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In this thesis work, different classes of catalysts and their suitability for integration into an
electrolyzer cell has been investigated.

Ruthenium based molecular catalysts have shown high activities and stabilities towards water
oxidation in neutral pH. Especially the oligomeric catalysts exhibited a superior performance.
The electrical conductivity of the electrode and the low loading of catalyst might impose
limitations on reaching high current densities at reasonable potentials.

Among the tested transition metal single atom catalysts, synthesized by pyrolyzing transition
metal doped ZIF-8 structures, cobalt has shown the highest activity towards hydrogen evolution
and a stable behaviour in acidic pH. The enhanced stability of single atomic sites compared to
the corresponding nanoparticles was proposed. However, also for this class of catalyst, the low
number of active sites seems to present a difficulty need to be overcome.

With the novel method presented to fabricate a membrane electrode assembly, the usage of
commonly used expensive membranes could possibly be avoided.

Both nickel molybdate hydrate nanoparticle shapes have been proposed to transform in an
electrochemical activation step into y-NiOOH as active phase for the oxygen evolution reaction
in alkaline pH. With the removal of molybdenum, a high electrochemical surface area with a
large number of exposed nickel sites was indicated to be the origin behind the high catalytic
activity of the nanoparticles. Molybdenum was suggested to only serve as structure and pore
forming agent. Preliminary results indicated a higher activity for the rod structure towards the
oxygen evolution reaction. An essential outcome is that it is uncertain if rods can be isolated
synthesized on a nickel foam and hence the absence of the sheet structure should be verified,
which could be done for example by selective molybdenum leaching combined with Raman
spectroscopy. Furthermore, the two nanostructures are fundamentally different materials and
characterized by various techniques.

Among all different classes of catalysts investigated, the nanoparticle catalysts seem to be the
most promising for a successful integration in a large scale electrolyzer cell for widespread use.
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One never notices what has been done;
one can only see what remains to be done
Marie Sktodowska-Curie
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1 Introduction

With a rising global surface temperature and increasing number of weather-,
climate- and water-related disasters in the past decades, the consequences of
climate change are clearly perceivable.'” In order to counteract global warm-
ing — or at least try to minimize the detrimental effects as best as possible —
net additions of greenhouse gases to the atmosphere have to be reduced ur-
gently. One of these contributions is the usage of fossil fuels, which generates
the greenhouse gas carbon dioxide. In the Paris Agreement from 2015, 196
parties agreed on establishing strategies to limit the global warming by the end
of this century to 1.5 °C compared to the pre-industrial average surface tem-
perature. To realize this, the European Union (EU) aims to reduce greenhouse
gas emissions and to be climate neutral by 2050. Among others, implementing
renewable energies on a large scale, which should produce more than 80 % of
generated electricity in 2050, is intended.’ Furthermore, energy intensive sec-
tors, as transport and industry, are planned to transit to alternative energy car-
riers like sustainable produced hydrogen, which in use is carbon neutral.

Sadly, as projected by the Intergovernmental Panel on Climate Change
(IPCC) report in 2022, it is highly probable that we are globally not on track
and are heading towards more extreme and more frequent weather phenomena
as droughts, floods, storms, and rising sea levels.* As a result, not only direct
tangible consequences on humankind such as hunger, poverty and mass mi-
gration could be expected, but also the loss of biodiversity and destruction of
ecosystems, which exact long lasting effects are unpredictable but unambigu-
ously catastrophic.*’ Thus, it is more than urgent to rapidly establish the wide-
spread use of new, environmentally friendly technologies, to transit from a
fossil fuel-based to a circular and sustainable energy economy.
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1.1 Artificial Photosynthesis and Electrolyzer Cells

A sustainable energy cycle is already common in nature. With photosynthesis,
trees and green plants convert water and carbon dioxide with energy provided
by solar light into a sugar and oxygen as by-product. When required, in a sim-
plified description, the stored energy can be accessed in the cellular respiration
process by converting the sugar and oxygen back into water, carbon dioxide
with release of the stored energy.

With an incident power of 1000 W m > for AM 1.5, the sun already pro-
vides a huge amount of energy. To put this number in perspective: The inci-
dent solar power equals 120 000 TW to the earth’s surface.® In less than 1 hour
and 20 minutes the sun irradiates the earth with more energy than what was
globally consumed in primary energy in the year 2020.” Besides capturing all
this energy, a clear problem of solar as renewable energy source is its inter-
mittency. Hence, taking the approach of photosynthesis as inspiration, the en-
ergy harvested by renewable energy sources such as solar, could be ideally
stored in chemical fuels, in this case termed solar fuels. Those solar fuels
could be used to overcome the intermittency and satisfy the energy demand in
times in which the renewable energies do not provide enough. The generation
and use of solar fuels would thus enable a circular energy economy. Following
this guideline, the most straight forward reaction for storing energy would be
to split water in molecular hydrogen and oxygen. This process is an uphill
reaction, which requires from thermodynamics 1.23 eV, illustrated in Figure
1.1. Or expressed in a different way: 1.23 eV of renewable energy could be
stored in each water molecule, with one electron reducing each hydrogen.

Energy

Reaction Coordinate

Figure 1.1: Energy diagram for the conversion of water into hydrogen and oxygen.
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In terms of Gibbs free energy this amount of energy can be calculated as
AG® = —nFAE® = 237 k] mol™? (1.1)

Where n equals the number of transferred electrons (here 2), F is Faraday’s
constant (96485.33 C mol ") and AE? is the potential difference between the
reduction and the oxidation reaction (here —1.23 V).

Due to kinetic barriers, shown in Figure 1.1 above as activation energy Ea,
the energy required to drive this reaction at a rate of practical interest is
>1.23 eV. The purpose of catalysts is to minimize this activation energy and
will be discussed later. In the presented reaction, oxygen evolves at the anode
and hydrogen at the cathode. Those two half reactions will be described in more
depth in the following chapters. However, the setup of those electrodes and the
photovoltaic cell can be quite different. In one embodiment, the photoelectro-
chemical cell (PEC), the catalyst at which one reaction takes place, is the pho-
toabsorber itself or is in direct contact with the photoabsorber. Those systems
can be constructed as particle-based or panel-based PECs. A possible architec-
ture of the latter is illustrated in Figure 1.2 (A), similar to the one reported by
Khaselev and Turner already in 1998.% Despite the high efficiencies reported for
panel-based PECs,*’ particle-based PECs have potential to produce hydrogen
at a lower cost.'” The latter system has already been demonstrated by the Domen
group in a safe and large scale implementation in Tokyo with a 100 m? particle-
based PEC system.'®™"" A major drawback of PECs in general is besides the
lower conversion efficiency compared to the fully decoupled system discussed
in the following, the limited stability of the photoabsorber in solution.*'° Since
for panel-based PECs the charge separation already happens at the pn-junctions,
there is no obvious need to place those into the electrolyte in the first place.'?
To overcome this instability issue, photoabsorption and electrolysis can be fully
decoupled by connecting a photovoltaic cell (PV) to a separate electrolyzer cell
(EC). This leads to an increased solar-to-hydrogen conversion efficiency as well
as a larger variety of PV cells applicable in this configuration.'’ The EC pow-
ered by an external PV cell can exhibit different architectures, presented in the
following.

The alkaline electrolyzer cell (AEC) in Figure 1.2 (B) is displayed as two
electrodes in alkaline media, divided by a porous separator. The alkaline envi-
ronment allows the employment of earth abundant non-noble metals as for ex-
ample nickel, cobalt, molybdenum and iron as electrodes and catalysts. This
technology is already mature, however, due to the porous separator, highly basic
conditions are needed to increase the ion conductivity and thus reduce the solu-
tion resistance between anode (electrode at which the oxidation and hence for-
mation of oxygen takes place) and cathode (electrode at which the reduction and
hence formation of hydrogen takes place). Due to the porous separator gas
crossover cannot be fully avoided, leading to a decreased gas purity.

13
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Figure 1.2: Schematic illustration of three different setups of electrolyzer cells with
(A) a photoelectrochemical cell (PEC), (B) alkaline electrolyzer cell (AEC), and (C)
ion exchange membrane electrolyzer cell (IEMEC), which represents the setup of a
proton exchange membrane electrolyzer cell (PEMEC) and an anion exchange mem-
brane electrolyzer cell (AEMEC). Photoabsorber are illustrated in dark blue/violet,
electrodes as grey, catalyst on the anode in red and catalyst on the cathode in blue,
the porous separator as porous white structure in (B) and the ion exchange membrane
in yellow in (C). The illustration of AEC and IEMEC represents a decoupled PV
cell.

Additionally, the current density under operation is only in the range up to
0.5 A cm 21

In contrast, the proton exchange membrane electrolyzer cell (PEMEC) op-
erates at higher current densities up to 2 A cm 2.'° In this setup the anode and
cathode are in direct contact with a polymer membrane as illustrated in Figure
1.2 (C). Usually a Nafion® membrane is employed for this purpose, a sul-
fonated fluoropolymer, which shuttles protons from the anodic to the cathodic
site of the cell. Since both electrodes are in direct contact with the membrane
in between, this configuration is commonly referred to as zero-gap configura-
tion. Such a configuration reduces the resistance between the anode and cath-
ode substantially and is one of the reasons the PEMEC is operated at such high
current density.'” The solid polymer membrane also prevents gas crossover
and thus provides a high gas purity. Unfortunately, due to the acidity of this
electrolyzer cell setup, the materials applicable are limited. The catalysts used
are commonly noble metal-based with Pt for the hydrogen evolution reaction
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(HER) and IrOy and RuOx for the oxygen evolution reaction (OER). A rising
effort is made to substitute those catalysts, but up to now, especially for OER
in acidic media, no active and stable materials are known.'® Actually, neither
RuOx nor IrOy are stable in these conditions, but this will be not further dis-
cussed here.'*?° Furthermore, since carbon-based electrodes are prone to oxi-
dize under high applied potentials, porous titanium is used as electrode for the
anode. The scarcity of noble metals, the high-costs of the membrane as well
as of the titanium electrode materials and the corresponding higher-cost of
produced hydrogen are reasons hampering the widespread use of this technol-
ogy. 5172021

An emerging setup is the anion exchange membrane electrolyzer cell
(AEMEC), which combines the benefits of low cost and abundant raw mate-
rials of the AEC with the decreased resistance and higher gas purity of
PEMEC by substituting the proton exchange membrane with an anion ex-
change membrane (AEM). Such membranes are responsible for shuttling hy-
droxide ions from the cathode to the anode during operation. Unfortunately,
the stability of polymeric membranes in basic conditions as well as the re-
duced hydroxide ion mobility compared the proton mobility are still chal-
lenges which have to be overcome. However, promising results are re-
ported.'”*

Beside the listed variations of electrolyzer cells, there are several other ex-
amples as solid oxide electrolyzer cell or membraneless electrolyzer
cells,'>!%2133 which are not further discussed here. However, recently Hodges
and Hoang of the group of Swiegers reported a capillary-fed electrolysis cell,
which exhibited due to an improved cell structure and decreased resistances
an impressive energy efficiency of 98 % at 0.5 A cm 2, which I believe will
shape the development of new prototypes of electrochemical cells in the next

years.?

1.2 Water Splitting

The above described chemical conversion of water into hydrogen and oxygen
is called water splitting. The overall redox reaction is divided into two half-
cell reactions. The oxygen evolution reaction (OER) under acidic conditions
can be described by

2 H,O 4H " +4e +0, (1.2)

and the hydrogen evolution reaction (HER)

2H +2e H, (1.3)
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As obvious from the two equations, both reactions (1.2) and (1.3) are influ-
enced by the concentration of protons. This influence on the thermodynamic
redox potential, E.q0x, can be quantified following Nernst equation (1.4), as
an example for the HER (1.3) at two different values pH; and pH», assuming
the same hydrogen partial pressure at both pH values:

From
Eredox = E” + 01 L0x] 1.4
redox — ZeF n [Red] ( . )
=0V+ Tl [H]"
- 2F "\ Py,
Follows

pE =g _pete KT a0a o oH H
— Lredox — redox_ﬁ>< . X (_p 1+Dp 2)

= —0.059 V x ApH (1.5)

With E% being the formal standard potential of the redox reaction, R the gas
constant (8.314 J K™' mol ™), T the temperature (here 298.15 K), z, the num-
ber of transferred electrons in the reaction (here 2), F again Faraday constant
(96 485 C mol "), and [Ox] and [Red] the concentration of the oxidized and
reduced species, respectively. As derived, at room temperature the thermody-
namic potential shifts with =59 mV per increasing pH unit. This shift can sim-
ilarly be derived for the OER and is graphically illustrated in the Pourbaix
diagram for water in Figure 1.3, which presents the thermodynamically stable
phases for an applied potential at a certain pH. The potentials are reported
versus the standard hydrogen electrode (SHE), which represents the redox po-
tential of a platinum electrode in an ideal solution with 1 M H" and hydrogen
gas at 1 atm pressure.

As derived and graphically illustrated in the Pourbaix diagram in Figure 1.3,
the thermodynamic potential for HER versus SHE shifts for a change in pH.
Hence, for a better comparison of electrochemical data acquired at different
pH values, the applied potentials are often not reported versus SHE, but versus
the reversible hydrogen electrode (RHE). This electrode represents the redox
potential for HER at the pH value used. The value of RHE at a given pH can
therefore be seen as the potential at the lower border of the blue band in Figure
1.3. With a change in pH, not only the thermodynamic potential of the two

16



2.0 T T T T T T T T T T T T T

E vs SHE (V)

—o:s H

2 —0.826 V
-1.2
-1.6
0 1 2 3 4 5 6 7 8§ 9 10 1l 12 13 14
pH

Figure 1.3: Pourbaix diagram of water. In the blue band water is thermodynamically
stable. In the white region above the blue band oxygen is more stable, in the white
region below hydrogen. Hence, for applied potentials in those regions, oxygen evo-
lution or hydrogen evolution can happen thermodynamically.

half-cell reactions changes, but also their reagents, as described in the next
two chapters.

1.2.1 Oxygen Evolution

The oxygen evolution reaction is a crucial reaction in many electrochemical
processes including water splitting. Not only does this reaction provide elec-
trons to the cathode, but also protons, which can participate in several different
highly desirable electrochemical reduction processes. Besides being reduced
to molecular hydrogen, as shown in the next chapter, protons can also be in-
cluded in the reduction of carbon dioxide into carbon monoxide or a variety
of small organic molecules, or in the reduction of molecular nitrogen to am-
monia.”> All mentioned reduction processes are anticipated to play a game
changing role in the coming decades four our society.*

Focussing on water splitting, the oxygen evolution reaction at the anode is
commonly displayed as the bottleneck.?® The oxidation of water requires the
removal of four protons, four electrons and the formation of an O—O bond,
which is overall an energetic unfavourable and mechanistic challenging pro-
cess.””?® As indicated in Chapter 1.2 above, depending on the pH value, the
reaction equation can be expressed differently. In acidic conditions as:

17



2 H,0 AH +4e +0, (1.2)

Whereas in alkaline conditions as:

4 OH™ 2H,0+4¢e +0, (1.6)

With the principle of Le Chatelier it can be understood that the oxygen evolu-
tion reaction is more favourable in alkaline media than in acidic media, which
in combination with the reported instability of catalysts for the OER in acidic
conditions highlights the benefits of alkaline conditions for this step. In addi-
tion, in alkaline media the hydroxide ion is suggested to participate in the ad-
sorption and O—O bond formation, shown below in Figure 1.4 (A) and (C),

(D) (A)

Oxygen release Water adsorption

H'
(© 0 ) .
0-0 bond T TR AN, L o
formation W ater activation

H H H*

Figure 1.4: Schematic illustration of one OER mechanism with (A) water adsorp-
tion, (B) water activation, (C) O—O bond formation and (D) oxygen release. Grey
balls represent the surface, red balls oxygen, white balls hydrogen, green balls elec-
trons and white balls with slight shade of orange protons. In all those steps, protons
remain in solution whereas electrons are removed via the solid electrode.

18



whereas in acidic media water molecules are used, requiring additional energy
demanding water dissociation steps.”’

The overall reaction is generally divided in four subsequent steps. For the
sake of simplicity, in the following one possible reaction mechanism for OER
is displayed with water as the reagent.***! In this mechanism, each step in-
volves a proton-coupled electron transfer (PCET). In short, in Figure 1.4 (A)
a water molecule is adsorbed on the surface. In the water activation step in (B)
an oxide is formed, which participates in an O—O bond formation step with a
nearby water molecule in (C), creating a superoxide intermediate. This O—O
bond formation is often considered to be the rate determining step.**>** Finally,
in (D) the superoxide is activated, generating molecular oxygen, which de-
sorbs from the surface. Besides the presented mechanism there are also other
proposed.?*343

According to the Sabatier principle the most reactive surface neither ad-
sorbs the intermediates too strongly, nor too weakly. With density-functional
theory (DFT) calculations, the adsorption free energies for the intermediates
of this reaction on metal and metal alloy surfaces were calculated, revealing a
linear scaling relationship of AGgy+, AGy+ and AGgy+ with 102530313637

AGOOH* = AGOH* + 3.2eV (17)

Here, AGpop*, AGoy~ and AG - are the adsorption free energies for the super-
oxide, the hydroxide and the oxide on the surface, respectively. Since AG+
lays in between AGyoy+ and AGoy+, the activity of a given surface for the
OER can be estimated based on the adsorption energy descriptor AGy+ —
AGoy+. The activity of different alloys can be plotted versus the calculated
adsorption energy descriptor of their surface. Those plots are called volcano
plots, based on their shapes, and verify the above introduced estimation. An
example of the volcano plot for the OER is shown in Figure 1.5. The surfaces
on the left leg of the plot bind the intermediate too strongly, whereas the sur-
faces on the right leg bind them too weakly. The surfaces with the highest
activity are located at the tip of the plot. Hence, volcano plots are used to
screen surfaces and propose novel materials as promising catalysts with the
right binding energy of the adsorbates on the surface. A common strategy
therefore is to combine materials from the left and the right leg to achieve just
the right binding energy. In addition, there are also other approaches to in-
crease the catalytic activity, which will be introduced below in Chapter 1.3.
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Figure 1.5: Volcano plot of the intermediate binding energy descriptor AG,+ —
AG ., and the corresponding theoretical negative overpotential for OER. Adapted
from Ref (38) licensed under CC BY 4.0 with the original data and plot provided by
Ref (39) and Ref (31), respectively.

1.2.2 Hydrogen Evolution

As noted in the introduction, hydrogen as energy carrier ideally produces no
harmful products when used in a fuel cell and offers the possibility to transit
to a carbon neutral energy society. Unfortunately, nowadays the majority of
hydrogen is produced by steam gas reforming and water-gas shift reaction,
which takes natural gas as reagent and emits carbon dioxide in the process as
by-product. A promising carbon neutral way to produce hydrogen is by water
splitting, powered by renewable energy sources such as wind or solar.

As for the OER, also the HER reaction equation can be expressed differ-
ently, depending on the medium used. In acidic conditions it can be expressed
as:

2H +2e H, (1.3)
And in alkaline conditions as:
2H,O0+2¢ H,+2 OH (1.8)
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Analogous to the OER, also here Le Chatelier’s principle illustrates a favour-
able condition for the HER. However, in direct contrast to OER, the HER is
benefited in acidic conditions, whereas it is hampered in alkaline media. The
reason behind this is that in alkaline media water is used as proton donor.
Hence the adsorption and electrochemical desorption step, shown below in
Figure 1.6, require an additional energy demanding water dissociation step.”’
A generally accepted reaction mechanism for the HER on surfaces can be il-
lustrated with three different steps, here just shown for the reaction in acidic
media.”>*

The Volmer step in Figure 1.6 (A) can be seen as a simple adsorption of a
proton, forming a hydrogen atom bond to the surface. The Tafel step in (B)
describes the recombination of two adsorbed hydrogen atoms on the surface
in close distance. The Heyrovsky step in (C) describes an electrochemical de-
sorption process in which the adsorbed hydrogen recombines with an ap-
proaching proton in solution with a simultaneous electron transfer from the
surface of the substrate to the desorbing molecule.

