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“You were born too soon, Pencroft. Those words I grew up with."
I look over at my dad, wondering what the old geezer is going on about this
time.
Dad keeps on reminiscing: "They already predicted the future more than an
age ago, son."
I sigh, "And what future is that then?"
"Water, as a fuel. Finally, after such a long time, it's becoming the truth."
"Sure, if that's so why didn't they go for it right away then? We've got water
aplenty."
"They had the idea already, but not the technology."
"What technology then?"
Dad smiles, looking at the large TV and the phone in my hand.
"All kinds of technology, efficient ways to make electricity and catalysts to split
this water, to name a few"
"And then what's stopping them now, we've got those now I guess?"
My dad sighs and looks downcast.
"Money, son, that would be money."

The quote ‘You were born too soon, Pencroft’ is from Jules Verne – The
Mysterious Island (1874)
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General Introduction
The worldwide energy consumption keeps on growing, while at the
same time the need, and request for cleaner resources increases.
Application of renewable energy harvesting via, for example, solar
panels, tidal waves, and windmills is steadily growing, but there is
often a mismatch in energy consumption and generation. This is
easily illustrated by the day-night and summer-winter cycles. To
bridge these daily and seasonal gaps in renewable energy
production, proper energy storage infrastructure has to be developed.
In this PhD Thesis, the use of water splitting to form hydrogen as a
renewable energy carrier is explored. This introductory Chapter aims
to introduce the reader in the energy challenge as well as in the
scientific and technical hurdles of hydrogen production via water
splitting. At the end of this Chapter, the scope and outline of this PhD
Thesis will be described.
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1.1. Introduction
The need, and request, for a cleaner and better future, is what has driven
research, like the one described in this PhD Thesis.[1–9] More and more, our
society realizes the need for utilizing renewable energy sources, but the
transition towards this completely green energy infrastructure is inherently slow
due to the significant costs that come with it.[1,2,10,11] Due to this simple to
understand, but incredibly complex challenge, both fundamental and applied
research towards better sustainable technologies are funded and
performed.[1,2,5–8,10] This Chapter aims to give the reader an understanding of
the basic concepts and related materials, and the scientific and technical
challenges thereof, which are central in this PhD Thesis: the splitting of water,
the resulting hydrogen and its uses; and the nickel-molybdenum (Ni-Mo)
material, which is a potential catalyst for water splitting.
Solar fuels is often the name given to hydrogen produced from water splitting
via solar energy.[3,4,9,12] Similarly, when looking into this subject also the
products, formed via the catalytic CO2 reduction making use of renewable
energy, are called solar fuels.[6–8,12–18] Furthermore, it is often overlooked that
wind is also a form of solar energy and that this is not just sunlight and the
heating by that radiation.[10] By definition, this renewable electricity can come
from any source but, ideally, it is the result of renewable energy harvesting,
regardless of this being via solar panels or wind turbines.[1,8,10] The resulting
solar fuel, renewable hydrogen, sometimes also named green hydrogen, is the
desired product, or intermediate for further steps, including the catalytic
(thermal) reduction of CO2.[15,19,20]

1.2. Towards a more Sustainable Society
Nevertheless, why do we even wish to perform water splitting? It is well known
that the world’s population is growing, meaning more people that want for
energy.[2,5,8,10] Furthermore, the energy demand per person is growing as well;
in 2018 we consumed about 20 TW-year (which is 1.75x1014 kWh) compared
to 15 TW-year in 2005.[1,6–8] It should also be noted that June 2018 news came
out we reached 1 TW of potential energy generation using solar panels and
wind turbines combined.[21] While the large steps made ensure this number will
grow fast, there is another, inherent, issue to address when it comes to solar
energy utilization: a mismatch in supply and demand (Figure 1.1).[6,7,10] Solar
energy is intermittent, meaning that we only produce significant amounts of
energy with solar panels during the day, whereas the peak in energy
consumption is during the night. This challenge is even larger when considering
the winter-summer cycle, meaning we need flexibility in handling energy, likely
via a combination of adjustable energy production, expansion of the energy
grid, responding systems to energy demand and finally energy storage.[5,10]
Batteries are the first technology to come to mind when thinking of electrical
energy storage. However, back-on-the-envelope calculations with AA-batteries
suggest that even storing the energy for a day would require approximately a
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Figure 1.1: Schematic representation of the intermittency of sunlight for solar light
(green line) and the mismatch with energy consumption (blue area).

hundred times more Li than is projected to be available on Earth.[22] Luckily,
AA-batteries are not the apex of battery technology and more advanced
technologies, such as those used in electric cars, are more efficient.[3,5,23]
Another set of estimations shows however that these cars, which often use for
example Co, use so much of such materials that there is not enough in the
world to replace all the cars currently registered globally.[22] There are
exceptions: cars which use smaller batteries and batteries based on other
materials. Also, note that all these estimations are made with the assumption
all resources would be available for this purpose only. Overall, battery
technologies are being developed and will play a significant role, but on a world
energy scale are likely still far off from being the only answer to achieve
flexibility. Due to this, chemicals such as hydrogen are also considered as a
medium into which to store the abundance of energy during peak hours.[15,20]
Hydrogen is the chemical of choice in this work for various reasons. First, there
is a lot of preceding experience with this compound and the production thereof.
It is one of the most energy-rich compounds known (120 MJ/kg), which is nearly
three times the amount found in gasoline (44 MJ/kg). A note has to be made
here, however, that hydrogen has a much lower volumetric energy density.[5] It
has no environmental footprint by itself since, when consumed, it leaves only
water in its wake and it can be also obtained from (brackish) water, which is a
highly abundant resource in many parts of the world.[5,8]

1.3. Different Colors of Hydrogen: Production and Use
Handling hydrogen is challenging. Transport, storage and safety considerations
make it that paths are considered in which hydrogen is again converted to more
manageable chemicals or products.[5,24,25] With relatively expensive
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technologies, the hydrogen can be cooled and subsequently compressed for
further use. Hydrogen has a high solubility in many metals, which poses a
challenge. Many equipment designs are prone to embrittlement by this
hydrogen dissolution making it hard to use in the current pipeline network.[5,26]
Furthermore, it tends to result in relatively high leakage rates of product
compared to other chemicals, such as methane and methanol.[5,26] Hence, it is
likely the best option to use hydrogen at the location of production to reduce
maintenance and leakage.[14,15]
Currently, as illustrated in Figure 1.2., the bulk of hydrogen produced is used in
fossil fuel processing and the Haber-Bosch process.[27] In oil refineries,
hydrogen is used in several processes, such as hydrocracking,
hydrodealkylation, hydrodesulfurization (HDS), hydrodenitration (HDN),
hydrodemetalation (HDM) and the Fischer-Tropsch synthesis (FTS)
process.[24,28–32] All these catalytic processes consume hydrogen to upgrade
the quality of the products.
Hydrocracking is a process in which heavy oil fractions are converted into
lighter, more useful ones. This reaction consumes hydrogen to replace the

Figure 1.2: Schematic overview of the main production methods of hydrogen on the left,
showing the water gas shift reaction, the chlor-alkali process and the upcoming water
electrolysis method. On the right the main consumers of hydrogen showing the HaberBosch process, refineries (Fischer-Tropsch synthesis (FTS), hydrodesulfurization (HDS),
hydrocracking and hydrodealkylation), hydrochloric acid synthesis and possibly fuels as
an upcoming use.
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carbon-carbon bonds that break during this reaction.[28] Hydrodealkylation is
similar in the sense that carbon-carbon bonds are broken, but in this case,
functional groups are removed from aromatic compounds to form simpler
aromatics, such as the formation of xylenes from trimethyl benzenes.[28] The
FTS process consumes hydrogen by reacting it with carbon monoxide to form
hydrocarbon chains.[24,31,32] Finally, HDS, HDN, and HDM are the processes
that remove sulfurous, nitrous and metallic compounds from fossil fuel
feedstocks to prevent acid rain and environmental contamination, again
consuming hydrogen upon use.[29,30]
Other uses include reacting hydrogen with chlorine to produce hydrochloric
acid. This is generally done on-site using the hydrogen by-product of the chloralkali process.[33,34] Hydrogen also sees use in cooling applications due to its
high thermal conductivity.[26]
The bulk of hydrogen produced at the time of writing is still via steam reforming
from natural gas or other fossil carbon sources, such as crude oil and coal with
decreasing efficiency (Figure 1.2), forming grey hydrogen.[1,25] The efficiency
of natural gas steam reforming is around 60-70 %. In this process, water and
methane are reacted at high temperatures (700-1100 ᵒC) to yield CO and three
equivalents of H2. CO can further react at lower temperatures (360 ᵒC) in the
water gas shift (WGS) reaction consuming one more molecule of water to result
in CO2 and H2. This process produces several tons of CO2 per ton of H2.[1,25] If
the produced CO2 is captured and stored (CCS) then the hydrogen is regarded
as blue hydrogen. Similarly, methane can be pyrolyzed, yielding not CO or
CO2 but graphite and hydrogen. Hydrogen produced this way, since it does not
result in any gaseous by-products is referred to as turquoise hydrogen. The
graphite can either be buried or used as a material feedstock.
Hydrogen is also possible to partially oxidize hydrocarbons or gasify coal to CO
and H2 to form syngas, which is used in the FTS reaction.[24,31,32] Syngas
synthesis can also be done electrochemically via CO2 reduction, which has H2
as a by-product, and thus can be used to form syngas and thus be used in the
Fischer-Tropsch synthesis.[24,35]
Hydrogen is also a by-product of the chlor-alkali process in which chlorine and
sodium hydroxide are generated via electrochemistry: 2 NaCl + 2 H2O  2
NaOH + H2 + Cl2.[33,34] Finally, several hydrogen production plants operate on
water electrolysis. However, this only accounts for a few percentages of the
yearly hydrogen production.[24] Water electrolysis usually operates at low
temperatures of 50-80 ᵒC. In industry, most cells operate in alkaline solutions
either with or without proton exchange membranes (PEM) using Raney nickel
electrodes.[24] Cells operating with PEM are usually more expensive but can
result in being more cost-effective since no further separation of the produced
gasses, hydrogen and oxygen, is necessary. State of the art electrolyzers with
PEM operate at about 80-82 % efficiency.[24] Assuming the use of renewable
electricity, the hydrogen produced in this way is known as green hydrogen.
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1.4. Strategies for Water Splitting
Several strategies are available for splitting water into its elemental
components: hydrogen and oxygen. It can be done through radiolysis, using
radiation energy to split it[36,37], or through thermolysis where heat is used as
the energy source.[1,38] These are outside the scope of this PhD Thesis and will
not be discussed.
The most studied method of water splitting is through electrolysis (Figure
1.3).[9,13,24,39–42] Here electricity is applied over two electrodes to split water into
hydrogen on the cathode and oxygen on the anode.[9,24,43,44] To perform a
reaction, like water splitting, which is kinetically and energetically unfavorable
since water is such a stable molecule, we need materials, which facilitate the
process. Such materials are catalysts: materials that lower the energy barrier
of a reaction by lowering the kinetic energy required and are not consumed by
the reaction.[45] In heterogeneous catalysis, which is the group of catalysts that
are in a different phase (often a solid) than the reactants (often a liquid or a
gas), it is usually the catalyst surface that does the work. Reactants can adsorb
on such surfaces, which can weaken chemical bonds to facilitate subsequent
chemical reactions and usually serve in bringing reactants together faster so
that the reaction is sped up.[45]
Water electrolysis using renewable energy and catalysts can effectively be split
into three main approaches: photo-catalytic water splitting[12,46–48], photoelectrochemical water splitting[3,12,16,39,44,49–51], and electrochemical water
splitting[24,39–42]. Photo-catalytic water splitting uses catalyst particles, often in
suspension, which absorb light and perform the water splitting. Photoelectrochemical water splitting is a process where light-absorbing materials,
similar to solar cell materials are either catalytic or combined with catalysts to

Figure 1.3: Schematic representation of electrochemical (alkaline) water splitting,
with hydrogen evolution at the cathode (left) and oxygen evolution at the anode
(right).
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split water over two separate electrodes. Finally, electrochemical water splitting
decouples the generation of renewable energy and the electrolysis step.
Usually, in such electrochemical studies, electricity, preferably from renewable
sources, such as windmills and solar panels, is used with two electrocatalytic
electrodes to split water.
The splitting of water is an easy reaction to understand:
2 H2O  2 H2 + O2

E = 1.23 V (Eq. 1.1)

In electrolysis, the generation of hydrogen and oxygen are decoupled into a
reduction, the hydrogen evolution reaction (HER), and oxidation, oxygen
evolution reaction (OER), step.[9,24,43,44] This has the advantage that gas
generation can be spatially separated and eliminates the need for a separation
step of the two gasses, which is technologically challenging.[24]
To consider the reduction and oxidation steps, one has to take into account the
pH of the water, which is being electrolyzed.[9,24] In acidic media, protons play
a role and the half-reactions would be as follows:
4 H+ + 4 e-  2 H2(g)

E (vs. NHE) = 0.00 V (Eq. 1.2)

2 H2O  O2(g) + 4 e- + 4 H+

E (vs. NHE) = 1.23 V (Eq. 1.3)

In alkaline media the reactions are similar, with OH- as the charge carrying ion:
4 H2O + 4 e-  2 H2(g) + 4 OH- E (vs. NHE) = -0.83 V (Eq. 1.4)
4 OH-  O2(g) + 4 e- + 2 H2O

E (vs. NHE) = 0.40 V (Eq. 1.5)

In either case, it can be easily observed that the two half-reactions combine
into the total water splitting reaction mentioned before. Even though the
chemical reactions seem similar on paper in practice usually alkaline media are
used.[24,40,52,53] To understand this one must realize that the electrons, e-, in
these reactions are present on the electrodes. The fact that electrons
electrostatically move away from the anode through oxidation means that the
metallic electrodes are very often prone to corrosion, for example in chemical
reactions like M  Mx+ + x e- (Eq. 1.6) where M is the metal of the cathode.[4,9]
This is much less severe in alkaline media. On one hand, the electrodes usually
oxidize towards their oxides, meaning they do not corrode.[4,9,54] A simplified
example of such a chemical reaction would be: M + 2*x OH-  MOx + x H2O +
2*x e- (Eq. 1.7). On the other hand, in alkaline media also the oxygen evolution
reaction (Eq. 1.5) is kinetically easier than the same reaction in acidic media
(Eq. 1.3). The reason for this is the fact that one of the elementary reaction
steps, the dissociation of water into OH and H, is not necessary for alkaline
media.[4,9]
In a similar fashion, the hydrogen evolution reaction is kinetically less favorable
in alkaline media than in acidic media, because in this case, the water
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dissociation step is necessary. Nevertheless, due to the HER being a twoelectron reaction it usually goes much faster than the four-electron OER. The
bulk of literature and existing industrial processes focus on alkaline media due
to these reasons.[24] For the same reason, in this PhD Thesis, we will also focus
mostly on alkaline media.
1.4.1. Photo-catalytic Water Splitting
Although they are not studied in this PhD Thesis, to more easily understand
photo-electrochemical systems, understanding photo-catalytic systems helps.
In the previous section, we already mentioned that the active material in photocatalytic water splitting systems is a suspension of particles.[12,46–48] These
particles are often metal oxide semiconductors that can absorb light to result in
an excited electron in the conduction band and a resulting electron vacancy, or
hole, in the valence band.
One of the most studied photocatalysts, as well as the first reported water
splitting photo-catalyst, is TiO2. Fujishima and Honda introduced this material
and showed that under UV irradiation water splits into hydrogen and oxygen
when it is present.[46,48,55] A lot of work has followed their initial publication,
which discusses photo-catalysts, introducing both new materials and strategies
to tackle the numerous challenges that are inherent to these materials.[46,48,55]
Amongst these challenges are stability, charge carrier recombination,
conductivity, charge carrier trapping, and activity.[12,46–48,54–56] Stability and
activity are well-known factors in the field of catalysis.[12,45,47,48] While the
catalyst is, by definition, not consumed in the desired reaction, as was stated

Figure 1.4: Schematic representation of a photo-catalyst at work. Light is absorbed
to form a hole-electron pair by exciting an electron from the valence band to the
conduction band. Four holes oxidize hydroxide to oxygen and water. At the same
time two electrons reduce water to hydroxide and hydrogen. A large contributor to
the loss of efficiency is volume recombination of the charge carriers.
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1
Figure 1.5: Schematic representation of the Z-scheme strategy often seen in photocatalytic systems. Here, two different materials are used to perform either the oxygen
evolution (left) or the hydrogen evolution (right). An acceptor (A)/donor (D) couple is
used to compensate the charge between the two different materials.

in the previous section, it can still deactivate in side reactions. Destabilization
of photo-catalysts often occurs via redox reactions, since these samples are
always under reducing and oxidizing stress inherent to the reaction mechanism
of water splitting.[12,47,48] Often, the catalyst oxidizes, reducing the number of
active sites or dissolving, or it reduces which results in a loss of light-absorbing
properties.
The other side of the catalytic coin is the activity of a material. For a catalyst to
be active, it first needs to be thermodynamically suited to perform the reaction.
In the case of photo-catalysts, this means that the band potentials of the
material need to be suited for the desired reaction of water splitting (Figure
1.4).[46–48,55,56] While this sounds simple, in practice such materials are scarce.
Often these materials either have large (higher than 3 eV) bandgaps, such as
TiO2 or ZnO, or tend to be unstable (and often toxic), such as CdS.[46–48,55,56]
The conduction band has to be at a more negative potential than the H2O/H2
reaction potential, at the same time the valence band has to be at a more
positive potential than the OH-/H2O. The issue with materials having large
bandgaps means that light absorption gets limited to low wavelengths only. For
example, a 3 eV bandgap means that at most 410 nm can be absorbed.
On top of this, charge carriers can also recombine. This means that a photon
that is absorbed generates charge carriers, which then return to the ground
state often by generating heat. Effectively, this is a loss of efficiency.[46–48,54,56]
Several approaches are possible to reduce the aforementioned challenges.
One is the application of the Z-scheme (Figure 1.5), where a mixture of two
different photo-catalysts is utilized.[44,46,47,49] In these systems, one photo-
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catalyst is responsible for the OER while the other performs the HER. In the
solution a donor/acceptor mixture, e.g. Fe2+/Fe3+, is then present to complete
the scheme.[44,46,47] In another approach, co-catalysts are added to the photocatalyst, which often function both as charge collectors and as catalytic
materials.[12,44,46]
Nevertheless, even if the numerous complications can be overcome there is
still another practical consideration that has to be taken into account. The
hydrogen and oxygen gas form in one pot, from one single dispersion. This
means that the separation of the gasses is necessary.[44,46] Apart from the
separation being costly, in terms of both money and energy, the mixture of
hydrogen and oxygen that is being formed is also a potent explosive.
A solution to this is to spatially separate the generation of the gasses. This is
applied in electrochemical systems and will be discussed in the form of photoelectrochemical water splitting cells and electrochemical water splitting cells.
1.4.2. Photo-electrochemical Water Splitting
The spatial separation in photo-electrochemical systems is possible because
the reactions occur at different electrodes. Much like the Z-scheme that was
discussed in the previous section, two materials are used to reduce the number
of necessary properties of a material. In photo-electrochemical water splitting
systems, at least one electrode is a material that is capable of absorbing light.
These materials are often similar to those used in photo-catalysis. Different
combinations of electrodes are possible, e.g. a photo-anode with a metallic

Figure 1.6: Schematic view on
a complete PEC cell with
nanorod photo-absorbers. On
the left the photo-anode is
shown which performs the
water oxidation with the
nanoparticle
co-catalyst
strategy. On the right the
photo-cathode performs the
proton reduction with the
multilayer
strategy.
An
electrical bias can be applied
between the electrodes to
increase the reaction rate.
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cathode, or a metallic anode with a photo-cathode. It is also possible that both
electrodes are photo-electrodes (Figure 1.6).[16,49–51,54]
The principle of each configuration is the same: the photo-electrode(s) absorbs
light and generates an electric potential. This potential then drives the two halfreactions, OER and HER, on the anode and cathode, respectively.[3,12,16,39,44,49–
51] Furthermore, additional potential can be applied to the system in case the
semiconductor does not produce enough to drive the reaction at appreciable
speeds.[39,50,51,57]
In photo-electrochemical as well as photocatalytic systems oft-seen strategies
are the functionalization of the photo-absorbers.[9,50,51,54] In Figure 1.6, two of
those strategies are schematically visualized. On the photo-anode,
nanoparticle functionalization is shown, where nanoparticles are added to
collect the current generated by light absorption and perform the catalytic
oxidation reaction. On the cathode side, the use of a protecting coating is
shown. Here, a layer, often catalytically active is coated on the photo-absorber.
This approach is especially useful when the photo-absorber is unstable in the
often harsh chemical conditions of solar-driven water splitting setups.[9,50,51,54]
A process that happens at semiconductors in solution, so also for photocatalysts, is band bending.[9,39,50,51,54,57] Band bending occurs because of the

Figure 1.7: Schematic representation of band bending and the effect of applying an
electrical bias. a) gives the representation without band bending taken into account, b)
a representation with band bending taking into account and c) a representation where
an anodic external bias is applied as well.

19

1

General Introduction

interaction of the electrolyte with the semiconductor. If mainly positive ions
adsorb on the surface then the bands bend down, directing electrons towards
the surface. If these are negative ions, the bending likewise goes in the
opposite direction, upwards, to direct holes towards the surface (Figure
1.7).[9,39,50,51,54,57]
Often an extra bias is applied in these cells, this effectively changes the band
position of the metal electrode to overcome the energy barrier of water splitting.
It also aids in driving charge carriers through the photo-electrode. This is one
of the strengths of using photo-electrochemical cells over photo-catalytic
systems; the dependency on the band positions and energetics of the materials
themselves is less.[39,50,51,57]
1.4.3. Electrochemical Water Splitting
A challenge that is still seen often with photo-catalysis and photoelectrochemistry is that the systems have too many requirements. The need for
them to absorb light, be stable in harsh chemical conditions, have proper
energetics, and have catalytic activity towards water splitting might be a lot to
ask. To bridge the long time needed to develop such systems in an economical
way electrochemical systems are often considered.[24,39–42]
We have seen a schematic of electrochemical water splitting earlier in Figure
1.3. The advantage of an electrochemical system is that the materials no longer
need to absorb light efficiently and the focus can be fully on activity and stability.
In section 1.3 the potentials related to water splitting were already given.
Electrochemical water splitting is well studied and mechanisms of hydrogen
evolution are known (Figure 1.8).[24,40–42] These are similar to the Eley-Rideal
(Heyrovsky step) and Langmuir-Hinshelwood (Tafel step) mechanisms often
described in heterogeneous catalysis.[45]
The main difference between these mechanisms is, as seen in Figure 1.8, that
electrons from the electrode are reactants. Thus, not all reactants are outside
of the catalyst as is the case with most heterogeneous catalysis systems.
Furthermore, it is known that the parameter known as the Tafel slope tells which
mechanistic step is rate determining.[40–42] The Tafel slope is the number of
volts needed to increase the current by an order of magnitude, so to increase
it by a factor ten. Note that this only holds when there are no mass transport
limitations.
As shown in Figure 1.8, the mechanism is not static. It always starts with the
initial hydrogen adsorption in the Volmer step. Whether the Heyrovsky step or
the Tafel step is then predominant depends on the used potential, E, which
corresponds to the hydrogen coverage, θH.[40–42]
The fact that each of the steps has a Tafel slope makes it easy to understand
that, if a higher current is desired, a higher potential needs to be applied. As
shown in section 1.3 the thermodynamic potential for water splitting is 1.23 V.
This does not consider kinetics; to drive the reaction at appreciable currents
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Figure 1.8: Schematic representation of the mechanism of the hydrogen evolution
reaction in electrocatalysis showing the initial adsorption (Volmer step), the EleyRideal-like desorption step (Heyrovsky Step) and the Langmuir-Hinshelwood-like
desorption step (Tafel Step). Each of these steps has a typical Tafel slope when it is
the rate determining step as given in the image.

one needs to invest additional potential to drive the electrons into, in this case,
hydrogen formation. This additionally applied potential is termed the
overpotential (ƞ).[4,41,42] Note that current can easily be understood as electrons
per second. Assuming 100 % Faradaic efficiency (% of electrons invested in
the desired reaction) the current is a measure of hydrogen production.
The overpotential is essentially a loss of energy. In an ideal system the energy
that can be gained from hydrogen follows the power law: Pout = 1.23 V * I.
However, since we need to invest an overpotential the generation of hydrogen
costs Pin = (1.23 V + ƞ) * I. From this it can be simply observed that Plost = ƞ * I.
The bulk of this energy loss is as heat due to resistances, such as cable
resistances, interfacial resistances in the electrochemical cell, and mass
diffusion.
Mass diffusion occurs on several levels in an electrochemical system.[24,57]
There should be diffusion in the bulk to maintain concentrations. This diffusion
is a function of bulk concentration and usually (solutions of ≥1 M) not a big
issue. The more interesting mass diffusion occurs in what is called the double
layer, or the Helmholtz layer.[41,42,57] Since the electrodes are charged,
oppositely charged ions adsorb on the surface. This results in a double layer,
a capacitive layer of e.g. a negatively charged electrode and a layer of
adsorbed positive ions. No electron transfer occurs here, known as a nonFaradaic current.[58–61] The built-up capacitance is known as the double layer
capacitance and is a measure of surface area and surface composition
according to, CDL = (IDL / v) / Cs, where CDL is the double layer capacitance, IDL
is the double layer current, v is the scan speed (V/s) of the experiment and Cs
is the specific capacitance of the material. This last number is a material-
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specific parameter. If Cs is known and constant, the current IDL, is solely
dependent on the amount of surface on which positive ions can adsorb. Thus,
the double layer capacitance is often used as a measure of surface area.[58–61]
The necessity for an electrocatalyst to be conductive by definition means that
there are limits in the choice of materials.[4] Understandably, this results in most
reported catalysts being metals or oxides.[4] There are also other materials such
as sulfides, phosphides, nitrides, and carbides, which are found as efficient
catalysts, but these are less studied.[8,24,41,42]

