 −0.99 0.010 0.0082 0.96
O1.1 O1.1oh 12 3.606 0.0233 −0.99 0.020 0.0082 0.96
Co1.1td 4 3.724 0.0233 3.56 0.010 0.0082 1.42
O1.3oh 6 3.766 0.0233 −0.99 0.010 0.0082 0.96
O1.1 Co2.1td 12 3.816 0.0233 1.29 0.010 0.0082 1.19
O1.1 Sn1.1td 12 3.816 0.0233 1.29 0.010 0.0082 1.19
O1.1 Co1.1oh 12 3.816 0.0233 1.29 0.010 0.0082 1.19
O1.1td 4 3.963 0.0268 −0.99 0.010 0.0032 0.96
O1.1td 12 3.963 0.0232 −0.99 0.010 0.0082 0.96

R-factor : 0.0132, ratio td/oh: 0.5, Nidp : 20.2, Nvar : 13, χ2 : 1997, χ2
red

: 276,

fitted R-range : 1.25 - 3.65 Å, fitted k-range : 2.8 – 11.7, S2
0

: 0.83195.

Table E.10. EXAFS fit parameters at the Co-K edge for as-synthesized Zn0.35Co0.65O.

Path N R σ2 ∆E ±N ±R ±σ2 ±∆E
/Å /Å2 /eV /Å /Å2 /eV

Co-O1 1 1.939 0.002 −2.82 0.1 0.010 0.001 0.8
Co-O2 3 2.007 0.005 −2.82 0.2 0.010 0.001 0.8
Co-Co1 3.9 3.227 0.009 −0.88 0.2 0.017 0.001 0.6
Co-Zn1 2.1 3.227 0.009 −0.88 0.1 0.017 0.001 0.6
Co-Co2 3.9 3.273 0.015 −0.88 0.2 0.017 0.003 0.6
Co-Zn2 2.1 3.273 0.015 −0.88 0.1 0.017 0.003 0.6
Co-O4 6 3.804 0.010 −0.88 0.3 0.020 0.002 0.6
Co-O5 3 3.839 0.010 −0.88 0.1 0.020 0.002 0.6
Co-Co2-O4 15.6 4.514 0.005 6.02 0.9 0.023 0.006 0.7
Co-Zn2-O4 8.4 4.514 0.005 6.02 0.5 0.023 0.006 0.7
Co-Co3 3.9 4.596 0.017 −0.88 0.2 0.024 0.008 0.6
Co-Zn3 2.1 4.596 0.017 −0.88 0.1 0.024 0.008 0.6
Co-O6 6 4.642 0.005 6.02 0.3 0.024 0.005 0.7

R-factor : 0.0086, ratio Co/Zn : 0.65/0.35, S2
0

: 0.768±0.04, Nidp : 36.9, Nvar : 22,

χ2 : 4439, χ2
red

: 297, fitted R-range : 1.3 - 5 Å, fitted k-range : 2.13 – 13.9, .
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Table E.11. EXAFS fit parameters for reference Co-foil 2 at the Co-K edge, measured before the
spectrum of Zn0.35Co0.65O after 1 h electrochemical reaction.

Path N R σ2 ±σ2

/Å /Å2 /Å2

Co-Co1 12 2.4924 0.006 0.000
Co-Co2 6 3.5304 0.010 0.002
Co-Co1-Co1 48 3.7454 0.010 0.002
Co-Co1-Co1 24 4.2644 0.009 0.001
Co-Co1-Co2 48 4.2644 0.009 0.001
Co-Co3 24 4.3269 0.009 0.001
Co-Co1-Co1 48 4.6627 0.004 0.002
Co-Co1-Co3 96 4.6627 0.004 0.002
Co-Co4 12 4.9984 0.009 0.001
Co-Co1-Co1 12 4.9984 0.009 0.001
Co-Co1-Co4 24 4.9984 0.009 0.001
Co-Co1 12 4.9984 0.009 0.001
Co-Co1-Co4-Co1 12 4.9984 0.009 0.001
Co-Co1 48 4.9984 0.009 0.001
Co-Co1-Co1-Co1 48 4.9984 0.009 0.001
Co-Co1 12 4.9984 0.009 0.001
Co-Co1-Co3-Co1 48 4.9984 0.009 0.001
Co-Co1-Co3 48 5.1817 0.010 0.008
Co-Co2-Co3 48 5.1817 0.010 0.008
Co-Co3-Co3 48 5.5799 0.003 0.003
Co-Co1-Co2 48 5.8132 0.003 0.003
Co-Co1-Co4 96 5.9157 0.003 0.003
Co-Co3-Co4 96 5.9157 0.003 0.003
Co-Co1-Co4-Co1 96 5.9157 0.003 0.003
Co-Co1-Co4-Co3 96 5.9157 0.003 0.003

R-factor : 0.0053, S2
0

: 0.76±0.04, ∆E (eV) : 7.10±0.45,

∆R Å : -0.014±0.003, Nidp : 32.4, Nvar : 19, χ2 : 3862,

χ2
red

: 288, fitted R-range : 1.7 - 6.0 Å,

fitted k-range : 3.3 – 11.9.

Table E.12. EXAFS fit parameters at the Co-K edge for Zn0.35Co0.65O after 1 h electrochemical
reaction at 10 mA cm−2.

Path Ntheo. Nfit R σ2 ±N ±R ±σ2

/Å /Å2 /Å /Å2

Co-O1 6 5.55 1.906 0.004 0.40 0.004 0.001
Co-Co1 6 4.61 2.844 0.006 0.52 0.012 0.001
Co-O1-O1 12 10.26 3.162 0.007 0.05 0.004 0.001
Co-O1-Co1 24 17.06 3.328 0.007 0.14 0.001 0.001
Co-O2 6 4.26 3.443 0.007 0.03 0.012 0.001
Co-O1-O1 6 5.13 3.808 0.009 0.03 0.004 0.002
Co-O1-Co-O1 6 5.13 3.808 0.009 0.03 0.004 0.002

R-factor : 0.0119, ∆E (eV) : -3.38±0.46, Nidp : 24.2, Nvar : 14, χ2 : 6613,

χ2
red

: 650, fitted R-range : 1.0 - 3.5 Å, fitted k-range : 2.7 – 13.7, S2
0

: 0.76021.
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F Cells

Figure F.1. Scanning electron micrographs of working electrodes of SPEs. (a) Gold AT (Ref.
220AT), (b) Gold BT (Ref. 220BT), (c) Carbon (Ref. 110), and (d) Platinum (Ref. 550). The mi-
crographs were kindly provided by Metrohm DropSens (Filderstadt, Germany).The micrographs
were collected at SCT of University of Oviedo with a JEOL JSM-6100 (Tokyo, Japan) scanning
electron microscope operated at 20 kV.
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Figure F.2. Comparative DRUV spectra of CoAl2O4 on a Pt SPE (Ref. 550).
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