In so-called Tafel plots the rate determining step for the reaction can be
detected based on the required overpotential for achieving the next decade in
current density. The derivation of the Tafel plot will be discussed in Chapter
2.3.1. With 30 mV dec ' the Tafel step has the lowest Tafel slope of all three

(B)
Tafel step

(A)

Volmer step

i (©

Heyrovsky step

Figure 1.6: Schematic illustration of the HER mechanism in acidic conditions with
(A) Volmer, (B) Tafel and (C) Heyrovsky step. The blue balls represent the surface,
white balls hydrogen atoms, white balls with slight shade of orange protons, green
balls electrons and the green ellipses in (B) and (C) the electron density. In all steps,
protons are present in the electrolyte and electrons are provided via an external cir-
cuit to the electrode surface.
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steps. Surfaces with this rate determining step indicate a high activity towards
HER. The Heyrovsky step exhibits a Tafel slope of 40 mV dec™', indicating
slightly slower reaction kinetics than the Tafel step. In contrast the Volmer
step yields a Tafel slope of 120 mV dec ™' and indicates a less active surface
for HER. Due to the necessary water dissociation step, this Volmer step is
often rate determining for HER in alkaline media, and a reason for the poorer
performance of many surfaces compared to in acidic conditions.*!

As elaborated above, the bond strength of the adsorbate (here hydrogen) to
the surface is important for the overall reaction activity. As for the OER, also
for the HER this instance can be illustrated with a volcano plot (Figure 1.7).
Following again the Sabatier principle — the intermediate should not be bond
too strongly and neither too weakly to the surface — the optimal binding energy
for the HER is found at approximately AG» = 0 eV. As illustrated in the vol-
cano plot in Figure 1.7, platinum possesses hydrogen adsorption energies
close to 0. This is one reason why platinum is the benchmarking catalyst for
the HER. Rising effort is made to find new materials with similar binding
energies to drive the reaction as efficient as possible, but in contrast to plati-
num being abundant and inexpensive. Besides the hydrogen binding energy,
also other parameters have been revealed to influence the activity of a surface
towards HER.**

Driving the desired reaction as efficient as possible can be seen as the job
description for a catalyst, which will be discussed in the next chapter.
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Figure 1.7: Volcano plot of H* adsorption energy to the surface (AG ) and the detected
exchange current density jo as descriptor for activity towards the HER. Adapted with
permission from Ref (44). Copyright 2010 American Chemical Society.
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1.3 Catalysts

In order to drive the desired reaction as efficient as possible, highly active,
selective and stable catalysts are vital. As explained above, the adsorption en-
ergy of the intermediates to the catalytic surface is an influencing factor for
the overall activity, however, several more parameters have to be considered.
In general, there are two strategies to improve the performance of catalysts. In
one strategy, the intrinsic activity of the catalytic active site is enhanced, in
the other strategy the number of active sites is increased.”” Improving the in-
trinsic activity can be implemented among others by facilitating the rate de-
termining step of the reaction, increasing the electron conductivity to the ac-
tive site, or utilizing synergetic effects of different elements. For increasing
the number of active sites there is a variety of techniques available. Some
strategies discussed in this thesis are forming oligomeric complexes in Paper
II, atomic dispersion of the active sites in Paper III and nanostructuring of the
catalyst in Paper I and Paper IV. Clearly, the most promising catalysts are the
ones combining both, enhanced intrinsic activity and increased number of ac-
tive sites.

There are different families of catalysts and thus their strategies might dif-
fer. In this chapter the different classes of catalysts investigated in this thesis,
their advantages and limitations are presented.

1.3.1 Molecular Catalyst

The legend of Sir Isaac Newton developing the idea of gravity by observing
the falling apple might represent one of the most well-known scientific break-
throughs based on the observation of processes appearing in nature. As time
has passed since Newton’s discovery, the analytical tools in the scientific com-
munity have been significantly improved, allowing now the detailed investi-
gation of a manifold of natural processes, even the one of desired chemical
conversions. With hydrogenases and nitrogenases, two families of enzymes
have been detected producing hydrogen. With the investigation of these en-
zymes, not only the catalytic active centre was detected but also the beneficial
influence of its environment with for example side groups stabilizing the cat-
alyst and lowering thermodynamic and kinetic barriers during the reaction.
Unfortunately, enzymes are challenging to synthesize in sufficient amounts
and are unstable outside of their biological habitat.*

Taking the inspiration from nature of tuning the active sites by its surround-
ing without the drawbacks of a biological system is the motivation behind
molecular catalysts. Molecular catalysts are transition metal complexes with
the central metal ion coordinated by small (mostly) organic molecules as il-
lustrated in Figure 1.8. The metal acts as active site at which the desired re-
action takes place, whereas the organic molecules tune the activity of the ac-
tive site by among others electron donating or withdrawing properties or
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Figure 1.8: Schematic drawing of a molecular catalyst represented by Ru(tda)(py)»
with tda being [2,2’:6°,2*’-terpyridine]-6,6"dicarboxylate and py pyridine. Atoms
are illustrated as balls. Ruthenium in brown, nitrogen in blue, oxygen in red, carbon
in dark grey and hydrogen in white.

stabilization of reaction intermediates. The superior nature of molecular cata-
lysts is clearly visible for example for a DuBois type catalyst, a nickel complex
directly inspired by Fe—Fe hydrogenase, which catalyses the hydrogen evolu-
tion reaction up to 106 000 times per second, thus outcompeting the Fe—Fe
hydrogenase with 9 000 times per second.*” However, the overpotential for
the DuBois type catalyst was quite large for this turnover frequency, indicat-
ing that the electrochemical activity descriptors should be seen with more con-
text (see more in Chapter 2.3).

Since this thesis includes work on ruthenium-based molecular catalysts for
the oxygen evolution reaction (Paper II), the influence of the organic mole-
cules — so-called ligands — bond to the metal centre is demonstrated for such
a catalyst. As previously mentioned, the effect of the ligands can be of electron
donating or withdrawing nature. In an electrocatalytic water oxidation process
the redox potential of the catalyst is risen to a level, at which it withdraws
electrons from the reagent. The potential necessary to drive this reaction is
heavily influenced by the ligands. Electron density donating ligands around
the ruthenium centre lower the potential required to oxidize the complex and
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thus to obtain the active species.*® Furthermore, proton-coupled electron trans-
fer (PCET) balances the coulombic charge as a consequence of the removal
of one electron by the removal of a proton, which lowers the energetic barrier
for the oxidation.*”*® As an additional effect, deprotonated acidic groups sur-
rounding the active centre may act as initial proton acceptor, facilitation the
often rate determining O—O bond formation step.***’ The monoatomic nature
of those complexes ensures that 100 % of the synthesized centres can act as
active site and contribute to the oxygen evolution reaction. In addition, ruthe-
nium-based water oxidation catalysts are reported to be stable and active, even
in strong acidic conditions.*™'

Unfortunately, most of those molecular complexes are used in homogene-
ous catalysis, meaning dissolved in the electrolyte and not permanently an-
chored on the electrode. This hampers the use of molecular catalysts in devices
but sparked emerging research on the immobilization of this class of cata-
lysts.”>® To this end, Paper II presents the performance and stability of im-
mobilized ruthenium-based molecular catalysts as electroanodes for water ox-
idation applications in neutral pH.

Besides the challenges in anchoring the catalysts on electrodes, other disad-
vantages of this class of catalysts are among others the time and energy con-
suming synthesis of the complexes, the risk of oxidizing organic molecules at
too high applied potentials during the OER with the formation of nanoparti-
cles, and the labile ligand—metal bonds of first row transition metal com-
plexes, which demonstrate a serious stability issue for those catalysts.*¢->*762

1.3.2 Single Atom Catalyst

Having all metal centres active is a major benefit of molecular catalysts. One
of the strategies to keep this advantage but to improve the stability of the cat-
alyst and to heterogenize it is to expose molecular complexes to a pyrolysis
process, often in the presence of a substrate like carbon nanotubes (CNTs) or
carbon black.*® During this step the organic material decomposes under
high temperatures and in an inert atmosphere into a graphitic matrix with the
metal still bond to the nitrogen from the complex. Ideally, single metal atoms
distributed in a porous and nitrogen doped graphitic material are obtained as
schematically represented in Figure 1.9. Due to the nature of single atom dis-
persed active centres, this family is called single atom catalyst (SAC). The so
developed heterogenized metal atoms embedded in a highly electron conduc-
tive matrix comes with the sacrifice of losing the benefits of fine tuning the
active site by customized ligands. Furthermore, in most processes the for-
mation of undesired nanoparticles seems to be inevitable. Only metal atoms
in contact with the electrolyte can catalyse the reaction, hence atoms buried in
the bulk can be seen in some instances as loss of possible active sites, but this
will be discussed in more depth in the next subchapter.**** In addition, most
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Figure 1.9: Schematic illustration of a single atom catalytic material. The black balls
represent carbon atoms, dark blue balls nitrogen atoms and pink balls the active metal
centre, here cobalt. The double bonds in the graphitic sheet are omitted for clarity.

nanoparticles are not stable in acidic conditions and are removed either in an
acid treatment step subsequent to the synthesis or in situ during operation. Be-
sides molecular complexes, also metal organic frameworks (MOFs) have at-
tracted great attention as precursors for SACs.>” MOFs are generally con-
structed from so-called nodes with organic molecules as linkers in between
them. By using different organic molecules as linkers and metal ions or oxides
as nodes, a large variety of MOFs with among others tuneable morphology,
porosity, surface area and conductivity can be synthesized. As for the molec-
ular complex, this starting material converts during the pyrolysis ideally into
single metal atoms dispersed in a highly conductive, porous and N-doped car-
bon matrix.®® A particularly interesting subfamily of MOFs are zeolitic imid-
azolate frameworks (ZIFs), which were used as starting compound in Paper
III. ZIFs are constructed from metal nodes linked by imidazolates. Those
frameworks exhibit high surface areas and superior structural integrity even
after carbonization, leading to highly porous SACs.®

However, besides the apparent advantages of this catalyst family as a high
electron conductive matrix, a large number of active sites as well as a straight
forward synthesis, carbon-based catalysts are prone to degrade under opera-
tion at high applied potentials, which imposes challenges on this class of cat-
alyst for the water oxidation reaction. Additionally, the carbonization at high
temperatures and under an inert atmosphere is an energy consuming step,
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which displays besides the unwanted but inevitable nanoparticle formulation
a clear drawback.

1.3.3 Nanoparticle Catalyst

Despite being so far labelled as undesired and its formation as a disadvantage,
nanoparticles are an important class of catalysts. Nanoparticle catalysts are
usually metal alloys, oxides, chalcogenides or pnictides assembled in small
geometries. In stark contrast to molecular catalysts or single atom catalyst,
those catalysts can already be synthesized on a larger scale in solvothermal or
hydrothermal processes at elevated temperatures in a time span of only a few
hours. An additional advantage of those catalysts is the possibility to directly
synthesize them on the electrode. With this there is no need for anchoring
strategies by chemical interactions of the catalysts with the substrate (as gen-
erally for molecular catalysts) or the need of additional binders, gluing the
catalysts onto the electrode (as usually done with single atom catalysts). Es-
pecially electrodeposition of the catalyst directly on the electrode is a promis-
ing and upscalable method for large scale production.'®*~”! For molecular cat-
alysts and SACs the formation of nanoparticles during the synthesis or opera-
tion is unwanted, however the risk of nanoparticle formulation directly dis-
plays the higher thermodynamic stability of nanoparticle catalysts over the
formers. Since a major disadvantage of nanoparticles is bulk atoms not being
able to act as active sites in the reaction, a considerable effort was dedicated
to the synthesis of different nanostructures,” shown in Figure 1.10. Regard-
less of rod-, needle-, flower-, sheet-, or other shapes, all structures aim to ex-
pose as many atoms to the electrolyte as possible. Besides building up
nanostructures with a high surface area during the synthesis, in the recent
years also the strategy of leaching or dealloying of certain elements of the
nanostructure in a post synthetical step was introduced, which further increase
the number of active sites and the activity of the material remarkably. > In
addition to increasing the number of active sites by controlling the morphol-
ogy and porosity, also the intrinsic activity of nanoparticles can be signifi-
cantly improved by combining different elements.'®”>’” This can be done for
example by selecting elements or materials from both legs of the Tafel plots
to provide a more favourable intermediate binding energies, as mentioned in
1.2.1 and 1.2.2.77¥ On the basis of this strategy it can be seen, that bulk atoms
in nanoparticles cannot always be seen as “loss of active sites”, since some of
them are intended from the very beginning to tune the active site and not be
the active site themselves.*”’As previously mentioned, nanoparticles are
more stable than molecular catalysts and SAC and can thus be operated at
higher potentials without the risk of catalyst degradation. However, reports
have shown that for OER often a dynamic reformulation of the surface hap-
pened, creating metal-hydroxides or oxyhydroxides, which act as active phase.
Thus, the actual active catalyst might differ from the synthesized
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Figure 1.10: Schematic illustration of different nanostructures. Front left: Grey na-
noparticle spheres in different sizes as for example for platinum on carbon. Middle
in the background: Green nanosheets assembled to a nanoflower as for example for
the nanosheet-shape nickel molybdate hydrate. Front right: Yellow nanorod struc-
ture as for example for the rod-shaped nickel molybdate hydrate.

material.'”**®! Thankfully, operando techniques can resolve uncertainties and
detect the active phase during catalysis.**™

Unfortunately, metal oxides are generally known to have a low electron
conductivity, which can hamper its activity. Additionally, in acidic media
there are no known stable nanoparticle catalysts apart from platinum. Even the
noble metal catalysts IrO, and RuO, show dissolution at too high applied po-
tentials.'” However, with a theoretical approach numerous stable and active
non-noble metal oxides for OER in acidic media have been proposed.*®

With the tuneable intrinsic activity, the large number of active sites, the supe-
rior stability in operation, and the facile synthesis of high loadings directly on
the electrode, this class of catalysts is clearly more than just the unwanted by-
product of a molecular or single atom catalyst. From my perspective, nano-
particle catalysts are highly likely the type of catalyst, which will be found in
the revolutionary electrochemical cells of the near future.
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2 Methods

To investigate the catalysts, several different characterization techniques were
utilized to examine among others nanostructures and morphologies, elemental
composition, molecular structure, and activity and stability during operation.
The most frequently techniques used in this thesis are introduced in the fol-
lowing in more detail.

2.1 Scanning Electron Microscopy

In order to investigate the morphology of the surface, shapes and sizes of
nanostructures and to conduct a qualitative elemental analysis, scanning elec-
tron microscopy (SEM) can be used. Electron microscopy is necessary, since
the conventional light microscopes are not achieving the required resolution.
According to the Rayleigh criterion (2.1), the maximum resolution, Ry, ac-
cessible with a microscope is limited by the wavelength of the incident beam.

1.22 x A
max — T NA 2.0

In which A describes the wavelength of the incident beam and NA the numer-
ical aperture of the microscope. Even for a light microscope using 400 nm as
the wavelength of the probing beam, the maximum theoretical resolution is
around 203 nm, neglecting all possible errors of the instrument.** It becomes
obvious that in order to reach higher resolutions, the probing beam needs to
have a smaller wavelength. Louis De Broglie postulated in his doctoral thesis
the wave—particle duality of electrons, for which he received in 1929 the No-
bel Prize in Physics. Similar to photons, the wavelength of electrons is related
to its energy and can be calculated with

hcg
=2 2.2
A = (2.2)

With h being Planck’s constant (6.626 x 10*Js), ¢, the speed of light
(299 792 458 m s™"), and E the energy of the electron. In electron microscopes
electrons are accelerated to energies often up to 20 000 eV. With this amount
of energy, they exhibit a wavelength of approximately 0.062 nm, much
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smaller than the wavelength used in the light microscopes and thus enabling a
much higher resolution.

In an SEM, electrons are generated at the electron gun, which can be a
thermionic emitter as a tungsten hairpin or a lanthanum hexaboride crystal, or
a tungsten field emission gun (FEG). For a FEG an electric potential between
the tungsten tip and an anode below is applied, which is sufficient to extract
electrons from the sharp tip of the gun. Those extracted electrons are focused
by the Wehnelt cylinder and are accelerated towards a second anode, as illus-
trated in (Figure 2.1). The accelerated electrons entering further down in the
SEM column magnetic lenses. Magnetic lenses are essentially copper coils
through which a current is running. This induces a magnetic field, which de-
flects the entering electrons according to the Lorentz force. Unfortunately, not
all electrons are focussed by the lens in the same back focal plane. Electrons
with a lower energy are bend stronger in the magnetic field. This so-called
chromatic aberration can be reduced by among others using a FEG instead of
a thermionic emitter as electron source, since the former has a much smaller
energy distribution of the emitted electrons.® In addition to chromatic aberra-
tion, electrons further away from the optical axis of the lenses are bend
stronger than the ones closer to the optical axis, also resulting in different back
focal planes. This is called spherical aberration. As the last aberration listed
here, astigmatism is caused by the inhomogeneity of the magnetic field in the
lenses. Electron waves propagating in different planes through the inhomoge-
neous magnetic field are also converging in different focal points. This is cor-
rected with stigmators, which are controlled by the operator of the SEM. Un-
fortunately, all mentioned aberrations limit the maximum resolution of an
SEM.

As illustrated in Figure 2.1, after the beam is shaped by the condenser
lenses and the stigmators, it is deflected by scanning coils in x- and y-direction
to scan the electron beam over the sample. With the objective lens the electron
beam is finally focussed on the desired area.

When hitting the sample, the primary electrons (PE) of the incident beam
can interact with the atoms of the specimen, causing different emissions. The
interaction volume of the different detectable radiations is depicted in the left
part of Figure 2.2. The PE (Figure 2.2, right part (A)) can scatter inelastically
at the electrons in the sample and hence kicking them out of the atomic orbit-
als. The so emitted secondary electrons (SE) (B) are detected and used to im-
age the surface of the scanned area. Even though SE are generated further in
the bulk material, only the ones emitted close to the surface (< 10 nm) are
reaching the detector.®® This is due to the low kinetic energy SE possess, which
they lose rapidly in the bulk material. Hence, SE close to an edge have a higher
probability to escape the sample than those in a flat region. This is the reason
behind the edge effect, in which edges appear brighter in secondary electron
images. Due to the emitted electrons, the surface charges positively. If not
compensated by a sufficient electric contact from the surface of the sample to
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Figure 2.1: Schematic illustration of a column in a SEM, showing the electron beam
in bright green from the FEG onto the sample. Depending on equipment, manufac-
turer and model the components and their location can vary.

the sample holder, this can interact with subsequent emitted SE. Thus, charg-
ing of the sample imposes challenges for the acquisition of secondary electron
images of electric isolating samples.
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Figure 2.2: Schematic illustration of the electron-sample interaction volume and the
resulting emissions. Only SE and characteristic X-rays play a role in this thesis. Their
formation is shown in the upper right part of the image. (A) incident primary elec-
tron; (B) secondary electron from outer shell; (C) secondary electron from inner
shell; (D) emitted characteristic X-ray of outer shell electron when filling up the

vacancy in the inner shell; (E) inelastic scattered primary electron penetrating the
sample further.