1.5. Electrocatalysts for the Hydrogen Evolution Reaction
Out of the monometallic materials, platinum is the most efficient in the hydrogen
evolution reaction, while ruthenium is the most efficient oxygen evolution
catalyst.[4,24,41,42] The main reason for the efficiency of these materials is based
on the Sabatier principle: they bind intermediates (like adsorbed hydrogen)
neither too strongly, nor too weakly.[24,41,42,62] Considering hydrogen evolution,
which is the focus of this thesis: on one hand, a material that would be too
strongly binding would form hydrides.[23,24,63,64] On the other hand, too weakly
bonding materials would not adsorb hydrogen and thus not act as a
catalyst.[24,41,42] This resulted in the well-known shape of the volcano plot, as
shown in Figure 1.9. These results from Trassati are under heavy debate since
the metals on the descending branch are covered in oxides under HER
conditions, which can have a significant impact on the activity.[41,42,62]

Figure 1.9: Left: The much-debated volcano plot of mono-metallic electrocatalysts with
their activity (in acidic media) on the y-axis and M-H bond strength on the x-axis. It
shows Pt as the most active, Mo as too weakly binding and Ni as too strongly binding.
Reproduced from ref 62. Right: A plot showing various electrocatalysts tested in
literature and comparing their initial overpotential (x-axis) versus their overpotential after
2 h (y-axis) in alkaline media. It can be seen that Ni-Mo has comparable activity to Pt.
Reproduced from Ref. 4.
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Yet there is a search for alternatives to Pt and Ru. The simple reasons are thus:
these noble metals are scarce and expensive.[4,24] To get the technology of
electrolysis as an energy storage method off the ground on a large scale it
needs to be economically viable. This means there is a need for cheap and
stable materials to be able to compete with, for example, the oil industry; in the
end, most consumers will buy the cheapest product and thus there is a target
that needs to be reached.[4,24]
Despite the controversy, this plot is what sparked the search for bimetallic and
multimetallic alloys for the HER.[4,24] As is also shown in Figure 1.9 most
materials that are reported to have similar or even superior activity compared
to Pt are alloys. The most common elements in these alloys are Ni, Co, W, and
Mo. One of the main reasons hailed for the activity of these materials is the
synergy between a material on the ascending branch (too strongly binding) like
Ni or Co, with a material on the descending branch (too weakly binding) like W
or Mo.[23,53,63,65,66] This is not the case for all the materials in the graph, however,
such as NiFe or NiCoFe, where all materials are on the ascending branch.[4]
Such reasons add to the debate about whether the volcano plot is correct since
making such plots depend greatly on experimental conditions. Note that the
shown volcano plot was generated in acidic media, while the activity plot on the
right is made in 1 M NaOH. Though discussed heavily, all plots made, to the
author’s knowledge, show that the plotted trends stay roughly the same in either
acidic or alkaline media.[24,41,42,62] Despite all this discussion, however, it is clear
that materials like Ni-Mo are highly efficient in the HER.

Figure 1.10: Top: Schematics showing why metallic Ni and Mo electrodes do not
perform exceptionally as separate materials. Bottom: Schematics showing possible
mechanisms through which Ni-Mo has increased performance.
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It does make one ask: is the synergy of strong and weakly binding materials
the real reason for this high activity? Several reasons can be found in literature
and the main descriptions are summarized in Figure 1.10. It is known that Ni
forms hydrides under HER conditions, and while it is still one of the most active
monometallic materials, this hampers its activity.[23,24,63,64] Mo, on the other
hand, is, as mentioned before, covered in oxides at typical HER
conditions.[4,23,24,67,68] Furthermore, it is known it has a low θH, meaning that
hydrogen formation is slow. The most proposed reason for the activity in the
literature is the synergy of Ni and Mo, in part because the discussion on the
volcano plot was only sparked relatively recently.[23,53,63,65,66] This reasoning
assumes that the hydrogen binding energy, EM-H, is averaged between the two
materials and thus results in an alloy, which is basically on top of the volcano
plot. Another discussed mechanism is the spill-over effect. This assumes an
alloy, which is not perfectly mixed but has a more domain-like structure. Here
Ni would fully cover its surface in a hydride-like state. As it gets covered,
adsorbed hydrogen spills towards the Mo domains. Since Mo has a much lower
EM-H the hydrogen there easily desorbs to form H2.[23,66]
The final main description of the high activity of Ni-Mo is its tendency to form
high surface area materials, giving rise to a high electrochemically active
surface area (ECSA).[23,24,43,53,65,66]
The surface area is an important descriptor in electrocatalysis (and catalysis in
general).[4,24,45] Electrochemical literature can often be difficult to compare since
it is not always clear what is used as a surface area when reporting the current
density (j, mA/cm2). It has a significant impact if the geometric surface area is
used, as is the case in Figure 1.9, where only the substrate electrode area is
reported. If the ECSA is used, on the other hand, Pt is still undebated as the
best catalyst per surface site.[4,24,41,42]
It should come as no surprise that increasing the surface area of a catalyst is
one
of
the
main
methods
to
improve
the
activity
of
electrocatalysts.[23,24,43,53,65,66] There are many reports on high surface area NiMo with exceptional activity due to high surface area. This is a common
approach found in many fields of catalysis, however, in electrochemistry
literature making comparisons is often difficult because often only currents and
not turn-over frequencies (TOF; i.e., activity, expressed as the number of
molecules converted per active site per time unit) or like-wise turn-over
numbers (TON) are reported.[4]
The surface area determination of electrodes is experimentally challenging.[4,58–
Double layer capacitance measurements are generally used, yet depend on
not only the surface area but surface composition as well.[4,58–61] Furthermore,
porosity is not always properly probed due to mass transport limitations.
Techniques, such as gas physisorption, are often not available due to size
constraints. Surface techniques, like scanning electron microscopy (SEM),
transmission electron microscopy (TEM) or atomic force microscopy (AFM)
also struggle with visualizing pores properly. All these reasons make it hard to
report an actual TOF for which the number of active surface sites needs to be
61]
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accurately known.[61] However, it should be clear that this challenge is not
limited to electrocatalysis, but holds for the entire field of heterogeneous
catalysis.
As shown in Figure 1.11 surface area can be increased in several ways, e.g.
by using high surface area substrates, such as metal foams (panel b)[68], by
forming high surface area materials, such as nanorods (panel c)[69,70], or by
increasing the mass loading of the catalytically active material when using
particles (panel e)[71].
Since Ni-Mo is an alloy the ratio of the elements is studied as well (panel a) and
it is found that Ni0.6Mo0.4 is the most active phase.[63] As already shown in Figure
1.9 there are also reports on trimetallic alloys, such as NiCoMo or NiFeMo.

Figure 1.11: A selection from literature showing strategies for improving Ni-Mo activity.
a) Optimizing the Ni:Mo ratio, with the optimum at Ni0.6Mo0.4. Reproduced from ref. 63.
b) Synthesizing Ni-Mo on high surface area substrates such as metal foams.
Reproduced from ref. 68. c) Synthesizing Ni-Mo in a high surface area configuration,
such as nanorods. Reproduced from ref. 69. d) Combining Ni-Mo with photo-catalysts
such as the metal-organic framework MIL-101. Reproduced from ref. 72. e) Increasing
the catalyst loading when using particles. Reproduced from ref. 71.
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While these score lower in this large-scale test by McCrory et al., especially
NiFeMo can still be an interesting material.[4] Even though there is a loss in
activity replacing Ni or Mo with the significantly cheaper Fe could be a huge
benefit if the overpotential is not too significant cost-wise.
A more exotic approach is combining electrocatalysts with photo-catalytic
(panel d) or photo-electrochemical materials.[72] This allows for theoretically
higher (economic) efficiency since fewer steps are required: energy capture
and conversion are done in one reactor instead of having to have energy
capture technologies such as solar panels and windmills and a separate reactor
for energy conversion. Earlier mentioned challenges accompanying photocatalysts and photo-electrodes still hold: many properties are required to be
suitable for such a system to work.

1.6. Scope and Outline of the PhD Thesis
The goals of this PhD Thesis are outlined in a cartoon in Figure 1.12. The main
goal is to produce hydrogen from renewable electricity via water electrolysis

Figure 1.12: Cartoon illustrating the scope of this PhD Thesis. Chapter 2, discussing the
leaching of Mo as MoO42- and the effects of electrolytes. Chapter 3, discussing
integration of a high-performing OER catalyst (Ni-Fe-S) with the Ni-Mo HER catalyst and
the optimization of the electrodeposition synthesis. Chapter 4, discussing the leaching
of MoO42- as a function of current and potential and introducing AFM and UV-Vis
spectroscopy as in situ techniques for these systems. Chapter 5: discussing the
possibility of combining Ni-Mo with NiFe2O4 photo-absorbers. Chapter 6, discussing the
integration of solar driven electrochemical water splitting with CO2 hydrogenation to store
the energy in methane. Finally, there’s Chapter 7 to conclude and summarize the thesis
as well as present an outlook on future research.
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using Ni-Mo electro-catalysts. It aims to establish knowledge on the stability of
the Ni-Mo system and subsequently stabilizing it. Finally, it explores the use of
Ni-Mo catalysts in various configurations such as part of photo-electrodes, in
two-electrode electrolyzers and as the hydrogen production catalyst in
cascaded CO2 hydrogenation.
First, some instability was found on the Ni-Mo cathode and further explored in
Chapter 2. Here the leaching of the Mo component of Ni-Mo was further
explored and the mechanism of leaching was found. The mechanism was found
where Mo leaches as MoO42-, producing a surplus of H2 as well, without
consuming electrons. The reaction was found to be driven by OH- and thus the
effects of pH are discussed in this PhD chapter. Furthermore, the effect of the
cations in the electrolyte, usually seen as spectator species, are discussed and
found to play a role in Mo leaching. The findings show that the activity of Ni-Mo
is a combination of synergetic as well as surface area effects.
A system will be established, in Chapter 3, combining Ni-Mo HER catalysts
with a more recently discovered Ni-Fe-S OER catalysts to form a system
capable of splitting water solely driven by solar cells. This PhD chapter then
focusses in more detail on Ni-Fe-S catalysts and discusses the roles of Fe and
S in improving the activity of Ni towards OER. It was found that Fe mostly
serves to increase surface area, where S synergizes with Ni towards a better
activity. The activity of these materials was furthermore improved by increasing
their surface area, using high surface area Ni foam supports. High stability over
the course, maintaining a low operating overpotential was found.
In Chapter 4, we utilize in situ AFM and in situ UV-Vis spectroscopy to study
the effect of potential, and of metallic substrates, on the stability of Ni-Mo. Ti,
Cu, Ni, and stainless steel are explored as potential metallic substrates for NiMo. In this PhD Chapter, it is found that these materials have significantly
different behavior with respect to Mo leaching. This substrate dependency also
results in differences in potential dependency of the leaching effects. Either low
or high overpotentials were found to reduce Mo leaching in most cases, which
shows that there are at least two mechanisms through which the potential
influenced Mo leaching.
Ni-Mo was then applied as a co-catalyst to NiFe2O4 photo-cathodes. In Chapter
5, this combined material is discussed, where NiFe2O4 is a suitable photoabsorber for hydrogen evolution, but lacking redox stability renders it
impractical for use. Combining it, however, with Ni-Mo through cathodic
electrodeposition formed a stable system, where Ni-Mo was bifunctional as a
catalyzing layer and a protective coating for the photo-absorber. The use of a
different substrate did incite the question of what the effect of substrates on NiMo stability would be, as well as the effect of potential, which led us to study
that in more detail.
In Chapter 6, we tackle another challenge of water splitting: hydrogen storage.
Here the development and study of a cascaded setup are discussed. Here solar
cell driven electrochemical water splitting is combined by thermal CO2
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hydrogenation using supported Ni nanoparticle catalysts. We find it is indeed
possible to form CH4 using only CO2 and H2O as resources, and further find
and discuss practical implications which follow from combining said reactions.
The formation of hydroxide containing aerosols was found, and these deposit
on the hydrogenation catalysts, influencing their performance. We explore how
this can either be exploited or prevented.
Finally, the PhD Thesis ends with Chapter 7, providing a summary of the main
findings, followed by some concluding remarks and an outlook on potential
future experiments.
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We are driving for the space museum.
I am looking out of the car window, bored by the long travel
The crystal-clear blue water of a river rushes by.
Dad stops the car next to a clearing and tells me to get out.
“Son, do you know what the strongest thing in the universe is?”
Annoyed I answer, just wanting to get this long drive over with. “Metal, of
course.”
“That’s where you’re wrong.”
I am intrigued and watch my dad gesture out towards the large river rumbling
in front of us.
“It is water.”
“Water?” I ask surprised.
“Yes, the biggest mountain, or the strongest metal, water will, in time, beat
either.”
I look at the river with wide eyes, “But it is liquid, how does that beat a solid?”
“Just look son, it corrodes metal, and over time this river even ate its way
through the earth, leaving this gorge.”
Water beating metal? Never before had I thought about it.
It takes my dad a while to get me back into the car, and never again did I
underestimate water.
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2
Electrolyte Effects on the Stability of NickelMolybdenum Cathodes for the Hydrogen
Evolution Reaction
Water electrolysis to form hydrogen as a solar fuel requires its
catalysts to be highly effective. Nickel-Molybdenum (Ni-Mo) is known
as such a material. In this Chapter, we have performed theoretical
and experimental studies on the activity and stability of Ni-Mo
cathodes. Density functional theory studies show various Ni-Mo
facets to be active for the hydrogen evolution reaction, Ni segregation
to be thermodynamically favorable, and Mo vacancy formation to be
favorable even without an applied potential. Electrolyte effects on the
long-term stability of Ni-Mo cathodes have been determined. We
have compared Ni-Mo before and after up to 100 h of continuous
operation. We show that Ni-Mo is unstable in alkaline media due to
Mo leaching in the form of MoO42-, ultimately leading to a decrease in
absolute overpotential. We found that the electrolyte, the alkali
cations, and pH all influence Mo leaching. Changing from Li to Na to
K influences the surface segregation of Mo, and pushes the reaction
towards Mo dissolution. Lowering the pH decreases the OHconcentration and in this manner inhibits Mo leaching. Of the
electrolytes studied, in terms of stability, the best to use is LiOH at a
pH of 13. Thus, we present a mechanism for Mo leaching as well as
ways to influence the stability and make the Ni-Mo material more
viable for renewable energy storage in chemical bonds.
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2.1. Introduction
A lot of work is done studying the synthesis of Ni-Mo cathodes for hydrogen
production from water by changing their morphology and altering their chemical
composition.[1-4] A Ni content of 60-80 % in these metal alloys has been found
to be optimal for the activity and stability.[1,5-7] However, while some previous
research works show that Ni-Mo is unstable in alkaline media, the origins of this
instability are as of yet not extensively studied, except for one key work by
Schalenbach et al.[5] showing that Ni-Mo can form multiple crystal phases
depending on the ratio between Ni and Mo. Furthermore, they report that Mo
can leach from the material during electrocatalysis.[5,8,9]
In this Chapter, we present a combined theoretical-experimental study of the
activity and stability of Ni-Mo as hydrogen evolution reaction (HER)
electrocatalyst. Using density functional theory (DFT) and a simple
thermodynamic model of HER activity, we predict a model Ni-Mo system to be
highly active towards the HER on several facets.[10] Since Mo leaches, the
nature of the electrolyte is expected to play a key role. To this end, we studied
different commonly used electrolytes: NaOH and KOH as well as LiOH, and
show that the choice can play a significant role in HER performance.[6] Our
calculated energies suggest Ni segregation as well as Mo vacancy formation
to be favorable.[11-13] Experimentally, using scanning electron microscopy in
combination with X-ray spectroscopy (SEM-EDX), atomic force microscopy
(AFM), X-ray photoelectron spectroscopy (XPS), inductively coupled plasmaatomic emission spectroscopy (ICP-AES) and UV-Vis spectroscopy, we have
characterized the stability of Ni-Mo materials in a variety of electrolytes and
pH’s. We confirm that Mo leaches, as recently shown by Schalenbach et al.[5],
and found that Mo leaches as MoO42-. Roughening and changes in
electrocatalytic activity were a result of Mo leaching. The cation in the
electrolyte, being either K+, Na+, or Li+, as well as the solution pH significantly
influence these effects. With this work, we present an understanding of the Mo
leaching phenomenon through both experiment and theory.

2.2. Results and Discussion
2.2.1. Electrolyte Effects: The Cation Matters
To study Ni-Mo alloy surfaces in detail the material was synthesized by
electrodeposition on Ti substrates.[14-16] The materials generally form
amorphous, granular structures with cracks on the surface on a µm scale, as
shown in the SEM micrographs in Figure 2.1. These are typical structures found
for electrodeposited materials [17] an observation, which is more general as can
be deduced from the SEM micrographs in Figures 2.2 and 2.3.
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Figure 2.1: Boxed in red are the experiments performed in 1 M KOH: a)
Chronopotentiometric curve obtained at -10 mA/cm2 for Ni-Mo electrodeposits. The
SEM images show the Ni-Mo surfaces after different times of catalysis, with 0 h and
100 h taken on the same sample. b) Amount of Ni and Mo found in spent electrolytes
as determined by ICP-AES per cm2 of electrode. Boxed in green are the experiments
performed in 1 M NaOH: c) Chronopotentiometric curve obtained at -10 mA/cm2 for NiMo electrodeposits. The SEM images show the Ni-Mo surfaces after different times of
catalysis, with 0 h and 100 h taken on the same sample. d) Amount of Ni and Mo found
in spent electrolytes as determined by ICP-AES per cm2 of electrode.
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These samples were subjected to electrocatalysis via chronopotentiometry at 10 mA/cm2 in 1 M hydroxide solutions; note that all calculations are done on
basis of the substrate surface area. The behavior is similar for the materials
employed in 1 M KOH (Figure 2.1a) or 1 M NaOH (Figure 2.1c). One difference,

Figure 2.2: SEM images prior to (left) and after (right) catalysis in 1 M NaOH for various
times (top to bottom 1 h, 4 h, 24 h, 100 h).
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however, is that the catalyst in 1 M KOH takes a longer time to activate towards
the optimum overpotential at about 30 h, compared to 15 h in 1 M NaOH. The
absolute overpotential changes from 0.18 V to 0.13 V, it then stays stable for

2

Figure 2.3: SEM images prior to (left) and after (right) catalysis in 1 M KOH for various
times (top to bottom 1 h, 4 h, 24 h, 100 h).
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several days before increasing again. The low overpotential shows it is indeed
active as suggested by theory (section 2.2.4) and previous studies.[1-4,6,18-22]
Leaching of Mo was further confirmed experimentally. On a larger scale SEM
was performed on the samples at several time intervals. In both the case of
NaOH and of KOH, after a long time (100 h) of operation, edges and other
nanoscaled features form on the material, which can be linked to the vacancy
formation, as described in more detail in Section 2.2.4. This effect is similar to
that observed during anisotropic etching of noble metals, and thus could be
linked to Mo leaching.[23,24]
Table 2.1: ICP-AES values found in electrolytes after catalysis. Values in red were
below the detection limit.

Experiment
Na-Na 1 h
Na-Na 4 h
Na-Na 24 h
Na-Na 100 h
Na-Na 24 h pH = 8 H-cell
Na-Na 24 h pH = 11 H-cell
Na-Na 24 h pH = 14 H-cell
Na-Na 24 h pH = 14.8 H-cell
Na-K 1 h
Na-K 4 h
Na-K 24 h
Na-K 100 h
Na-K 24 h pH = 8 H-cell
Na-K 24 h pH = 11 H-cell
Na-K 24 h pH = 14 H-cell
Na-K 24 h pH = 14.8 H-cell
K-Na 24 h
K-Na 100 h
K-K 24 h
K-K 100 h
Na-K 24 h without catalysis
Ti 96 h (KOH) pH = 14 H-cell
Na-Li 24 h pH = 13
Na-Na 24 h pH = 13
Na-K 24 h pH = 13
Na-Li 24 h pH = 13 H-Cell
Na-Na 24 h pH = 13 H-Cell
Na-K 24 h pH = 13 H-Cell
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Ni (mg/L)
0.056
0.044
0.026
0.025
0.117
0.020
0.014
-0.007
0.093
0.021
0.022
0.053
0.121
-0.007
0.048
0.028
0.048
0.017
0.211
0.081
0.011
0.024
-0.004
0.025
0.013
0.010
-0.006
-0.006

Mo (mg/L)
0.083
0.090
0.089
0.102
1.859
1.144
3.895
0.312
0.072
0.170
0.749
1.762
0.208
0.912
3.349
0.233
0.165
0.098
0.061
0.381
0.613
-0.006
0.035
0.352
0.166
0.352
1.693
1.000
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The similarity with anisotropic etching led us to perform ICP-AES analysis, of
which the results are summarized in Table 2.1, of the electrolytes after
catalysis, to observe possible Mo or Ni leaching. These results are also plotted
in Figure 2.1b and 2.1d for 1 M KOH and 1 M NaOH, respectively. Indeed, Mo
leaches, most obviously when using KOH as an electrolyte. Leaching in KOH
starts slower than in NaOH during the first hour but continues to higher values
of 1.84 µmol Mo after 100 h. In the case of NaOH, it leaches to a value of 0.09
µmol Mo after just 1 h, but after that no more leaching takes place. In either
situation, both activity and stability are superior to pure Ni and Mo electrodes
(Figure 2.4).
Despite the significant difference in Mo leaching between KOH and NaOH
electrolytes, we observe that the chronopotentiometry does not change much
after about 30 h of operation, suggesting a steady state is achieved.
Furthermore, as will be shown in Section 2.2.4, according to DFT neither Na+
or K+ adsorbs suggesting that this is not the pathway via which leaching is
influenced. The apparent roughening observed in SEM is a suitable explanation
for the slight decrease in overpotential observed during the beginning of the
chronopotentiometry: the available surface area increases and thus activity
increases. To quantify the roughening process, double layer capacitance
measurements and AFM are employed. First, this capacitance is not only a
function of surface area: the specific capacitance of a material depends on the
composition as well.[25-27] Previous research shows that the Ni2+/Ni3+ redox
couple can also be used to determine surface areas[5], but we find, that since
the surface concentration of Ni changes, that this approach likewise is limited.
Furthermore, to be able to study in detail what happens during HER catalysis,
applying oxidizing potentials might result in electrochemical processes that are
usually not found for the Ni-Mo system under HER conditions, such as anodic
etching.
Since neither approach of determining the surface area is ideal, we attempt to,
at least, exclude the possibility that differences in capacitance values are due
to small differences between samples, by performing experiments where every
30 min of catalysis alternates with double layer capacitance measurements

Figure 2.4: Chronopotentiometry for 24 h at -10 mA/cm2 in 1 M KOH of a) polished Ni,
b) polished Mo, c) Pt mesh (20 h).
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Figure 2.5: a) stepped chronopotentiometry in KOH (black, left axis) alternated with
double layer capacitance measurements (red squares, right axis). b) AFM images
obtained prior (left) and post (right) catalysis in KOH for 24 h. Above the image the
increase in RMS is shown, where negative values correspond to a decrease. c)
stepped chronopotentiometry in NaOH (black, left axis) alternated with double layer
capacitance measurements (red squares, right axis). d) AFM images obtained prior
(left) and post (right) catalysis in NaOH for 24 h. Above the arrow the increase in RMS
is shown, where negative values correspond to a decrease.