When the primary electron knocks out an electron from an inner shell (C) of
the sample atom. The created vacancy is filled up by an electron from an outer
shell. By jumping in this vacancy, the electron emits radiation equal to the
energetic difference of the previous occupied state in the outer shell and the
vacancy in the inner shell (D). The energy of this emitted characteristic X-ray
is unique for different elements and transitions. Energy dispersive X-ray spec-
troscopy (EDX) is a technique detecting these X-rays and hence can be used
to confirm the presence of certain elements in the sample material.
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Furthermore, with the electron beam scanning over the sample, also the loca-
tion of the element can be detected. This mapping provides the possibility to
probe among others for cluster formation or homogeneous dispersions of ele-
ments.

With every inelastic scatter process the PE lose energy. It is obvious that
the depth, in which the inelastic scattered electron (E) has still sufficient en-
ergy to interact with the sample, is dependent among others on the sample
material and the initial PE energy. As consequence, the size of the interaction
volume is influenced by the acceleration voltage of the electron beam.

2.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a non-destructive surface sensitive
technique for elemental analysis. At this point I would like to mention that it
was developed by Kai Siegbahn and his group at Uppsala University under
the name Electron Spectroscopy for Chemical Analysis (ESCA), for which he
was awarded 1981 with the Nobel Prize in Physics.?”*® A schematic XPS setup
is illustrated in Figure 2.3. In XPS electrons are emitted at an electron source
(A) and accelerated towards a metal anode (B). In most instruments this metal
anode is either made from aluminium or magnesium.

By bombarding the metal anode with electrons, characteristic X-rays are
generated (purple traces in Figure 2.3) (explained in more detail in the EDX
section above).*” Those X-rays are diffracted by a monochromator (C), a
quartz crystal oriented in a specific angle, such that only a certain wavelength
is fulfilling Braggs equation and is focussed on the sample (D). Incoming X-
rays are exciting and ejecting electrons from the atoms, described as photoe-
lectric effect (E).”° Those escaped photoelectrons have specific kinetic ener-
gies, based on the element, orbital, oxidation state and even the chemical en-
vironment of the atom to which they were bond. This makes XPS such a pow-
erful tool, not only quantifying the elemental composition but also providing
information about the nature of the present elements. To detect this initial ki-
netic energy of the emitted photoelectrons they are slowed down by an electric
field and focussed (F) on the slit (G) entering the hemispherical electron ana-
lyser (H). In there a constant electric field deviates the photoelectrons trajec-
tory to hit the detector (I). The electric field in the column before the hemi-
spherical analyser is responsible to slow down the electrons in such a way,
that only electrons with a specific initial kinetic energy are entering the hem-
ispherical electron analyser with the kinetic energy required to follow the path
in the centre of the analyser and through the exit slit to the detector (blue traces
in (H)). This energy value is denoted as pass energy. Photoelectrons entering
the hemispherical analyser with higher or lower energies are deflected from
this path and are not detected (orange traces in (H)).
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. Binding Energy

Figure 2.3: Schematic illustration of the setup for XPS analysis. The electron and
X-ray beam path and important interactions with the material are described in the
text. (A) Electron source; (B) metal anode producing X-rays; (C) monochromator
focussing X-rays on the sample; (D) sample; (E) photoelectron emission process;
(F) column slowing down and focussing photoelectrons; (G) entrance slit of hemi-
spherical analyser; (H) hemispherical analyser; (I) detector; (J) photoelectron spec-
trum.

During the XPS measurement, the strength of the focussing lenses and the
electric field in the column before the hemispherical analyser are varied so
that electrons with different initial kinetic energies are focused onto the en-
trance slit and slowed down to match the pass energy.”’ The electrons kinetic
energy, KE, is converted to its binding energy (BE) following

BE = hv — KE — ¢gpec 2.3)
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With hv being the X-ray photon energy and ¢gpec the work function of the

spectrometer. The detected flux of photoelectrons for a specific binding en-
ergy is finally illustrated in the spectrum (J).

Due to inelastic scattering events of photoelectrons in the sample, they might
escape the surface with reduced kinetic energy or have produced lower ener-
getic secondary electrons, which are emitted from the surface.”*”* Both are
detected as lower kinetic energy electrons.” This is the reason behind the char-
acteristic “steps” in an XPS spectrum (see (J) in Figure 2.3) with a higher
background at high binding energies than for low binding energies. Only pho-
toelectrons which did not suffer from inelastic scattering contribute to the
characteristic peaks used for the analysis. Those electrons are generated usu-
ally in depths of <10 nm and explain the surface sensitivity of this tech-
nique.’**> Besides photoelectrons also Auger electrons are detected in XPS,
but not further discussed here. In order to avoid scattering of photoelectrons
by gas molecules on their path to the detector, the measurement is conducted
in ultra-high vacuum. It should be noted that there are also other operation
modes than the one described here. For the sake of simplicity, they are not
further elaborated in this work.

2.3 Electrochemical Analysis Techniques

In electrochemical analysis the response of current for a set electric potential
between two electrodes (or vice versa for some techniques) is measured. Since
in most of the used techniques in this thesis the electric potential is controlled
and the current measured, the general explanation in the following will keep
this relationship. Furthermore, it is acknowledged that electrochemical char-
acterization is employed also in other scientific fields but the focus here lays
on setups with a liquid electrolyte between the electrodes.

Current describes the flow of charge per time and thus represents the flow
of electrons in the circuit. The measured current can be divided in non-fara-
daic current, which is not accompanied with a redox reaction, but instead with
other processes such as adsorption and desorption at the electrode. In contrast,
faradaic current is associated with a charge transfer process from the elec-
trode to a species undergoing a redox process. This faradaic current could be
further divided into a current, originating from a redox process of the electrode
and/or catalyst, or the desired reaction as the hydrogen evolution or oxygen
evolution. The latter can be referred to as catalytic current. All those contri-
butions to the current are illustrated in a cyclic voltammogram below in Chap-
ter 2.3.1.

Changing the potential applied to an electrode shifts the energy level of
those electrons. Once the energy level of those electrons is below that of a
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species in close proximity, an electron transfer from the species to the elec-
trode can thermodynamically appear, meaning the species gets oxidized (Fig-
ure 2.4 (A)). Vice versa, if the energy level of the electrons on the electrode
is increased above the energy level of the species close by, an electron transfer
from the electrode to the species can happen, meaning the species is getting
reduced (Figure 2.4 (B)).

The potential at which such a charge transfer occurs is called redox poten-
tial, Ereqox, and can be calculated with the Nernst equation already introduced
in Chapter 1.2

Ereqor = E” + 20 1 (L2 1.4
redox — ZeF n [Red] ( . )

As mentioned above, as soon as the energy level of the electrons on the elec-
trode exceeds or lays below the redox potential of the species, a charge transfer

(A) Oxidation of the species

Energy
Electrode = Species Electrode = Species Electrode = Species
(B) Reduction of the species
-~
Energy
®- B- B
Electrode = Species Electrode = Species Electrode = Species

Figure 2.4: Schematic illustration of the energy levels of electrons for (A) oxidation
and (B) reduction of a species close to the electrode.
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process is thermodynamically favourable. However, due to kinetic barriers in
some reactions, a higher potential, Eyeact., has to be applied to overcome this
barrier and drive the reaction. The additional potential is known as overpoten-
tial, n, with

N = Ereact. — Eredox (2.4)

Since it is difficult to determine at which applied potential the reaction starts
this overpotential is usually given for a certain current density, often at
10 mA cm 2. Electrodes are generally decorated with catalysts to lower this
overpotential and improve the kinetics of the reaction.

The applied potential at one of the electrodes is no absolute value, but de-
scribes a potential difference versus another electrode. In a two-electrode
setup the potential difference is measured between the working electrode, at
which the desired reaction is intended, and the so-called counter electrode.
For a charge transfer process at the working electrode, let’s assume it is a re-
duction, at the same time oxidation needs to happen at the counter electrode.
The simultaneous oxidation is necessary to provide electrons to the working
electrode through an external circuit, which then participate at the reduction
process. In a two-electrode setup the corresponding current for an applied po-
tential difference between working and counter electrode is observed. How-
ever, the contributions of the working and counter electrode to the overall ki-
netic barrier cannot be determined. Since one is usually interested in the pro-
cesses happening at only one electrode, a three-electrode setup is commonly
used. In this setup the potential difference between the working electrode and
a reference electrode is measured, whereas the current still flows between the
working electrode and the counter electrode. In such a way, possible limita-
tions of the counter electrode are avoided and the performance of only the
working electrode can be investigated.

In general, even though one is examining the electrochemical response of
the working electrode, the actual focus of interest of this thesis lays on the
performance of the catalyst deposited on the working electrode, which is used
to facilitate the desired electrochemical reaction. There are several different
ways to evaluate and test the activity and stability of such an electrocatalyst,
of which a few will be explained in the following.

2.3.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is the technique of choice when investigating an
electrocatalytic process. In cyclic voltammetry a potential is swept between
two set limits at a defined scan rate and the current response is detected. Once
one limit is reached the scan direction is reversed and the potentials are
scanned in the opposite direction until the other limit is hit. A possible result-
ing cyclic voltammogram is shown in Figure 2.5. There are a lot of
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Figure 2.5: Schematic cyclic voltammogram for the illustration of key features.
Elower timit and Eypper 1imit are set in the acquisition parameters. £, is the redox potential
of the catalyst, whereas E'rqox is related to the formal electrode potential of the de-
sired reaction. E19ma cm? corresponds to the potential at which the current density of
10 mA cm2 on the catalytic wave is reached.

information that can be extracted from a CV. The most relevant for this thesis
will be described here in short.

In regions where there is no charge transfer process (A), the entire observed
current is due to non-faradaic processes, which are among others scan rate
dependent. With increasing the scan rate an increase in capacitive current can
be detected. From this scan rate dependent non-faradaic current, the double
layer capacitance can be determined, which is proportional to the electrochem-
ical surface area (ECSA) of the electrode. This surface area is an important
parameter for catalysis, since it can be often seen as descriptor for the amount
of exposed catalytic sites to the electrolyte.

Following the grey arrow from (A) in Figure 2.5, when entering a potential
window in which charge transfer is favourable, an onset of increase in current
can be observed (B), caused by oxidizing a nearby species. In the presented
illustration, the oxidation of a catalyst on the electrode is assumed. With in-
creasing potential, the driving force for oxidation further increases, leading to
a higher oxidation rate of the catalyst, which is observed by a rising current.
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For even higher applied potentials, diffusion and mass transport can limit the
oxidation rate of the catalyst, causing first a peak and then a decrease in ob-
served current. With quantifying the consumed charge in such an oxidation
step, the amount of substance of catalyst can be calculated.

With further increased potential the driving force for catalysis might be
sufficient and a strongly rising catalytic current is observed (C). Charge trans-
ferred in this reaction is directly participating in the desired reaction. The ac-
tivity of the catalyst is often described by the overpotential necessary to reach
a certain catalytic current density. This value is taken from the catalytic wave
as illustrated by the corresponding dashed lines in Figure 2.5. Another de-
scriptor for the activity is the maximum turnover frequency of the reaction by
one catalytic centre, which is evaluated by the foot of the wave analysis
(FOWA) of the catalytic wave. In this region the reaction is expected to be not
limited by among others mass transportation or diffusion.”*"’

When reaching the upper limit of the potential window, the scan direction
is changed and a decrease in catalytic current is visible until a potential is
reached, at which the reaction is not favourable anymore. Further decrease
leads to a reduction of the catalyst (D). In cases in which both redox processes
are observed, as here for the oxidation and reduction of the catalyst, the pro-
cess is called reversible. For such processes, the potential halfway between
the peak potential of the oxidation and the reduction, respectively, is denoted
as Ei and is equivalent to the formal standard potential of the given redox
reaction.”® The potential difference between the oxidation peak and reduction
peak also includes information about how fast the electron transfer is.”” Pro-
cesses in which only one of the two redox features are visible are called irre-
versible. In Figure 2.5 the electrocatalytic reaction would represent an irre-
versible oxidation.

Besides the activity, with many subsequent cycles the integrity of the whole
system can be probed. Shifts in the redox potentials of the catalyst, the shape
of the peak or its reversibility as well as varieties in the catalytic wave can
provide information about changes of the system. Those changes could be due
to activation processes, but also the instability of the catalyst and possible deg-
radation. Especially for molecular catalysts, CV provides a lot of valuable in-
formation.

With slow scan rates — to assure nearly steady state conditions— the catalytic
wave can be used to determine the rate determining step for the reaction. For
this purpose, the catalytic wave is plotted with # over log(]i]). Such plots are
known as Tafel plots. For larger log(|i|) the plot usually exhibits a linear re-
gime, which slope provides information on the rate determining step. This was
already previously presented in Chapter 1.2.2.

As mentioned with regard to the DuBois catalyst in Chapter 1.3.1, electro-
chemical descriptor of activity, such as overpotential, turnover frequency and
Tafel slopes should always be seen in a broader context. Ignoring the applied
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potential necessary to reach a certain turnover frequency or determining the
overpotential for a small current could possibly paint a distorted picture of the
actual activity of the catalysts. Furthermore, electrolyte temperature, reagent
concentration or number of active sites are just a few parameters known to
influence the performance of the investigated catalytic material and should
always be considered when evaluating the (intrinsic) activity of the catalyst.

To compare electrochemical data with results of other electrode sizes, the
current is usually reported as current density (current per area). However, with
the development and employment of highly porous or three-dimensional elec-
trodes in electrocatalytic processes, the normalization to an inaccurate area
can lead to overestimations of the reported performance.'” Proposals have
been made to normalize the observed current to the electrochemical surface
area, which would offer the possibility to compare the intrinsic activity of dif-
ferent catalysts.'®* However, from my point of view here the difference of
academic and industrial interests is visible. Whereas in academia the true in-
trinsic activity of a catalyst seems to be more of interest it is anticipated that
in industry the focus lays more on the current obtained at an applied potential
for a given electrode size in the device, regardless of the actual surface area in
contact with the electrolyte.

2.3.2 Chronoamperometry and Chronopotentiometry

Besides cycling the working electrode in a potential range in which the elec-
trical load is varied over time, the electrochemical response can also be ob-
served for a constant load. For this purpose, chronoamperometry (CA) or
chronopotentiometry (CP) can be utilized. In chronoamperometry a constant
potential is applied at the working electrode and the current response is ob-
served over time. Vice versa, in chronopotentiometry a constant current is ap-
plied and the required potential is detected. Such a measurement cannot only
provide information about the stability of the system under a constant applied
load, but also indicate the performance of the electrode in steady state condi-
tions. Compared to other electrochemical techniques, chronoamperometry and
chronopotentiometry are much closer to the actual conditions, in which the
electrode would operate in an electrolyzer cell at a constant load.

By combining the electrochemical setup with an additional spectroscopic
technique, for example Raman spectroscopy, the electrode can be investigated
during catalysis. This spectroelectrochemical approach is of importance, since
with the applied potential a phase transition might be induced, leading to an-
other catalytic active phase than characterized ex situ beforehand.

2.3.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) uses the frequency dependent
response for small perturbations in the applied load in an electrochemical cell.
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The perturbation can be done in the applied potential (potentiostatic EIS) or
in the applied current (galvanostatic EIS). A short explanation is given for the
potentiostatic mode. The applied potential is alternating perturbated. This per-
turbation is varied over a range of frequencies and differences in the current
response dependent on the perturbation frequency is detected. In general, pro-
cesses appearing in the electrochemical cell as for example charge transfer or
mass transport are assumed to be active in different frequency domains and
hence can be distinguished with this technique.

With the collected data, these processes are tried to be modelled by in series
or parallel connected capacitors, resistors, constant phase elements or imped-
ance elements. The so constructed equivalent circuit approximates the elec-
trochemical cell (or parts of it) with the parameters of each component de-
scribing the corresponding processes by an electrical equivalent. The obtained
data for electrochemical impedance spectroscopy can be illustrated in differ-
ent ways. One famous plot is the Nyquist plot, illustrated in Figure 2.6 for the
corresponding Randles circuit.

In an equivalent circuit of the electrochemical cell in Figure 2.6 (A), Rs rep-
resents the solution resistance of the electrolyte between the two electrodes.
The capacitor Cpr represents the double layer capacitance of the elec-
trode—electrolyte interface whereas Rcr represents the charge transfer re-
sistance from the electrode to the electrolyte. Warburg impedance Zw repre-
sents a kind of mass transfer resistance, but for the sake of simplicity will be
neglected in the following. In Nyquist plots the resistance is illustrated on the
real axis, whereas the capacitance is on the negative imaginary axis. High and
low perturbation frequencies are represented in the Nyquist plot at low and
high x-axis values, respectively. At high perturbation frequencies, only the
resistance of the solution Rs is influencing the current response. Hence, the
solution resistance can be detected in (B) at high frequencies where the im-
pedance data crosses the x-axis. With a decrease of the perturbation frequency,

(A) (B)

—Im(2)

Re(Z)

Figure 2.6: Illustration of (A) Randles circuit and the corresponding Nyquist plot in
(B), for the sake of simplicity excluding contributions of the Warburg impedance
Zw.
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the double layer capacitance and the charge transfer resistance start to influ-
ence the response as well and a semicircle is formed. For lower frequencies
the double layer capacitance has no influence on the observed impedance an-
ymore, which is now only controlled by the solution and the charge transfer
resistance. Hence the impedance ends up on the x-axis again at Rs + Rcr.

In a real cell the Warburg impedance cannot be neglected and more than
one semicircle can appear in the spectrum, which furthermore can also partly
overlap. In addition, the capacitor is often substituted by a constant phase el-
ement to compensate proposed roughness or heterogeneity of the electrode
surface, which causes the system to deviate from an ideal capacitor.'"'®* All
this complicates the exact analysis of electrochemical impedance spectros-
copy and the construction of an equivalent circuit. In this thesis, only the so-
lution and charge transfer resistances were extracted from the spectra.

2.4 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique, which utilizes light-matter
interactions (rotational and vibrational transitions) to provide information
about present bonds. A schematic of light-matter interactions is shown in Fig-
ure 2.7. An incoming photon is in most cases elastically scattered from the
electrons, meaning without loss nor gain in energy. This process is called Ray-
leigh scattering (Figure 2.7 (A)). It can be illustrated as an incident photon
with the frequency v;, exciting an electron from a initials state E, to a virtual
state, which lays in between the electronic ground state and the electronic ex-
cited state, followed by the relaxation of the electron back to the original state
E,,. During this relaxation process the electron emits a photon with the same
frequency as the incident photon vy. In rare occasions in electrons participat-
ing in bonding, the excited electron might relax to an energy state E,,, different
from the initial state E,,. In this case the emitted photon has a different fre-
quency Vgam compared to the incident beam. This inelastic scattering process
is called Raman scattering. The frequency of Vg, provides information about
the energetic difference between the initial and final state, following

AE = E, — Eyy = h(vL, — VRam) (2.5)

With E,, and E,,, being the initial and final energetic states of the Raman scat-
tering, h being Planck’s constant and vy, and vg,p, the frequency of the inci-
dent and emitted photon.

In Figure 2.7 (B) E,, corresponds to the energy level of the ground state,
whereas E,, represents the first vibrational excited state. The energy differ-
ence AE is characteristic for rotational or vibrational transitions happening in
the molecule and hence gives information about the present bonds. Raman
scattering with AE > 0 is called Stokes scattering, while scattering events
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Figure 2.7: Schematic of (A) Rayleigh scattering and in (B) and (C) Raman scatter-
ing processes with Stokes scattering and Anti-Stokes scattering, respectively, for a
vibrational transition. Further rotational and vibrational states are omitted for the
sake of clarity.

with AE < 0 is referred to as anti-Stokes scattering. For anti-stokes scattering
to occur, the initial state has to be already excited, which cause this scatter
process to be scarcer at room temperature than the Stokes scattering. In Raman
spectroscopy monochromatic light is used as incident radiation. After the scat-
tering process the light with the exact wavelength as the incident beam is cut
out by a laser filter. Only the Raman scattered light passes through and reaches
the detector. However, not all rotational and vibrational transitions of the sam-
ple material are visible in Raman spectroscopy.

The Raman activity can be described by local selection rules, where one can
consider the effect of an electric field on a molecule. When a molecule is
placed in an oscillating electromagnetic field, the electrodynamic forces dis-
tort the electron density in this molecule, inducing a dipole moment. This di-
pole moment is depending on the strength of the electric field and the polar-
izability of the molecule. One can imagine electrons are easier distorted by an
electric field along the bond axis than across. Hence, the polarizability of a
molecule can depend on their orientation in the electric field as illustrated for
a hydrogen molecule in Figure 2.8. Such molecules are called anisotropic
polarizable, which is required for rotational Raman activity as shown later.
The polarizability of a molecule is represented by a polarizability ellipsoid and
illustrated in the figures below as green oval. Against intuition, a larger polar-
izability corresponds to a smaller distance from the centre to the surface of the
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(A) (B)

Figure 2.8: Hydrogen molecule (white balls with line as bond) in electric field with
corresponding polarizability ellipsoid (green oval) below. (A) Hydrogen bond axis
oriented parallel to electric field lines. (B) Bond axis oriented perpendicular to elec-
tric field lines.

ellipsoid. In order to be Raman active, the polarizability has to change during
the vibration or rotation, which can be displayed as change in shape, size
and/or orientation of the ellipsoid.

Since in rotations, the shape and size does not change, the orientation of
the ellipsoid during the rotation needs to change. Let’s assume methane with
a spherical ellipsoid rotating in an electric field. During the rotation the polar-
ization of the molecule will not change. Hence, all rotations of this molecule
are Raman inactive. In the case of a simple non-spherical ellipsoid like the one
of hydrogen, during rotations in the electric field (except the rotation about its
bond axis) the polarizability of this molecule changes, as shown in Figure 2.8
for two orientations. It can directly be seen that this results in Raman active
modes. Hence, to be active in rotational Raman spectroscopy the molecule
needs to be anisotropic polarizable and the orientation of the major axis of the
ellipsoid needs to change during the rotation.

In contrast to rotations, vibrational modes can cause a distortion of the elec-
tron density in the molecule which alters its polarizability, represented by a
change of size, shape or orientation of the major axis of its polarizability el-
lipsoid. Those changes are schematic illustrated for a water molecule in Fig-
ure 2.9 (A) — (C), respectively.

It is important to note that a change of the polarizability during the vibration
is not sufficient to be Raman active. The polarizability has to change for small
displacements around the equilibrium conditions, which can be expressed as

(j—?)&o # 0 (2.6)
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Figure 2.9: Schematic illustration of water vibrations (red balls represent oxygen,
white balls represent hydrogen) and their induced changes in the polarizability ellip-
soid (green oval below) for (A) symmetric stretching (change of size), (B) bending
(change of shape), (C) asymmetric stretching (change of orientation). All vibration
modes are Raman active. ¢ represents the displacement coordinate.

With a as polarizability, ¢ as displacement coordinate and ¢ = 0 as equilib-
rium position.
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Carbon dioxide can be used as an example for Raman inactive vibrations.
Its modes with the corresponding polarizability over displacement coordinate
is shown in Figure 2.10. Only the symmetric stretching mode in (A) displays
a change in polarizability for small displacements from the equilibrium posi-
tion and is Raman active. Despite the change of size and shape of the

(A)
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Figure 2.10: Illustration of carbon dioxide vibrations (carbon atoms in dark grey,
oxygen atoms in red) and the corresponding polarizability ellipsoids (green oval be-
low) for (A) symmetric stretching, (B) asymmetric stretching and (C) bending
modes. On the very right of each vibration is a plot of the polarizability over dis-
placement coordinate during this vibration.
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polarizability ellipsoid during the asymmetric stretching and bending vibra-
tions, there is no change in polarizability for small displacements from the
equilibrium position and both modes are Raman inactive.

Following the premise of a change of polarizability for small displacements
around the equilibrium position for Raman active vibrations, vibrations with
different magnitudes of change in polarizability are represented in the Raman
spectra with different intensities: A vibration mode with a larger change of
polarizability exhibits a Raman band with a higher intensity.

Prediction of Raman activity for crystals is more challenging, since the just
presented local selection rules for molecules are complicated with lattice se-
lection rules and other lattice dependent scattering processes. Among others
phonons, magnons, polarons and lattice defects can introduce Raman active
modes, but this will not be further elucidated here.'%!%

Despite the complexity of predicting Raman active vibrations, Raman spec-
troscopy is an extremely useful technique for characterization. An additional
advantage of this technique is the possibility to conduct in situ and operando
measurements. With these, not only structural changes of the material caused
by exposure to the electrolyte can be observed, but also the actual active phase
during catalysis can be determined. This is pivotal since the synthesized and
characterized compound is not always the actual catalyst. Hence operando
measurements can add valuable input for interpreting the results of other tech-
niques and helps for a general understanding of the material.
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3 Molecular Catalysts for the Oxygen
Evolution Reaction (Paper II)

In this chapter, the work of Paper Il is briefly presented and also put in a
broader context. The principle question: “Can we utilize known active and
stable ruthenium-based molecular catalysts for the oxygen evolution reaction
in a device operating at neutral pH? And does it make sense?” is discussed
and tried to be answered.

3.1 Introduction

Ruthenium-based molecular water oxidation catalysts (Ru-MWOC) are
known to be highly active and stable in aqueous media.**>*!* In contrast to
first row transition metal complexes, ruthenium-based complexes do not suf-
fer from ligand exchange and are ideal to study the mechanism and influence
of various equatorial and axial ligands. Started with the “Blue Dimer” in 1982
by the Meyer group,'® Ru-MWOC have developed in the past 40 years, un-
locking high activities and stabilities by tuning the environment of the active
sites. With the publication of Ru(bda)(pic). (bda being [2,2’-bipyridine]-6,6’-
dicarboxylate and pic being 4-picoline), Sun’s group presented a highly stable
and active catalyst for OER in acidic media.'*'"” Unfortunately, this catalyst
follows the interaction of two metal-oxo species (I2M) mechanism in homo-
geneous solution to split water. When anchored on the electrode, this bimo-
lecular mechanism is not possible anymore and Ru(bda) was suggested to de-
composed into Ru0,.>*'" With Ru(tda)(py). (tda being [2,2°:6’,6 -terpyri-
dine]-6,6"" dicarboxylate and py being pyridine) a highly active and stable
catalyst was presented by Llobet’s group, which follows the water nucleo-
philic attack (WNA) mechanism (represented in Figure 1.4) already as homo-
geneous catalyst.* With this single-site catalytic mechanism, Ru(tda)-based
catalysts are expected (and also reported) to be able to retain their performance
once heterogenized.”’**% In strong contrast, anchored catalysts following the
I2M mechanism would be needed to be either dinuclear or to be anchored in
close proximity to each other to interact in a intermolecular manner.*’ Despite
the oligomer catalysts being multinuclear they are still suggested to follow the
WNA mechanism.**>*
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Different approaches for anchoring catalysts have being reported in litera-
ture, among others alkyl chain alignment,’”® covalent bonding,'® electropol-
ymerization,*® integration into a metal-organic framework (MOF),” by n—n
stacking or supramolecular CH—r interactions.’*>* With integrating a pyrene
derivative pyp as the axial ligand in a previous work (pyp is 4-(pyrene-1-
yl)pyridine), the successful heterogenization by n—r stacking interaction of
the pyrene group with multi walled carbon nanotubes (MWCNTs) was shown
for monomeric Ru(tda)-based catalyst, reaching over a million turnovers dur-
ing catalysis.® After anchoring, the catalyst kept its activity and stability as
reported in homogenous phase. With the development of new oligomeric cat-
alysts, in which ruthenium centres are linked by bpy axial ligands (bpy is 4,4’-
bipyridine), a Ru(tda)-based catalyst with 15 repetitive units could be success-
fully immobilized by CH—nr interactions between the equatorial ligands of the
catalyst and the m-system of the MWCNTSs.*” This strategy led to higher load-
ings and hence more powerful anodes. Interestingly, the identically synthe-
sized Ru(bda)-based oligomeric derivative with 10 repetitive units did not suf-
fer from decomposition as the covalently bond mononuclear complex.>'%®
The length of the oligomer chains could be calculated based on the ratio of the
signal of the terminal and bridging bpy in proton nuclear magnetic resonance
("H-NMR) spectroscopy.’>>* Additionally, in contrast to the Ru(tda)-based
catalysts used in Paper II, the proposed catalytic reaction pathway of the
Ru(bda) oligomer includes the coordinating of two aquo species to the active
centre.>

3.2 Performance on Device Electrodes for OER

In previous publications, presenting and characterizing the different catalysts
and anchoring strategies, all catalysts were immobilized on MWCNT and drop
casted on a glassy carbon electrode.’*>* In order to probe their possible inte-
gration into a water splitting device, which operates in neutral pH, printed
electrodes (PEs) provided by the collaborating Billon group at Université de
Pau et des Pays de I’ Adour (UPPA) were used as electrodes.

The catalysts used in Paper II before activation are shown in Figure 3.1.
The violet clouds highlight the proposed location of interaction between the
catalyst and the MWCNT, which are omitted in the figure for clarity. Those
pre-catalysts anchored on MWCNT where simply drop casted onto the printed
electrodes. To drive catalysis, the catalysts had to be activated in which they
coordinated one aquo/hydroxo ligand (or two for the Ru(bda)-based catalyst).
For this purpose, the Ru(tda)-based catalysts were exposed to bulk electrolysis
at pH 12, in which a hydroxo was coordinated to a position liberated by a
carboxylate.*’ In contrast, the Ru(bda)-based catalyst was simply activated by
several cyclic voltammetry sweeps in a pH 7 phosphate buffer. Here is was
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Figure 3.1: Representation of the different pre-catalysts used in Paper II. On the left
the pre-catalyst for 1-H,O@CNT@PE, in the middle for 15-H,O@CNT@PE and on
the right for 10—(H,0)@CNT@PE. Adapted with permission from ACS Appl. Energy
Mater. 2021, 4, 10, 10534-10541. Copyright 2021 American Chemical Society.

proposed that two aquo ligands coordinate to positions previously occupied
by a pyrindine ring with attached carboxylate.™* For all molecular catalysts
used in Paper II the coordination of the aquo ligand(s) and thus the activation
of the catalysts can be followed by a shift of the ruthenium redox peaks to
lower potentials in CV or differential pulse voltammetry (DPV).?2>41%?

The activation of the Ru(tda)-based monomeric catalyst was for unknown
reasons not successful on electrodes printed on a Nafion® substrate. Hence,
PE printed on a high impact polystyrene substrate were used instead in Pa-
per II for those molecular anodes. The resulting active molecular anodes were
abbreviated as 1-H,O@CNT@PE for the monomeric Ru(tda) complex,
15-H,O@CNT@PE for the oligomeric Ru(tda) complex and
10—(H20),@CNT@PE for the oligomeric Ru(bda) complex. To be able to
conduct the activation step directly in the electrolyte used for the experiment
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is a clear advantage for the latter since every rinsing step might provoke the
loose of weakly adsorbed material from the surface of the electrode.

The loss of ruthenium centres from the electrode was visible during the
long-time exposure for example for 15-H,O@CNT@PE in Paper II. How-
ever, here it has to be differentiated: Either the catalyst was removed from the
MWCNTs, which remain on the electrode, or the catalysts stayed on the
MWCNT and the MWCNT with catalyst detached from the electrode. The
former indicates a weak adsorption of the catalyst on the MWCNT whereas
the latter suggests a weak adsorption of the MWCNTs on the electrode. As
presented in Paper II, for 15-H,O@CNT@PE both a decrease in double layer
capacitance and surface loading of ruthenium can be observed during the step-
wise chronopotentiometry (CP). This was rationalized with the loss of
MWCNTs decorated with catalyst from the electrode surface, rather than the
loss of catalyst from the MWCNTs and advocates for a strong adhesion of the
catalyst onto the MWCNTs. Stirring of the solution as well as oxygen bubble
formation during the reaction can be expected to have contributed to this re-
moval. However, due to the unchanged maximum current density in the CVs
it can be assumed that catalysis was overall limited by the electron conductiv-
ity of the PE and not the amount of catalyst on the electrode. Here I hypothe-
size two possibilities: Either the electrical resistances to the (later lost) ruthe-
nium centres were from the very beginning too high to let them contribute to
the catalytic current, or the overall supply of electrons from the PE was too
low to let all ruthenium centres participate at the same time. Nevertheless, in
both cases the low conductivity of the PE is indicated to be the limiting factor.

Besides 15—-H,O@CNT@PE also 10—(H,O0)@CNT@PE showed an ex-
tremely stable performance and high activity during the 12 hours of OER as
shown in Figure 3.2. Oligomeric catalysts did not only introduce an enhanced
anchoring strategy, but simultaneously also increased the catalyst loading on
the electrode, which led to an improved performance compared to the mono-
meric complex.

The surface loading of catalyst was calculated based on the charge con-
sumed during the reduction of the ruthenium centre, visible in the CVs. Due
to the overlapping of the peaks, the gaussian peak shape mode of the potenti-
ostat’s software (CHI 660C) was used for the analysis. In retrospective, this
might have led to a slight underestimation of the surface loading. However,
since the peaks merged, no other mode would have been applicable. In addi-
tion, the same conditions were used for calculating the surface loading at all
times, so it is anticipated that the surface loading over time and the comparison
of surface loading among the catalysts would not be affected by a possible
minor deviation.

The greatest limitation of the molecular anodes was proposed to be the low
and unreproducible electron conductivity of the PEs as detected by the ohmic

resistance compensation routine of the potentiostat. It is assumed that this
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Figure 3.2: Stepwise CP of the different catalysts in pH 7. Each current was applied
for two hours. CVs in between were used to determine the surface loading and the
stability of the catalysts. The oligomeric catalysts 15-HO@CNT@PE and
10-(H20),@CNT@PE illustrated high activity and stability during the entire 12 h
period. Reprinted with permission from ACS Appl. Energy Mater. 2021, 4, 10,
10534-10541. Copyright 2021 American Chemical Society.

hampered the activity of the catalysts significantly, since the well reported
TOFmax could not be reached. Furthermore, higher potentials had to be applied
to reach the desired current, which might have caused the degradation of the
electrodes, especially for I-H,O@CNT@PE.

From the work in Paper II it became obvious, that the oligomeric catalysts
were superior in their activity and stability, due to a larger number of active
centres and the multiple CH—nt interactions with the MWCTN, and hence
would be more suitable to be implemented into a water splitting device. To
confirm the PEs being the limiting factor, a reference experiment was con-
ducted with a commercial carbon-based gas diffusion layer (GDL) as elec-
trode.

In Figure 3.3 (A) the comparison between 15-H,O@CNT on PE in red and
on GDL in black, respectively, is illustrated. To exhibit a similar ohmic drop,
the CV of the catalyst on PE taken from Paper Il was fully iR compensated
(IR = 2815 Q), whereas the CV of the same catalyst on GDL only to 85 %
(IR =9 Q). The influence of the electrode on the performance of the catalyst
is clearly observable with 15-H,O@CNT on GDL reaching catalytic currents
nearly 25 x higher than on PE. The influence of the electrode becomes even
more pronounced when considering the amount of catalyst on both electrodes.
With the analysis of the charge consumed in the Ru"Y/Ru™ and Ru"/Ru" re-
ductions (visible the inset in (A)), the catalyst loading was quantified with
0.21 nmol for 15-H,O@CNT@GDL to be significantly lower than the
1.78 nmol for 15-HO@CNT@PE. The lower loading for the former was
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Figure 3.3: (A) Comparison of the CVs of 15-HO@CNT on PE and on GDL. Both
were taken in 1.0 M phosphate buffer (pH 7) with a scan rate of 10 mV s™!. Data on
PE was taken from Paper II and fully iR compensated.'® The CV of the catalyst on
GDL was 85 % iR compensated. The inset shows the reversible redox waves of the
ruthenium centres and the lower loading of catalyst on the GDL. (B) With FOWA
the TOF max of 15-H;O@CNT@GDL was estimated as 8 776 s,

anticipated, since it just served as a control experiment and only a little amount
of catalyst was intended to be used. With foot of the wave analysis
(FOWA)**''? at the onset of the catalytic wave (highlighted in turquoise in
(A)), the maximum turnover frequency (TOFm.x) of 15-HO@CNT@GDL
was estimated in (B) to be in the order of 8 000 s !, which agrees with the
previously reported maximum turnover frequencies of Ru(tda)-based cata-
lysts.49’52’53

3.3 Promising to Integrate into an Electrolyzer Cell?

When considering the possible integration into an electrolyzer cell, several
aspects have to be considered:
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1) Do we have a catalyst for the cathode working at the same pH?
2) Can the electrolyzer cell work at higher current densities?
3) Which parameters could possibly impose limitations?

In order to answer those questions, a search in literature is helpful. An ad-
vantage of the molecular catalyst used in Paper Il is their ability to split water
in neutral pH. However, this limits the number of known active and stable
catalysts for the HER.'""" Nevertheless, cobaloximes are a famous family of
cobalt-based molecular catalysts, which are reported to be active for HER in
pH 7.""*15 In addition, Yin’s group presented a heterogeneous CoP/Co-MOF
catalyst, which exhibits remarkable activity for HER in the same electrolyte
as used in Paper II (1.0 M phosphate buffer, pH 7) and could be a possible
choice in this hypothetical electrolyzer cell.''® Another interesting strategy for
the future might be to combine the Ru-MWOC at the anode with for example
Fe—Fe hydrogenase inspired biocatalysts at the cathode.''”!'® From this point
of view there are already known promising catalytic materials for the hydro-
gen evolution reaction in the desired condition.