(Figure 2.5). Immediately, it is clear that there is an influence of electrolyte. In
KOH it takes longer for the catalyst to reach the optimum in overpotential (take
note of the different x-axes). During this process, the capacitance increases
with a rate of 2.3 mF/h before leveling off at a normalized capacitance of 13
mF, while in NaOH this rate is only 1.3 mF/h and it levels off at only 4 mF. While
these data cannot be directly related to roughness it shows the change of the
material is gradual during HER catalysis and that it occurs on the same
timescale as the change in overpotential. With AFM we found that the increase
in surface area after 24 h is 23 % when using NaOH (Figure 2.5d). This is
significantly less than the factor 4 increase found with the capacitance
measurements, immediately proving that the capacitance cannot be directly
linked to surface roughness. In the case of KOH (Figure 2.5b), it is even more
extreme and a decrease in surface area is observed.
Change in the capacitance is also observed for the pure electrodes. A slight
increase in capacitance was observed from 0.51 mF to 1.33 mF after this
process for Ni. For Mo, a decrease of capacitance is observed from 27.3 mF to
1.74 mF. A small decline is observed from 0.32 V towards an overpotential of
0.34 V. It should be noted that the polishing of Mo was far from optimal due to
the brittleness of the material.
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It should be noted that the root-mean-square (RMS) determination (see Figures
2.25 and 2.26 in Section 2.4) is difficult due to the presence of features on the
micrometer scale, the cracks. Furthermore, features on the nanometer scale,
such as possible pores having formed are not taken into consideration on this
scale. We selected spots based on their relative lack of large features at the
beginning. Nevertheless, as seen in the AFM images of Figure 2.5b, large
changes can occur due to cracking or removal of whole grains due to flaking,
which will influence the determined RMS significantly. Furthermore,
experiments on pure Ni and pure Mo show that the specific capacitance of Mo
(27.3 mF) is higher than that of Ni (0.51 mF) meaning this can be related to
more Mo being present at the surface.
On the other hand, the large change in surface capacitance and the observed
leaching led us to study the surface in more detail. As mentioned before, with
SEM-EDX it was possible to determine that Na is present at the surface, and
furthermore, after catalysis, this amount is either increased (NaOH) or replaced
by K (KOH), as summarized in Table 2.2. To find what is really occurring on the
surface itself and in the first few 100 nm, we used XPS depth profiling (see
Figure 2.6a). Prior to catalysis, the samples contain Na, Ni and Mo
homogeneously dispersed throughout the first 600 nm, with only the surface
being significantly higher in Na and Mo content. Furthermore, the Mo content
is higher depth, for these several micrometer thick samples. The substrate
could be observed usually, showing that probing was possible beyond the

Figure 2.6: a) XPS depth profile of a fresh Ni-Mo surface. In all cases a sputter rate of
0.50 nm/s was assumed (based of Ta2O5). b) XPS depth profile of Ni-Mo spent in 1 M
KOH after 4 h and 16 h. c) XPS depth profile of Ni-Mo spent in 1 M NaOH after 4 h and
16 h. In all Ni (green squares), Mo (blue circles), and Na (orange triangles) or K (purple
triangles) are shown. Other elements (O, C) have not been taken into account in the
calculation of the ratios.
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electrodeposited layer, and thus that likely most of the sample was measured.
The observation of Mo being more concentrated on the surface points towards
surface segregation, as is reported before in the literature.[11,12]
On one hand, after chronopotentiometry in 1 M KOH (Figure 2.6b), already after
4 h, the Mo content has decreased significantly in the first 400 nm (from 40 %
to 15 % at 60 nm depth). This is more near the surface (40 %) than what was
found with SEM-EDX (25 %), which is effectively a bulk technique, with a
micrometer scale penetration significant even after 16 h reaching beyond the
probing depth of 660 nm. At the same time, Na was completely gone already
after 4 h and instead K is found, most prominently on the surface. In NaOH
(Figure 2.6c), on the other hand, the same effect occurs, but the extent of the
leaching of Mo is less. Mo contents decrease over time as well in NaOH, mostly
from the top layers, but in contrast with KOH electrolytes; even after 16 h
leaching barely occurred after 500 nm.
Table 2.2: SEM-EDX results found for samples after catalysis. Only Na, Ni, Mo and K
are considered and put at a total of 100 %.

Experiment
Na-Na 1 h
Na-Na 4 h
Na-Na 24 h
Na-Na 100 h
Na-K 1 h
Na-K 4 h
Na-K 24 h
Na-K 100 h
K-Na 24 h
K-Na 100 h
K-K 24 h
K-K 100 h
Na-Li (pH=13) 24 h
Na-Na (pH=13) 24 h
Na-K (pH=13) 24 h

Na (at%)
4.2
3.9
4.0
3.0
0.8
4.1
15.0
0.6
13.6
0.7

Ni (at%)
73.9
77.3
75.0
72.2
70.1
72.2
83.7
73.0
82.2
66.6
76.0
75.6
68.5
57.6
67.1

Mo (at%)
21.9
18.8
20.7
24.8
28.8
25.9
14.3
25.4
13.6
18.4
23.0
22.0
30.9
13.6
29.8

K (at%)
1.1
1.9
1.3
1.7
0.1
1
2.4
2.4

In NaOH as well as in KOH the alkali cation has infiltrated the surface in higher
numbers than was the case prior to catalysis. Its presence, however, is much
more contained to the surface for Na than for K, being higher at the top layers
but almost absent after 200 nm, while for K it is more homogeneously present
after 16 h up to at least 660 nm. This implies there is a different rate of the
formation of porosity into which the electrolyte infiltrates. This agrees with the
formation of Mo vacancies according to DFT and the different Mo leaching rates
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Figure 2.7: Sample synthesized using Kbased precursors (K2MoO4, K3Citrate) and
used for electrochemistry in 1 M NaOH.
Chronopotentiometry and progress of
sample
surface
morphology
(top).
Evolution of the double layer capacitance
(red) and chronopotentiometry (black)
(bottom).

Figure 2.8: Sample synthesized using Kbased precursors (K2MoO4, K3Citrate) and
used for electrochemistry in 1 M KOH.
Chronopotentiometry and progress of
sample
surface
morphology
(top).
Evolution of the double layer capacitance
(red) and chronopotentiometry (black)
(bottom).

found. The higher values for Na in the top layer than for K can be related to the
difference in ion size (Na+ is smaller than K+ and thus more would fit in a pore
of the same size). Furthermore, the samples tested in NaOH retain the property
that the Mo content directly at the surface is slightly higher than in the layer
beneath it. Thus, the presence of Na or K influences Mo surface segregation.
These observations agree with the capacitance measurements, where Ni and
Mo atoms influence the specific capacitance more than Na and K, since the
surface ratio of Ni:Mo changes much more in KOH than in NaOH. Due to the
role of the cations we also made catalysts from K-based electrodeposition
baths, but due to their poor performance we decided not to study them in detail
(see Figures 2.7 and 2.8).
Prior to catalysis the surface consists mostly of Ni(II)hydroxide, while most of
the Mo is Mo(VI) with a small amount of Mo(IV) and a few percents of metallic
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Mo. After catalysis, in either electrolyte, the Ni retains its phase, while Mo is
(almost) fully oxidized to Mo(VI) after exposure to air, as shown in Figure 2.9.
Information on the deeper layers regarding oxidation states is disregarded, as
the sputtering to measure deeper layers is a reducing process, possibly
reducing the Mo to the metallic state as well. Ni is present mostly in its
hydroxide phase with traces of the metallic phase (7 %) prior to catalysis. Mo
is mostly oxidized into its Mo(VI) state. Only prior to catalysis Mo is partially
present in its metallic (7 %) and Mo(IV) (26 %) phases. The peaks at 229.4 eV
and 232.5 eV are labeled MoO2, but could also be Ni4Mo since both are
reported at those binding energies.[28] Finally, there is also a component visible
which is previously reported as belonging to Mo5+ species.[29]
2.2.2. Elucidation of the Mo Leaching Mechanism
To explore more in-depth the mechanism of Mo leaching we performed UV-Vis
spectroscopy on spent electrolytes and the results are shown in Figure 2.10. In
both KOH and NaOH, UV-Vis bands are visible, characteristic for the presence
of MoO42- species, effectively proving that the leaching indeed occurs by the

Figure 2.9: XPS spectra of Ni and Mo found at the surface of Ni-Mo surfaces prior to
catalysis and after 4 h and 16 h of catalysis in 1 M KOH.
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formation of MoO42-. Leaching even occurs without applied potential (Table 2.1)
thus we suggest Mo + 2 OH- + 2 H2O  MoO42- + 3 H2 to be the leaching
mechanism. Since Mo leaches as MoO42- the difference between K and Na
could be explained by the solubility constants of K2MoO4 and Na2MoO4 on top
of the observed influence of surface segregation. To ensure the solubility
constants we use are relevant, these were determined in the electrolytes used.
The solubility of K2MoO4 (0.76 g/L) is significantly higher than that of Na2MoO4
(0.39 g/L) independent of the pH used (pH 8, 11 & 14), except for 6 M solutions.
In the case of 6 M solutions, the solubility was found to be lower (0.43 g/mL
and 0.13 g/mL for K2MoO4 and Na2MoO4, respectively), which is likely due to
the higher concentration of K+ or Na+ ions in the electrolyte.[30] This can explain
the difference in the behavior despite the lack of differences in the calculations.
To confirm that the suggested reaction takes place and that it is a non-Faradaic
process as is thermodynamically suggested, the Faradaic efficiency (FE) was

Figure 2.10: a) UV-Vis spectrum after 100 h of catalysis in 1 M KOH, the inset shows
spectra of K2MoO4 in 1 M KOH as references. b) UV-Vis spectrum after 100 h of
catalysis in 1 M NaOH, the inset shows spectra of Na2MoO4 in 1 M NaOH.
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Figure 2.11: a) Hydrogen production found for Ni-Mo in 1 M KOH (Red) or 1 M NaOH
(green) at 4 mA; the black line shows the theoretical amount expected. The dashed
lines show the chronopotentiometric curves of these experiments. b) Hydrogen
production in KOH at different pH values. c) Hydrogen production in NaOH at different
pH values.

determined. Using gas chromatography (GC) we find that during the first few
hours of HER catalysis in hydroxide solutions the FE is higher than 100 % in
the case of 1 M KOH. This is shown in Figure 2.11a. This agrees with the
proposed reaction mechanism where hydrogen forms without consuming
electrons from the circuit, thus forming more hydrogen than the applied current
would suggest. For 1 M KOH it tops at 122 % after which it drops slowly to a
value corresponding to 103 % FE. In 1 M NaOH on the other hand, no such
peak in FE is observed and it is constant at a FE of 101 %, corresponding to
the lower extent of Mo leaching.
2.2.3. Electrolyte Effects: Stabilization by pH Tuning
In the case of KOH it is possible to suppress the additional formation of
hydrogen by lowering the pH, making the Mo leaching reaction less likely to
occur. This is shown in Figure 2.11b. Meanwhile, increasing the pH for 1 M
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Figure 2.12: a) The first hour of the chronopotentiometric curves in 1 M K+
(KOH/K2SO4) solutions of varying pH. b) The observed Mo (blue circles) and Ni (green
squares) leaching after 24 h of operation at -10 mA/cm2 in K+ solutions of varying pH.
c) The first hour of the chronopotentiometric curves in 1 M Na+ (NaOH/Na2SO4)
solutions of varying pH. d) The observed Mo (blue circles) and Ni (green squares)
leaching after 24 h of operation at -10 mA/cm2 in Na+ solutions of varying pH.

NaOH, due to the higher concentration of hydroxide ions, results in the peak in
FE coming up as well for that electrolyte (Figure 2.11c). Interestingly, in 6 M
KOH, the peak in hydrogen production is absent. The explanation we propose
is that in the case of 6 M KOH the material leaches directly from the Ni-MoO3
phase resulting in the reaction being MoO3 + 2 OH-  MoO42- + H2O. In the
other solutions leaching takes place from the metallic phase, which is present
due to the reducing potential being applied during these experiments.[31] In
contrast, the Mo leaching observed with ICP-AES (Figure 2.12) is significantly
lower in 6 M NaOH and 6 M KOH, although it should be noted that the higher
concentration of easily ionizable alkali ions (6 M versus 1 M) can significantly
suppress the signal of other analytes.[30] From ICP-AES we also observe that
at pH 8 the leaching of Ni becomes significant as well, as can be seen in Figure
2.12. Interestingly, while the Mo leaching decreasing with decreasing pH we
also observed that this effect was far less significant for NaOH compared to
KOH, meaning that the stability is less at lower pH values for NaOH than for
KOH (Figure 2.12).
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Figure 2.13: a) Chronopotentiometric curves in different 1 M M+ solutions at pH 13
(MOH/M2SO4) with Li (blue), Na (green), K (red), showing nearly no variation. The inset
shows Mo (blue circles) and Ni (green squares) leaching. b) H2 production as observed
by in-line GC. The dotted line shows the expected value based on the applied current.

Furthermore, for NaOH, at a pH of 8, the Mo leaching increases again. This
might relate to the increased Ni leaching which makes more Mo surface
available.[31] This is related to the earlier observations of leaching in Na being
faster but less deeply penetrating. More Mo becomes available due to Ni
leaching and in NaOH this increase in available Mo leaches faster than in KOH.
In the case of the experiments performed at lower pH values, the electrolytes
acidify due to the Mo being leached to a concentration of about 20 µM. This
also results in 40 µM of OH- to be consumed, resulting in pH 4-5. This also
explains why Ni leaching started at electrolytes starting from pH 8. However,
the potential role of SO42- ions in this acidification cannot be excluded; these
ions result from M2SO4, which was added to maintain a constant alkali cation
concentration.
Mo leaches even less in LiOH than in KOH and NaOH (Figure 2.13). While, as
mentioned before, the leaching is more prominent in NaOH than in KOH on a
timescale of 24 h at lower pH values, in LiOH this is appreciably less. The FE

Figure 2.14: Elemental ratios up to 660 nm into the material from the surface as
determined by XPS after 24 h of catalysis in 1 M M+ solutions at pH = 13 for a) M = K+,
b) M = Na+ and c) M = Li+. A sputter rate of 0.50 nm/s (based on Ta2O5) was assumed
for determining the x-axis.
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as observed with GC confirms this: 101.5 % of the theoretical value over the
course of 24 h in Li, while for K and Na this is 102.1 % and 105.0 %,
respectively. Furthermore, the shape of leaching differs between the materials:
on one hand, a sharp peak is observed for KOH, similar to other pH values. On
the other hand, a broad, low peak forms for NaOH and no observable peaking
results in the case of LiOH. Nevertheless, the chronopotentiometric curves look
similar in all cases and the morphological changes are observed in all cases as
well (Figure 2.15).
In Figure 2.14 the XPS depth profiles confirm the earlier statement that lighter
alkaline elements infiltrate more easily into the alloy, since Li contents reach 85
% directly on the surface while this is 47 % and 20 % respectively for Na and
K. From these data the difference in leaching behavior at pH 13 compared to

Figure 2.15: SEM images of Ni-Mo before (left) and after (right) electrocatalysis for
24 h in 1 M MOH solutions where M = Li, Na, or K from top to bottom.
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Figure 2.16: XPS spectra of Ni (left), Mo (middle) and alkali metal (right) of samples
spent in pH 13, 1 M M+ solutions. The samples spent in LiOH (top), NaOH (middle) and
KOH (bottom) are shown.

pH 14 can be explained as well: the highest leaching experiment was
performed in NaOH and in contrast with KOH and LiOH, in this case, the Mo/Ni
ratio increases instead of decreases. This is expected to be a result of Mo
surface segregation which is described previously.[11,12] In the cases of KOH
and LiOH, the Mo/Ni decreases towards the surface, as was also the case for
the experiments at pH 14. This means that Mo transport to the surface is less
in these cases, as seen by the elemental ratios stabilizing earlier into the
material. This lessened segregation left less Mo exposed to leach into the
electrolyte. The same species were found with XPS after electrolysis as they
were found at pH 14. This is listed in Figure 2.16.
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2.2.4. Surface Segregation and Adsorbates as Revealed by Theory
Density functional theory (DFT) was used to investigate hydrogen and cation
adsorption, Ni and Mo surface segregation, and vacancy formation energies.
Differential Gibbs free energies of hydrogen adsorption, ΔGH, were calculated
as it has been shown previously to be a good descriptor for the HER activity on
a variety of materials.[10,13,32-34] Further details regarding the calculation of ΔGH
can be found in the Experimental Section. We use the limiting potential,
determined theoretically as the potential at which all steps in the HER
mechanism become exergonic, as an estimate of activity. For the HER, this
limiting potential is simply defined as UL = -|ΔGH|/e and so the theoretical
prediction of activity is maximized for UL = 0 and hence ΔGH = 0 eV. This
theoretically determined limiting potential has been shown to correlate well with
experimental activity for several processes.[10,13,32-35] We chose Ni3Mo as the
model Ni-Mo system due to the similarity in stoichiometry to the experimental
system. Figure 2.17 shows ΔGH as a function of the surface hydrogen
coverage, θH for the three terrace facets of Ni3Mo. At moderate surface
coverages, ΔGH approaches zero, indicating high predicted activity towards the
HER for all studied surface facets.
To investigate the origin of the changing overpotential, we investigated the
stability of the Ni-Mo system under HER conditions. Cation and hydroxyl
adsorption free energies, ΔGads and ΔGOH respectively, were calculated under

Figure 2.17: ΔGH as a function of surface hydrogen coverage, θH.
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Figure 2.18: DFT investigation into the thermodynamics of surface restructuring,
calculated under operating conditions (U = -0.15 V vs RHE, pH = 13). (a) illustrates
the energetics at a stepped Ni3Mo surface, while (b) illustrates the energetics for a
terrace Ni3Mo surface.

operating conditions (U = -0.15 V vs RHE, pH 13) to determine if they play a
role in changes of surface morphology.
Figure 2.18 illustrates these energies for a step and terrace termination of
Ni3Mo. Similar plots for terrace facets (010) and (001) can be found in Figure
2.19. We find that cations bind unfavorably to both steps and terraces.
Assuming a Boltzmann distribution, the expected coverage of cations θion is
therefore effectively 0. However, solvent stabilization may allow cations to
adsorb at small coverages at more negative potentials. Similarly, *OH binds
unfavorably on the step, and weakly on the terrace. Solvent stabilization again
may allow some small coverage of *OH.
The energy to segregate Mo to the surface was then calculated as follows:
ΔEseg,Mo = Eseg – Eclean – (EMo – ENi)
where Eseg is the energy of a surface where one surface Ni atom is replaced
with one bulk Mo atom, Eclean is the clean surface, EMo is the energy of one Mo
atom in Ni3Mo relative to bulk Ni, and ENi is the energy of one Ni atom in Ni3Mo
relative to bulk Mo.
Similarly, segregation energies for bringing Ni to the surface from bulk Ni3Mo,
while sending a surface Mo atom to a solvated molybdate ion, were determined:
ΔEseg,Ni = Eseg – Eclean – (ENi – (EMo(s) + ΔEMo,diss))
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Figure 2.19: a) Bar chart of ion binding energy, Mo segregation energy, Ni segregation
energy and energy for vacancy information through Mo solution of (010) terraces. b)
Bar chart of ion binding energy, Mo segregation energy, Ni segregation energy and
energy for vacancy information through Mo solution of (001) terraces.

where, EMo(s) is the energy of a molybdenum atom in its pure solid phase, and
ΔEMo,diss is the energy of the dissolution reaction which converts Mo(s) into a
molybdate ion. Molybdate is considered since it is the most likely to form at pH
14, under the studied potentials, according to the Pourbaix diagram.[31]
From literature data[36], we have the equilibrium potential of the following
reaction:
Mo(s) + 8 OH-(aq)  MoO42-(aq) + 4 H2O(l) + 6e-, U0 = +0.913 V
We can then add to this the HER at pH 14 as follows:
6(e- + H2O  ½ H2 + OH-), U0 = 0.0 – 14 * -0.059 V
Giving a net reaction and equilibrium potential:
2 H2O + Mo(s) + 2 OH-  3 H2 + MoO42-, U0 = +0.087 V
Using the Nernst equation, we see that the free energy of this reaction is then:
ΔGMo,dissolution = -nFU0 = -0.522 eV
The energy required to form a Mo vacancy on the surface via dissolution of Mo,
ΔEvac, was calculated:
ΔEvac = Evacancy – Eclean – (EMo(s) + ΔEMo,diss)
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Figure 2.20: Ion adsorption energies as a function of ion coverage where θion = 1
corresponds to four ions adsorbed on a single unit cell on different terrace facets.

Here Evacancy is the energy of the surface with a vacancy, and Eclean is the clean
surface. The segregation and vacancy formation energies were calculated both
on clean slabs and in the presence of cations and OH*. These are tabulated in
Figure 2.18.
We find that it is energetically unfavorable to enrich the surface in Mo, while
enriching the bulk in Ni, regardless of cation adsorption. Additional results for
cation adsorption can be found in Figure 2.20. We do find however that *OH
can significantly stabilize Mo surface enrichment, though it is still unfavorable
energetically. This is likely due to molybdenum’s high oxophilicity. Ni
enrichment, however, is generally energetically favorable, consistent with
experimental observation, discussed in what follows. We find that the formation
of a Mo vacancy on the surface via dissolution to molybdate is feasible on the
step, but not on the terrace. Because the films in this study are highly
amorphous and are likely to contain sites less coordinated than the step
presented here, we expect the Mo conversion to molybdate to occur without an
applied potential.

2.3. Conclusions
Ni-Mo as material performs exceptionally well as a hydrogen evolution reaction
(HER) catalyst and its performance stability is high since the overpotential of
operation only changes slightly during 100 h of catalysis. Density functional
theory (DFT) calculations show Ni-Mo low index facets to have nearly
thermoneutral H adsorption free energy, which is consistent with the observed
high Ni-Mo activity. Furthermore, the theoretical calculations also suggest both
Ni segregation and Mo vacancy formation to be favorable even without the
influence of an applied potential. This observation was confirmed by catalyst
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characterization results. The activation observed at the start of HER operation
is due to some Mo leaching via the reaction: Mo + 2 OH- + 2 H2O  MoO42- +
3 H2. This results in an overall increase of surface area and thus an apparent
decrease in absolute overpotential. Although the material operates stably for at
least a week, future research on longer timescales should show if the leaching
would not be detrimental for real long-term performance stability. Furthermore,
the leaching results in undesired contaminants in operating systems and we
have shown, as summarized in Figure 2.21, how simple changes to the
electrolyte (by changing the monovalent cation) can already significantly
suppress the Mo leaching without hugely influencing the overall HER
performance.
The influence, we found, can be directly related to the observed mechanism of
leaching. Changing from Li to Na to K influences the surface segregation of Mo,
and so pushes the reaction towards Mo dissolution by increasing the surface
concentration of Mo. Decreasing the pH decreases the concentration of OHand in this manner inhibits the leaching reaction. This is, however, only valid
down to a certain value since the leaching reaction consumes OH- and acidifies
the solution, which becomes significant at pH values closer to neutral. The
acidification destabilizes Ni instead, similarly destroying the HER material. Of
the electrolytes studied, in terms of stability, the best to use is LiOH at a pH of
13.