This brings us to the next problem: High current densities. Electrolyzer
cells usually operate in the range of several hundred mA c¢cm 2. The resistance
of the PEs is a clear restriction at the moment, however, assuming those elec-
trodes are made highly conductive or are exchanged with a more conductive
electrode as a GDL, this would result in a decrease of resistance. Furthermore,
in pH 7 a buffer is needed to (among others) further decrease the solution re-
sistance. With the addition of buffer also the counterion (usually sodium or
potassium) is added. It is unclear to which extent the cations will increase the
overall resistance and limit the diffusion of protons through a proton exchange
membrane, however cations are reported to lower the conductivity of the
membrane significantly.'"” In general, compared to strongly acidic conditions,
the neutral pH possesses a high resistance even with buffer, which signifi-
cantly influences the potential necessary to reach high current densities. A too
high applied potential might risk the degradation of a carbon-based anode or
the Ru-MWOC. An additional strategy to reduce the overall resistance is to
assemble the electrodes directly in contact with a membrane as Nafion® (zero
gap configuration). This would clearly decrease the resistance but at the same
time increase the local pH around the Ru-MWOC, which would now approx-
imate the pH of the membrane. I could imagine this could lead to a decrease
in activity, which corresponds to a higher potential applied to reach the desired
current density.***

Other limiting factors could be the upscalability. With a higher loading of
catalyst, the potential to reach a desired current density could be decreased.
However, the syntheses of Ru-MWOCs can be time and energy consuming
and hence a high loading extremely challenging and not economically reason-
able, especially in the case of an electrolyzer cell with several cm® electrode
area.
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3.4 Anchoring Strategies

Regarding the anchoring strategy, the CH—mt interaction seems highly prom-
ising. The proposal of this interaction was corroborated in the reports charac-
terizing the catalysts by scanning tunnelling microscopy (STM), atomic force
microscopy (AFM), grazing incident wide angle X-ray scattering (GIWAXS),
'H-NMR spectroscopy and density-functional theory (DFT) calculations.’*>*
Compared to ni—nt stacking, the adsorption of the catalyst via CH—m interac-
tions onto the electrode seems to be enhanced, due to multiply anchoring
points. Each equatorial ligand is proposed to contribute to the adsorption.’>**
For the Ru(tda)-based and Ru(bda)-based oligomers this means a higher num-
ber of attractive interactions and hence a proposed higher stability as com-
pared to the monomeric Ru(tda) complex.

Limited stability is also a drawback for other commonly used anchoring
strategies as for example for the acidic-metal oxide interaction. Those acid-
metal oxide bonds are known to be prone to hydrolysis, especially in low pH
electrolytes, leading to a poor stability of molecular anodes.®”'*° An additional
drawback is that the acidic groups of the equatorial ligand participating in the
catalytic cycle as initial proton acceptors would be needed to be protected
from anchoring on the surface, else the activity for OER would be drastically
inhibited.**>> A more stable anchoring method would be via a covalent C—C
bond between the catalyst and the carbon electrode by for example diazonium
grafting.'®!?! However, this method is proposed to add challenges to the in-
tegration of the catalyst into current devices.'”? Additionally, in some cases it
might result in a slight increase of the charge transfer resistance between the
electrode and the catalyst compared to the non-covalent n—n stacking strat-
egy.®” My hypothesis is based on the assumption of a misaligned m-system
between the graphitic electrode and the diazonium crafted ligand. However, |
expect it to be highly dependent on the ligand used and hence would be needed
to be discussed for each system separately.

A reduced electron transfer from the catalyst to the substrate is reported
also in the case of heterogenizing by alkylchain alignment.’” In this strategy
the ligands of the catalyst are modified with long alkylchains, which are sup-
posed to self-assemble with the alkyl chains reaching from the electrode sur-
face.””® The strength of interaction between the chains can be expected to rise
with longer aliphatic chain lengths. Unfortunately, with increasing length the
charge transfer resistance from the catalyst to the substrate increases simulta-
neously.”’

Another strategy to heterogenized molecular catalysts is to integrate them
into a MOF. So far, even after overcoming difficulties in synthesizing the de-
sired MOF with Ru(tda)-based molecular catalysts as linkers, the activation of
the catalyst seemed to be not fully accessible until now.”>'*

Last but not least in this short comparison of anchoring strategies, electro-
polymerization of molecular catalysts with suitable axial ligands is an
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interesting strategy to anchor the catalyst and provide high loadings. Sadly,
also here there are obstacles, which still have to be overcome, as for example
the instability of the catalytic film on the electrode.’®'?*1%

3.5 Outlook

For an improvement of the printed molecular anodes, the conductivity of the
PEs has to be clearly increased. Furthermore, since the electrodes are expected
to have a graphitic surface, the anchoring of the catalyst could be done directly
on the electrode. It is uncertain how much the loading of catalyst would de-
crease due to the reduced available surface area by excluding the MWCNTs.
Luckily, as shown in Paper II, the surface (and hence surface area) of the PEs
can already be altered by the ink composition. Additionally, besides the tda
and bda equatorial ligands, there is a huge variety of others ligands reported
in literature for Ru-MWOC, among others with phosphonic or sulfonic
groups. 1126127 Up to now, there are to the best of my knowledge no reports
on oligomeric catalysts with those equatorial ligands. However, finding a
strategy to successfully synthesize and subsequently characterize them seems
only to be a matter of time. As a last remark, aside from the linear oligomers
with 4,4’-bipyridine as axial ligand, also other ligands were successfully used
to synthesize oligomeric compounds.'**'?* In the near future, the combination
of promising equatorial ligands with novel axial ligands might result in a new
benchmarking molecular catalysts with regards to activity and stability.

( KEY FINDINGS OF MY WORK

* Oligomeric catalysts seem more s
integration into an electrolyz
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4 Single Atom Catalyst for the Hydrogen
Evolution Reaction (Paper III and Patent I)

In this chapter, the work on the single atom catalysts presented in Paper 111 is
discussed. Subsequently, the integration into a device is in focus, which in-
volves a short introduction of Patent I. With a catalyst operating in acidic me-
dia as well as being deposited on a gas diffusion layer, this setup could be
readily integrated into a proton exchange membrane electrolyzer cell
(PEMEC) and hence is quite close to an already established device.

4.1 Introduction

The idea of single atom catalysts (SACs) is, as described in the introduction,
to utilize all metal atoms in the material as active centres. By embedding those
atoms into a highly conductive matrix, a fast electron transport to the active
site should be provided. There are several different strategies reported on the
synthesis of such a catalyst, among others the carbonization of a zeolitic im-
idazolate framework (ZIF).%*6%13° ZIF-8 is known to exhibit a highly porous
structure, providing a large surface area and hence illustrates a promising can-
didate as parent structure for SACs. In this ZIF, zinc ions are linked by
2-Melm (2-Melm is 2-methylimidazole) in a three-dimensional network. The
fundamental idea in Paper III is to substitute some of the zinc nodes by a de-
sired transition metal, followed by pyrolysis of the doped structure. In this step
the organic linkers decompose into graphitic carbon and possibly reduce the
metal ions, while zinc evaporates, leaving behind only the doping metal in the
highly porous and conductive carbon matrix.'*’

There are different possibilities to introduce the doping metal into the
ZIF-8, among others with a post synthetical metal exchange.'*""'** However,
we decided to not only integrate the transition metal directly into the material
during the ZIF formation, but also to avoid the use of solvents during the
whole SAC synthesis, neither in the synthesis of the ZIF structure, nor in a
purification or acid leaching step. Hence, this synthesis protocol presents clear
benefits in terms of industrial upscaling and waste management.'**!** Luckily,
Liu et al., already reported a solvent-free synthesis of Fe-SAC for the oxygen
reduction reaction, which served us as blueprint.'**
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The deposition of the SAC onto the electrode was conducted as for the
state-of-the-art Pt/C catalyst, which enabled the usage of already known and
established techniques. In short, the SAC powder was mixed with a Nafion®
binder (a perfluorinated polymeric acid) and solvents to form a homogeneous
catalytic ink, which was subsequently drop casted onto a carbon-based gas
diffusion layer (GDL) as electrode with a volume equal to a SAC material
mass loading of 0.5 mg cm 2. In this way, the catalyst is basically glued with
Nafion® directly onto the electrode.

4.2 FElectrochemical Performance of SACs for HER

In Paper I1I the catalytic activities for HER of four transition metal SACs were
investigated in strong acidic media (0.5 M sulfuric acid). Based on X-ray pho-
toelectron spectroscopy (XPS) and powder X-ray diffraction (PXRD), all dop-
ing metals, manganese, iron, cobalt and nickel, seemed to have been success-
fully integrated into the porous N-doped carbon matrix, without the formation
of a significant number or size of nanoparticles. In fact, only with transmission
electron microscopy (TEM) and the connected energy dispersive X-ray spec-
troscopy (EDX) technique, few nanoparticles were observed for the investi-
gated Co-SAC.

Among all tested materials, Co-SAC showed the highest performance and
a good stability for the HER in strong acidic media, already with a very low
loading as illustrated in Figure 4.1. The initial decrease in performance ob-
served in chronopotentiometry (CP) was attributed to the leaching of small
nanoparticles, which were observed in the as-synthesized material by TEM
(Figure 4.1 (A)). Since the performance drop seemed to have happened only
in the beginning of the measurement, it was hypothesized that the SACs likely
have a higher stability compared to the nanoparticles containing the same el-
ement. As mentioned in Paper 111, for a continuous leaching of the SAC metal,
a continuous drop in performance would have been expected, which was not
observed.

I would like to mention that the undoped carbonized ZIF-8 structure al-
ready illustrated a highly interesting feature in the cyclic voltammogram (CV)
shown in Figure 4.1 (B), which was shortly described in Paper III. The fresh
ink showed a reproducible crossing of the forward and reverse scan. This in-
dicated an activation process happening on the forward scan, because of which
the reverse scan illustrated a higher activity. An overall activation process
would result in different performances of subsequent cycles, which was not
visible in this case. It seems the activation of the forward scan got deactivated
on the reverse, leading to the material being in the same conditions at the be-
ginning and end of each scan. Unfortunately, the origin of this behaviour was
not detected and after aging of the ink for one day, the phenomenon as well as
the catalytic activity vanished for the undoped SAC. The decrease in activity
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Figure 4.1: (A) Chronopotentiometric measurement at —10 mA cm 2 in 0.5 M sul-
furic acid for the different SACs with a mass loading of 0.5 mg cm 2. Co-SAC illus-
trated the highest activity and a stable behaviour, indicating the enhanced stability
of SACs. (B) CV of the different SACs with 10 mV s™!, showing the highest perfor-
mance for Co-SAC. Adapted from Paper III.

with aging of the ink is hypothesized to be due to the agglomeration of parti-
cles to reduce the high surface energy of the material. This indicates the need
for constant stirring and controlling of the ink.

4.3 Membrane Electrode Assembly

In order to integrate catalysts into a PEMEC, a subsequent step necessary to
the deposition of the catalyst onto the electrode, is the assembling of the elec-
trode(s) with a proton exchange membrane (PEM). This assembling process
leads to a so-called membrane electrode assembly (MEA), which is referred
to as the heart of an electrochemical cell. Inspired by a proton exchange mem-
brane fuel cell, with this step, not only three components are combined to one,
which facilitates the cell assembling, but also the performance is in-
creased."*'* In general, a closer distance between the anode and cathode is
expected to decrease the cell resistance.'*!*

Up to now there are commonly two different MEA fabrication methods
established. The catalyst can either be deposited onto the membrane (catalyst
coated membrane (CCM)), or onto the electrode (catalyst coated substrate
(CCS))."*”13¥ In both methods the electrodes and the Nafion® membrane are
assembled by hot-pressing after the catalyst deposition step."*” The hot-
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pressing step is commonly conducted at temperatures in the range of
120 °C -140°C, which is above the glass transition temperature of
Nafion®."**!*’ The membrane is suggested to become more malleable at these
temperatures, leading to an improved interfacial connection of the electrodes
with the membrane. It becomes obvious that the entire process is heavily de-
pending on Nafion®, or any other membrane material with a glass transition
temperature in this range.

Fortunately (for me), the provided sulfonated polyaryletherketone PEM
seemed to not have a glass transition in this temperature range. In fact, only a
small irreversible transition was detected at 245 °C by differential scanning
calorimetry (DSC). Thus, assembling a MEA comprising this membrane ma-
terial in a hot-pressing step was not successful and prompted the development
of the process described in Patent .

The basic idea of the process is to deposit the catalyst ink onto the electrode
and solidify the mixture by freezing. The solidification step is necessary, be-
cause the membrane starts to swell, roll and bend immediately, when in con-
tact with a liquid. With a solidified mixture, this swelling can be prevented or
slowed down significantly, facilitating the positioning of the electrode with
the membrane. After the positioning, the setup is fixed with external weights
and the ensemble is heated above the freezing temperature of the solidified
mixture. In this way the mixtures liquifies, and causes the membrane to swell
into the electrode and/or attacks the surface of the membrane, resulting in
strong connection between the electrode and the membrane (see Figure 4.2).
As described in Patent I, the MEA seems quite stable and even immersing in

(A) (B)

Figure 4.2: Pictures of a MEA manufactured according to the process described in
Patent 1. (A) Top view and (B) side view.
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water, which is expected to cause the expansion of the membrane by swelling,
is not leading to a detachment of the electrode from the membrane.

In addition, different membrane materials and liquid mixtures were suc-
cessfully tested for the assembling. The optimization of the process conditions
for each mixture composition was unfortunately not possible in the time frame
given, which was also a reason for the inability to characterize the so gained
MEA electrochemically.

4.4 So, Using SAC in Electrolyzer Cells?

With the employment of SACs in a MEA with the commonly used hot-press-
ing method with a Nafion® membrane, or possibly after fine tuning the pro-
cess suggested in Patent I, a cell with a hopefully low resistance between an-
ode and cathode could be obtained. With this solution, one obstacle presented
for the ruthenium-based molecular catalysts seem to be overcome. Could SAC
be the solution we are hoping for?

An aspect, which has to be critically reviewed when considering the use of
SAC:s in electrolyzer cells, is the mechanism for the hydrogen evolution reac-
tion accessible with SACs. In Chapter 1.2.2 the widely accepted steps for HER
were presented. In short, the Volmer step describes the adsorption of a hydro-
gen atom onto the surface, the Tafel step the recombination and desorption of
two adsorbed hydrogen atoms on the surface in close proximity, and the Hey-
rovsky step the electrochemical desorption of an adsorbed hydrogen atom by
the interaction with a proton in solution. Assuming the transition metal is the
site of adsorption, it becomes clear that the Tafel mechanism is highly un-
likely. For SACs the active sites are expected to be homogeneously dispersed
in the material and hence too far away from each other to enable a recombi-
nation of two adsorbed hydrogens.** This means that the fastest mechanism
proposed for the hydrogen evolution is impossible for SACs. In the best case
these materials might follow the Volmer-Heyrovsky mechanism, which is
proposed to only have a 10 mV dec™' higher Tafel slope than the Volmer-Tafel
mechanism and thus exhibits only slightly higher potentials at high current
densities. As a quick approximation: Imagine that two materials have the same
potential at 10 mA cm 2, but follow the two different mechanisms. At a cur-
rent density of 1 A cm? the material following Volmer-Heyrovsky would
only have a 20 mV more negative potential than the one following Volmer-
Tafel. However, it should be noted that due to their similarity with molecular
catalyst, SAC might follow a molecular pathway and hence the designation of
the adsorbing site is uncertain.'*'™'* The assumption of SACs being similar to
molecular catalysts with an undefined ligand is corroborated by high-resolu-
tion XPS analysis of the metal, revealing all metal sites being oxidized and
not in a metallic state. It seems with SACs the lines between molecular
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systems and nanoparticles start to blur, which makes the classification and
description of mechanisms complicated.

Nevertheless, assuming the applicability of Tafel slope analysis, the poten-
tial required to reach the next decade of current density is often assumed to
only depend on the mechanism of the rate determining step (Volmer, Tafel or
Heyrovsky). Tilak et al. suggested that this assumption might not be true.**'**
In their work they proposed that the surface loading of catalyst indeed has an
influence on the Tafel slope with a decrease in surface loading leading to an
increase in the slope. This might explain the deviation in the Tafel slope to
higher values than the proposed 30 mV dec™!, 40 mV dec™' or 120 mV dec™
for the Tafel-, Heyrovsky- or Volmer-step, respectively, as detected in other
SACs publications.®****¢” Thus, low numbers of active sites might result in a
higher potential necessary to operate the electrolyzer cell at a desired current
density and the need to increase the number of active sites seems unavoidable.

Another issue needed to be considered is the anode compartment. When
driving HER in strong acidic media and using a proton exchange membrane
(PEM) as separator between the two half-cells, obviously also the anodic re-
action will be driven in the same electrolyte. The acidity of the medium does
not only impose a major limitation on the materials used for the current col-
lectors, casings and other components of the whole electrolyzer cell, but also
on the material used as catalyst for the anodic reaction. Up to now, iridium
and ruthenium oxides are the most active catalyst known for the OER in acidic
media. Both are rare metals and even though they suffer from dissolution at
high potentials, other solid state catalysts are significantly less stable.'*2*!4°
Hence, active and stable OER catalysts based on earth abundant materials are
highly needed. The group of Nerskov proposed based on density-functional
theory (DFT) calculations possible promising catalysts, of which some were
already successfully synthesized and reported.?*'4®

A solution to avoid high material costs and rare and noble metals as cata-
lysts for the anodic side would be to exchange the PEM with an anion ex-
change membrane (AEM) or a porous separator and run electrolysis in alka-
line media.'® In these conditions many transition metals and oxides are known
to be stable and highly active for OER.'®**%’ Unfortunately, HER in alkaline
media is reported to by sluggish. Some transition metals, as those used in Pa-
per 111, are proposed to adsorb hydroxides on the surface, which might hamper
the HER reaction.*>!'#”'*® Furthermore, water is used as proton source, which
requires water dissociation during the Volmer and Heyrovsky step. Thus, this
step is suggested to be rate limiting.*> The proposed oxophilicity of the tran-
sition metals leading to the hydroxide adsorption mentioned above, is sug-
gested to promote the water dissociation step of neighboring sites and hence
to accelerate the HER in alkaline conditions.*'*” Unfortunately, as for the
Tafel step, in SACs materials the metal sites are likely too far away from each
other to act in such a beneficial way.
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4.5 Outlook

An obvious disadvantage, which prevents the SACs of Paper III from being
implemented into a device is its low loading of active sites. As an example, in
Paper 111 the Co-SAC electrode had a mass loading of 0.5 mg cm ™, of which
only approximately 1.3 wt.% was cobalt. The low loading could be raised in
two different strategies. Either increasing the mass loading on the electrode
for a given SAC material, or increasing the intrinsic metal loading of such a
SAC material. The former approach might lead to the burying of already ex-
isting active sites under inactive material by for example repetitive drop cast-
ing. Thus, the drop casting process would be needed to be optimized as well
as the ink formulation. The second approach could be realized by increasing
the amount of doping metal in the ZIF-8 synthesis. Unfortunately, this is ex-
pected to simultaneously lead to a more likely formation of nanoparticles.
Thus, the synthesis parameters might need to be adjusted to decrease or su-
press the nanoparticle formation. However, as described in the previous chap-
ter on ruthenium-based molecular water oxidation catalysts and also above
with regard to the Tafel slope, a higher loading of active sites on the electrode
is essential for an increased electrocatalytic performance.

With the solvent-free synthesis of SACs, this process might spark interest
for industrial production. However, when thinking about scaling up the syn-
thesis process of such SACs, the high temperature required for the pyrolysis
and the evolved gasses during the decomposition of the ZIF structure might
present a drawback.'®

A component which was not discussed so far, but might have a significant
influence on the electrochemical performance is the GDL. Those electrodes
exist in different configurations, which can include an additional microporous
layer or PTFE treatment of the GDL to increase the hydrophobicity of the
material. Since the aqueous electrolyte provides the reagent, it is uncertain
how much the hydrophobicity of the electrode influences the electrochemical
activity. However, Nafion® was used as binder in the ink and could compen-
sate or counteract this property of the electrode. Nevertheless, it should be
noted that besides the hypothesized influence on the catalytic behaviour, the
hydrophobicity had an apparent effect on the ink deposition process. Drop
casting in a previous experiment on an electrode without a microporous layer
and PTFE treatment led to the ink running through the electrode with effec-
tively less material being deposited on the electrode and highlights the benefit
of such a microporous layer and hydrophobicity. In conclusion, the GDL with
PTFE treatment or additional microporous layer, its integration into the de-
vice, the ink additives and overall composition as well as the deposition
method have all to be adjusted to each other, in order to obtain the best per-
forming electrode.
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5 Nanoparticle Catalysts Based on Nickel
Molybdate Hydrates for the OER and HER
(Paper I and Paper IV)

After the previous chapters revealing that a low number of active sites might
not be desirable for an electrolyzer cell operating at higher current densities,
this chapter covers the exploration of nickel molybdate hydrate-based nano-
particles as electrocatalyst for both the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER). For this, Paper I and Paper IV lay the
foundation for the discussion. In the following, Paper I focusses on the behav-
iour of the material in the electrolyte and during OER, while Paper IV targets
the fundamental characterization of the two detected nanostructures.