Figure 2.21: Schematic overview of the results obtained in this PhD Chapter,
showing the Ni-Mo alloy with surface MoOx, which, after HER catalysis, is etched by
a loss of Mo and infiltrated by the monovalent cations present in the electrolyte.
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2.4. Experimental
2.4.1. Chemicals and Materials
All materials were used as received without further purification. NiSO4.6H2O
(ReagentPlus, > 99 % pure), NaMoO4.2H2O (ACS reagent, > 99 % pure), NaOH
(99.99 % trace metals, semiconductor grade), KOH (ACS reagent, >85 %
pure), LiOH.H2O (99.95 % trace metals), Na2SO4 (ACS reagent, ≥99.0 %),
K2SO4 (ReagentPlus ≥99.0 %), Li2SO4.H2O (BioUltra ≥99.0 %) and
Na3C6H5O7.2H2O (sodium citrate, ACS reagent, > 99 % pure) were received
from Sigma Aldrich. NH3 28-30 % (ACS reagent, ph. Eur. for analysis) was
obtained from Emsure. In all experiments, deionized water was used.
2.4.2. Electrodeposition
Ti stubs (99.99+ %, Goodfellow) are machined to 1.257 cm2 round substrates
of similar shape as SEM stubs (Figure 2.22a-b) and were fixed in a threeelectrode cell for electro-deposition (Figure 2.22c-e). Prior to electrodeposition
these were polished on SiC paper with increasing grit (500, 1200, 4000), they
were then cleaned by sonication in three steps of 15 min each, first in 1:1
Ethanol:Acetone, then 2 M HNO3, and finally deionized water. Electrodeposition was performed galvanostatically using an Ivium Compactstat at a
current of -100 mA for 1200 s, while stirring at 400 rpm. As a counter electrode
a Pt mesh (Mateck, 99.9+ %) was used and as a reference electrode a 3 M
Ag/AgCl (BASi) was used. Since it is good practice to control the stability of the

Figure 2.22: a) Photograph of a Ti stub after polishing. b) Photograph of a Ti stub
coated with Ni-Mo. c) Photograph of sample holder with copper tubing for electrical
connection, the stub fixated with a rubber O-ring on the bottom. All of this is in a glass
tube. d) Photograph of the sample holder made water tight with Teflon tape to have
only the top part 1.257 cm2 exposed. e) Overview photograph of the three-electrode
cell with a Pt mesh counter electrode (CE), Ni-Mo/Ti working electrode (WE) and
Ag/AgCl 3 M KCl reference electrode (RE). The RE is connected to the main cell by a
Luggin capillary. Gas inlets are closed off by rubber stoppers and a water lock is used
to prevent pressure build-up and to prevent ambient air from re-entering the cell. f) Hcell with left the Ni-Mo as counter electrode (CE) and right a Pt mesh as working
electrode (WE). A Nafion membrane is placed in the bridge of the H-cell. Gas inlets
flow through glass frits to have fine bubbles flow through the cell at all times.
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Figure 2.23: Chronopotentiometry of Ni-Mo versus a) Pt, b) Au, c) glassy carbon. Note
the different y-axis in the case of c) glassy carbon.

counter electrode, the possibility of Pt leaching[37] and analogous counter
electrodes (Au, Goodfellow 99.99+ %, Glassy Carbon, BASi) was studied
(Figure 2.23). Pt was found to be stable and the better counter electrode of the
three for this system, no Pt was found by EDX (0 % in all tested cases) or XPS
(Figure 2.24). Glassy carbon was destroyed during the electrolysis, as was
expected.[38] The plating bath used contained 0.3 M NiSO4, 0.2 M Na2MoO4 and
0.3 M Na3C6H5O7 in 100 mL deionized water. To this, 10 mL NH3 was added to
obtain a pH of 9.2. First, the metal precursors were dissolved in water through
stirring, and then NH3 was added to adjust the pH. Prior to the syntheses, the
baths were purged with Ar for 15 min, and a gentle Ar flow was kept over the
solution during electro-deposition. As summarized in Table 2.3 the composition
of the electrodes approached Ni3Mo (71 % ±3 % Ni, 26 % ±3 % Mo, 3 % ±1 %
Na) when synthesized from Na-based precursors. When synthesized from Kbased precursors it approached Ni4Mo (82 % ±7 % Ni, 17 % ±7 % Mo, 0.3 %
±0.1 % K).
2.4.3. Electrochemical characterization
Electrochemical testing on samples was done as follows. The samples were
loaded in three-electrode cells with a Pt mesh counter electrode and a 3 M
Ag/AgCl (Metrohm, shielded, -0.207 V vs SHE, which is -1.033 V vs RHE (pH
14) and -0.974 V vs RHE (pH 13)) reference electrode. 1 M MOH is used as an
electrolyte at pH values of 14. Other electrolytes were made with MOH and
M2SO4 to maintain a concentration of 1 M alkali cations (M+). First, double layer
capacitance measurements were performed between -0.7 V and -0.9 V vs
Ag/AgCl at 100, 200, 300, 400 and 500 mV/s for 3 cycles each. Following this
a linear sweep was performed at 50 mV/s from -1 V to -1.3 V vs Ag/AgCl to
confirm no polluting electrochemical processes take place (data not shown).
Finally, chronopotentiometry was performed for varying lengths of time (1, 4,
24 or 100 h) at -12.57 mA (-10 mA/cm2). The linear sweep and double layer
capacitance measurements were performed again. Double layer capacitance
values were obtained by taking the difference between the forward and
backward current of the third scan. Data was averaged between 0.795-0.805 V
for each point. The resulting double layer thickness was then plotted versus the
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Figure 2.24: XPS spectra of the Pt 4f (left), Pt 4d (middle) and Pt 4p and 4s (right)
peaks of unspent (top), 16 h in 1 M KOH (middle) and spent 16 h in 1 M NaOH
(lower). As can be observed in the spectra, both before and after catalysis no Pt is
present above the detection limit of XPS in the surface of the samples.
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scan rate. The linear fit of these points yields the capacitance. The stepped
capacitance measurements were performed by alternating 30 min long
chronopotentiometric measurements with the five cyclic voltammetry
measurements. This was done over the course of 24 h. The data after the
capacitance value levels off is not shown as linear fitting beyond that point could
no longer be called satisfactory as the points were approaching a second order
function. Gas Chromatography (GC) analysis was done with a H-cell with a
Nafion perfluorinated membrane (Nafion 117, 0.007 inches thick, Sigma
Aldrich) loaded with the electrodes and 1 M KOH. This was purged with 2
mL/min N2 (5.0), 0.1 mL/min Kr (5.0) on the O2 side and 2 mL/min Ar (5.0), 0.1
mL/min Kr on the H2 side. This was bubbled past the samples through a glass
frit. The O2 electrode was the working electrode (WE), the H2 electrode was the
counter electrode (CE)/reference electrode (RE). A current of 4 mA/cm2 was
maintained for 96 h. GC was obtained using Global Analyzer Solutions
Compact GC 4.0 from Interscience with separate channels for H2 and O2. H2
was analyzed via a 75 μL sample loop injecting into a 5 m . 0.53 mm MXT-Qbond then a 10 m . 0.53 MXT-Msieve column and detected on a TCD. O2 was
injected via a 50 μL loop through different columns of the same type and
analyzed on a separate TCD. An injection was done each minute, with about
10 s delay between each injection. For each injection, Kr was used as an
internal standard.
Table 2.3: SEM-EDX results found for samples prior to catalysis. Only Na, Ni, Mo and
K are considered and put at a total of 100 %.

Experiment
Na-Na 1 h
Na-Na 4 h
Na-Na 24 h
Na-Na 100 h
Na-K 1 h
Na-K 4 h
Na-K 24 h
Na-K 100 h
K-Na 24 h
K-Na 100 h
K-K 24 h
K-K 100 h
Na-Li (pH=13) 24 h
Na-Na (pH=13) 24 h
Na-K (pH=13) 24 h

Na (at%)
3.7
3.1
2.3
2.3
2.0
2.6
6.0
1.3
3.3
7.6
3.6

Ni (at%)
73.0
73.9
74.3
69.3
68.5
65.1
71.4
73.8
78.7
78.0
94.6
77.4
67.2
64.0
66.9

Mo (at%)
23.4
23.1
23.4
28.4
29.4
32.2
22.5
24.9
20.9
21.6
5.3
22.1
29.5
28.4
29.5

K (at%)
0.4
0.3
0.1
0.5
-

2.4.4. Structural characterization
UV-Vis spectroscopy was performed using an Avantes DH-2000-BAL
Deuterium lamp and an Avantes StarLine AvaSpec-2048L spectrometer using
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a liquid immersed probe head. The spectra were obtained in the range of 200500 nm using 1 M KOH or 1 M NaOH as a reference. ICP-AES was performed
using an Optima 8300 instrument from Perkin Elmer and an average of three
samples was used. Electrodeposited samples were dissolved in 10 mL 2 %
HNO3 before oxidation. These were diluted with 2 % HNO3 to achieve optimal
measurement ranges. Electrolytes were decreased in pH to add 1 mL 65 %
HNO3 per 10 mL electrolyte, resulting in ca. 2 % HNO3. Ni (231.604 nm), K
(766.491 nm), Na (589.592 nm), Ti (334.187 nm) and Mo (202.095 nm) were
then measured. SEM-EDX was performed on a FEI Helios nanolab 600
DualBeam with an Oxford instruments Silicon Drift Detector X-Max energy
dispersive spectroscope. EDX mapping was performed with an electron beam
of 15 kV and 0.8 nA. All SEM imaging was done using secondary electrons at
15 kV and 0.8 nA. Wide images were first shot to ensure the larger
magnifications were taken at representative areas of the material (data not
shown for brevity). XPS measurements were carried out with a Thermo
Scientific K-Alpha instrument, equipped with a monochromatic small-spot X-ray
source and a 180° double focusing hemispherical analyzer with a 128-channel
detector. Spectra were obtained using an aluminum anode (Al Ka = 1486.6 eV)
operating at 72 W and a spot size of 400 μm. Scans were measured in snapshot
mode. The background pressure was 2 x 10-8 mbar and during the
measurement 3 x 10-7 mbar Argon because of the charge compensation dual
beam source. The sputtering parameters were as following: ion energy = 2000
eV, high current, sputter rate estimate (Ta2O5) = 0.50 nm/s, sputter Time = 120
s/level, number of levels = 12. Binding energy calibration for all samples was
performed by setting the C1s (sp3) binding energy of adventitious carbon to
285.0 eV. Fitting of the spectra (BE, FWHM, peak shape, asymmetry, number
of species) was performed with CasaXPS. Content percentages of Ni, Mo, Na,
and K were determined by finding the area of their respective spectra and
dividing this by the sensitivity factor that is specific to the element. This gives
the relative area for each element. All relative areas of the elements of interest
(excluding C and O) together are defined as 100 %. AFM measurements were
performed on a NT-MDT NTEGRA Spectra instrument, using silicon NSC-16
tips (F = 45 N/m, fres = 190 kHz) in tapping mode. Samples were marked using
a scalpel, and an optical system was used to find the same scanning spots preand post-catalysis. Flattening and masking were done using Gwyddion.[39]
Surface roughnesses (as root-mean-square, RMS) were determined using the
programs “Statistical quantities” on exclusively the masked areas (Figures 2.25
and 2.26).
2.4.5. Computational details
All calculations were performed using the Vienna Ab-Initio Simulation Package
(VASP).[40-42] Core electrons were described by PAW pseudopotentials[43,44],
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Figure 2.25: AFM images of Ni-Mo on Ti prior to (top line) and after (bottom line)
electrocatalysis in 1 M NaOH for 1 h (a), 4 h (b) and 24 h (c). The red masked areas
are the areas of which the averaged RMS value is given as noted in the images.

Figure 2.26: a-b) AFM images of 10x10 µm prior to (a) and after (b) electrocatalysis
in 1 M KOH. The red marked areas are the areas in which the RMS is determined. cd) AFM images of 20x20 µm illustrating the more significant changes of this sample,
while
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cut-off of 500 eV. Exchange-correlation interactions were described using the
RPBE functional.[45] For surface calculations, the Brillouin zone was sampled
using a 4x4x1 Γ-centered Monkhorst-Pack[46] k-point mesh (6x6x6 was used for
bulk Ni3Mo, and 12x12x12 was used for bulk Ni, Mo, K, and Na). Ni3Mo was
chosen as a model system due to the 3:1 ratio found by SEM-EDX. Crystalline
unit cells were used, considering it is likely microcrystalline domains are
present.[47,48] Predominant surface terminations and facets of Ni3Mo were
determined using the Bravais-Friedel-Donnay-Harker (BFDH) algorithm.[49] The
facets (001), (010), and (100) were found to be equally likely, and so all three
facets were considered in our theoretical studies. To consider the
polycrystalline nature of the films, a stepped surface was also considered for
vacancy formation, cation adsorption, and segregation energies.
Following the development of the computational hydrogen electrode[50], we
apply an analogous reference electrode for Na and K. Metallic Na and K are in
equilibrium with their ion electron pair at -2.71 V vs SHE and -2.93 V vs SHE,
respectively.[51] We can then simply write the free energy of the ion electron pair
as follows:
Na (s)  Na+ + e-

U0 = -2.71 V vs SHE

K (s)  K+ + e-

U0 = -2.93 V vs SHE

µ(K+) + µ(e-) = µ(K(s)) – e(U – U0)
µ(Na+) + µ(e-) = µ(Na(s)) – e(U – U0)
where µ refers to the chemical potential. The energy of K(s) and Na(s) can be
trivially calculated using DFT, and so in this way we calculate the free energy
of the ion electron pair.
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“Dad? I was wondering about that water as a fuel thing you said.”
“What about it, son?”
I twiddle my thumbs a bit, “Well, I was wondering, how does it work?”
“You use electricity to split it into hydrogen and oxygen, instead of, for
example, powering that thing.” He says, pointing at my laptop.
“But you always said that combining water and electricity is dangerous.”
Dad chuckles: “It certainly is son, but with the proper techniques and handling
it can be done, and safely to boot.”
“Really?”
He gets up, “Really. You know what? There’s a place where I can show you if
you want; a son and dad trip?”
Curiously, I get up as well.
“Sure, why not.”
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3
Ni-Fe-S as Oxygen Evolution Catalyst in a
Solar-Driven Cell Operating at Low
Overpotential
Non-noble metal electro-catalysts for water splitting are highly
desired when we are moving towards a society where green electrons
are becoming abundantly available, offering clear prospects to make
our society more sustainable. In this PhD Chapter, Ni-Fe-S is
reported as a high performing anode material for the water splitting
reaction, operating at low overpotentials and showing high apparent
stability. Furthermore, Ni-Mo electrodes are developed on metallic
foam substrates and optimized in terms of their performance. The NiFe-S material as anode, combined and integrated with Ni-Mo as
cathode in a cell configuration, splits water at 10 mA/cm2 and a
potential of 1.55 V. This configuration could be solely driven by solar
panels with simple electrode size optimization. We confirm that Mo
leaches from Ni-Mo/Ni foam electrodes similar to previous reports.
Cycling tests and ICP-AES measurements show that the stability of
Ni-Fe-S is apparent and that in reality, S is leaching from the material
as was already suggested in literature. We expand on this knowledge
and show that the leaching of S is dependent on both pH and the
cation used during electrocatalysis. Furthermore, we find that
applying an oxidative potential is in truth stabilizing towards S and
that the alkalinity causes leaching. S was furthermore mobile and
found to segregate towards the surface. Finally, using too low pH
values (11 and lower) results in the passivating hydroxide metal
layers being destroyed and the Ni-Fe-S completely dissolves.
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3.1. Introduction
One of the targets described in literature for solar-driven water splitting cells to
achieve 10 % solar-to-hydrogen (STH) efficiency is obtaining a combination of
the hydrogen evolution reaction (HER) and the oxygen evolution reaction
(OER) electrocatalysts, which operate at 10 mA/cm2 (geometric surface area)
with a total overpotential (ƞ10) lower than 450 mV.[1-4] 10 mA/cm2 is described
as the current density output, which is typically found for solar driven water
electrolyzers at 1 sun illumination.[1]
Importantly, the catalysts should maintain this low overpotential over an
extended period of time to be viable to be used in water electrolyzers.[1]
Furthermore, it is desirable to produce catalysts based on earth-abundant
materials. For example, Pt is the best known mono-metallic HER electrocatalyst
[1], however, its scarcity and cost render it unsuitable for large-scale water
splitting applications. Based on literature one of the best performing HER
electrocatalysts is Ni-Mo, which approaches the activity of Pt-based
catalysts.[1,5,6] Whereas for OER, Ni-S[7-11] and Ni-Fe[1,12] have been found as
good electrocatalysts, which usually have an overpotential at about 300-400
mV at 10 mA/cm2. These materials still get trumped by Ir and Ru oxide
catalysts; the latter of which reaches overpotentials of only 290 mV at 10
mA/cm2.[1,713,14] Ni-Fe-S is recently studied as a promising water splitting anode
material reaching lower reported overpotential values for OER down to 65
mV.[15-19] It should be noted that this low overpotential was, in part, due to the
use of high surface area substrates (Ni foam).[15] Literature is currently in
disagreement on the stability of Ni-Fe-S, however.[15-19] Many state that the

Figure 3.1: a) SEM of Ni-Mo coated on Ni foam. b) SEM of Ni-Fe-S coated on Ni foam
from 20 mM Fe2+ solutions. c) XRD patterns of Ni-Fe-S on Ni foam synthesized at
varying [Fe2+]. Peaks are indicated for metallic Ni (black triangles), NiO (grey circles)
and Ni-S/Ni-Fe-S (red squares).
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material is stable[16-19], though despite the claims of stability a significant
increase of about 150 mV is seen over 200 h of continuous operation.[16] The
described mode of instability is S destabilization in alkaline media.[15] This mode
of destabilization is also underlined by the fact that dissolving Na2S in the
electrolyte stabilizes the material.[19]
In this PhD Chapter, we combine HER and OER electrocatalysts operating at
low overpotentials. We show that Ni-Mo as a HER electrocatalyst and Ni-Fe-S
as an OER electrocatalyst can achieve a current density of 10 mA/cm2 with an
overpotential of only 320 mV, easily reaching the described target of
overpotentials below 450 mV.[1-4] This goal is achieved by combining large
surface areas per cm2 electrode through the use of metal foams with
electrocatalysts.[9] The catalysts are formed with simple and cheap one-step
methods, being electrodeposition (Ni-Mo) and hydrothermal treatment (Ni-FeS).[7,9,11] With scanning electron microscopy (SEM), energy dispersive

Figure 3.2: a) SEM-EDX micrograph of Ni-Mo. b) Ni distribution over the sample. c)
Mo distribution over the sample.

Figure 3.3: a) SEM-EDX micrograph of Ni-Fe-S. b) Fe distribution over the sample. c)
S distribution over the sample. d) O distribution over the sample.
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spectroscopy (EDX) and X-ray diffraction (XRD) we observe the desired
phases. The performance is stable for a week in 1 M alkaline solutions. Gas
chromatography (GC) is used to confirm the Faradaic efficiency. Material
stability was studied in detail and we found that S leaches from the Ni-Fe-S
material as a function of pH and electrolyte cations. Finally, we show the
capability of this water splitting cell to be driven by actual photovoltaic (PV)
cells.

3.2. Results and Discussion
3.2.1. Ni-Mo vs Ni-Fe-S Water Splitting
For Ni-Mo, homogeneous, amorphous coatings are formed via
electrodeposition on high surface area (5400 m2/m3) Ni foams with a granular
morphology containing several large cracks (Figure 3.1a), which is a typical
morphology for these materials.[20-22] With EDX an elemental distribution of 2:1
Ni:Mo was found; to minimize the contribution of the Ni foam substrate the Ni
L-edge peak is used to determine this ratio (Figure 3.2).[23] Ni-Fe-S was
prepared via a hydrothermal synthesis procedure (Figure 3.3). Sharp pyramidal
morphologies (Figure 3.1b) form during synthesis. They form as a result of the
addition of Fe and grew more prominent with increasing Fe concentrations
during the synthesis (Figure 3.4). The increase of surface area, that is a result
of these morphologies forming, is likely the reason that Fe improves the

Figure 3.4: Effect of FeSO4 concentration, a) 0 mM, b) 5 mM, c) 20 mM, and d) 30
mM, on the morphology of Ni-Fe-S.
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Figure 3.5: a) Comparison of CV’s taken on bare Ni foam (black), Ni-S (red) and Ni-FeS (blue). b) The overpotential at 10 mA/cm2 with increasing thioacetamide
concentrations (10 mM FeSO4). c) Increase of surface area, represented as the double
layer capacitance slope, as a function of FeSO4 concentration during synthesis (50 mM
thioacetamide). d) Behavior of the overpotential as a function of FeSO4 concentration
(50 mM thioacetamide).

performance of these materials[24-28]. Fe is concentrated in the pyramids, as
shown by EDX, while S and Ni are homogeneously distributed over the material
(Figure 3.3).
Using XRD (Figure 3.1c) it was found the formed Ni-Fe-S anodes are
crystalline. The XRD peaks belonging to metallic Ni decrease in intensity with
increasing Fe concentration, while XRD peaks ascribed to the Ni-Fe-S phase
increase in intensity with increasing Fe concentration. This material forms the
same crystal structure as Ni-S but with a slightly smaller unit cell as observed
by the peaks being at slightly higher diffraction angles.[29]
Various experimental parameters for the synthesis of Ni-Fe-S were varied to
optimize the performance (Figure 3.5). Figure 3.5a shows that Ni-Fe-S
outperforms Ni-S which in turn outperforms bare Ni foam. In each case, a
reversible peak is seen at 1.49 V (Ni2+  Ni3+) and 1.20 V (Ni3+  Ni2+). The
observed overpotential towards OER for this material decreased with
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Figure 3.6: a) Chrono-potentiometry of Ni (grey, dashed) and Ni-Mo (black, solid) at
10 mA/cm2 for 16 h using the materials as cathode with a Pt mesh as anode in a 2electrode cell configuration. b) Chrono-potentiometry of Ni (grey, dashed) and Ni-FeS (black, solid) at 10 mA/cm2 for 16 h using the materials as anode with a Pt mesh as
cathode. Both experiments are performed in 1 M NaOH in a 2-electrode cell
configuration.

increasing S content, as shown by the amount of thioacetamide added (Figure
3.5b). Adding more thioacetamide than 210 mM resulted in significant
embrittlement of the foam, however, and yielded electrodes not usable in
electrochemistry. On the other hand, adding more Fe2+ into the electrode
resulted in an increase in the capacitive slope found with double layer
capacitance measurements (Figure 3.5c), suggesting an increase of surface
area, agreeing with SEM (Figure 3.4). It had little influence on the overpotential
up to 30 mM FeSO4 where a large loss of efficiency was observed (Figure 3.5d).
This tells us that the S acts as a synergetic compound, increasing the activity
whereas Fe serves to increase the surface area of the material.
The materials were then tested towards their respective reactions and, as
shown in Figure 3.6, compared to bare, uncoated Ni foam. Ni-Mo vs Pt (Figure
3.6a) increased significantly in performance, reaching ƞ10 values as low as 530
mV, compared to 850 mV when testing Ni vs Pt; an improvement of 320 mV.
The Ni-Mo material has a short activation time of 2 h, which is a result of Mo
leaching and a resulting increase of electrochemically active surface area.[30]
The anode: Ni-Fe-S, when tested vs Pt (Figure 3.6b) operates at an
overpotential of 430 mV, compared to 610 mV for bare Ni vs Pt, improving by
180 mV. The tests with Pt as cathode have a significantly lower overpotential
since Pt performs better towards the HER than the OER.[1] In the case of NiFe-S, there is a small increase in overpotential during the first hours of
operation, being a result of oxidation to Ni(Fe,S)OOH surfaces.[31-33]
The OER and HER materials were combined in an integrated manner to test
the performance of the combined setup for an entire week. As can be observed
in Figure 3.7a the materials perform at a stable overpotential of 320 mV. The
combination of these materials also shows an activation period like the
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Figure 3.7: a) Chrono-potentiometry in 1 M NaOH of Ni-Mo (HER) versus Ni-Fe-S
(OER) and the corresponding stability over the course of 168 h in a 2-electrode cell
configuration, the red dashed line is set at 1.55 V. b) Hydrogen evolution in µmol/min
(black) showing also the expected amount (Faradaic Efficiency of 101 %, red dashed)
measured in the H-cell. c) Oxygen evolution in µmol/min (black) showing also the
expected amount (Faradaic Efficiency of 100 %, red dashed) measured in the H-cell.
Table 3.1: Amounts of µmol leached into 1 M NaOH electrolytes as found by ICP-AES
for Ni, Fe, S and Mo for various combinations of electrodes after 16 h of operation (168
h for Ni-Mo vs Ni-Fe-S).

HER vs OER
Ni Vs Pt (16 h)
Pt vs Ni (16 h)
Pt vs Ni-Fe-S (16 h)
Ni-Mo vs Pt (16 h)
Ni-Mo vs Ni-Fe-S (168 h)

Ni (µmol
leached)
0.084
0.084
0.073
0.081
0.064

Fe (µmol
leached)
0.003
0.012
0.004
0.000
0.035

S (µmol
leached)
-0.050
0.048
5.999
-0.102
12.319

Mo (µmol
leached)
0.069
0.017
0.010
3.189
2.724

separate materials, however, it is observable over a much longer timescale of
30 h. Faradaic Efficiency (FE) experiments show that we reach a value of 101.2
% for HER (Figure 3.7b) and a value of 99.7 % for OER (Figure 3.7c); both
values are very close to the aimed value of 100 %. However, there was some
small leaching of Mo and S from the respective samples, as observed by ICP-

Figure 3.8: SEM images of Ni-Fe-S/Ni foam a) before and b) after 1 week of continuous
operation at 10 mA/cm2 in 1 M KOH vs Ni-Mo/Ni foam.
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AES (Table 3.1).[30] As can be observed, no significant amounts of Ni or Fe
leach in any of the combinations of materials. S does leach somewhat from the
Ni-Fe-S material, most significant in the first 16 h of electrolysis, but continues
for longer timescales to 12 µmol after 1 week. Mo also leaches, as was
previously found[30], and it leaches predominantly in the first hours of operation
since no increase in leaching is found after 1 week of operation compared to
16 h. Values were measured as mg/kg and corrected to take into account the
1.1x dilution with HNO3 and the total volume of 100 mL.
In Figure 3.8 SEM is shown of Ni-Mo/Ni foam and Ni-Fe-S/Ni foam after the
test of a week. As can be seen, the main surface of the material does not
change noticeably. The small particulate matter that is present prior to catalysis
has mostly disappeared as was found to consist mostly of Fe with EDX, which
explains the observed Fe in solution with ICP-AES.
The leaching of S and Mo at a continuous current led us to do a stability test
via cyclic voltammetry, measuring 1000 cycles at a scan rate of 50 mV/s to
simulate current intermittency at a sped up rate. As can be seen in Figure 3.9
there is an obvious difference between the initial cycle and later cycles where
the Ni2+  Ni3+ peak at 1.4 V grew significantly, after which slow growth

Figure 3.9: Cyclic voltammograms of continuous cycling for 1000 cycles of Ni-Mo vs
Ni-Fe-S. Cycles are shown every 200 cycles. A large change was seen in the first few
cycles, where the Ni2+  Ni3+ peak became more prominent which was fairly stable
after. Nevertheless a slow increase of this peak as well as the OER current was
observed over the course of cycling.
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continued during the cycling. The OER current increased slowly likewise but
was predominantly stable. This shows us that though the material is clearly
unstable it has a stable performance.
3.2.2. Electrolyte effects on Ni-Fe-S Stability
The observation of the material being unstable, without significantly changing
the OER performance led us to believe that the S leaching behaves similar to
the Mo leaching observed in Chapter 2. Likewise, we chose to study whether
this leaching is dependent on the electrolyte. In Figure 3.10 the effect of pH, as
well as the cation, is studied. As can be seen, the activity of these materials is
mostly independent on the cation used. The pH, expectedly influences the
activity: higher pH means higher activity. To exclude this being an ion density
effect we also tested the materials in 0.1 M MOH with 0.45 M M2SO4
electrolytes, maintaining 1 M of M+ and though these samples perform better,
as could be expected, it does not bring them to the level of those operated in 1
M MOH. It is well studied that the OH- concentration improves the OER, since
it reacts via 4 OH-  2 H2O + O2 + 4 e-.[1] Furthermore, employing M2SO4
allowed us to study if SO42- could have a stabilizing function similar to S2-.[19]
In Figure 3.10 the change in double layer capacitance is shown as well. As
already explained in Chapter 2, the capacitance is often used as a measure of
surface area. We opt, however, to use it as a measure of surface change, as
we already found that changing surface composition has a large impact as well.
Whereas the activity was not visibly influenced the change in capacitance is.
First of all, we see a significant increase in capacitance in all samples, which is
in the order of a tenfold increase. However, it can clearly be observed that the
final capacitance found in KOH is significantly lower than the one found for
NaOH and LiOH. Especially at pH 14 the difference in K and Na containing
electrolytes is clear. Interestingly, at pH 14.8 the materials end up at a similar
value of 1.57 mF (KOH) and 1.83 mF (NaOH), despite the vast difference in
starting capacitance (0.16 mF for KOH, 0.93 mF for NaOH). This strongly
suggests that pH and cation have a significantly stronger effect on the catalyst
surface than the starting point for said surface.
As was the case with Ni-Mo HER electro-catalysts, this observation of a
changing catalyst surface led us to suspect that leaching occurs. In Table 3.2
we listed the values found for Ni, Fe and S after 24 h of catalysis. Interestingly,
for the catalysts operated at pH 14.8 a metallic plating was found on the Au
counter electrode. This plating was dissolved and measured separately as
shown in Table 3.2. It was found to mostly consist of Fe and S with traces of
Ni. Unfortunately, the pH 14.8 KOH electrolyte crystallized upon preparation for
ICP-AES, resulting in it being unmeasurable by ICP-AES. Assuming the ratio
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Figure 3.10: a) Chrono-potentiometry of Ni-Fe-S/Ni foam at 10 mA/cm2 operated in
KOH electrolytes of different pH. b) Double layer capacitance found before (dark red)
and after (bright red) 24 h at 10 mA/cm2 at different pH values in KOH electrolytes. c)
Chrono-potentiometry of Ni-Fe-S/Ni foam at 10 mA/cm2 operated in NaOH electrolytes
of different pH. For pH 13 data collection stopped after 10 h, but it was confirmed water
electrolysis continued for the full 24 h. d) Double layer capacitance found before (dark
green) and after (bright green) 24 h at 10 mA/cm2 at different pH values in NaOH
electrolytes. e) Chrono-potentiometry of Ni-Fe-S/Ni foam at 10 mA/cm2 operated in
LiOH electrolytes at pH 13. f) Double layer capacitance found before (dark purple) and
after (bright purple) 24 h at 10 mA/cm2 in pH 13 LiOH electrolytes. In all figures the pH
13 + S samples contain 0.45 M M2SO4 to maintain a 1M M+ concentration.
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of plating on Au and solutes in the electrolyte are similar we estimated the
values as shown in Table 3.2. We find that, in line with the capacitance change,
in KOH leaching occurs least in the order of K < Li < Na at pH 13. The trend of
leaching being K < Na holds for pH 14 as well. At pH 14.8 there is more leaching
into KOH than is into NaOH, which is again in line with the capacitance. The
trend of pH with leaching is similar to the one observed with the capacitance:
pH 14.8 NaOH being lowest, though it should be noted that the starting
capacitance for this material was significantly higher than most samples. This
is followed by pH 14 KOH being low, as is seen in the capacitance as well.
Going to lower pH values for KOH resulted in increased leaching. Going to even
lower values than reported in Figure 3.10 and Table 3.2, namely pH 11, resulted
in the Ni-Fe-S/Ni foam being too unstable and the ‘acidity’ of the solution
resulted in the entire exposed material, Ni foam included, to be dissolved, and
subsequently precipitated as a slimy green solid. Almost no Fe (0.012 µmol)
was found in the solution, while relatively high amounts of Ni (0.215 µmol)
remained. No comments can be made on S as 0.5 M K2SO4 was present to
maintain electrolyte conductivity. Both the Ni, nor Fe, amounts in solution were
high enough to account for the entire material to be dissolved, and thus the
precipitation contains both, likely being the hydroxides of both.
Interestingly, when no current is applied while the Ni-Fe-S catalyst is in the
electrolyte leaching is approximately double for all three elements present after
Table 3.2: Amount of Ni, Fe, S, and Mo leached into the electrolyte as detected by ICPAES after electrocatalysis for 24 hours unless noted otherwise. a These values are
estimated based on the ratio of plating and electrolyte concentration of NaOH at ph
14.8. b In this electrolyte both a Ni-Fe-S/Ni foam and Ni-Mo/Ni foam sample were
present.

KOH pH 13
KOH pH 14
KOH pH 14.8a
KOH pH 14.8
plating on Au
KOH pH 14, 24 h,
no current
KOH pH 14, 1
week, no currentb
NaOH pH 13
NaOH pH 14
NaOH pH 14.8
NaOH pH 14.8
plating on Au
LiOH pH 13

Ni (µmol
leached)
0.026
0.019
0.046
0.180

Fe
(µmol
leached)
0.113
0.134
0.850
9.430

S
(µmol
leached)
7.104
4.226
16.336
18.684

Mo
(µmol
leached)
-

0.030

0.330

8.918

-

0.103

0.306

31.209

2.345

0.012
0.008
0.018
0.070

0.133
0.215
0.345
3.826

9.730
17.264
3.141
3.592

-

0.007

0.072

8.38

-
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Figure 3.11: SEM micrographs of Ni-Fe-S/Ni foam of a) fresh and b) spent in pH 13
KOH for 24 h, c) fresh and d) spent in pH 14 KOH for 24 h, and e) fresh and f) spent in
pH 14.8 KOH for 24 h.

24 h. Similarly, when the sample is submerged for 1 week, the leaching is
higher for all elements (compared to Table 3.1) except for Mo, which comes
from the Ni-Mo sample also present in this experiment. Mo leaching being
increased slightly by the application of current was already found in Chapter 2
and thus in line with previous results. This observation strongly suggests that
the application of an oxidative potential on the system suppresses the leaching.
The expected modes of leaching for Ni and Fe are oxidative (M  Mx+ + x e-).
This leaching mode is likely why it destabilized at pH 11 and subsequently
precipitated as hydroxides. At higher pH values it is well known from corrosion
studies that passivating oxide/hydroxide layers (MOOH, M(OH)2) are
formed.[34-36] S leaching is likely to occur via H2O (S + 2 H2O  S2- + 2 OH-)
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Figure 3.12: SEM micrographs of Ni-Fe-S/Ni foam of a) fresh and b) spent in pH 13
NaOH for 24 h, c) fresh and d) spent in pH 14 NaOH for 24 h, and e) fresh and f) spent
in pH 14.8 NaOH for 24 h.

Figure 3.13: SEM micrographs of Ni-Fe-S/Ni foam of a) fresh and b) spent in pH 13
LiOH for 24 h.
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and is reported to be first order in H+ (effectively present as H2O at high pH).[37]
This explains the observation that leaching of S is reduced when an oxidative
potential is applied (as S + 2 e-  S2- is a reduction) and why lower leaching is
found for KOH at pH 14 compared to pH 13. It does not, however, explain the
higher leaching at pH 14.8 in KOH.
To explore if the observed values are a result of possible differences in the
initial concentration of S in the materials SEM-EDX was employed both prior to
and after the 24 h electrocatalysis. As can be seen, for all 3 electrolytes, KOH,
NaOH, and LiOH (Figures 3.11-3.13, respectively), the surface morphology
doesn’t change significantly on the micrometer scale. Larger magnifications
were not explored due to significant charge build-up if the electron beam was
focused further, which posed a risk to damage the SEM.
Table 3.3: Atomic ratios found by EDX of Ni, Fe, S, K and Na before (normal) and after
(bold) catalysis at 10 mA/cm2 for 24 h, unless noted otherwise. Other elements
(adventitious C, O) were observed but are not included in the calculation. Li at% values
were not determined since it emits X-rays of too low energy to be quantified.

KOH pH 13
KOH pH 13 + S
KOH pH 14
KOH pH 14.8
KOH pH 14, 24 h,
no current
KOH pH 14, 1
week, no current
NaOH pH 13
NaOH pH 13 + S
NaOH pH 14
NaOH pH 14.8
LiOH pH 13
LiOH pH 13 + S
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Ni (at%)
65.0
61.6
72.1
60.6
73.5
62.0
73.6
63.0
66.5
53.3
64.5
67.8
73.2
57.5
75.7
61.2
72.0
58.1
71.3
57.7
63.1
55.6
72.2
60.2

Fe (at%)
8.1
2.9
0.1
0.1
0.1
0.1
0.2
0.2
7.7
9.2
6.7
5.4
0.0
0.1
7.9
1.2
3.6
0.7
1.4
0.3
9.2
2.8
1.9
2.4

S (at%)
26.9
35.4
27.8
38.9
26.4
37.0
26.2
34.3
25.8
34.7
28.9
25.0
26.8
42.2
16.5
34.4
24.4
36.5
27.3
35.2
27.7
41.6
25.9
37.4

K (at%)
0.1
0.5
0.9
2.6
2.8
1.8
-

Na (at%)
0.2
3.2
4.7
6.7
-
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Interestingly, when comparing EDX values before and after catalysis we
observe a clear trend: the Ni/S ratio decreases. This means, that despite the
clear leaching of S, the surface concentration of said S increases. Similar to NiMo described in Chapter 2 this suggests we have surface segregation resulting
in higher S surface concentrations. This is again a clear sign that electrocatalysts are indeed not static under operation conditions. Furthermore, we find
K and Na on the samples after catalysis, where the concentration increases
with pH and M+ concentration in the solution. This is not a result of flushing;
differences in flushing time with deionized water after catalysis does not change
the observed surface concentration. Also worth to be noted is that before
catalysis rather reproducible values of Ni (70.2 ± 4.1 at%) and S (25.9 ± 3.0
at%) are found, whereas Fe inclusion nearly has an error of 100 % (3.9 ± 3.6
at%). It has to be noted that all the samples reported in Table 3.3 have been
made at the same time in a single vessel. In other words, the treatment was
constant. Likely Fe in the solution aids the formation of roughness as was
already described in Section 3.2.1. It is not included in the material itself it
seems but sooner present as a residue after synthesis, giving a wide spread in
its atomic contribution to the material. Indeed, with EDX mapping we find that
Fe is mostly present in the particulate matter which is, for example, seen in
Figure 3.12c and Figure 3.13a.
3.2.3. Solar Driven Water Splitting Demonstration
Ni-Mo forms a slightly darker material on the Ni foam, while Ni-Fe-S forms a
nearly black compound. On one hand, these can be combined in a controlled
system and perform exceptionally at 10 mA/cm2 and stay stable on 1.55 V for
at least one week. On the other hand, we also present a system driven solely
by a solar module consisting of four solar cells. These deliver 2.1 V and 1 A

Figure 3.14 Ni-Fe-S vs Ni-Mo linear sweep with each electrode consisting of 1 cm2 Ni
foam. Dotted lines show the measured 2.1 V of the solar module resulting in 0.105
A/cm2.
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Figure
3.15:
Snapshots
of
a
movie made while
running the solar cell
driven demonstration
setup outside in the
sun. a) Overview
showing the solar
cells connected to
the electrodes. b)
Picture
of
the
electrodes with NiMo/Ni foam on the
left performing HER
and Ni-Fe-S/Ni foam
on
the
right
performing OER. c)
Zoomed-in picture of
the Ni-Mo/Ni foam
HER electrode. d)
Zoomed-in picture of
the Ni-Fe-S/Ni foam
OER electrode.
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under 1 sun (1.5 AM) illumination. To accommodate these values, we tested
the materials in 0.1 M KOH, since at 2.1 V Ni-Fe-S oxidizes to Ni2+ and
subsequently precipitates as NiO in a 1 M hydroxide solutions. From this
resulted that 10 cm2 is the optimal electrode size to accommodate the full
current (Figure 3.14).
Snapshots of a movie, made of the demonstration setup are given in Figure
3.15. For practical purposes, an electrode size of 15 cm2 is chosen to relieve
electrochemical strain on the electrodes, in case the light intensity is higher
than 1.5 AM. It can be observed that indeed extensive bubble formation occurs
when the setup is running in the sun. Furthermore, as is expected, the number
of bubbles formed at the HER side are larger than those at OER. Interestingly
the bubbles formed at the HER are visibly smaller than the bubbles at OER,
suggesting that H2 releases from the material more readily than O2, though
more research is needed to explore if this is a result from the difference in

Figure 3.16: a) Photograph of a 15 cm2 Ni-Fe-S electrode. b) Photograph of a 15 cm2
Ni-Mo electrode. c) Schematic representation of the electrical connection of the four
solar panels in series and their connection to the HER and OER reactions. d)
Photograph of the demonstration setup outside with four solar panels mounted on top
of a wooden top. The electrolyte is 0.1 M KOH. There are furthermore connections to
a voltmeter showing 2.1 V potential.
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surface morphology of the catalysts or a result of the different physical
properties of the gasses.

3.3.

Conclusions

We have demonstrated, as also illustrated in Figure 3.16, that hydrogen and
oxygen can be produced from water solely with renewable energy using highly
performing electrocatalysts, i.e., Ni-Mo and Ni-Fe-S, deposited on high surface
area substrates. Furthermore, we have identified that the high activity of Ni-FeS stems from two different effects: synergy between Ni and S and a surface
area increase caused by the addition of Fe. High performance stability was
found for these materials at a set current and they operate stably for the course
of a week at 1.55 V and 10 mA/cm2. The system is, however, more sensitive to
intermittency in potential and cycling shows a large change in performance after
the first few cycles, after which the change is slowed down significantly.
Deeper studies into the Ni-Fe-S material showed that S leaches from the
material and segregates towards the surface to result in a surface of Ni60S40
compared to the Ni72S28 ratio found beforehand. Fe was found to function
mostly to increase the surface area was seems to be not included in the
material but only sometimes present as particles on top of the material, which
in most cases are no longer found after catalysis. Changes in capacitance and
leaching of S show the same trends, though could not be directly linked,
showing that for Ni-Fe-S electrodes surface composition is also a significant
contributor to the capacitance value.
The pH of the electrolyte played a significant role in the stability of Ni-Fe-S. Too
low pH values result in the destabilization of the metal hydroxide passivating
layers. Furthermore, S leaching is influenced by acidity as well and oxidative
potentials stabilized the S in the electrodes compared to electrodes being
immersed in the electrolyte without applied potential. The cation of the
electrolyte was found in the material after operation, where Na is present in
significantly larger numbers than K.
At continuous operation at 10 mA/cm2 the Ni-Fe-S electrodes were found to be
most stable in 1 M KOH solutions of all tested electrolytes. When higher
potential values were applied (e.g. via the solar module) the window of stable
operation seems to shift towards lower pH.

3.4.

Experimental

3.4.1

Chemicals and Materials

All materials were used as received without further purification. NiSO4.6H2O
(ReagentPlus, >99 % pure), FeSO4.7H2O (ReagentPlus, >99 % pure),
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NaMoO4.2H2O (ACS reagent, >99 % pure), NaOH (99.99 % trace metals,
semiconductor grade), KOH (ACS reagent, > 85 % pure, ca. 15 % H2O),
Thioacetamide (ACS reagent, >99 % pure), NaOH (99.99 %, trace metals,
semiconductor grade), LiOH.H2O (99.95 %, trace metals), Na2SO4 (ACS
reagent, ≥99.0 %), K2SO4 (ReagentPlus, ≥99.0 %), Li2SO4.H2O (BioUltra, ≥99.0
%) and Na3C6H5O7.2H2O (sodium citrate, ACS reagent, >99 % pure) were
received from Sigma Aldrich. NH3 28-30 % (ACS reagent, ph. Eur. for analysis)
was obtained from Emsure. In all experiments deionized water was used.
3.4.2. Ni foam preparation
Ni foams were shaped into keyhole shapes (Figure 3.17) using a punch with a
2 cm x 0.5 cm lip and a 1 cm2 circle. Epoxy (Loctite EA 3425) was used to cover
the lower part of the lip to have a set area of the sample exposed. Application
was done in two steps to ensure that the pores were filled with epoxy as well to
prevent filling by capillary forces. They were then cleaned by sonication in 1:1:1
demiwater:ethanol:acetone, followed by sonication in 0.1 M KOH, followed by
sonication in water. Each sonication step took 15 min.
3.4.3. Ni-Mo electrodeposition
The foams were fixed in a three-electrode cell (Figure 3.18) for electrodeposition. Electro-deposition was performed galvano-statically using an Ivium
Compactstat at a current of -100 mA for 1200 s while stirring at 400 rpm. As a
counter electrode a Pt mesh (Mateck, 99.9+ %) was used and as a reference
electrode a 3 M Ag/AgCl electrode (BASi) was used. The plating bath used

Figure 3.17: On the left are photographs and SEM images of Ni foams before and
after electrodeposition of Ni-Mo. On the right are photographs and SEM images of Ni
foams before and after hydrothermal synthesis of Ni-Fe-S.
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Figure 3.18: Photograph of the three-electrode electrochemical cell used in this work.
There are two gas inlets: one for bubbling before an experiment and one for a constant
Ar flow during the experiment. A gas outlet through a water lock prevents ambient air
from infiltrating the cell. The electrodes are attached as follows: Ni-Fe-S anodes are
the working electrode, Ni-Mo cathodes are the counter electrode. Ag/AgCl (3 M KCl) is
sometimes used as a reference electrode (3-electrode configuration, as shown in the
picture). When a 2-electrode configuration was used the compartment separated by
the Luggin capillary was closed off with a stopper.

contained 0.3 M NiSO4, 0.2 M Na2MoO4 & 0.3 M Na3C6H5O7 in 100 mL
demineralized water. To this, 10 mL NH3 was added to obtain a pH of 9.2. First,
the metals were dissolved in water through stirring, and then NH3 was added
to adjust the pH. Prior to the syntheses, the baths were purged with Ar for 15
min, and a gentle Ar flow was kept over the solution during electro-deposition.
3.4.4. Ni-Fe-S hydrothermal synthesis
A 150 mL, Teflon-lined autoclave was filled with 40 mL of solution containing
210 mM thioacetamide, 10 mM FeSO4.6H2O and a Ni foam were heated to 180
°C in an oven. This was left there for 5 h and then cooled slowly in air before
being opened.
3.4.5. Electrochemistry
100 mL 1M KOH electrolyte is loaded in a three-electrode electrochemical cell
then deoxygenated for at least 15 min by a flow of 20 mL/min of Ar (5.0 quality).
Samples are immersed in the solution just past the beginning of the epoxy layer
as a working electrode. Depending on the experiment, the cell is loaded as a
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3
Figure 3.19: Photograph of the H-cell used for Faradaic Efficiency measurements. Two
compartments are separated by a Nafion proton exchange membrane so that H2 and
O2 could be measured by separate channels in the GC. There are gas inlets through
glass frits flowing 20:1, 2.1 mL/min flows of Ar/Kr (Cathode side) or N2/Kr (Anode side).
No Ar was used on the anode side due to the overlap with O2 in the installed columns.

two-electrode cell (with the reference electrode compartment closed off) with
another Ni foam, or a Pt mesh electrode as counter electrode. Optimization of
Ni-Fe-S was done in a three-electrode configuration with a 3 M KCl Ag/AgCl
electrode (BASi, -1.033 V vs NHE at pH 14). Chronoamperometry
measurements are performed at 10 mA/cm2 (-10 mA/cm2 in case the cathode
was studied in a three-electrode configuration) with steps of 1 s with static
electrolytes (no bubbling, no stirring). Gas Chromatography analysis was done
with a H-cell with a Nafion perfluorinated membrane (Nafion 117, 0.007 inch
thick, Sigma Aldrich) loaded with the electrodes and 1 M KOH (Figure 3.19).
This was purged with 2 mL/min N2 (5.0), 0.1 mL/min Kr (5.0) on the O2 side and
2 mL/min Ar (5.0), 0.1 mL/min Kr on the H2 side. This was bubbled past the
samples through a glass frit. The O2 electrode was the WE, the H2 electrode
was the CE/RE. A current of 10 mA/cm2 was maintained for 24 h. GC was
obtained using Global Analyzer Solutions Compact GC 4.0 from Interscience
with separate channels for H2 and O2. H2 was analyzed via a 75 μL sample loop
injecting into a 5 m . 0.53 mm MXT-Q-bond then a 10 m . 0.53 MXT-Msieve
column and detected on a TCD. O2 was injected via a 50 μL loop through
different columns of the same type and analyzed on a separate TCD. An
injection was done each minute, with about 10 s delay between each injection.
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For each injection Kr was used as an internal standard. Ni-Fe-S stability tests
were done in 6 M OH- solutions, 1 M OH- solutions, and 0.1 M OH- solutions.
The tests with SO42- were done in 0.1 M MOH with 0.45 M M2SO4. One test, in
0.001 M KOH with 0.5 M K2SO4 was done as well, but pH 11 was found to be
too low and the sample was fully digested, resulting in slimy green NiO
precipitation. At pH 14 the tests were done as follows, with all voltages vs
Ag/AgCl: 5 CV’s from 0 V to -0.2 V and back for 3 cycles at 100, 200, 300, 400,
and 500 mV/s, followed by linear sweep voltammetry from 0.23 V to 0.53 V.
Then chrono-potentiometry was performed at 10 mA/cm2 for 86400 s. Then the
linear sweep was repeated, followed by a repeat of the CV’s. At other pH values
the same methodology was used, except that the used voltages were adjusted
for the pH according to -0.059 V/pH.
3.4.6. Characterization
X-ray diffraction (XRD) was measured using a Bruker D2 Phaser instrument
with a cobalt anode. Scans were taken from 30-80 ˚2θ with 0.02 ˚2θ steps
measuring 1 s/step while rotating at 15 Hz. Scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM-EDX) was performed on a FEI
Helios nanolab 600 DualBeam with an Oxford instruments Silicon Drift Detector
X-Max energy dispersive spectroscope. SEM imaging and EDX mapping was
performed with an electron beam of 15 kV and 0.8 nA. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) was performed using an
Optima 8300 instrument from Perkin Elmer and an average of three samples
was used. Electrodeposited samples were dissolved in 10 mL 2 % HNO3 before
oxidation. These were diluted with 2 % HNO3 to achieve optimal measurement
ranges. Electrolytes were decreased in pH by adding 1 mL 65 % HNO3 per 10
mL electrolyte, resulting in ca. 2 % HNO3. Ni (231.604 nm), Fe (259.941 nm),
S (182.034 nm) and Mo (202.095 nm, 203.909 nm) were then measured.
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We continue driving and I keep on being distracted by the river.
I accepted my father’s words but believing them is still difficult.
Eventually, the road takes us away from the river, but not before allowing me
to see it flow into a cave into the mountain.
It makes me wonder: did the river actually eat its way into the mountain like
dad told me?
My dad chuckles as he sees me look back at the cave and the river, sitting on
my knees on the car seat.
“It is always interesting to be able to see into something, isn’t it?” He asks.
“I… guess. I’ve never thought about it.” I answer distractedly.
“One day I’ll take you to that cave. To truly convince you of the strength of
water, seeing it happen in real-time yourself is the best argument I can make.”
Excitedly I sit down again, feeling like dad promised me to take me on more
adventures.
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4
In Situ Study of Ni-Mo Stability in a Solar Driven
Water Splitting Device: Effect of Catalyst
Substrate and Applied Potential
Nickel-molybdenum (Ni-Mo) alloys are well-studied as highly
effective water electrolysis electro-catalysts cathode materials. In this
Chapter, we have performed in situ experiments with various
techniques to study the stability and Mo leaching in detail. It was
found that switching the potential towards higher overpotentials
results in a non-linear change in leaching. Multiple processes are
suggested to take place such as reducing the extent of Mo oxidation
at the cathode by stronger reducing potentials while at the same time
the increase of local pH at the cathode due to the hydrogen evolution
reaction pushes towards more leaching. Morphology changes on the
electrode materials are linked to the presence of K+ in pores of the
material, though it is uncertain if K+ is the cause or a result hereof. It
was found that the change in capacitance for these materials
depends strongly on the change of surface composition and not only
surface area. In situ UV-Vis spectroscopy shows that Mo leaching is
a continuous process and it could not be directly linked to the change
in overpotential during electrolysis. Finally, the effect of substrate on
the material stability was studied and it was found that the substrate
has a significant, albeit complex, influence on the stability and activity
of Ni-Mo cathodes. In terms of stability in 1 M KOH Ni-Mo was found
to be best deposited on stainless steel substrates operated at low
overpotentials (-0.067 V vs RHE) showing nearly no change in
capacitance (surface composition) and exhibiting low Mo leaching.
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4.1. Introduction
The stability of electro-catalysts is often tested by quickly cycling between two
set potentials for thousand(s) of times.[1,2] This is done to simulate the change
of potential which is a result of using intermittent electricity following e.g. from
solar cells and windmills.[1,3–5] In most cases, this cycling shows that electrocatalysts are indeed much less stable when cycling than under constant
potential.[1] In the previous Chapters, we already touched on the stability of NiMo and Ni-Fe-S at a constant potential. For example, we found for Ni-Fe-S that
high potentials result in oxide formation and thus catalyst degradation.[6–10] This
could effectively be halted by using lower concentrations of hydroxide ions
when going to higher potentials as was the case with the solar cell driven
demonstration (Chapter 3).