5.1 Introduction

Due to the discussed challenges facing water electrolysis in neutral or strongly
acidic pH, the alkaline region of the pH scale is here in focus. Alkaline elec-
trolyzer cells (AEC) are exhibiting already a mature technology and with tran-
sition metals and their oxides being stable in basic conditions a clear ad-
vantage in terms of range of applicable materials. Among the tested transition
metals and transition metal oxides, nickel molybdenum alloys and nickel iron
layered double hydroxides (NiFe-LDH) present outstanding electrocatalytic
activities for HER and OER, respectively.'8*7378798LIS0151 Both are nickel-
based compounds and can be synthesized from a nickel molybdate hydrate
precursor, which is reported to appear in two different nanostructures, namely
nanorod and nanosheets as illustrated in Figure 5.1.%%'°27'%* Besides the
benchmarking catalysts synthesized from nickel molybdates, there are addi-
tional motivations to investigate those materials. First, both, nickel and mo-
lybdenum are already used in AEC, which highlights the industrial interest in
and viability of those elements. Second, in contrast to noble metals mentioned
as oxygen evolution catalysts in Chapter 3 and 4, both, nickel and molyb-
denum were not listed as critical raw materials by the European Union in
2017.'»

A further benefit is that those nickel molybdate hydrate-based nanostruc-
tures can be synthesized directly onto the electrode in for example a
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Figure 5.1: Scanning electron microscopy (SEM) images of the different nickel mo-
lybdate hydrate nanostructures. (A) Nanorods. (B) Nanosheets. Adapted from Pa-
per IV with brightness and contrast adjusted for better visibility.

hydrothermal synthesis as shown in Paper I, neglecting the need for an an-
choring strategy or deposition process of the catalyst onto the electrode. Usu-
ally, the hydrates are synthesized in the time span of a few hours in a temper-
ature range of usually 150 °C — 200 °C."881152-154156-159 Eepecially with a sub-
sequent annealing step in a reducing hydrogen-containing atmosphere, this
material has been shown to exhibit high catalytic activities especially for HER,
but also OER.7%!37-1€0

However, there are still uncertainties in literature regarding the origin of
the high activity and the active site”™'*"**!%! a5 well as for the fundamental
characterization of the hydrate precursor.®!62163

The access to operando Raman spectroscopy fuelled the idea behind Paper I
to elucidate the role of the different elements in NiMoO4-nH,O for electrocat-
alytic OER. With this knowledge, the influence of further synthetical steps as
annealing or reducing, and even the improvement of the performance by sub-
stituting certain elements should have been targeted in subsequent steps. How-
ever, due to the outcome of Paper I that the different nanostructures are likely
different compounds and can appear in the same synthesis, the focus was
shifted to first characterize the two nanostructures fully, before continuing the
investigation and their improvement as electrocatalysts.
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5.2 Selective Molybdenum Leaching in Alkaline
Media

In order to investigate the role of the different elements of a catalyst and the
nature of their enhancing effect on the catalytic activity, in situ, operando or
post-catalysis measurements are imperative.

One of the most important results of this thesis resulted from an observation
with such a technique. With time-resolved in sifu Raman spectroscopy the in-
stantaneous molybdenum leaching from the nickel molybdate hydrate rods
was detected in Paper 1. Already without applied bias the vibrations assigned
to the Mo—O modes vanished over the time span of a few minutes in the
1 M KOH electrolyte (Figure 5.2). In contrast to the rod structure, the spec-
trum of the nickel molybdate hydrate sheet structure with its assigned Mo—O
vibrations remained unaltered and suggested a superior stability in terms of
molybdenum retainment in 1 M KOH.

The leaching of molybdenum from the rods and the assignment of the dif-
ferent Raman spectra and X-ray diffraction (XRD) patterns to the nanostruc-
tures was confirmed by energy dispersive X-ray spectroscopy (EDX) mapping
and inductively coupled plasma optical emission line spectrometry (ICP-
OES). At this point it is still unclear, in which form molybdenum was leaching
out from the rods in situ and from the sheets at sufficiently high applied
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Figure 5.2: In situ Raman spectroscopy of hydrate nanorods and nanosheets on a
nickel foam in 1 M KOH. The nanorod vibrations in green vanish over the time
frame of three minutes. Only the vibrations of the nanosheets in the very back in
panel (A) and in black in panel (B) remained. (A) Illustrates the change in the Raman
spectra in a three-dimensional plot for a better observation of the change over time.
(B) Illustrates the same data in a two-dimensional plot for an improved identification
of the Raman shifts. Adapted from ACS Nano 2021, 15, 8, 13504 — 13515. Copyright
2021 The Authors. Published by American Chemical Society and licensed under CC
BY 4.0.
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potentials, as will be discussed below. It might have leached out already as a
molybdate or possibly formed a molybdate in solution. However, as in Paper I,
this process is further denoted here as molybdenum leaching.

Selective molybdenum leaching (or etching) from the nanorod structure
provided not only the possibility to unambiguously attribute the different Ra-
man vibrations to the nanostructures (Figure 5.3), but also presents a strategy
to probe the presence of nanosheets in a synthesis with nanorods, as shown in
Paper IV.* In retrospective, besides the assignment of the different Raman
spectra and XRD patterns to the corresponding nanostructures, also the selec-
tive molybdenum leaching step represents an accomplishment of this thesis
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Figure 5.3: Investigation of the mixed nanostructure after selective molybdenum
leaching. (A) SEM image of mixed structures and the EDX mapping of the different
elements below. Molybdenum (red colour) was only found in the nanosheets (red
circles). (B) Raman spectra before and after leaching/ etching, verifying the removal
of the vibrations of the nanorods. (C) XRD pattern before and after molybdenum
leaching/ etching. Adapted from ACS Nano 2021, 15, 8, 13504 — 13515. Copyright
2021 The Authors. Published by American Chemical Society and licensed under CC
BY 4.0.
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work with a possible great impact in the future. As described below and in
Chapter 5.4 in more detail, this technique illustrates a strategy to probe the
actual present nanostructures on the electrode and hence might help to eluci-
date or confirm the assignment of the activity to the nanostructures or active
sites. Additionally, this technique might be also applicable for other com-
pounds with similar pore forming agents and hence could be also used for
other catalysts directly deposited on electrodes.

As reported in Paper I, after removal of the molybdenum from the nanorods
and hence turn them “Raman invisible”, Raman bands from the sheet structure
were detected on a sample with initially no sheets observed by SEM. Only
after mechanical removal of the rods by extensive ultrasonication, sheet struc-
tures were detected between the rods and the foam as shown in SI Figure 12
in Paper I and Figure 5.4 below and hence explains the appearance of the
signal in in situ Raman spectroscopy.®

This is important since we were not the only one detecting the sheet signal
on a foam with only rods assumed.***' Choi and co-workers as well as Liu and
co-workers reported the synthesis of nickel molybdate hydrate nanorods on a
nickel foam. With in situ Raman spectroscopy both detected the appearance
of —to them— unknown Raman vibrations. Instead of relating them to the hy-
drate sheets, both wrongly assigned the new bands to a change of the initial
vibrational environment of the rods or to the dissolution of molybdenum ox-
ide.®"#! The repetitive observations of nanosheet signals in syntheses, which
proposed only nanorods on nickel foam, strengthens my following hypothesis:
In most publications reporting only nanorods on nickel foam there is likely an

(A) (B)

Figure 5.4: Detection of nanosheet structures by SEM between the nanorods and the
foam with different resolutions for (A) and (B). Adapted from ACS Nano 2021, 15,
8, 13504 — 13515. Copyright 2021 The Authors. Published by American Chemical
Society and licensed under CC BY 4.0. Brightness and contrast were adjusted for
better visibility.
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undetected layer of nickel molybdate hydrate sheets below the rod structure,
especially when a similar synthesis protocol as ours was followed.

The detection of all present nanostructures is vital, since nickel molybdate
hydrates are only precursors for the final catalyst. The assumption of solely
one structure might lead to an incorrect assignment of the activity, as will be
discussed below in Chapter 5.4, especially since the two nanostructures are
detected to be different compounds, as presented in Chapter 5.5, and hence
the present phases during catalysis on the foam might be fundamentally dif-
ferent.

But first, the stability and the effect of anodic potentials on the hydrate
nanostructures will be discussed.

5.3 Origin of High Activity of Nickel Molybdate
Hydrates for OER

With cyclic voltammetry the activity of the nickel molybdate hydrate
nanostructures towards OER was investigated in Paper 1. In subsequent cycles
the increase of charge consumed during the Ni" to Ni'! oxidation peak was
observed, indicating more nickel sites becoming exposed to the electrolyte
with time. In addition, a large increase in double layer capacitance of the elec-
trode was detected, which is assumed to be proportional to the electrochemical
surface area (ECSA). Both trends could be rationalized with the formation of
a highly porous structure by removal of molybdenum, which was confirmed
by ICP-OES of the electrolyte, by in situ Raman spectroscopy of the electrode
and post-catalysis analysis of the nanostructures by EDX and X-ray photoe-
lectron spectroscopy (XPS). With molybdenum leaching the nickel surface
loading raised by 20 — 30 times, quantifying the increase on nickel sites ex-
posed to the electrolyte. This led to overpotentials of less than 600 mV for a
current density of 200 mA c¢m 2, normalized to the geometric electrode area
and without /R compensation, and a quite stable behaviour over 500 cycles
(Figure 5.5). However, it should be noted that the actual current density of a
catalyst is strongly influenced by the thickness and porosity of the metal foam.
This has to be taken into account when comparing activities among publica-
tions using porous electrodes.'”

Based on the amount of visible nanosheets assembled to nanoflower struc-
tures by SEM and the intensity of the corresponding Raman bands in the
ex situ Raman spectra of the as-synthesized materials, the different catalytic
performances were assigned to the nanostructures. It was proposed that the
nanorods are more active than the sheets. In retrospective, this attribution
might be difficult, since the contribution of the nanosheet structures between
the nanorods and the foam remains unknown. For a more valuable
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Figure 5.5: Electrochemical analysis of the nickel molybdate hydrate decorated
nickel foams. (A) Cyclic voltammogram (CV) in 1 M KOH with 10 mV s™%. (B) The
double layer capacitance (Cqi) over the 500 cycles indicate a stable high electrochem-
ical surface area. Adapted from ACS Nano 2021, 15, 8, 13504 — 13515. Copyright
2021 The Authors. Published by American Chemical Society and licensed under CC
BY 4.0.

comparison, both nanostructures would have to be synthesized separately and
characterized for example on a glassy carbon electrode.

The ability to investigate the electrodes spectroelectrochemically did not only
detect the sudden molybdenum leaching process from the nanosheets upon the
Ni" to Ni"" oxidation, but also enabled the detection of the active phase during
water oxidation. During the oxidation of Ni" to Ni'", the Raman bands of the
nanosheet vanished while the Raman spectra of y-NiOOH emerged, which
was also the only phase detected during catalysis (Figure 5.6). Hence, the data
indicated that in fact for both nanostructures nickel molybdate hydrate is only
the precursor, which turned into y-NiOOH as the active phase for OER. This
was also observed by Choi et al. and Liu et al..**3' The latter work detected
with extensive transmission electron microscopy (TEM) tomography the
phase transformation step by step, and did not only confirm the presence of
v-NiOOH in the nanorod structure, but also an influence of the temporal sep-
aration of the molybdenum leaching and nickel oxidation step on the final y-
NiOOH morphology. Subsequent leaching and oxidation responded in the for-
mation of y-NiOOH nanosheets, whereas a simultaneously leaching and oxi-
dation resulted in smaller nanoparticles with enhanced OER activity.*® This
observation explains the roughened surface with a sheet like structures of the
rods, detected by SEM post-catalysis in SI Figure 26 in Paper | and Figure
5.7 here.'®
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Figure 5.6: Molybdenum leaching from nanosheets and formation of y-NiOOH ob-
served by in situ Raman spectroscopy at 1.4 V vs RHE in 1 M KOH. (A) Illustrates
the change in the Raman spectra in a three-dimensional plot for a better observation
of the change over time. (B) Illustrates the same data in a two-dimensional plot for
an improved identification of the Raman shifts. Adapted from ACS Nano 2021, 15,
8, 13504 — 13515. Copyright 2021 The Authors. Published by American Chemical
Society and licensed under CC BY 4.0.
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Figure 5.7: SEM image of the roughened nanorod surface after catalysis. Adapted
from ACS Nano 2021, 15, 8, 13504 — 13515. Copyright 2021 The Authors. Published
by American Chemical Society and licensed under CC BY 4.0. Brightness and con-
trast were adjusted for a better visibility.

The conclusion of Paper I regarding the role of molybdenum was that it
initially acts as a structure forming agent during the synthesis, followed by
being a pore forming agent in situ and during the Ni" to Ni'! oxidation. Since
it was not present anymore in the structure during catalysis, electronic effects
were excluded and the enhanced OER activity was proposed to only derive
from the high number of active sites, as also suggested for other transition
metal molybdates or compounds with other pore forming agents as in nickel
iron diselenide.”>”
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Nickel molybdenum-based compounds are also reported to be excellent hy-
drogen evolution catalyst, making this material highly interesting for both
half-cell reactions.'®

5.4 Hydrate versus Anhydrate Sheets for HER

In order to achieve high catalytic activity for HER, the nickel molybdate hy-
drate nanostructures are usually annealed in a reducing hydrogen-containing
atmosphere.”®!313%16! Independent on the nanostructure, the active site and
high activity of the reduced nickel molybdate compounds were previously as-
signed to MoNi4 formed in this process.”®!*”!> Worth mentioning is that there
is some disagreement in literature about the stability and nature of the contri-
bution of molybdenum to the HER activity for MoNig.”!6!

However, with this annealing step, the in situ molybdenum leaching of the
rods is inhibited and the presence of sheets on an electrode with annealed or
reduced rods cannot be probed by selective molybdenum leaching in combi-
nation with Raman spectroscopy anymore. Instead, one would need to inves-
tigate the foam — rods interface by for example SEM. Based on a proposal
from Paper I, it is uncertain, if the nanorod structure can be exclusively syn-
thesized on nickel foam without the formation of nanosheets. Since the re-
duced nanosheet structure has also been reported to reach high activity for
HER,' their contribution to the overall HER activity might be overseen,
which is often solely (and maybe falsely) attributed to the reduced rod struc-
ture.”*'>” The unambiguous assignment of the activity to the nanostructure is
essential for further developing and tailoring the catalyst.

The aim behind this project was to take a step back and first compare the
hydrate nickel molybdate with the anhydrate nickel molybdate towards HER
in alkaline media. The sheet structure was selected because of several reasons.
First, Paper | suggested that a synthesis of only nanorods on a nickel foam
would be uncertain whereas from experience the exclusive synthesis of sheets
seemed accessible. Second, molybdenum was proposed to have a beneficial
influence on the HER activity. In contrast to the rods, the nanosheets have
been detected to retain molybdenum in their structure in alkaline media, if not
oxidized, and hence presented the more interesting hydrate structure for HER.
In addition, TEM analysis of the sheet structures in Paper IV has revealed very
small crystalline regions in the sheets of the hydrate, whereas the anhydrate
nanosheets consisted of larger crystalline areas with possible nickel rich pre-
cipitates. It was hypothesized that the larger crystals might facilitate the elec-
tron transport while the precipitates could act as active sites, which might lead
to a higher activity.

Here it should be noted that the annealing step was conducted under air and
not in a reducing atmosphere. Therefore, no extremely high HER activities
were expected. Nevertheless, with growing the hydrate sheets onto the nickel
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foam an increase in activity was observed (Figure 5.8). However, the en-
hancement is only minor and additional experiments are required for a deeper
understanding of the material and further improvement of the catalyst. In stark
contrast to the hydrate sheets, with the subsequent annealing step the HER
activity was surprisingly completely hampered. The most straight forward in-
terpretation would be that the annealed sheets are simply not catalytic active.
In addition, the annealing step might have caused a partial delamination of the
nanostructure from the foam, as observed around cracks in the nanostructure
layer by SEM. This might not only increase the charge transfer resistance from
the foam to the catalyst layer, but might actually make some nickel sites on
the anhydrated sheets electrically inaccessible and hence additionally decrease
the available number of active sites.

From the electrochemical experiment it was suggested that the hydrate and
anhydrate have fundamental different activities. Hence, they should be clearly
denoted as either hydrate or anhydrate in scientific reports. However, since
the anhydrate sample suffered from cracks, it might not be representative for
all anhydrate samples in literature and other synthesis parameters have to be
explored before making a final statement. Second, the reduction step is clearly
essential to establish high catalytic activities. Nevertheless, first the synthesis
and annealing parameters have to be improved, since it is doubtable that the
addition of hydrogen in the annealing process would prevent crack formation
or delamination.

A possibility to avoid crack formation due to annealing could be to avoid
this step completely and instead deposit and reduce the material
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Figure 5.8: CV of the nickel foam electrode (grey), decorated with nickel molybdate
hydrate sheets (green) and after annealing to form the nickel molybdate anhydrate
sheets (brown). CVs taken in 1 M KOH with 10 mV s™! and 90 % iR compensation.
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electrochemically. Thus, in order to synthesize the desired sheet or rod
nanostructure via electrodeposition, it should be helpful to have the structures
fully characterized first. This might lead to a deeper understanding of the ma-
terials and hence to the development of suitable electrodeposition conditions
for the two nanostructures.

5.5 Different Nanostructures are Different Materials

As suggested in Paper I, the different hydrate nanostructures exhibit not only
different Raman spectra, but also different chemical stabilities, crystal struc-
tures and elemental compositions. Thus, it becomes obvious that the sheets
and rods are not just two different nanostructures of the same material, but
two fundamentally different materials. Hence, the distinction between the two
materials seems important and should be implemented in the scientific com-
munity.

The motivation behind Paper IV was to first fully characterize the different
nickel molybdate hydrate nanostructure compounds to gain a deeper under-
standing of the materials and their synthesis conditions, before returning to
their electrochemical application. After synthesizing the isolated hydrate
nanostructures successfully, as shown above in Figure 5.1, they could already
be distinguished by bare eye. The nanorods exhibited a yellow colour, whereas
the nanosheets had a bright green colour.

With traditional TEM in bright field mode and with selected area electron
diffraction, large monocrystalline rods were detected for the hydrate rod struc-
ture. Since there are some discrepancies between the XRD and electron dif-
fraction pattern and the reported crystal structure for nickel molybdate hydrate
ICDD: 04-017-0338,'%? three-dimensional electron diffraction was employed
to propose together with powder XRD a new crystal structure. At the moment
of writing this thesis, this refinement is still ongoing.