Figure 4.1: A summary of the findings found in Chapter 2.[11] a) The effect of pH in
K+-based electrolytes on Mo leaching as probed by ICP-AES, which shows the effect
of OH- on leaching. b) UV-Vis spectra showing MoO42- to be the species that is formed.
c) Faradaic efficiency as found by GC measurements showing higher than 100 %
efficiency which is owed to the H2 formed by Mo leaching.
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In this Chapter, the focus will be again on Ni-Mo and we will discuss the effect
of potential/current and substrates on the stability of the material in more
detail.[11] Using in situ UV-Vis spectroscopy[12–14] and in situ atomic force
microscopy[15–17] (AFM), combined with ex situ elemental analyzes such as
scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDX) and inductively coupled plasma atomic emission spectroscopy
(ICP-AES) we follow Mo leaching as a function of these catalysis parameters
and establish the use of these techniques for the study of operating Ni-Mo
catalysts.[11,18] Building forth on the knowledge gained in Chapter 2
(summarized in Figure 4.1) here we show potential limits for the stability of NiMo and find that the stability is highest at intermediary potentials. We explain
how the potential/current influences multiple experimental parameters which
contribute to the overall observed stability.[19,20] Furthermore, taking inspiration
from traditional heterogeneous catalysis we also study the metallic support for
possibly influencing the stability.[21–24] Aside from Ti, which we used before, we
also studied Ni, chosen since it likely supports the metallic growth of Ni-Mo, and
furthermore Cu and stainless steel (AISI 316) which could be considered
cheaper materials as supports and thus likely more attractive for up-scaling.
With this work, we present a further understanding of Ni-Mo stability and its
practical and physical limitations.

4

4.2. Results and Discussion
4.2.1. Potential Effects on Ni-Mo/Ti

Figure 4.2: a) Chrono-amperometry of Ni-Mo/Ti in 1 M KOH showing the evolution
of the current density at different applied potentials. b) Capacitance values found by
double layer capacitance measurements before (squares) and after (circles)
catalysis.
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Figure 4.3: SEM micrographs of Ni-Mo/Ti before (left) and after (right) chronoamperometric catalysis for 24 h in 1 M KOH at different potentials.

To study the effect of potential on Ni-Mo, first the earlier studied Ni-Mo/Ti
samples were used. In Figure 4.2a the chrono-amperometric curves can be
found for the time span of 24 h. It should be noted that for these curves the
potential is at a set value of -0.067 V, -0.167 V or -0.267 V vs RHE and thus
the current varies over time. Like earlier results activation over time is observed
on the hour timescale. As should be expected higher potential values resulted
in higher currents. More interestingly, it was found that for Ni-Mo/Ti, as shown
in Figure 4.2b, the relative increase in surface capacitance is largest at
intermediary values.
Contrary, as seen in Figure 4.3, we observed that the surface morphology
according to SEM changed most for the sample that was run at -0.067 V.
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Meanwhile, for the two higher tested potential values no changes were
observed after 24 h. EDX data, meanwhile, as shown in Table 4.1, shows us
that the change in Ni/Mo ratio follows the same pattern as the surface
capacitance. Furthermore, it shows us that K infiltration of the -0.067 V sample
was more significant than of the other two samples. Surprisingly, ICP-AES
(Figure 4.4) shows that Mo leaching simply increases slightly with potential,
meaning that a more negative potential results in slightly higher leaching from
Ni-Mo/Ti samples.
Table 4.1: Atomic ratios as found by SEM-EDX before (regular) and after (bold) 24 h of
chrono-amperometry. Only Ni, Mo, Na and K are considered and thus add up to 100
at%. Other elements that were observed are (adventitious) C, O, Ti, and Si, the latter
sometimes being present as SiC particles that had been stuck in grooves left by the
sanding paper. The last column shows the ratio of Ni/Mo.

Ni-Mo/Ti -0.067 V
Ni-Mo/Ti -0.067 V
Ni-Mo/Ti -0.167 V
Ni-Mo/Ti -0.167 V
Ni-Mo/Ti -0.267 V
Ni-Mo/Ti -0.267 V

Ni (at%)
64.8
68.8
73.2
88.5
51.0
64.9

Mo (at%)
31.4
28.9
22.8
9.6
39.0
33.8

Na (at%)
3.8
3.9
1.0
10.0
-

K (at%)
2.4
1.0
0
1.4

Ni/Mo
ratio
2.06
2.38
3.21
9.22
1.31
1.92

The data presented shows that there are multiple processes going on at the
same time, as was already suggested in Chapter 2. Porosity formation is seen
and can best be followed with the inclusion of K+ into the surface, which is
clearly highest at low potential values. Furthermore, it is likely from this data
that the observed differences
in SEM are correlated to K+
infiltration, though at this
point it cannot be said if K+
infiltration is a result of the
morphology change or vice
versa.

Figure 4.4: Amount of Mo leached into the
electrolyte per cm2 of electrode as a function of
applied potential after 24 h of chronoamperometric catalysis on Ni-Mo/Ti samples as
probed by ICP-AES.

Meanwhile, the Ni/Mo ratio
observed by SEM-EDX can
clearly not directly be linked
to the observed leaching by
ICP-AES. This can be
explained
by
surface
segregation as was already
discussed in depth in Chapter
2.[11,25,26] Ni and Mo are
moving through the bulk of
the system, resulting in
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higher Ni/Mo ratio’s near the surface, lowering the observed Mo content due to
the limited penetration depth of the electron beam. Since the capacitance
values follow the Ni/Mo trend observed in SEM-EDX (increases of 1.16, 2.87
and 1.47 respectively as a function of potential) and not the leaching trend
observed by ICP-AES it can be concluded that the Ni/Mo is the main contributor
to the observed capacitance and not the surface area. This underlines previous
literature that care should be taken when linking the capacitance to the surface
area.[27–29]
Furthermore, the link between capacitance and activity, which was found in
Chapter 2, could lead to the hypothesis that the change in activity is mostly due
to surface composition and not due to an increase in surface area. To test this
hypothesis the rate of Mo leaching should be followed over time. In Figure 4.5a
in situ UV-Vis spectroscopy data are shown, giving the evolution of the MoO42peak over time.[11] Note that from a practical point of view we used chronopotentiometry (Figure 4.5b) and not chrono-amperometry. This is due to bubble
formation, which is assumed constant with chrono-potentiometry and thus
minimizing the possible influence of scattering by bubbles on the results.[30]
Most importantly, as the chrono-potentiometry starts to level off, there seems
to be no observable response yet in the evolution of the MoO42- peak, further
agreeing with the hypothesis earlier stated that more processes are influencing
the observed activity.
Interestingly, we see that the Mo leaching decreases with an increasing current
in the UV-Vis spectroscopy experiments. The leaching changes with current as
could be expected. A vital note is that the observed current-potential magnitude
cannot be directly compared to the chrono-amperometry found in Figure 4.2a.
The reason for this is that different electrochemical cells were used
(Experimental Section 4.4) and thus different electrolyte resistances and
kinetics are to be expected.[31,32] From this, it can be determined that the ICPAES data presented in Figure 4.5c continues from the last point found in Figure
4.4. Furthermore, the same trend is observed in the in situ UV-Vis spectroscopy
experiments and the ICP-AES experiments, suggesting that in situ UV-Vis

Figure 4.5: a) Normalized absorbance at 232 nm (MoO42-) as probed with transmission
UV-Vis and as a function of time. b) Chrono-potentiometric curves at -5, -10, and -20
mA/cm2 respectively. c) Amount of Mo found in the electrolyte after 4 h of catalysis.
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Figure 4.6: SEM micrographs of Ni-Mo/Ti before (left) and after (right) 4 h of chronopotentiometry at 0, -5, -10 and -20 mA/cm2 respectively.

spectroscopy can indeed be used to follow MoO42- leaching in these systems.
Seeing as Figure 4.5c is by approximation a continuation of Figure 4.4 it can
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be seen that Mo leaching is most extreme at intermediary potentials. Our
proposed reasoning behind this observation is two-fold. On one hand HER (2
H2O + 2 e-  2 OH- + H2) forms one OH- ion locally for each electron consumed
in the reaction.[31] This results in a significantly higher pH directly at the surface.
As was already described in Chapter 2 (Mo + 2 OH- + 2 H2O  MoO42- + 3 H2)
the OH- increases Mo leaching. On the other hand, the half-reaction of leaching
(Mo + 8 OH-  MoO42- + 4 H2O + 6 e-) is oxidative, so thermodynamically it
makes sense that the leaching is halted by strong, reducing potentials.
Similar to before we observed that the change in morphology (Figure 4.6) is
correlated to the amount of K found in the material by SEM-EDX (Table 4.2).
As before it is not possible to say from this data whether K is present due to the
formation of porosity or is actually responsible for the change in morphology. It
is also noted that the initial Ni/Mo ratio in these samples was relatively low but
the impact on the performance or observations was minimal. The Na and K
contents seem high due to the fact that there was a significant Ti signal in these
samples causing high noise levels, which are significant in Na and K since they
have low characteristic EDX signals.
Table 4.2: Atomic ratios as found by SEM-EDX before (regular) and after (bold) the in
situ UV-Vis spectroscopy experiments. Only Ni, Mo, Na and K are considered and thus
add up to 100 at%. Other elements that were observed are (adventitious) C, O, Ti, and
Si, the latter sometimes being present as SiC particles that had been stuck in grooves
left by the sanding paper. The last column shows the ratio of Ni/Mo.

Ni-Mo/Ti 0 mA/cm2
Ni-Mo/Ti 0 mA/cm2
Ni-Mo/Ti -5 mA/cm2
Ni-Mo/Ti -5 mA/cm2
Ni-Mo/Ti -10 mA/cm2
Ni-Mo/Ti -10 mA/cm2
Ni-Mo/Ti -20 mA/cm2
Ni-Mo/Ti -20 mA/cm2

Ni (at%)
67.8
65.4
47.8
39.4
44.6
52.1
50.4
40.5

Mo (at%)
30.1
32.0
40.2
24.3
40.6
34.8
38.0
11.8

Na (at%)
2.1
2.2
12.0
8.7
14.8
5.0
11.6
7.9

K (at%)
0.5
27.6
8.1
39.8

Ni/Mo
ratio
2.25
2.04
1.19
1.62
1.10
1.50
1.33
3.43

Furthermore, using in situ AFM we revisited probing the outer surface area.
Earlier it was already explained that AFM proved unable to visualize the
formation of pores in the Ni-Mo electro-catalysts. To find the role of porosity on
the electrochemical activity the AFM data was compared to the evolution of the
electrochemical curve. We studied the samples at different pH values of
electrolyte without exposing them to an applied potential. In Figure 4.7 the data
is presented for KOH concentrations of 0 M, 1 M, and 6 M. It is observable that
with increasing pH there are no visible differences in root-mean-square (RMS)
values as found by AFM (Figure 4.8). The RMS values have been determined
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Figure 4.7: AFM micrographs of Ni-Mo/Ti catalysts measured in situ at different times
at 0 M KOH (top), 1 M KOH (middle) and 6 M KOH (bottom). The scalebars are 2 µm.

after a specific flattening procedure as detailed in the experimental section
(Section 4.4). From Figure 4.8 it can be observed that different spots on the
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Figure 4.8: Left: AFM micrographs of the Ni-Mo/Ti catalysts with two selected spots on
each material immersed in 0 M KOH (top), 1 M KOH (middle) and 6 M KOH (bottom).
Right: progression of absolute RMS as a function of time of these samples at the two
selected spots. The scalebars are 2 µm.

sample have different behaviour in terms of RMS. It can be expected that these
relative rough and morphologically inhomogeneous (in terms of film materials)
samples have different domains with different behavior. With in situ AFM, we
show that this is indeed the case and that likely the particulate, rougher
features, such as the large grains observed in the black-marked spot in the 6
M experiment, are the most sensitive to roughening. This could be uninfluenced
by the chemical processes taking place and might be solely due to dispersion
in liquid. Overall this data suggests that morphological changes do not occur at
a measurable scale without any applied electrochemistry over the course of 3
h. Furthermore, we can conclude AFM can be measured in situ over extended
periods of time without any visible tip effects (Si3N4 tips) in extreme alkaline
conditions, as this would also have a large influence on the observed features
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in Figures 4.7 and 4.8. This makes this a proof-of-concept for utilizing AFM in
these conditions.

4.2.2. Substrate Effects on Ni-Mo Stability

4

Figure 4.9: Chrono-amperometric curves at -0.067 V, -0.167 V, -0.267 V on a) NiMo/Ti, b) Ni-Mo/StSt, c) Ni-Mo/Ni and d) Ni-Mo/Cu. The double layer capacitance
values before (squares) and after (circles) are shown for Ni-Mo on the different
substrates e) Ti, f) StSt, g) Ni and h) Cu.
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In this work, we study four different substrates: Ti, Ni, Cu and stainless steel
(StSt). Ti is studied as a model substrate which was used previously due to its
durability and practically non-existent HER activity.[33] Ni and Cu are chosen
since they have a face-centered cubic (FCC) crystal structure[34], which is the
expected crystal structure for Ni-Mo as well.[35,36] Finally, stainless steel is
chosen since it’s a readily available and durable material.
Shown in Figure 4.9 Ni-Mo behaves significantly differently on different
substrates. As can be seen the performance of the materials is strongly
dependent on the substrate as well. Activity-wise the performance increases
Cu>Ni>StSt>Ti. It remains true for all cases that there is activation over time,

Figure 4.10: SEM micrographs of Ni-Mo/StSt before (left) and after (right) chronoamperometric catalysis for 24 h in 1 M KOH at different potentials.
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which can now be safely assumed to be an effect of Ni-Mo and not substrate
related. It is furthermore not an effect of the catalytic activity of the substrates
since it is well-known that StSt and Ni are significantly better at HER than Cu.
Meanwhile, there are interesting observations as well when considering the
change in capacitance. StSt, like Ti, results in an intermediary potential at which
the change is most significant. For Ni and Cu, which are the FCC structures,
we see that higher potentials (within the tested range) result in higher
capacitance changes. This sparked the interest to explore in more detail these
observed differences.
Studying the morphology of the Ni-Mo depositions showed us that similar
morphologies form according to SEM (Figures 10-12 for Ni, Cu, and StSt

4

Figure 4.11: SEM micrographs of Ni-Mo/Ni before (left) and after (right) chronoamperometric catalysis for 24 h in 1 M KOH at different potentials.

107

In Situ Study of Ni-Mo Stability: Effect of Substrate and Potential

Figure 4.12: SEM micrographs of Ni-Mo/Cu before (left) and after (right) chronoamperometric catalysis for 24 h in 1 M KOH at different potentials.

respectively). Furthermore, studying these SEM micrographs and comparing
them also with Figure 4.3 for Ni-Mo/Ti it can be said that morphologically these
samples behave similarly. It should be noted that all micrographs are in focus,
and in the cases it does not seem to be so it was due to a lack of contrast in
the sample, in those cases cracks which were near the pre-measured spot were
used to achieve optimal focus. All the samples show a similar morphological
response to the presence of K at the sample surfaces. As seen in Table 4.3
there is always a loss of Mo from all these samples. The extent of observed
leaching/segregation, however, is significantly different and seems to depend
on both potential and substrate. It is furthermore an interplay of these
parameters as the potential dependency of leaching is different for each of the
substrates.
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Figure 4.13: a) The amount of Mo leached as a function of applied potential after 24 h
of chrono-amperometric catalysis on Ni-Mo on Ti (pentagons), StSt (stars), Ni (upward
triangles), and Cu (downward triangles). b) The ratio of Ni/Mo ratios found by EDX
before and after catalysis for the same materials.
Table 4.3: Atomic ratios as found by SEM-EDX before (regular) and after (bold) 24 h of
chrono-amperometry. Only Ni, Mo, Na and K are considered and thus add up to 100
at%. Other elements are (adventitious) C, O, and Si, the latter being present as SiC
particles that had left by the sanding paper. For Ni-Mo/StSt Fe and Cr were also
observed, for Ni-Mo/Cu Cu was observed. The last column shows the ratio of Ni/Mo. It
should be noted that the Ni/Mo ratio for Ni-Mo/Ni and Ni-Mo/StSt is not representative
due to the substrate also giving off signal which is very dependent on the thickness.

Ni-Mo/StSt -0.067 V
Ni-Mo/StSt -0.067 V
Ni-Mo/StSt -0.167 V
Ni-Mo/StSt -0.167 V
Ni-Mo/StSt -0.267 V
Ni-Mo/StSt -0.267 V
Ni-Mo/Ni -0.067 V
Ni-Mo/Ni -0.067 V
Ni-Mo/Ni -0.167 V
Ni-Mo/Ni -0.167 V
Ni-Mo/Ni -0.267 V
Ni-Mo/Ni -0.267 V
Ni-Mo/Cu -0.067 V
Ni-Mo/Cu -0.067 V
Ni-Mo/Cu -0.167 V
Ni-Mo/Cu -0.167 V
Ni-Mo/Cu -0.267 V
Ni-Mo/Cu -0.267 V

Ni (at%)
65.0
68.8
69.1
73.2
68.5
70.0
81.5
94.3
65.5
70.7
87.5
96.9
63.2
81.1
72.9
76.3
66.5
72.0

Mo
(at%)
30.3
27.9
19.1
8.2
29.6
25.1
11.8
3
31
26.7
3.8
1.2
27
18.0
24.9
20.0
27.5
22.4

Na (at%)
4.9
11.8
1.9
6.7
3.5
8.7
9.8
2.1
6
0.3

K (at%)
3.3
18.6
4.9
2.7
2.6
1.9
0.8
3.8
5.2

Ni/Mo
ratio
2.15
2.47
3.62
8.90
2.31
2.79
6.91
31.43
2.11
2.65
23.03
80.75
2.34
4.51
2.93
3.82
2.42
3.21
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If we compare the loss of Mo observed with EDX again with ICP-AES (Figure
4.13) it is clear also from this that the change in EDX signal follows from a
combination of at least leaching and surface segregation both. Though in some
cases, such as Ni-Mo/Cu the trends in EDX and ICP-AES are the same, the
fact that the double layer capacitance does not agree takes away any doubt

Figure 4.14: a) The normalized UV-Vis signal at 232 nm over time and b) the
corresponding chrono-potentiometric curves on Ni-Mo/StSt. c) The normalized UV-Vis
signal at 232 nm over time and d) the corresponding chrono-potentiometric curves on
Ni-Mo/Ni. e) The normalized UV-Vis signal at 232 nm over time and f) the corresponding
chrono-potentiometric curves on Ni-Mo/Cu.
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that there are indeed
multiple
processes
influencing
the
data.
Furthermore, the fact that
EDX and capacitance
measurements disagree
for Cu tells us that
morphology change is the
most
significant
contributor in this case,
which is in agreement with
the significant changes
seen in Figure 4.12 with
SEM.
ICP-AES does tell us that
leaching
is
strongly
dependent not only on
potential but also on the
substrate used. Different
behavior
trends
are
observed with different substrates, where Mo is more stable in Ni-Mo/Cu at
higher overpotentials and or has the strongest leaching at intermediary
overpotentials as is the case for Ni-Mo/StSt and Ni-Mo/Ni. Furthermore, the
order of magnitude of leaching changes with the substrate. Mo is approximately
more stable at the tested potentials in the order of Ti > Ni > Cu > StSt.
Figure 4.15: ICP-AES signal of Mo leaching after the
in situ UV-Vis spectroscopy experiments as a
function of applied current for 4 h on Ni-Mo at different
substrates: Ti (pentagons), StSt (stars), Ni (upward
triangles) and Cu (downward triangles).

To exclude the possibility that the leaching pattern does not change with the
substrate in situ UV-Vis was also performed (Figure 4.14). As was the case
with Ni-Mo/Ti, Ni, Cu, and StSt show the same leaching behavior, meaning a
fairly constant leaching rate in at least the first 4 h. The rates, however, are
vastly different and StSt and Ni perform best in terms of leaching suppression
at set currents, closely followed by Ti (Figure 4.5a) on Cu however we see
significant MoO42- signals. Comparing it to ICP-AES data (Figure 4.15) on the
spent electrolytes of those samples however we see that there are some
disagreements. According to ICP-AES Ti suppresses leaching best,
comparable to Ni, whereas StSt substrates allow for significant leaching at
lower currents but suppress it just as well at higher currents. Cu, similar to the
UV-Vis data gives us high Mo leaching signals.
The reason behind the discrepancy is that with in situ UV-Vis the electrolyte
near the sample was being probed, whereas with ICP-AES the electrolyte is
homogenized before it was sampled. This suggests that there is likely readsorption or even re-deposition of Mo during the tests.[37] This would also
explain the previous observation with depth-profile XPS in Chapter 2 that the
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direct surface concentration of Mo did not follow the trend and was higher. This
re-deposition effect is also seen with SEM-EDX (Table 4.4) as the change in
Ni/Mo ratio disagrees with ICP-AES due to the inhomogeneity in depth of the
material. Furthermore, in some cases we even observed the Ni/Mo ratio
decreasing, even though in none of the tested samples Ni was found to leach.
Possible explanations could thus be surface segregation and/or re-deposition.
This effect is mostly seen for the Cu substrate and might be related to the fact
that the in situ signal of MoO42- is so high, which suggests a lot of MoO42dissolution and in extent high Mo mobility.
Table 4.4: Atomic ratios as found by SEM-EDX before (regular) and after (bold) the in
situ UV-Vis spectroscopy experiments. Only Ni, Mo, Na and K are considered and thus
add up to 100 at%. Other elements that were observed are (adventitious) C, O, and Si,
the latter sometimes being present as SiC particles that had been stuck in grooves left
by the sanding paper. For Ni-Mo/StSt Fe and Cr were also observed, for Ni-Mo/Cu Cu
was observed. The last column shows the ratio of Ni/Mo. It should be noted that the
Ni/Mo ratio for Ni-Mo/Ni and Ni-Mo/StSt is not representative due to the substrate also
giving off signal which is very dependent on the thickness.