In stark contrast to the rods, the extremely thin sheets (< 1.9 nm thickness)
seemed to consist of small crystalline and amorphous regions, explaining the
weak diffraction intensity in XRD. Based on the similarity of the morphology
and the XRD pattern to nickel hydroxide sheets, and the reported possible in-
tercalation of vanadate anions in between nickel hydroxide sheets, it seems
plausible that the nanosheet compound could have a layered crystal structure
with molybdate either intercalated or as part of the layers,**1¢5-1¢8

The difference in elemental composition as proposed by Paper I, was con-
firmed by EDX, XPS and ion beam analysis (IBA) techniques. For the latter,
time-of-flight elastic recoil detection analysis (ToF-ERDA) and Rutherford
backscattering spectrometry (RBS) were combined to detect the elemental
bulk composition of Ni, Mo, O and H. With thermogravimetric analysis
(TGA) the amount of crystal water was subsequently proposed, suggesting a
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stoichiometry of approximately NiMoOs - 0.6 H,O for the hydrate nanorod
and NizMoOs - 2.3 H,O for the hydrate nanosheet material.

In order to achieve charge neutrality under the assumption of oxygen in
oxidation state —II, nickel and molybdenum in the nanorods would need to be
in +1I and +VI, respectively, which was indicated by high resolution XPS and
zero field cooled and field cooled (ZFC-FC) measurements. However, for the
nanosheet compound high resolution XPS proposed the presence of a mixed
valence molybdenum in +V and +VI state (Figure 5.9 (A)). This would re-
quire nickel to be also in a mixed valence with oxidation states +I and +II,
which still has to be confirmed by ZFC-FC.

With Raman spectroscopy the proposed Raman bands for the nanostruc-
tures by Paper [ were confirmed (Figure 5.9 (B)). In contrast to the suggestion
of Paper I that the different wavenumbers for the symmetric Mo—O stretching
originates from a possible polymolybdate formation in the rods and monomo-
lybdate in the sheet structure, it now seems more likely that in both nanostruc-
tures a monomolybdate could be present. The different Raman shifts might be
explained by the assumption of the molybdate anion being surrounded by
NiOs octahedrons in the rods, while in the sheets the molybdate anion might
be integrated in/between Ni(OH), sheets. A polymolybdate formation for the
rods seems discarded, due to an equimolar nickel to molybdenum ratio as sug-
gested by Paper IV. The superior chemical stability in 1 M KOH of the sheet
compound over the rod compound was corroborated by selective molybdenum
leaching.

As mentioned in the previous chapter, this leaching process offers an im-
portant strategy to confirm the presence of one or the other isolated nanostruc-
ture: the molybdenum leaching of the nanorods makes this material Raman
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Figure 5.9: (A) Molybdenum 3d high resolution XPS spectra of the different hydrate
nanostructures showing a mixed valence for the nanosheets. Green fit corresponds
to Mo®" and purple fit to Mo®*. (B) Ex situ Raman spectra of the different nanostruc-
tures confirm the assignment proposed in Paper 1.
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invisible, while the stable sheets retain their spectra. Hence, molybdenum
leaching in combination with Raman spectroscopy can be employed to sug-
gest the isolated synthesis of rods without the sheet structure. On the other
hand, the XRD pattern and the Raman bands of the nanorods are so intense,
that nanorods in a synthesis of nanosheets can be expected to be detected by
those techniques. I propose to employ this strategy in future work on nickel
molybdate hydrate-based catalysts, especially when directly grown on the
electrode. As indicated in Paper I and Paper [V, when probing a mixed mate-
rial, the high intensity XRD pattern and high intensity Raman bands of the rod
compound might cover the signal of the sheets and hence might falsely suggest
only rods to be present.

The analysis of the different hydrate nanostructures revealed that in fact
those are two fundamentally different materials and should be reported like
that. The hydrate nanorod structure is the commonly referred to nickel molyb-
date hydrate (NiMoQOs - 0.6 H,O), whereas the nanosheet structure is likely a
layered nickel (hydroxide) molybdate structure (NizMoO:s - 2.3 H,O). Further-
more, both nickel and molybdenum are proposed to be present in mixed va-
lence oxidation states in the hydrate sheets, which illustrates an additional
clear difference to the rod compound.

It seems unlikely that with annealing or reducing two fundamentally dif-
ferent compounds transform into the same material. Thus, anhydrated or re-
duced compounds originating from the hydrate nanorod or hydrate nanosheet
structures can be expected to present differences. As proposed by Paper IV,
the hydrate nanorod compound transforms during an annealing step in air to
a-NiMoOys, whereas the hydrate nanosheets transforms in a mixed structure of
a-NiMoOy and likely small nickel rich precipitates. XPS analysis furthermore
suggest molybdenum still being present in a mixed valence state for the sheet
structure, which could have an effect on the catalytic activity.'*®

5.6 Will Nickel Molybdate Hydrate-Based
Nanoparticle Catalysts be the Future?

As suggested by literature, nickel molybdate hydrate as precursor can lead to
extremely active oxygen evolution catalysts and hydrogen evolution catalysts
with Faradaic efficiencies close to 100 %.'5'** With the ability to directly
grow them on the electrode in a fast and facile synthesis, this material seems
to be highly promising as pre-catalyst for future electrolyzer cells.

When discussing its suitability in an actual device, the actual emerging cat-
alysts have to be considered. For the OER, y-NiOOH is the actual active phase,
as highlighted in Paper I and several other recent studies.**** Iron doping il-
lustrates a known straight forward strategy to increase the intrinsic activity
significantly and most probably will be the catalyst used in such a device.*""'*°
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As indicated by the work of Diaz-Morales ef al., nickel oxyhydroxide needs
to be deprotonated to be active and hence only operates at high pH values.'®
In highly alkaline regimes, usually porous separator are used in the mature
alkaline electrolyzer cells (AEC) to separate the anodic from the cathodic
compartment. Besides possible gas crossover, also an increased solution re-
sistance imposes limitations on such a cell. Especially the latter is tried to be
compensated by increasing the KOH concentration.'*'%!7

As for a device in neutral pH, also in alkaline pH resistance management
is pivotal for a cell running at high current densities. Due to the usage of highly
porous and three-dimensional metal foams as electrodes, a high catalyst load-
ing per geometric area and hence the possibility to reach high current densities
can be achieved. However, an increased foam thickness could simultaneously
lead to an increased solution resistance, which is not desired.

A strategy to decrease the resistance between the electrodes is adopted from
the proton exchange membrane electrolyzer cell (PEMEC). By substituting
the porous separator with an anion exchange membrane (AEM) not only the
cell resistance could be reduced, but also the gas purity could be increased.
Unfortunately, some AEM suffer from instability issues and this device archi-
tecture is not mature yet.'>'’*!”! Additional complications might rise from the
desired molybdenum leaching step of the rod or sheet structure of the nickel
molybdate hydrate-based catalysts for OER. Since AEM shuttle anions, the
presence of molybdate anions in solution might affect the hydroxide conduc-
tivity of the AEM negatively, similar to the decrease of proton conductivity in
PEMSs by other cations (as discussed in Chapter 3.3). To prevent this, either
the molybdenum leaching would have to be carried out before the integration
of the electrode into the cell, or the electrolyte would have to be renewed after
the formation of the catalyst. Undesired additional anions in the electrolyte
might not only originate from the intended molybdenum leaching process for
the oxygen evolution catalyst (OEC). It could also be due to molybdenum
leaching of the MoNi4 hydrogen evolution catalyst (HEC) during operation or
of another NiMo-based material at open circuit potential.'®"!7?

For the integration into a device, the stability of the catalysts plays a major
role. Since the conditions applied in the laboratory are not the same as in an
industrial electrolyzer cell, the stability of the catalyst also under these condi-
tions have to be analysed. For example, Liu et al. proposed that their a-Ni-
MoO; rod catalyst would be stable in 1 M KOH at 20 °C, but suffers from
molybdenum leaching at temperatures above approximately 50 °C.'” In in-
dustrial electrolyzer cells the temperature is usually elevated to 50 — 80 °C and
the electrolyte has a KOH concentration of around 6 M, which is significantly
higher concentrated than in usual lab experiments.'*'® Hence, it is unclear if
the stability of catalytic materials suggested under laboratory conditions rep-
resents their stability in an industrial setup. However, if the desired perfor-
mance of the cell is already reached at laboratory conditions, there is no press-
ing need for higher electrolyte concentrations or temperatures.
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Besides altering the electrode to obtain a high surface area by default, also
the versatility of nanostructures and synthesis methods enable high surface
areas and a high number of exposed active sites on the electrode. However,
metal oxides are generally poor electron conductors and a too thick catalyst
layers or too sprawling nanostructures might not be beneficial for catalysis.
Hence, an efficient strategy proposed is to synthesize a core-nanostructure
with increased conductivity, on which a thin layer of catalyst is depos-
ited."*®!**!7 In addition, for increasing the activity by nanostructuring, Seh et
al. have proposed the existence of an upper limit.” At some point charge and
mass transport are expected to impose limitations on the overall activity.

The importance of resistance management in alkaline media was recently
demonstrated by Hodges and Hoang et al..** By among others decreasing the
solution resistance between anode and cathode as well as avoiding bubble for-
mation on the electrodes, they reached remarkable activities with an energy
efficiency of 93 % for a current density of 1 A cm™? at 85 °C. Based on the
successful resistance management illustrated in the mentioned work, high cur-
rent densities could indeed be achievable for anion exchange membrane elec-
trolyzer cells operating in alkaline conditions. Since highly active OEC as
nickel iron layered double hydroxide used in this publication, could possibly
be synthesized from a nickel molybdate hydrate-based precursor,®!'>”!5® and
MoNi4 HEC synthesized from a nickel molybdate hydrate precursor reached
electrocatalytic activities similar to platinum,”'*”'° T believe nickel molyb-
date hydrates are promising precursors for catalysts in future water splitting
devices.

With operating in alkaline conditions, not only earth abundant elements can
be used as OEC and HEC, but also the whole cell could avoid the employment
of expensive components required for a device using acidic media. This might
lower capital costs of these electrolyzer cells and could offer the widespread
use, which is imperative for a transition to a circular energy society.'>!”

5.7 Outlook

The full characterization of the different nanostructure materials is still ongo-
ing and essential to elucidate the most suitable nickel molybdate hydrate-
based compound for the different reactions. The crystal structures of the nickel
molybdate hydrates are (so far) not fully resolved. A possible helpful charac-
terization method could be X-ray absorption spectroscopy, which could give
valuable inside among others on the coordination environment, but also the
oxidation states of the elements and the interatomic distances.'”

In general, first the two nanostructures should be electrochemically char-
acterized independently. The fundamental difference between the hydrate rod
and sheet compounds could play a major effect. It seems the sheet compound
could provide more active nickel sites and also has an initial higher surface
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area compared to the rods. However, the rods contain more molybdate, so a
more porous structure might be formed.

In a next step, in order to increase the activity of the hydrate structures
towards OER, the integration of iron directly in the synthesis of the nickel
molybdate hydrate nanostructures could be put in focus. An iron doped sheet
structure was already successfully synthesized in a one-step hydrothermal pro-
cess."”® However, to the best of my knowledge, the iron doped version of the
rod structure was only obtained with an anion exchange step subsequently to
the synthesis of the rods. Hence the direct synthesis of an iron doped nickel
molybdate hydrate rod structure still remains to be demonstrated.®!

Since the reducing step is expected to inhibit the molybdenum leaching,
this step might be undesired for OER. On the other hand, it might enable a
faster electron transport and/or synergetic effects of molybdenum present dur-
ing catalysis. Hence also the reduced nanostructures could illustrate improved,
but different activities for OER. For HER the active site of the reduced nickel
molybdate hydrates was proposed to be MoNi4. This could lead to different
activities of the two nanostructures, since it is a nickel rich precipitate (ad-
vantage sheet compound). However, a possibly simultaneously formed
MoOs- core is suggested to enhance the electron transport to the active site
and might contribute with synergetic effects (advantage rod compound).'**!%

Once the desired nanostructure is synthesized on the electrode, the isolated
synthesis should be verified. For proposed exclusive synthesis of the rod struc-
ture, this could be done by either selective molybdenum leaching in combina-
tion with Raman spectroscopy or XRD for the hydrate rod form, or by inves-
tigating the interfacial layer between the anhydrate rods and the foam. From
my point of view, the verification of the presence of only one compound is
vital for the correct assignment of the electrochemical activity and future de-
velopments of the catalysts.

The employment of different electrodes might offer the possibility to fur-
ther optimize the cell performance and might be important for the transition
into an industrial relevant device. While metal foams would be the electrode
of choice for the anodic compartment, both, metal foams and carbon-based
gas diffusion layers could be implemented on the cathodic side. Among oth-
ers, electrode thickness and porosity could have an influence on the electro-
chemical surface area, cell resistance and mass transport limitations. In addi-
tion, different electrodes might enable the isolated deposition of the desired
structure, which should be confirmed by the methods mentioned above.

To further promote the large-scale implementation of the material, alterna-
tive synthesis routes of the catalyst or pre-catalyst might be of interest. With
the hydrothermal synthesis utilized in Paper I and Paper IV, precipitation
aside the electrode seems inevitable, hence electrodeposition might be a more
suitable method to deposit catalyst only on the electrode. In addition, this pro-
cess neither requires high temperatures, a reducing atmosphere nor several
hours for the synthesis of the HEC and hence demonstrates some advantages
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regarding upscaling."”""'"'"® However, translating the synthesis of a known
compound from the hydrothermal to a electrodeposition process might come
along with some challenges.

Molybdenum leaching was detected with the subsequent formation of a
higher surface area electrode, which was suggested to be the origin for high
catalyst activities. With the reduction step, the nickel molybdate-based com-
pound might lose the ability to do so. Luckily, besides molybdenum also other
elements are reported to act as pore forming agent, for example selenium, al-
uminium or zinc.”>’*” Thus, with the addition of such an element mentioned
above, the porosity and high surface area of the reduced compound might be
able to be reintroduced.

Based on nickel molybdate hydrates, both, highly efficient and active catalysts
for HER and OER can by synthesized, which seem to be very promising can-
didates for the integration into an alkaline electrolyzer cell, preferably with an
anion exchange membrane. As indicated before, the long-term stability of
MoNi, nanoparticles is still under discussion and would need to be resolved
at industrially relevant conditions as temperature or electrolyte concentration,
before a final recommendation can be made. Once the stability uncertainty is
fully resolved and the most suitable nanostructure for the different reactions
is detected, this Ni-Mo precursor system might be able to make a change and
could be implemented in a widespread electrolyzer cell.

( KEY FINDINGS OF MY WORK

* Both nickel molybdate hydrate nan
transform into highly porous y—
OER.

*  Molybdenum acts as s

Nanorods and Nan

of nanosheets i
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6 Summary and Outlook

In this thesis work, different classes of catalysts and their suitability for inte-
gration into an electrolyzer cell have been investigated.

Ruthenium-based molecular catalysts in Paper II showed high activities and
stabilities for water oxidation at neutral pH. Especially the oligomeric cata-
lysts exhibited a superior performance. The electrical conductivity of the elec-
trode was discovered as a limiting factor on the catalytic activity of such a
molecular anode. In addition, the low loading of catalyst on the electrode and
the low conductivity of the electrolyte at neutral pH, might impose further
limitations to reach high current densities at reasonable potentials and hence
illustrates a drawback for the widespread use of such an electrolyzer cell. Pos-
sibly, further development of molecular catalysts with different equatorial and
axial ligands could give rise to even higher activities and might partially com-
pensate the low loading. Additionally, to integrate those catalysts in a device,
one might have to move away from the traditional device architectures and
would have to develop a setup more suitable for this class of catalysts.

Among the tested transition metal single atom catalysts synthesized by pyro-
lyzing transition metal doped ZIF-8 structures in Paper I1I, cobalt showed the
highest activity for hydrogen evolution and a stable behaviour in acidic pH.
The enhanced stability of single atomic sites compared to the corresponding
nanoparticles was proposed. Only a low number of nanoparticles was sug-
gested to have been formed during the solvent free synthesis. Hence, this pro-
cess might present an interesting strategy for the large-scale synthesis of single
atom hydrogen evolution catalysts. However, also for this class of catalyst, the
low number of active sites is a challenge to address. To increase the amount
of catalyst sites, either the mass of catalytic material on the electrode could be
increased or the percentage of active sites in the material. In addition, also the
availability of only noble metal-based catalysts for the anodic site and higher
material costs for a device operating in acidic pH risk to hamper the wide-
spread use of such an electrolyzer cell.

With the novel method to fabricate a membrane electrode assembly pre-
sented in Patent I, the usage of expensive Nafion® membranes could possibly
be avoided, which could reduce the cost of such a device. With this new pro-
cess so far impractical membrane materials might be applicable. In addition,
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also new membranes could be developed with properties adjusted to this fab-
rication method. Such an approach could lead to membrane electrode assem-
blies with enhanced electrocatalytic performances. However, before this novel
method might lead to a MEA in a device, process parameters as liquid mixture
composition, heating time and temperature would have to be adjusted and op-
timized first.

Both of the as-prepared nickel molybdate hydrate nanoparticle shapes — sheets
and rods — have been proposed in Paper | to transform in an electrochemical
activation step into y-NiOOH as active phase for the oxygen evolution reac-
tion in alkaline pH. Due to the removal of molybdenum, either by immersing
the rod structure in the electrolyte or by oxidizing the sheet structure from Ni'
to Ni'", a high electrochemical surface area with a large number of exposed
nickel sites was indicated to be the origin behind the high catalytic activity of
the system. Molybdenum was suggested to only serve as structure and pore
forming agent. In addition, the attribution of different XRD patterns and Ra-
man bands to the two nanoparticle structures was confirmed by Paper IV.
Even for the sample on nickel foam with only rods initially visible by electron
microscopy, the signal of the compound in the sheet structure was observed
after selective molybdenum leaching and could be traced back to the interme-
diate layer between the foam and the nanorods. Due to the presence of both
nanostructures, it is difficult to assess the exact catalytic activities towards the
oxygen evolution reaction to both compounds. However, preliminary results
indicated a higher activity for the compound in the rod structure. The
nanosheet layer between the rods and the foam might be an interesting obser-
vation for further work concerning nanorods on the electrode and the attribu-
tion of the catalytic activity. For an exact assignment, the different nanostruc-
tures should be isolated electrochemically characterized on for example a
glassy carbon electrode. However, an essential outcome and proposal of Pa-
per I was that when synthesizing a nickel molybdate rod structure on an elec-
trode, the absence of the sheet structure should be verified, which could be
done by either selective molybdenum leaching combined with Raman spec-
troscopy or XRD, or by investigating the volume between rods and the elec-
trode with SEM.

With Paper IV the fundamental differences between the nanostructures
were characterized with various techniques, indicating strongly that those are
two different compounds. The crystal structures of the two nanostructures are
not fully resolved yet, but hopefully once refined will lead to a deeper under-
standing of the materials. Different stoichiometries were proposed with a
mixed valence nickel and molybdenum for the sheet structure.

For the hydrogen evolution reaction in alkaline media, the hydrate sheet
structure exhibited a higher activity compared to the anhydrate, but clearly a
reduction step is necessary to access the outstanding catalytic activity re-
ported.
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Among all the investigated classes of catalysts, those inorganic nanostruc-
tured catalysts seem to be the most promising ones for a successful integration
in a large scale electrolyzer cell for widespread use, especially, once the sta-
bility of the catalysts and the anion exchange membrane is resolved. However,
nickel molybdate hydrate needs a reduction process to be highly active for
HER and Fe doping should be considered for boosting the OER significantly.
Besides tuning the catalyst, also different electrodes might be helpful to in-
crease the activity of the device. For a large-scale implementation, the transi-
tion from a hydrothermal synthesis to electrodeposition might be worth con-
sidering.