Ni-Mo/StSt 0 mA/cm2
Ni-Mo/StSt 0 mA/cm2
Ni-Mo/StSt -5 mA/cm2
Ni-Mo/StSt -5 mA/cm2
Ni-Mo/StSt -10 mA/cm2
Ni-Mo/StSt -10 mA/cm2
Ni-Mo/StSt -20 mA/cm2
Ni-Mo/StSt -20 mA/cm2
Ni-Mo/Ni 0 mA/cm2
Ni-Mo/Ni 0 mA/cm2
Ni-Mo/Ni -5 mA/cm2
Ni-Mo/Ni -5 mA/cm2
Ni-Mo/Ni -10 mA/cm2
Ni-Mo/Ni -10 mA/cm2
Ni-Mo/Ni -20 mA/cm2
Ni-Mo/Ni -20 mA/cm2
Ni-Mo/Cu 0 mA/cm2
Ni-Mo/ Cu 0 mA/cm2
Ni-Mo/Cu -5 mA/cm2
Ni-Mo/Cu -5 mA/cm2
Ni-Mo/Cu -10 mA/cm2
Ni-Mo/Cu -10 mA/cm2
Ni-Mo/Cu -20 mA/cm2
Ni-Mo/Cu -20 mA/cm2
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Ni (at%)
66.1
61.9
63.1
65.6
71.0
86.0
65.3
74.7
68.9
65.0
79.2
77.9
68.8
67.5
69.9
67.1
67
73.2
62.8
69
68.5
67.4
68.3
70.0

Mo
(at%)
31.1
32.0
34.4
31.3
19.0
11.6
22.5
22.7
28.8
30.9
18.9
18.3
22.2
24.1
28.2
27.9
27.2
26.7
28.6
24.9
28.3
22.9
29.3
26.7

Na
(at%)
2.9
2.7
2.5
10
12.2
2.3
2.0
1.9
2.1
9
1.7
1.9
1.1
5.8
8.5
3.2
2.4
-

K (at%)
3.4
3.2
1.9
2.6
2.2
1.7
6.8
4
0.1
6.1
9.7
3.4

Ni/Mo
ratio
2.13
1.93
1.83
2.10
3.74
7.41
2.90
3.29
2.39
2.10
4.19
4.26
3.10
2.80
2.48
2.41
2.46
2.74
2.20
2.77
2.42
2.94
2.33
2.62
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4.3. Conclusions
To summarize in this work (Figure 4.16), on one hand, Ni-Mo/Ti stability was
further explored and the effect of K+ inclusion could be ascribed to porosity and
both leaching and surface segregation were observed. The change in double
layer capacitance that has been reported before for this material was found to
be most sensitive to the change in Ni/Mo ratio on the surface and not surface
roughening, showing that care is needed when using this value as a measure
of surface area. This study was then extended to in situ UV-Vis spectroscopy
and AFM measurements to further confirm surface roughening and Mo leaching
as MoO42- and shows that leaching has a constant rate in the first 4 h and does
not directly correspond to the change in activity.
The effect of potential was also studied and found to influence the stability on
several levels. Since there is an optimum in the potential for Ni-Mo/Ti there is
both a stabilizing and destabilizing effect of potential on the material. These
were ascribed to the reducing potential hampering Mo oxidation towards Mo6+
(in the form of MoO42-) whereas stronger reducing potentials also lead towards
more HER and thus higher local pH (OH- concentrations) which increase Mo
leaching as seen in the leaching mechanism Mo + 2 OH- + 2 H2O  MoO42- +
3 H2.
We showed in situ AFM measurements on Ni-Mo are possible and tracked the
progress of leaching without applied potential as a function of pH. It was
observed that the behavior of the samples is not homogeneous and that the
particulate rougher features seem to be more sensitive to leaching than the
flatter morphology of the bulk. It also shows that the samples do not visibly
roughen without applied potential over the course of 3 h.
On the other hand, inspired by support effects often seen in classical
heterogeneous catalysis, we studied the effect of the support. Using earlier
established techniques such as SEM-EDX, in situ UV-Vis, double layer
capacitance and ICP-AES the stability of Ni-Mo was studied on Ti, Cu, Ni and
StSt (stainless steel). It was found that the substrate also is of significant
influence when studying Ni-Mo and potentially other electrocatalysts as well.
Activity-wise we found that the highest currents are found for Ni-Mo/Cu and NiMo/Ni followed by Ni-Mo/StSt and finally Ni-Mo/Ti.
The response of Ni-Mo towards potential was also found to be clearly
dependent on the substrate and in each case the observed trends were
different. Ni-Mo/Ti is described above, and similarly, Ni-Mo/StSt shows an
optimum in capacitance change, but in this case, it is followed by the Mo
leaching found with ICP-AES. Ni-Mo/Ni and Ni-Mo/Cu both show that the
capacitance change increases with overpotential. The ICP-AES signal for Mo
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Figure 4.16: Schematic summary of the results obtained in this PhD chapter. K+
presence is linked to the morphology change and porosity formation and MoO42leaching clearly is an equilibrium and re-deposition occurs. In situ UV-Vis spectroscopy
and in situ AFM were used to follow these effects as a function of potential and
substrate.

does not follow this result however and shows that leaching decreases with
potential for Ni-Mo/Cu and hits an optimum for Ni-Mo/Ni.
Exploring further the effects in situ UV-Vis spectroscopy was again employed
and in that case it can be seen there is a slow build-up of the MoO42- near the
electrode surface in each system. This is again in disagreement with the ICPAES data that followed and led us to suggest that MoO42- not only leaches but
also re-adsorbs.
So finally it was thus found that MoO42- leaches and is affected by potential in
at least two ways. These are suggested to be Mo stabilization by the reducing
potential as well as an increase in local pH near the surface destabilizing it. K+
found in the pores is clearly linked to the observed morphology changes but it
cannot be concluded whether it’s the cause or a result of said change. Finally,
the substrate also plays a vital role in Ni-Mo performance and stability and
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changes the response of Mo stability in multiple ways as the change in
capacitance, Mo leaching, and surface composition without any clear trends.
The best stability for Ni-Mo was found at -0.067 V vs RHE for Ni-Mo/StSt
exhibiting the lowest Mo leaching after 24 h as well as a very low change in
capacitance.

4.4. Experimental
4.4.1. Chemicals and Materials
All materials were used as received without further purification. NiSO4.6H2O
(ReagentPlus, > 99 % pure), NaMoO4.2H2O (ACS reagent, > 99 % pure), KOH
(ACS reagent, >85 % pure), and Na3C6H5O7.2H2O (sodium citrate, ACS
reagent, > 99 % pure) were received from Sigma Aldrich. NH3 28-30 % (ACS
reagent, ph. Eur. for analysis) was obtained from Emsure. In all experiments,
deionized water was used.

4.4.2. Electrodeposition
Ti stubs (99.99+ %, Goodfellow), Ni stubs (99.99+ %, Goodfellow), Cu stubs
(99.99+ %, Goodfellow) and StSt (AISI 316L, 69 % Fe, 18 % Cr, 10 % Ni, 3 %
Mo, Goodfellow) were machined into round substrates of similar shape to SEM
stubs with a surface area of 1.257 cm2 (Figure 2.22a-b) in Chapter 2 for details).
The stubs were fixed into three-electrode cells for electrodeposition (Figure
2.22c-e in Chapter 2 for details on the cell) after being polished with SiC paper
with increasing grit (500, 1200, 4000), and cleaned by sonication in three steps
(15 min each in 1:1 Ethanol:Acetone, 2 M HNO3 and deionized water).
Galvanostatic electrodeposition was performed with an Ivium Compactstat at a
current of -100 mA for 1200 s while stirring at 400 rpm. A Pt mesh electrode
(Mateck, 99.9+ %) was used as a counter electrode and no Pt leaching was
observed (Chapter 2). A 3 M KCl BASi Ag/AgCl electrode was used as a
reference electrode.
The used plating baths contained 0.3 M NiSO4, 0.2 M Na2MoO4 and 0.3 M
Na3C6H5O7 in 100 mL deionized water. To this solutions 10 mL NH3 is added
to achieve a pH of 9.2. Separate plating baths were used for each substrate
type to prevent cross contamination of the substrates. Prior to deposition the
plating bath was purged with Ar (5.0) to deoxygenize at a flow of 20 mL/min for
at least 15 min. The average Ni/Mo ratio (from SEM-EDX) of the materials after
synthesis was 2.73±0.72 (Ni-Mo/Ti), 1.78±0.69 (Ni-Mo/StSt), 13.47±9.7 (NiMo/Ni), and 2.35±0.28 (Ni-Mo/Cu). The error in Ni-Mo/Ni is large due to the
change in substrate contribution to the signal as a result of changing deposition
thickness.
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4.4.3.
Electrochemical
characterization
Electrochemical testing on
samples was done as
follows. The samples were
loaded in three-electrode
cells with a Pt mesh
counter electrode and a 3
M Ag/AgCl (Metrohm,
shielded, -0.207 V vs SHE,
which is -1.033 V vs RHE
(pH
14))
reference
electrode. 1 M KOH is used
as an electrolyte at pH
values of 14. First, double
layer
capacitance
measurements
were
performed between -0.7 V
and -0.9 V vs Ag/AgCl at
100, 200, 300, 400 and 500
mV/s for 3 cycles each.
Following this a linear
sweep was performed at 50
Figure 4.17: Photograph of the in situ UV-Vis
mV/s from -1 V to -1.3 V vs
spectroscopy cell with the Pt wire and BASi
Ag/AgCl to confirm no
reference electrode.
polluting electrochemical
processes take place (data
not shown). Finally, chrono-amperometry was performed for 24 h at -1.1 V, 1.2 V and -1.3 V vs Ag/AgCl (-0.067 V, -0.167 V and -0.267 V vs RHE). The
linear sweep and double layer capacitance measurements were performed
again afterward. Double layer capacitance values were obtained by taking the
difference between the forward and backward current of the third scan. Data
was averaged between 0.795-0.805 V for each point. The resulting double layer
thickness was then plotted versus the scan rate. The linear fit of these points
yields the capacitance.
During the in situ UV-Vis spectroscopy experiments the samples were loaded
in a three-electrode Suprasil Quartz cell (Figure 4.17). Chrono-potentiometry
was performed for 4 h at -5 mA/cm2, -10 mA/cm2 and -20 mA/cm2. The
potentiostat was not used for the 0 mA/cm2 measurements. No linear sweep,
nor capacitance measurements were performed in these cases. A Pt wire
(Mateck, 99.9+ %) was used as a counter electrode and a 3 M BASi Ag/AgCl
reference electrode was used.
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4.4.4. In situ UV-Vis spectroscopy
In situ UV-Vis spectroscopy was performed by using a PerkinElmer Lambda
950s spectroscope. Measurements were done from 600 nm to 200 nm with 4
nm intervals which allows for 180 measurements during 4 h. A D2 lamp and
tungsten lamp are used and the switch was set at 319.2 nm. Measurements
were done in transmission mode and a blank was taken prior to each
measurement. Dense black cloth was effectively used to block incoming
ambient light through the small opening left by the potentiostat cable, tested by
measurements with and without the cloth and with and without the cable (data
not shown). A long measurement range was used in each experiment as a
control for possible Ni, Cu, Cr, Fe, or Ti leaching. The MoO42- peak was
analyzed by plotting the intensity at the rising part of the band (232 nm) since
O2 UV absorption (ozone formation) started at lower wavelengths and resulted
in significant interference.
4.4.5. In situ AFM
In-situ liquid-phase Atomic Force Microscopy (AFM) measurements were
performed on a Bruker Multimode using SNL-10A silicon nitride cantilevers (F
= 0.175 N/m) in PeakForce tapping mode. The moment of sample immersion
was set as t = 0, then the AFM was optimized to measure a 10 x 10 µm2 spot
with a frequency of 0.8 Hz, resulting in an image every 11 min. The data was
post-processed using Gwyddion. First, the images were flattened using a plane
background subtraction and a trimmed median of differences row alignment.
The resulting images were used in Figure (Figure 4.7). Subsequently, two

Figure 4.18: AFM micrographs of Ni-Mo-Ti in 6 M solution at different times, showing
the displacement due to drift. The black box represents the full image flattening area,
while the red box represents the cropped selection area. Right: The RMS of the
selected area (red) is plotted over time when flattening is performed over the red box
only, or the full black box.
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region of interests which were found throughout the majority of timeframes were
selected. These areas were cropped, flattened in a similar manner as described
above, and then used to plot the roughness (RMS, from “Statistical Functions”).
The crop/flattening was essential, as drift highly influences the general
background plane in the full images (as can be seen from the two different
displayed time snapshots), resulting in different RMS values over time when
they are not selectively cropped, Figure 4.18. The black crosses represent the
RMS of the selected area when plotted after flattening was performed over the
full images. The red crosses represent the RMS of the selected area when
plotted after cropping the selection and repeating the flattening steps,
fundamentally representing the roughness of the selected surface.
4.4.6. Structural characterization
ICP-AES was performed using an Optima 8300 instrument from Perkin Elmer.
Electrolytes were decreased in pH to add 1 mL 65 % HNO3 per 10 mL
electrolyte, resulting in ca. 2 % HNO3. Ni (231.604 nm), K (766.491 nm), Na
(589.592 nm), Ti (334.187 nm), Cr (205.560 nm), Cu (327.393 nm), Fe
(259.939 nm), Pt (214.423 nm), and Mo (202.095 nm) were then measured.
SEM-EDX was performed on a FEI Helios nanolab 600 DualBeam with an
Oxford instruments Silicon Drift Detector X-Max energy dispersive
spectroscope. EDX mapping was performed with an electron beam of 15 kV
and 0.8 nA. All SEM imaging was done using secondary electrons at 15 kV and
0.8 nA. Wide images were first shot to ensure the larger magnifications were
taken at representative areas of the material (data not shown for brevity).
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“Using rust as solar panels, dad? You have been telling weird things lately but
that’s just too much.”
“I am not joking, son, it’s possible. Give it a few years and you might just see
nice and shiny orange panels here and there.”
I roll my eyes and look out of the car window, the view now an endless
expanse of brownish sand, which my dad claims could make solar panels.
“Of course, they refine it, make incredibly thin sheet and that’s what gets us
electricity from the sun itself.”
The mention only makes me glance up at the glaring light and makes me
sweat more noticeably.
If only it wasn’t always so hot.
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5
Cathodic Electro-deposition of Ni-Mo on
Semiconducting NiFe2O4 for Photoelectrochemical Hydrogen Evolution in Alkaline
Media
Photocathodes for hydrogen evolution from water were made by
electro-deposition of Ni-Mo layers on NiFe2O4 substrates, deposited
by spin coating on F:SnO2-glass. SEM-EDX and XRD analysis
confirmed the formation of two separate layers, without significant
reduction of NiFe2O4. While bare NiFe2O4 was found unstable under
alkaline conditions during (photo)-electrochemistry. To improve the
stability significantly, the deposition of a bifunctional Ni-Mo layer
through a facile electrodeposition process was performed, and
composite electrodes show stable operation for at least 1 h.
Moreover, photocurrents up to -2.1 mA/cm2 at -0.3 V vs RHE were
obtained for Ni-Mo/NiFe2O4 at ambient conditions, showing that the
new combination functions as both a stabilizing and catalytic layer for
photo-electrochemical
hydrogen
evolution.
The
photoelectrochemical response of these composite electrodes decreases
with increasing NiFe2O4 layer thickness. Using transient absorption
spectroscopy it is shown that the lifetime of excited states is short and
in the ns timescale. An increase in lifetimes is observed for NiFe2O4
of large layer thickness, likely explained by decreasing defect density
in the primary layer(s), as a result of repetitive annealing at elevated
temperature. The photo-electrochemical and transient absorption
spectroscopy results indicate that a short lifetime of charge carriers
limits the performance of Ni-Mo/NiFe2O4 photocathodes.
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5.1.

Introduction

The direct conversion of sunlight, CO2, and H2O into fuels and chemicals can
be achieved in photoelectrochemical cells.[1–5] The functionality of such cells,
however, is depending on photo-electrodes containing semiconductors, which
absorb light and generate electrons and holes with sufficient potential to drive
the conversion of (CO2 and) H2O into molecules, such as methane, methanol,
and hydrogen.[6] Interestingly, the stability of photo-electrodes can be improved
by the deposition of a metal layer, which protects the semiconductor against
photo-corrosion.[7] The performance of these materials is largely determined by
the quality of the metal-semiconductor interfaces. Often methods, such as
physical vapor deposition (PVD) or chemical vapor deposition (CVD), are
utilized to achieve optimized interfaces.[8,9] However, these processes are quite
expensive and require specialized equipment. An all-wet electrochemical
process would be more desirable.[8]
An example of an electrochemical method for the formation of metals on
semiconductors is galvanic displacement.[8,10,11] This is a so-called electro-less
deposition method, which does not require an external bias to drive
electrochemical reactions. During galvanic displacement, the surface of the
semiconductor in contact with the metal-cation solution is oxidized, while the
metal layer is simultaneously formed by the reduction of the cations. The
method is suitable for functionalization of e.g. Si or Ge surfaces[8], after
pretreatment with hydrogen fluoride-based solutions to remove native oxide.
Unfortunately, galvanic displacement is typically unsuitable for the formation of
metal-metal oxide interfaces.[8,10]
Electro-deposition, where a potential is applied to drive redox reactions on
electrodes, is a suitable alternative for galvanic displacement.[8,12–16] Anodic
electro-deposition on semiconductors is already well-established, creating
oxide layers on top of a semiconductor.[17,18] For a metal layer to be formed,
cathodic electro-deposition is required. One of the big issues with cathodic
electro-deposition on many metal oxide semiconductors, is the reduction of the
metal oxide layer.[8]
To circumvent this issue, ion-exchange and electro-less deposition are applied
prior to electro-deposition. For example, Sn2+ ions have been adsorbed on a
semiconductor-oxide surface. The material with adsorbed Sn2+ is immersed in
a solution containing, for example, Ag+ or Pd2+ cations, which react with the
adsorbed Sn2+ to form Sn4+ and metallic Ag or Pd. This metallic layer then
protects the semiconductor metal oxide during sequential electrodeposition.
Pre-metallization can also be done by using the aforementioned PVD or CVD
techniques.[8]
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In this PhD Chapter, we have investigated the possibility to directly deposit
metal layers onto the metal oxide semiconductor NiFe2O4, which shows
promising behavior when used as photo-cathode.[19–24] We show that this
material can be metallized with Ni-Mo[13,16,25,26] making use of simple aqueous
cathodic electro-deposition baths containing the metal precursors, sodium
citrate as a complexing agent, and sodium hydroxide or ammonia to adjust the
pH.[12,14,15,27] UV-Vis spectroscopy, X-ray diffraction (XRD) and focused ion
beam scanning electron microscopy with energy dispersive X-ray spectroscopy
(FIB-SEM-EDX) were used to demonstrate the feasibility of this simple, onestep metallization procedure of NiFe2O4 through electro-deposition, resulting in
novel Ni-Mo/NiFe2O4 photocathodes with a NiFe2O4 photo-absorbing layer and
a stabilizing and catalytic Ni-Mo layer.

5.2. Results and Discussion
To ensure optimal oxidation of the layers, NiFe2O4 was formed by spin coating
in a layer-by-layer fashion. During spin coating a thin layer of precursor nitrates
is formed. The formation of the spinel phase by decomposition of the nitrates
requires effective access to oxygen. Furthermore, nitrogen should be able to
exit the precursor layers. In Figure 5.1 the growth of the NiFe2O4 layer on
F:SnO2/glass substrates is illustrated. Separate samples were synthesized,
and with increasing the number of deposition cycles, the samples become
increasingly more orange, as seen in Figure 5.1a. SEM images of the cross
sections made with FIB-cutting (Figure 5.1b) show that the thickness of the
NiFe2O4 layer increases with the number of subsequent deposition cycles, and
that the surface of the layers is rather smooth. The Pt layer was deposited on
top of the semiconductor layer prior to FIB-cutting, to prevent damage to the
underlying layers. Porosity between the F:SnO2 and NiFe2O4, and between
separate NiFe2O4 layers, can sometimes be observed due to initial roughness
and suboptimal wetting of the previous layer, but is found sparingly when the
F:SnO2 layer is rougher. The chemical identity of each of these layers is
confirmed, including the underlying conductive substrate layer. By crosssection EDX mapping, shown in Figure 5.2, the NiFe2O4 layer was found to
contain 1.9:1 Fe:Ni.
XRD analysis (Figure 5.1c) confirms the growth of the trevorite, spinel, NiFe2O4
phase, since with increasing thickness the related diffraction lines become
more pronounced. UV-Vis spectroscopy (Figure 5.1d) further confirms the
formation of the desired spinel phase. The bandgap for NiFe2O4 is often
reported at 1.56 eV (795 nm), however, as can be seen in the UV-Vis spectrum,
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Figure 5.1: a) From left to right: a schematic representation of the NiFe2O4 film coated
on F:SnO2/Glass substrates followed by photographs of samples with 1, 2, 3, 4 and 5
layers of spin coated NiFe2O4. b) SEM cross section images of (from left to right) 1, 2,
3, 4, 5 deposition cycles of NiFe2O4. The various layers have been colored: Pt (pink),
NiFe2O4 (orange), F:SnO2 (cyan) and glass (green). c) XRD of the spin coated NiFe2O4
layers with increasing thickness. d) UV-Vis spectra of the spin coated NiFe2O4
samples. e) The increase of thickness with increasing deposition cycles.

this is a low intensity band, related to an indirect bandgap between minority
states.[28,29] More significant for light absorption is the band starting at 2.1 eV
(600 nm), which is the transition between majority states, constituting a direct
bandgap. The valence band maximum (VBM) is located mainly on Ni and O.
The conduction band minimum is mainly positioned on Fe and O. Due to Fe
being in both octahedral and tetrahedral positions, there are two distinct
gaps.[28,29] Finally, the bandgap of the minority states is found to red-shift with
increasing thickness and to decrease in intensity. The red-shift is explained by
an increasing amount of Ni2+ ions occupying tetrahedral sites instead of the
normal octahedral sites in the inverse spinel structures. This is possible due to
partial inversion of the spinel structures, where in the normal spinel the bivalent
ions are in the tetrahedral position.[30,31] In the inset (Figure 5.1e) the increase
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Figure 5.2: SEM-EDX cross-section images obtained for spin coated NiFe2O4 after 1
to 5 deposition cycles. Spatial resolution of these images is low due to different device
constraints. First of all the samples would drift during mapping due to charging of the
glass layer at the bottom of each image resulting in apparent stretching or contraction
of the layers in the images. Furthermore, the EDX detector is at a tilt, meaning there
can be cross contamination of signals from different layers at the interfaces.
Nevertheless, it is clearly observable that from the top down a yellow platinum layer, a
purplish Ni-Fe layer and a green Sn layer is present and a non-colored glass layer at
the bottom. Furthermore, oxygen is observed in the Ni-Fe, Sn and glass layers.

in thickness is plotted against the number of deposition cycles, showing linear
growth of thickness with a rate of 40 nm/cycle.
A Ni-Mo layer was electro-deposited on NiFe2O4 to act as both a protective,
and catalyst layer for the hydrogen evolution reaction, as illustrated in Figure
5.3a. The composition of the Ni-Mo layer was found to be Ni 77.3 % and Mo
22.7 % by inductively coupled plasma atomic emission spectroscopy (ICPAES).
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The Faradaic efficiency of electrodeposition was found to be: 7.5 % in Ni
and 6.6 % in Mo. This low current
efficiency can be explained by the fact
that the material formed is a hydrogen
evolution catalyst, and that the
deposition is carried out at potentials
allowing hydrogen evolution. Thus, a
significant portion of the current is
invested in hydrogen evolution. Mild pH
values and an intermediate deposition
current were chosen to stabilize the
NiFe2O4 layer. Too low currents result in
too much exposure to the deposition bath
(considering the required deposition
time), damaging the oxide layer,
whereas too high currents cause
reduction of the oxides.
As shown in Figure 5.3, we found that
NiFe2O4 can be metallized without
deterioration of the oxide layer. This
means that the stability of the spinel
structure against reduction is sufficient
during electro-deposition at the applied
current. In Figure 5.3a, the electrodeposition curves are shown for bare
F:SnO2 and on NiFe2O4, indicating little
variation in the curves. Slightly higher
potentials are required for the deposition
of Ni-Mo on NiFe2O4, which is ascribed
to the additional resistance introduced by
NiFe2O4 to the entire system, which is
21-30 Ohm for the NiFe2O4 layers on
FTO compared to 12-15 Ohm for bare
FTO glass. The cross section (Figure
5.3b) shows a homogeneous layer of NiMo has indeed formed of about 200 nm
thick. NiFe2O4 is also still 200 nm thick.
The apparent increase in porosity in the
NiFe2O4 is not a result of the electrodeposition,
but
rather
due
to
inhomogeneities in the film structure of
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Figure
5.3:
a)
Ni-Mo
electrodeposition (at -20 mA) curves
on bare F:SnO2/glass (black) and on
5
spin
coated
cycles
NiFe2O4/F:SnO2/glass
(grey).
Furthermore, photos are shown of
the NiFe2O4 sample before (i) and
after (i’) Ni-Mo electrodeposition. b)
SEM cross section images of the NiMo/NiFe2O4/F:SnO2/glass sample.
The various layers have been
colored: Pt (pink), NiFe2O4 (orange),
F:SnO2 (cyan) and glass (green). c)
XRD of 5 spin coating cycles of
NiFe2O4 before (i, orange) and after
(i’, grey) Ni-Mo electro-deposition.
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Figure 5.4: SEM and EDX cross-section images obtained for Ni-Mo/NiFe2O4 after 1,
3 and 5 spin coating deposition cycles. In the SEM images, it can be seen a 170-230
nm Ni-Mo layer is obtained on each thickness of NiFe2O4. In every case, the NiFe2O4
thickness is unaffected by the electrodeposition procedure. For the EDX maps same
as with Figure 5.2 cross contamination of signal and some drifting occurred blurring
the interfaces of the layers. Again, it is still clearly distinguishable to see a Pt layer, NiMo layer, Ni-Fe layer and Sn layer. Furthermore, oxygen was observed in Ni-Fe, Sn
and glass.

NiFe2O4 after spin-coating, as illustrated in Figure 5.4. XRD analysis confirmed
that the electro-deposition process did not affect the crystallinity of the spinel
structure. Figure 5.4 shows electrodeposition was successful for all thicknesses
of the NiFe2O4 films. UV-Vis spectroscopy data could not be reproduced due to
the reflective metal layer. We also show that the synthesis technique can be
extended to other metal coatings (Cu, Co-Mo) in Figure 5.5, to prove that
electro-deposition is a rather versatile method for functionalization of NiFe2O4.
The copper layer that was obtained was inhomogeneous in height varying from
240 nm to 390 nm, the NiFe2O4 layer was unaffected. With ICP-AES it was
found a pure Cu layer formed and that the Faradaic efficiency of this deposition
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Figure 5.5: SEM and EDX cross-section images obtained for Cu/NiFe2O4 (upper
images) and Co-Mo/NiFe2O4 (lower images) after 5 spin coating deposition cycles of
NiFe2O4.

was 79.7 %. The Co-Mo layer obtained was found to be quite homogeneous
with a thickness of 70 nm. Still, NiFe2O4 was found to be stable, suggesting this
electrodeposition process can be performed at different pH values. With ICPAES it was found that the electrodeposition process had a Faradaic efficiency
of 26.1 % (17.3 % in Co, 8.8 % in Mo) resulting in a Co2.0Mo alloy. Like with NiMo the efficiency of this deposition is low because the parasitic hydrogen
evolution reaction is quite well catalyzed by Co-Mo alloys. The Faradaic
efficiency of Co-Mo is slightly higher than for Ni-Mo because Ni-Mo is the better
catalyst.
To test the catalytic activity and stability towards the HER, the samples were
suspended in 1 M KOH and cyclic voltammetry (CV) was measured in the
absence and presence of illumination. In Figure 5.6 two reversible
electrochemical peaks are observed for a single layer of NiFe2O4. First, at -0.02
V a reductive peak is observed, which is explained by the reduction of Fe3+ to
Fe2+. When sweeping towards the oxidative side, first, oxidation of Fe2+ to Fe3+
is observed at approximately 0.15 V. Then a sharper irreversible peak is
observed at 0.34 V which is typical for hydroxide adsorption.[32]
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Figure 5.6: a) Cyclic voltammograms of 1 layer thick NiFe2O4. The dashed red lines
show the dark current after 10 cycles in the dark. The solid lines show the light current
after 10 cycles in the light. The cycles in the light have been performed after the cycles
in the dark. b) Cyclic voltammograms of Ni-Mo electro-deposited on 1 layer of NiFe2O4
c) Cyclic voltammogram of Ni-Mo electro-deposited directly on bare F:SnO2/glass.