For tackling climate change, the development and widespread use of electro-
lyzer cells, ultimately powered by renewable energies, is only one aspect. In
order to counteract global warming, humankind has to reduce the greenhouse
gas emission in general and live in a more sustainable way.

In addition, I strongly believe that we should not aim for only one electro-
lyzer device, but keep investigating and developing all kind of catalysts and
systems. Similar to transportation nowadays, in which we have different ve-
hicles for different purposes, I envision we will have different devices and
catalysts for different purposes in a circular energy society. Last but not least,
carbon capturing and other electrochemical reactions as carbon dioxide reduc-
tion or nitrogen reduction are expected be vital process on our way in a more
sustainable future.
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7 Popular Scientific Summary

My doctoral journey experienced with the COVID-19 pandemic and the Rus-
sian invasion of Ukraine two earth shattering events. In both, the importance
of collaborations between countries and continents to face global crises has
been made visible. Especially in case of the COVID-19 pandemic, collabora-
tion between scientists and institutions to provide a solution has been proven
to be pivotal for the existence and future of humankind. One can only dream
how fast such a focus and commitment of global governments and decision
makers could resolve another existence threatening crisis: Global warming.

With the usage of fossil fuels in for example transportation or industry,
carbon dioxide is emitted into the atmosphere. To this end, hydrogen presents
a promising alternative to fossil fuels, which can not only be used in fuel cells
to generate electricity, but is already employed as feedstock in important in-
dustrial processes as Haber-Bosch, Fischer-Tropsch or the production of green
steel. Unfortunately, the vast majority of hydrogen (= 95%) is nowadays pro-
duced from natural gas with the simultaneous evolution of the greenhouse gas
carbon dioxide in the process."

To avoid the emission of carbon dioxide during the production of hydrogen
and to generate it from renewable sources, water electrolysis presents a prom-
ising technique. With this approach electricity is used to generate hydrogen
and oxygen from water by immersing two electrical conductors (electrodes)
in an aqueous bath and apply an electric potential between them. The oxygen
evolution is essential, since it provides the reagents necessary for hydrogen to
evolve, but unfortunately is also more challenging than the hydrogen evolu-
tion reaction. In order to facilitate and accelerate both reactions (the hydrogen
evolution at one electrode and the simultaneous oxygen evolution at the other)
different so-called catalysts are needed.

Obviously, in order to make an impact on the global situation, first those
electrodes and catalysts have to be integrated into a water electrolysis device.
And second, a large-scale implementation of those devices should be reason-
able, which means the materials used should not be too expensive and should
be stable for a long time under operation. For this purpose, experts on the
different components of such a device would need to work together.

With the eSCALED project an attempt was made to realize exactly this.
With 13 other fellow PhD students and 27 researchers in 11 institutions, uni-
versities and companies in 8 countries within Europe, and 3.6 Million Euro
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funding from the Horizon 2020 Marie-Sktodowska-Curie Actions Innovative
Training Network, I spent the last four years trying to make an impact and
contribute to future generations having a life without a planet on fire.

Focusing on the water electrolysis device, the aim of my PhD was not only
to develop and characterize different types of catalysts, but also to examine
their possible integration into a device. Following the order of the chapters in
this thesis, the different types of catalysts can be described as highly efficient,
but difficult to synthesize to less efficient but easy to synthesize.

In the here presented work I have investigated known ruthenium-based cat-
alysts with two different anchoring strategies for the oxygen evolution reac-
tion in neutral medium. The “catalysts chains” with more anchoring points
have shown to not only be stable, but also to be more active compared to the
isolated “single chain link™ catalyst. It was concluded that the higher activity
was due to the increased number of catalyst present. In addition, how good the
electrode conducts electricity has shown to have a clear influence on the over-
all activity of the catalyst. For the integration of such a catalyst into a device
a highly conductive electrode is necessary.

The subsequent chapter concerned catalyst with different single dispersed
non-noble chemical elements for the hydrogen evolution reaction in strong
acidic medium, in which cobalt was shown to be the most active one. Besides
different activities for different elements, also the increased stability of single
elements as catalysts compared to the corresponding nanoparticles was pro-
posed. Furthermore, all catalysts were made without producing any solid or
liquid waste, which presents an interesting strategy for synthesising them in
large quantities.

In a related project I developed a novel way to glue the electrodes to a
spacer. As mentioned above, during the oxygen evolution reaction at one elec-
trode the necessary reagents for the hydrogen evolution are produced, which
have to travel through the spacer to the other electrode. By gluing the elec-
trodes onto the spacer this travel is accelerated. With the new method more
spacer materials can be used than up to now.

In the last chapter I have shown the versatility of nickel molybdate hydrate
nanostructures for both the hydrogen evolution reaction and oxygen evolution
reaction in strong alkaline medium. I could show that two different shapes
(nanorods and nanosheets) built up from the same elements are fundamentally
different compounds. Not only was the ratio among the elements different, but
also how they arranged and positioned themselves with respect to each other.
Furthermore, I detected that for the oxygen evolution reaction both materials
released molybdenum into the alkaline surrounding. With the removal of mo-
lybdenum, both materials transformed into a highly porous nickel compound
with a sponge-like structure, at which the oxygen evolution reaction took
place. With this observation I was able to explain why those materials were so
active for the oxygen evolution reaction. Basically, previously covered nickel
sites became accessible, which increased the number of catalytic sites present.
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8 Popularvetenskaplig Sammanfattning

Under min doktorandresa upplevde jag bade Covid 19-pandemin och den
ryska invasionen av Ukraina, tva virldsomvilvande héndelser. I bada fallen,
har betydelsen av samarbeten mellan ldnder och kontinenter for att méta glo-
bala kriser tydligt uppenbarat sig. Speciellt i fallet med Covid 19-pandemin
har samarbete mellan forskare och institutioner for att hitta en 16sning visat
sig vara avgorande for minsklighetens existens och framtid. Man kan bara
dromma om hur snabbt ett sidant fokus och engagemang fran globala rege-
ringar och beslutsfattare skulle kunna 16sa en annan existentiell kris: den glo-
bala uppvarmningen.

Forbranning av fossila brinslen inom till exempel transporter och industri
slépper ut koldioxid i atmosfédren. Vitgas utgdr ett lovande alternativ till fos-
sila brianslen, och kan inte bara anvindas i bransleceller for att generera elekt-
ricitet, utan dven anvinds som ravara i viktiga industriella processer som Ha-
ber-Bosch, Fischer-Tropsch, och vid produktion av gront stal. Tyvérr produ-
ceras den stora majoriteten av vitgas (= 95%) numera fran naturgas med sam-
tidig utveckling av vixthusgasen koldioxid i processen.'

For att undvika utsldpp av koldioxid under produktionen av vitgas och
istéllet generera det fran fornybara kéllor, dr vattenelektrolys en lovande tek-
nik. I denna metoden anvénds elektricitet for att generera vétgas och syrgas
frén vatten genom att sénka tva elektriska ledare (elektroder) i ett vattenbad
och applicera en elektrisk potential mellan dem. Syreutvecklingen &r vésent-
lig, eftersom den dr nodviandig for att vitgasen ska kunna bildas, men den &r
tyvérr ocksé svarare én att bilda vétgasen. For att underlétta och paskynda
bada reaktionerna (vitgasutveckling vid en elektrod och korresponderande sy-
reutveckling vid den andra) behovs olika sa kallade katalysatorer.

Uppenbarligen, for att paverka den globala situationen, maste forst dessa
elektroder och katalysatorer integreras i ett system som kan utfora reaktionen,
en s kallad vattenelektrolysator. Och for det andra bor en storskalig imple-
mentering av dessa enheter vara rimlig, vilket innebér att materialen som an-
vénds inte bor vara for dyra och bor vara stabila under lang tid under drift. For
detta &ndamal skulle experter pa de olika komponenterna i en sddan enhet be-
hova arbeta tillsammans.

Med eSCALED-projektet gjordes ett forsok att forverkliga just detta. Med
13 andra doktorander och 27 forskare vid 11 institutioner, universitet och fo-
retag i 8 ldnder inom Europa, och 3.6 miljoner euro i finansiering frdn Horizon
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2020 Marie-Sktodowska-Curie Actions Innovative Training Network, till-
bringade jag de senaste fyra dren med att forsoka att paverka och bidra till att
kommande generationer fér ett liv utan en planet som stér i lagor.

Med fokus pa vattenelektrolysatorer var syftet med min doktorsexamen
inte bara att utveckla och karakterisera olika typer av katalysatorer, utan ocksa
att undersoka deras mojliga integration i en anordning. I de olika kapitlen i
denna avhandling beskriver jag de olika typerna av katalysatorer, fran mycket
effektiva men svara att syntetisera till mindre effektiva men ldtta att synteti-
sera.

I det presenterade arbetet har jag undersokt kdnda ruteniumbaserade kata-
lysatorer med tva olika forankringsstrategier for syreutvecklingsreaktionen i
neutrala medier. Det har visat sig att "Katalysatorkedjorna" med fler forank-
ringspunkter inte bara var stabila, utan ocksa vara mer aktiva jamfort med den
isolerade "enkedjeldnk"-katalysatorn. Det drogs slutsatsen att den hogre akti-
viteten berodde pé det dkade antalet nérvarande katalysatorer. Hur bra elek-
troden leder elektricitet har dessutom visat sig ha en tydlig inverkan pé kata-
lysatorns totala aktivitet. For integrationen av en sadan katalysator i en anord-
ning ar en elektrod med hog ledningsféormaga nédvandig.

Det foljande kapitlet handlar om katalysator med olika enstaka icke-ddla
kemiska grunddmnen for vategasutveckling i starkt sura medier, dir kobolt
var den mest aktiva. Férutom olika aktiviteter for olika grundidmnen, foreslogs
dven den Okade stabiliteten hos enskilda grunddmnen som katalysatorer jim-
fort med motsvarande nanopartiklar. Dessutom tillverkades alla katalysatorer
utan att producera nagot fast eller flytande avfall, vilket ar en intressant stra-
tegi for att syntetisera dem i stora mingder.

I ett relaterat projekt utvecklade jag ett nytt sétt att limma fast elektroderna
pa en “spacer”. Som jag ndmnde ovan produceras de nddvindiga reagensen
for vétegasutveckling fran syrgasutveckling vid en elektrod, dessa reagens
méste dérefter fardas genom spacern till den andra elektroden. Genom att
limma elektroderna direkt pa spacern accelereras denna rorelse. Med den nya
metoden kan fler spacermaterial anvindas &n vad som har varit mojligt tidi-
gare.

I det sista kapitlet har jag visat méngsidigheten hos nanostrukturer av nick-
elmolybdathydrat for bade vitegas- och syrgasutveckling i starkt basiska me-
dier. Jag kunde visa att tva olika strukturer (nanostavar och nanoskivor) upp-
byggda av samma element dr fundamentalt olika foreningar. Inte bara var for-
hallandet mellan elementen olika, utan ocksé hur de arrangerade och position-
erade sig i forhdllande till varandra. Vidare upptickte jag att medan
syregasutveckling tog plats, slippte bada materialen molybden in i den basiska
omgivningen. Nar molybdenet forsvinner omvandlades bada materialen till en
mycket pords nickelférening med en svampliknande struktur, dér syrgasut-
vecklingen dgde rum. Med denna observation kunde jag forklara varfor dessa
material var s& aktiva for syreutvecklingsreaktionen. I grund och botten blev
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tidigare tickta nickelplatser tillgdngliga, vilket 6kade antalet ndrvarande plat-
ser ddr katalys kan ta plats.
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9 Popularwissenschaftliche
Zusammenfassung

Meine Promotionsreise erlebte mit der COVID-19-Pandemie und dem russi-
schen Einmarsch in die Ukraine zwei weltbewegende Ereignisse. In beiden
wurde die Bedeutung von Kooperationen zwischen Landern und Kontinenten
zur Bewiltigung globaler Krisen sichtbar gemacht. Speziell im Fall der CO-
VID-19-Pandemie hat sich die Zusammenarbeit von Wissenschaftlern und In-
stitutionen zur Losungsfindung als entscheidend fiir die Existenz und Zukunft
der Menschheit erwiesen. Man kann nur triumen, wie schnell ein solcher Fo-
kus und Engagement von globalen Regierungen und Entscheidungstragern
eine andere existenzbedrohende Krise 16sen konnte: die globale Erderwir-
mung.

Bei der Nutzung fossiler Brennstoffe, beispielsweise im Transportwesen
oder in der Industrie, wird Kohlenstoffdioxid in die Atmosphére ausgestof3en.
Wasserstoff stellt dabei eine vielversprechende Alternative zu fossilen Brenn-
stoffen dar, die nicht nur in Brennstoffzellen zur Stromerzeugung genutzt wer-
den kann, sondern bereits als Ausgangsstoff in wichtigen Industrieprozessen
wie Haber-Bosch, Fischer-Tropsch oder der Produktion von griinem Stahl
dient. Leider wird der iiberwiegende Teil des Wasserstoffs (= 95 %) heutzu-
tage aus Erdgas hergestellt, wobei gleichzeitig das Treibhausgas Kohlenstoftf-
dioxid entsteht."?

Wasserelektrolyse stellt eine vielversprechende Technik dar um den Aus-
stoB3 von Kohlenstoffdioxid bei der Herstellung von Wasserstoff zu vermeiden
und ihn aus erneuerbaren Quellen zu gewinnen. Bei diesem Ansatz wird Elekt-
rizitdt verwendet, um aus Wasser Wasserstoff und Sauerstoff zu erzeugen, in-
dem zwei elektrische Leiter (Elektroden) in ein wéssriges Bad getaucht wer-
den und ein elektrisches Potential zwischen ihnen angelegt wird. Die Sauer-
stoffentwicklung ist essenziell, da sie die fiir die Wasserstoffentwicklung er-
forderlichen ,,Ausgangsstoffe* bereitstellt, ist aber leider auch deutlich
anspruchsvoller als die Reaktion der Wasserstoffentwicklung. Um beide Re-
aktionen (die Wasserstoffentwicklung an einer Elektrode und die gleichzeitige
Sauerstoffentwicklung an der anderen) zu erleichtern und zu beschleunigen,
werden verschiedene sogenannte Katalysatoren benotigt.

Um einen signifikanten Einfluss auf die globale Situation zu haben, miissen
diese Elektroden und Katalysatoren natiirlich zuerst in eine Elektrolysezelle
(Gerédt in der die Wasserelektrolyse stattfindet) integriert werden. Und
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zweitens sollte eine grofitechnische Umsetzung dieser Geréte vertretbar sein,
das heifit die verwendeten Materialien sollten nicht zu teuer sein und lange
Lebensdauer haben. Dafiir miissten Experten der verschiedenen Komponen-
ten eines solchen Geréts zusammenarbeiten.

Mit dem Projekt eSSCALED wurde versucht, genau dies zu realisieren. Mit
13 anderen Doktoranden und 27 Forschern in 11 Institutionen, Universititen
und Unternehmen in 8 Léndern innerhalb Europas und 3.6 Millionen Euro
Forderung im Rahmen der Horizon 2020 Marie-Sktodowska-Curie Aktionen
Innovativem Training Netzwerk habe ich die letzten vier Jahre damit ver-
bracht, genau das zu versuchen und dazu beizutragen, dass zukiinftige Gene-
rationen ein Leben ohne einen brennenden Planeten haben.

Mit Fokus auf der Elektrolysezelle war das Ziel meiner Promotion nicht
nur die Entwicklung und Charakterisierung verschiedener Katalysatortypen,
sondern auch die Untersuchung ihrer moglichen Integration in ein Gerit. Der
Reihenfolge der Kapitel in dieser Arbeit folgend kdnnen die verschiedenen
Arten von Katalysatoren von hoch effizient, aber schwierig zu synthetisieren
bis hin zu weniger effizient, aber einfach zu synthetisieren, beschrieben wer-
den.

In der hier vorgestellten Arbeit habe ich bekannte Ruthenium-basierte Ka-
talysatoren mit zwei unterschiedlichen Verankerungsstrategien fiir die Sauer-
stoffentwicklung in pH neutraler Losung untersucht. Die ,,Katalysatorketten*
mit aneinander gebundenen ,,Kettenglieder” erwies sich mit mehreren Veran-
kerungspunkten nicht nur als stabiler, sondern auch als aktiver im Vergleich
zum isolierten ,,Kettenglied“-Katalysator. Es wurde geschlussfolgert, dass die
hohere Aktivitdt auf die erhohte Anzahl an vorhandenem Katalysator zuriick-
zufithren war. Zudem hat die Stromleitfahigkeit der Elektrode einen deutli-
chen Einfluss auf die Gesamtaktivitit des Katalysators. Fiir die Integration ei-
nes solchen Katalysators in ein Gerit ist eine hochleitfdhige Elektrode not-
wendig.

Das nachfolgende Kapitel befasste sich mit Katalysatoren mit verschiede-
nen isolierten unedlen chemischen Elementen (Atome) fiir die Wasser-
stoffentwicklungsreaktion in stark saurer Losung, in denen sich Kobalt als das
aktivste Element erwiesen hat. Neben unterschiedlichen Aktivitédten fiir ver-
schiedene Elemente wurde auch die erhohte Stabilitdt isolierter Atome als Ka-
talysatoren im Vergleich zu den entsprechenden Nanopartikeln vorgeschla-
gen. Dariiber hinaus wurden alle Katalysatoren ohne die Produktion von fes-
ten oder fliissigen Abfillen hergestellt, was eine interessante Strategie darstellt
um sie in groen Mengen zu synthetisieren.

In einem verwandten Projekt habe ich eine neuartige Methode entwickelt,
um die Elektroden auf einen ,,Abstandshalter zu kleben. Wie oben erwahnt,
werden wéhrend der Sauerstoffentwicklung an einer Elektrode die notwendi-
gen Ausgangsstoffe fiir die Wasserstoffentwicklung produziert, die durch den
Abstandshalter zur anderen Elektrode wandern miissen. Durch das Aufkleben
der Elektroden auf den Abstandshalter wird dieser Transport beschleunigt.
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Mit dem neuen Verfahren kdnnen mehrere Materialen fiir den Abstandshalter
als bisher verwendet werden.

Im letzten Kapitel habe ich die Vielseitigkeit von Nickelmolybdathydraten
in unterschiedlichen Nanostrukturen sowohl fiir die Wasserstoffentwicklungs
als auch fiir die Sauerstoffentwicklung in stark alkalischer Losung dargestellt.
Ich konnte zeigen, dass zwei unterschiedliche Formen (Nanostdbchen und Na-
noblitter), die aus denselben Elementen aufgebaut sind, grundlegend ver-
schiedene Materialien sind. Nicht nur das Verhiltnis der Elemente untereinan-
der war unterschiedlich, sondern auch ihre Anordnung und Positionierung zu-
einander. Auflerdem stellte ich fest, dass beide Materialien fiir die Sauer-
stoffentwicklungsreaktion Molybdin in die alkalische Umgebung freisetzen.
Mit der Entfernung von Molybdin wandelten sich beide Materialien in eine
hochpordse Nickelverbindung mit schwammartiger Struktur um, an der die
Sauerstoffentwicklungsreaktion stattfand. Mit dieser Beobachtung konnte ich
erkldren, warum diese Materialien so aktiv fiir die Sauerstoffentwicklungsre-
aktion waren. Im Wesentlichen wurden zuvor bedeckte Nickelstellen zugéng-
lich, was die Anzahl der vorhandenen katalytischen Stellen erhohte.
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