Since the CVs for bare NiFe2O4 are identical in the absence or presence of
illumination, the reduction of NiFe2O4 is the main contribution to the observed
current within this time scale.
The combined Ni-Mo/NiFe2O4 system (Figure 5.6b) is quite different in its redox
chemistry, and photo-response compared to bare NiFe2O4. In the dark cycle,
the Fe reduction and Fe oxidation peaks are absent. Furthermore, the
hydroxide adsorption peak is more broadened as compared to pure NiFe2O4.
Also note the increase in hydrogen evolution current, indicating a reduction in
over-potential for the formation of hydrogen. Finally, for the combined system
a distinct photo-current is observed, reaching -2.1 mA/cm2 at -0.3 V. Clearly,
the Ni-Mo layer largely protects the NiFe2O4 layer against oxidation/reduction
cycles and shows a strong positive effect with regard to the photo-response.
The CV of Ni-Mo deposited directly on F:SnO2 (Figure 5.6c) shows a small,
broad hydroxide adsorption peak, while, as expected, the material does not
show the Fe-redox couple, nor a photo-response.
To explore the stability of the samples over time, chronoamperometry was
performed first for 5 min in the dark (Figure 5.7), and then 1 h cycling of light
on/off every 5 min (Figure 5.8). It can be seen that in the first 100 s the samples
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Figure 5.7: a) 5 min of chronoamperometry on 1 layer thick NiFe2O4 samples without
(brown) and with (red) Ni-Mo at a constant potential of -0.3 V vs RHE in the dark, prior
to the 1 h long measurements. b) Chronoamperometry on 3 layer thick NiFe2O4
samples. c) Chronoamperometry on 5 layer thick NiFe2O4 samples.

Figure 5.8: a) Chronoamperometric measurement on 1 layer thick NiFe2O4 samples
without (brown) and with (red) Ni-Mo at a constant potential of -0.3 V vs RHE while
cycling light on and off every 300 s. b) Chronoamperometric measurement on 3 layer
thick NiFe2O4 samples. c) Chronoamperometric measurement on 5 layer thick NiFe2O4
samples.

without Ni-Mo behave similarly (Figure 5.7). A strong increase in reductive
current, and a delay in active gas production (saw-tooth pattern) are observed
during this period. This is due to the initial reduction of the exposed NiFe2O4
surface, after which hydrogen starts to evolve from the reduced electrode.
Contrary, a slight decrease in current is observed for the Ni-Mo coated samples
in the first 5 min. This is attributed to the hydrogen evolution reaction, which
introduces mass transport limitations on and near the electrode surface in the
form of hydrogen gas bubbles.
Following this experiment, the 1 h chronoamperometry experiments are shown
in Figure 5.8. Clear photocurrents are observed for several samples. The
apparent increase in current seen for bare NiFe2O4, as a function of increasing
layer thickness, is explained by an increased microporosity, as seen in SEM,
and thus an increase of electrochemical surface area. Furthermore, the
samples of larger thicknesses (5 layers) do not show any significant
photocurrent (black curve). This suggests that the top layers of NiFe2O4 are
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reduced at the applied potential, limiting photo-activity. After the
chronoamperometric measurements, ICP-AES was performed on the
electrolyte, showing that Ni leaches into the electrolyte in the absence of a NiMo catalyst layer (Table 5.1).
Table 5.1: Amounts of Ni, Fe, and Mo leached after 1 h of chrono-amperometry. These
values are corrected for the used dilution.
Ni (mg/L)
Fe (mg/L)
Mo (mg/L)
1 Layer NiFe2O4
4.98
0.00
0.00
3 Layers NiFe2O4
0.89
0.00
0.06
5 Layers NiFe2O4
2.10
0.17
-0.02
Ni-Mo/1 Layer
0.90
-0.03
0.93
NiFe2O4
Ni-Mo/3 Layers
1.80
-0.03
0.28
NiFe2O4
Ni-Mo/5 Layers
0.80
-0.03
0.39
NiFe2O4

All samples with the Ni-Mo catalyst layer show comparable currents (Figure
5.8). The small variation is ascribed to differences in the electrochemical
surface area of the samples. The highest photocurrent is reached for the
thinnest sample, which is -2.1 mA/cm2 at -0.3 V, similar to the observed
photocurrent in Figure 5.7. It is clear that with increasing thickness of NiFe2O4
the photocurrent decreases. This suggests that charge carrier dynamics are a
limiting factor.
Assuming that the diffusion length
of charge carriers is comparable
between
samples,
the
recombination of the photogenerated charges becomes more
prevalent as the distance to be
traveled increases. Furthermore,
since samples are illuminated from
the back and the amount of photogenerated charges is directly
related to the light intensity, it
follows that the relative amount of
charge carriers is lesser close to
the electrochemical interface for a
thicker NiFe2O4 layer.
Thus the addition of light absorber
layers effectively lowers the photoresponse
for
these
photoelectrodes.[32] Finally, incident

5
Figure 5.9: IPCE results of NiMo/NiFe2O4/FTO/glass samples using a
420 nm LED light source (1.5 mW/cm2).
The efficiency in % is shown for samples
of various thicknesses of NiFe2O4.
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photon to current efficiencies (IPCE)
have been determined at 420 nm,
shown in Figure 5.9.
Degradation of bare NiFe2O4 during the
photo-electrochemical tests can be
observed by eye as is shown in Figure
5.10a. The NiFe2O4 samples show a
lighter, greyish circle where the material
was exposed to the electrolyte during
photoelectrochemistry, which is not
observed for Ni-Mo coated samples.
This loss of absorber material is further
supported by UV-Vis spectroscopy
measurements (Figure 5.10b). When
comparing the samples prior to, and
after the catalytic tests, the absorption
of each material is lower after the test.
Finally, it can be observed with XRD
(Figure 5.10c) that the NiFe2O4
diffraction lines of bare NiFe2O4 have
slightly decreased after PEC. On the
other hand, the Ni-Mo/NiFe2O4 photocathode retained its crystallinity.
Thus, we find that bare NiFe2O4 is an
unstable material for light-driven
hydrogen evolution from water splitting
in alkaline conditions. Coating with NiMo, however, stabilizes the system and
furthermore improves the activity of the
photo-electrode, if the NiFe2O4 is of
limited
thickness.
A
possible
explanation for the instability under
illumination is limited charge carrier
mobility, making the material more
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Figure 5.10: a) Photographs of fresh
samples and spent samples (CV
experiments), indicated by ”. NiMo/NiFe2O4 (i’), and 5 (ii), 3 (iii) and 1
(iv) spin coated cycles of NiFe2O4 are
shown, the color difference between
the bulk of each photograph is due to
different incident light from the
surroundings when the pictures were
taken. b) UV-Vis spectra of the
NiFe2O4 samples before (dashed)
and
after
(solid)
photoelectrochemical tests. c) XRD of fresh
5 cycles of NiFe2O4 (ii), spent 5 cycles
of NiFe2O4 (ii’’) and spent NiMo/NiFe2O4 (i’’).
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prone to corrosion, as supported by the observation that Ni leaches into solution
if the Ni-Mo layer is absent.
To explore the charge carrier dynamics of the NiFe2O4 samples in more detail,
we used transient absorption spectroscopy (TAS). The results are given in

Figure 5.11: a) Transient absorption spectroscopy data of fresh, bare NiFe2O4
samples with increasing layer thickness, collected in transmission mode at a decay
time of 1 ns. b) Averaged lifetimes obtained for the kinetic traces.

5
Figure 5.12: a) Transient absorption spectroscopy data of Ni-Mo coated NiFe2O4
samples consisting of 1,2, 3, 4 or 5 layers of NiFe2O4 at a time delay of 2 ns. Spectra
were obtained in reflection mode. b) Averaged lifetimes of the peaks observed in the
spectra.
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Figure 5.11, where in panels
a and b the data are given for
samples
without
Ni-Mo
coating,
these
were
measured in transmission.
Only lifetimes and relative
peak intensities can be
compared.
In Figure 5.12 the TAS data
are shown for samples
including the Ni-Mo layer. It
can be observed that the
transient absorption spectra
change for some layers when
Figure 5.13: Representative kinetic traces, at the
Ni-Mo is present. The shape
511 nm peak, for bare NiFe2O4 samples with
of the spectra remains the
increasing layer thickness.
same however and samples
are compared based on their
peaks. It is not clear what the origin is of the shift occurring in some samples,
but the authors cannot exclude instrumental errors due to the difficulty of
aligning the TAS setup in reflection mode. The distance of the overlap in pump
and probe light from the Ni-Mo layer might influence the behavior changes due
to band bending, changing the energy of the CB to CB2 transitions. For these
samples as well, an increase in the lifetime is observed with increasing layer
thickness. Also notable is the fact that t1 is significantly shortened by the
presence of a Ni-Mo layer. This suggests that charges on the Fe Td band
deplete faster, which can be explained by electron extraction by the Ni-Mo
layer.
Several transient signals are observed for each sample, each having similar
decay times per sample, after pumping with 355 nm light (thus the O2-  Fe2+
transition). The exact fitting results are given in Figure 5.13. The kinetic traces
are shown for the most intense signal around 511 nm. Note that a slight shift in
maximized wavelength was found, which indicates that the electronic structure
is slightly different for each material. Data fitting is done with the following
formula so that the residuals did not exceed 0.001 OD. The results of fitting are
given in Table 5.2.
𝑆𝑆 (𝑡𝑡) = 𝑒𝑒

𝑡𝑡−𝑡𝑡0 2
−(
)
𝑡𝑡𝑝𝑝

∗ � 𝐴𝐴𝑖𝑖 𝑒𝑒
𝑖𝑖

𝑡𝑡−𝑡𝑡0
𝑡𝑡𝑖𝑖 , 𝑡𝑡
𝑝𝑝

Were t is the delay time, t0 is the time of the pump pulse, tp is the half-time
constant of the excitation, while the ti values are the half-time constants of the
decays and the Ai values are the amplitudes of the different components.
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Table 5.2: Fitting results of the various samples are given if several peaks are
mentioned where these fits have been made the values have been averaged and
included in the error, as shown in Figures 5.11 and 5.12.
Sample
Ap
tp (ns) A1
t1 (ns)
A2
t2
Peaks
(ns) (nm)
1 Layer 9.71*10-5 0.49
4.53*10-4 544
4.55*10-3
6.69 460, 527,
NiFe2O4
596
2 Layers 2.69*10-4 0.58
8.93*10-4 572
5.09*10-3
12.6 460, 511,
NiFe2O4
596
3 Layers 5.10*10-4 0.66
1.75*10-3 754
8.46*10-3
19.5 460, 511,
NiFe2O4
596
4 Layers 4.10*10-4 0.62
1.24*10-3 958
5.28*10-3
26.1 460, 511,
NiFe2O4
596
5 Layers 7.35*10-4 0.56
1.72*10-3 1141
5.56*10-3
42.9 460, 505
NiFe2O4
Ni-Mo/1
4.68*10-5 0.42
2.06*10-4 167
1.51*10-3
2.91 492
Layer
NiFe2O4
Ni-Mo/2
1.28*10-3 0.83
1.67*10-3 597
5.92*10-3
3.48 511
Layers
NiFe2O4
Ni-Mo/3
2.08*10-3 1.10
2.54*10-3 809
3.56*10-3
5.30 596
Layers
NiFe2O4
Ni-Mo/4
2.77*10-4 0.60
6.79*10-4 753
2.17*10-3
6.39 498
Layers
NiFe2O4
Ni-Mo/5
1.10*10-3 0.64
1.82*10-3 884
4.97*10-3
6.45 514
Layers
NiFe2O4

Transient absorption is observed at 511 nm, but also at 460 and 596 nm (see
Figure 5.11). Two decay components are found: a short (t1, 2-50 ns) and a
longer lifetime (t2, 500-1100 ns). Most notably is the fact that both, the short (t1)
and long (t2), lifetime type transients increase as a function of NiFe2O4 layer
thickness. Since these measurements are performed ex situ, in air, the
dominant decay pathway in bare NiFe2O4 samples is via recombination of
charges. The short lifetimes of charge carriers, indicate slow diffusion and a
high likely hood of recombination. However, in the samples with a thicker
NiFe2O4 layer the crystallinity is improved for the earlier deposited layers (due
to exposure multiple heating steps). The increased crystallinity results in a
material with fewer defect sites, thus extending the lifetime of the photogenerated charges.[33-34] Although at first glance the increased lifetime of the
probed states seems to contradict the PEC results presented in Figure 5.8, it is
important to point out that the entire light absorber layer is probed. This entails
that even though on average the lifetime of photo-generated states has
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increased, this increase is mainly due to
the enhanced performance of the layers
underneath the last spin coated NiFe2O4
layer.
As mentioned by Meinert and Reiss[28], it
is not straightforward to describe
complex band structures such as that of
NiFe2O4. Nevertheless, in Figure 5.14,
based on our UV-Vis and TAS data as
well as the results of Meinert[28], we show
a schematic representation of the
electronic behavior of NiFe2O4. First of
all, excitation by 355 nm laser pump light
is done to excite electrons from the
valence band, positioned on Ni Oh and O,
Figure
5.14:
Schematic
to the conduction bands positioned on
representation of the electronic
both Oh (minority) and Td (majority) Fe.
structure of NiFe2O4. The valence
From the Oh Fe species transitions of 511
band is positioned, placed on 0 eV,
nm (2.43 eV) and 460 nm (2.69 eV) are
on the Ni2+ and O2- species. The
conduction band contains both Oh
possible. The Oh Fe species relax back
2+ 3+
/ minority species and Td Fe3+
Fe
to the VB following a slow decay (t2) in the
majority species. Finally, the higher
order of 1 µs. This decay is slow because
positioned conduction band is again
this is a transition between minority
Ni2+. Light transitions of 355 nm as
states, also observable from the fact that
pump light (blue arrows) and 460
the ΔA is 5 to 10 times smaller for this, t2,
nm, 511 nm, 596 nm are shown as
component than it is for t1. From the Td Fe
probe light (black arrows). Several
species transitions of 511 nm, 460 nm
decay pathways of charge carriers
and also 596 nm (2.08 eV) are possible.
are shown with the relevant
lifetimes (dashed arrows).
The Td Fe species decay much faster,
according to t1 in the order of 10 ns,
because here majority states are considered. The energy scales of the
observed optical transitions agree with the described density of states found by
Meinert and Reiss.[28]
Although this strongly indicates the assignment of transitions is correct, it is not
possible from this data to be conclusive about the exact origins of the decay
components. For this more experiments such as transient X-ray absorption
spectroscopy would be required to observe the electronic states, this is
however outside the scope of this work and will be the subject of a separate
work. To summarize, the data obtained proof that charge carrier dynamics are
observable with ns timescales, which suggests fast recombination and a short
diffusion length. This is in agreement with the photo-electrochemical
measurements, and explains why a bias is necessary to observe any significant
photo-current.
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5.3. Conclusions
NiFe2O4 can be formed homogeneously by spin coating on FTO-functionalized
glass substrates. Thickness control down to 40 nm was achieved. Cathodic
electro-deposition was successfully applied to deposit a film of Ni-Mo on top of
NiFe2O4. The NiFe2O4 semiconducting layers were found to be stable during
the synthesis process. Bare NiFe2O4, nor Ni-Mo showed photo-activity for
hydrogen evolution. However, the studied Ni-Mo/NiFe2O4 photocathodes
performed better, and photocurrents up to -2.1 mA/cm2 were observed at -0.3
V vs RHE, showing strong synergistic effects. It was found that thinner light
absorbing layers yielded the highest photocurrents. This is ascribed to the
photo-induced charge carrier diffusion length being a limiting factor for NiFe2O4.
This observation is complemented by the transient absorption spectroscopy
(TAS) experiments, which indicate the photo-generated charge lifetimes to be
on the order of ns. During continuous operation at -0.3 V vs RHE under cycled
light, it was found that without Ni-Mo layers the samples are unstable, whereas
with Ni-Mo the material is stabilized over the course of at least 1 h. The
instability during photo-electrochemistry was found to be related to Fe and Ni
reduction and oxidation. In summary, new semiconductor-metal constructs can
be formed by a facile electro-deposition process without reduction of the
semiconductor phase, enhancing the performance of NiFe2O4 in cathodic,
photo-electrochemical hydrogen production, in terms of stability and activity.

5.4. Experimental Section
5.4.1. Chemicals and Materials
All materials were used as received without further purification. NiSO4.6H2O
(ReagentPlus, >99 % pure), NaMoO4.2H2O (ACS reagent, >99 % pure), NaOH
(99.99% trace metals, semiconductor grade), KOH (ACS reagent, >85 % pure),
Na3C6H5O7.2H2O (sodium citrate, ACS reagent, >99 % pure), and
Fe(NO3)3.9H2O (ACS reagent, > 98 % pure) were received from Sigma Aldrich.
Ni(NO3)2.6H2O (99 %), Citric acid (Rnase/protease free, anhydrous) and
ethanol (anhydrous, extra dry, 99.5 %) were received from Acros. Ethylene
glycol (P.a. reag., Ph. Eur. >99.5 %) was received from Fluka. NH3 28-30 %
(ACS reagent, ph. Eur. for analysis) was obtained from Emsure. Fluorine-doped
tin oxide glass (FTO, grade TEC 15) was received from Pilkington.
5.4.2. Spin coating of NiFe2O4
3x3 cm2 F:SnO2 coated glass slides were cleaned by first washing them with
detergent (Eurobac hygienic soap 406307) followed by subsequently
sonicating them for 15 min in a 1:1:1 mixture of acetone:ethanol:demineralized
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water, subsequently in a 1 M HCl solution and finally in demineralized water.
As a last step the slides were treated in an UV ozone cleaner for 15 min. 2
mmol Fe(NO3)3, 1 mmol Ni(NO3)2 and 3 mmol citric acid are dissolved in 10 mL
anhydrous ethanol. This solution was stirred for at least 2 h. Then 0.2 mL
ethylene glycol was added and then the solution was stirred overnight. Prior to
spin coating the solution was filtered and then 300 μL was dropped on the FTO
slides. This was then spun at 3000 rpm for 60 s using an Electronic
microsystems ltd model 4000 photo resist spinner. Part of the resulting thin
layer of solution was removed using an ethanol-wetted cotton tip to keep a part
of the FTO slide free for electrical connections. It was then dried in ambient
conditions for about 10 min, then heated on a hotplate at 100˚C for 10 min and
finally heated to 450 ˚C for 30 min. This spin coating – oxidation procedure is
referred to as 1 cycle.
5.4.3. Metallization of the metal oxide layers
The NiFe2O4 samples were fixed in a custom-made cell, as illustrated in Figure
5.15 for electro-deposition. Photos (Figure 5.15a, d, f and g) and schematic
representations (Figure 5.15b, c, e) of the custom-built electrodeposition cell
are given. A photo of the glass electrochemical cell is seen in panel a and
schematic representations are presented in panels b and c. The cell is based
on typical electrochemical cells. The main part of the cell consists of a square
hole to insert the working electrode compartment and a GL inlet for the counter
electrode. Furthermore, two gas inlets are included, gas inlet 1 for bubbling N2
or Ar for deoxygenating and gas inlet 2 for driving N2 or Ar over the solution
during deposition. Finally, a second compartment is present connected with a
Luggin capillary for the reference electrode. A photo of the working electrode
compartment is shown in panel d and a schematic cross-section is shown in
panel e. Furthermore, photos of the disassembled compartment are given in
photos f and g. The compartment consists of a chemically inert Kel-F casing,
protecting the rest of the assembly from the electrolyte. It has a slanted window,
for optimal mass transfer, leading towards the (coated) F:SnO2 substrate. The
F:SnO2 is kept in place with a Kel-F window piece compressed between two Orings. The inner ring has an inner diameter of 1.2 cm. The substrate is fixed in
a PET bed with a Ti spring strip making electrical contact. This Ti strip is led
through the PET for contact to the potentiostat. Finally, the PET bed is pressed
against the window with a stainless steel sled containing tightening knobs and
a spring for easy assembly and disassembly. As can be seen in photos f and g
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the stainless steel sled can move slightly upwards, lowering the compression
on the O-rings and easing movement within the Kel-F casing.

5
Figure 5.15: a) photograph of the custom-built electrochemical cell without electrodes. b)
schematic view of the electrochemical cell from the bottom. c) schematic view of the
electrochemical cell from the top with indicators for each part. d) photograph of the
assembled working electrode compartment. e) schematic cross section of the working
electrode compartment with each part indicated. f) photograph of the disassembled working
electrode compartment with left the Kel-F casing and right the assembled sled with
substrate. g) photograph of the disassembled working electrode compartment with left the
Kel-F casing, in the middle the sled and on the right the Kel-F window with O-rings.
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Note that the FTO slides obtained through spin coating had to be cut into 3x1.5
cm2 pieces before performing electro-deposition. Electro-deposition was
performed galvano-statically at a current of -20 mA for 60 s. As a counter
electrode a Pt mesh (Mateck, 99.9+ %) was used and as a reference electrode
a 3 M Ag/AgCl (BASi) was used. The plating bath used contained 0.3 M NiSO4,
0.2 M Na2MoO4 & 0.3 M Na3C6H5O7 in 100 mL demineralized water. To this,
20 mL NH3 was added to obtain a pH of 9.2. First, the metals were dissolved in
water through stirring, then NH3 was added to adjust the pH. Prior to the
syntheses the baths were purged with Ar for 15 min, and a gentle Ar flow was
kept over the solution during electro-deposition.
Cu/NiFe2O4 was obtained after Cu electrodeposition at -20 mA for 60 s from a
bath containing 0.3 M CuSO4 pentahydrate (ReagentPlus, >98 % pure, Sigma
Aldrich) and 0.3 M Na3C6H5O7 dihydrate (ACS reagent, >99 % pure, Sigma
Aldrich) in 100 mL demineralized water. 20 mL 28-30 % NH3 (ACS reagent, ph.
Eur. For analysis, Emsure) was added to this bath to obtain a pH of 9.2 to a
total of 120 mL.
Co-Mo/NiFe2O4 was obtained after Co-Mo electrodeposition from 0.3 M CoSO4
hexahydrate (ReagentPlus, >99 % pure, Sigma Aldrich), 0.2 M Na2MoO4
dihydrate (ACS reagent, >99 % pure, Sigma Aldrich) and 0.3 M Na3C6H5O7
dihydrate (ACS reagent, >99 % pure, Sigma Aldrich) in 100 mL demineralized
water. This bath was kept at pH 6.2 without any additions. Co would precipitate
if the pH was raised to much.
5.4.4. Measurements and characterization
X-ray diffraction (XRD) was measured using a Bruker D2 Phaser instrument.
Most scans were taken from 34-43 ˚2θ with 0.02 ˚2θ steps measuring 10 s/step
while rotating at 15 Hz. UV-Vis spectroscopy was performed using a Varian
Cary 50 spectrometer. The spectra were obtained in transmission mode, in the
range of 300-1000 nm using clean FTO as a reference. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) was performed using an
Optima 8300 instrument from Perkin Elmer and an average of three samples
was used. Electrodeposited samples were dissolved in 10 mL 2 % HNO3 before
oxidation. Then it was diluted further by adding 2 mL of sample to 8 mL of 2 %
HNO3. Ni (231.604 nm & 341.476 nm), Fe (238.204 nm, & 259.939 nm), Co
(228.616 & 236.380 nm), Cu (327.393 nm & 324.752 nm) and Mo (202.031 &
204.597 nm) were then measured. Calibration curves of 0, 0.2, 0.4, 0.6, 0.8,
1.0 mg/L were prepared of all the metals. Focused ion beam scanning electron
microscopy with energy dispersive X-ray spectroscopy (FIB-SEM-EDX) was
performed on a FEI Helios nanolab 600 DualBeam with an Oxford instruments
Silicon Drift Detector X-Max energy dispersive spectroscope. EDX mapping
was performed with an electron beam of 5 kV and 0.2 nA. The beam used to
obtain several images is described in the captions. All SEM imaging was done
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using secondary electrons at 2 kV and 0.1 nA. FIB cuts for cross sectional
images were made by covering an area of 5 x 2 μm2 of the substrate with 500
nm of Pt by sputtering at 30 kV and 0.08 nA. Then a cut of 7 x 5 μm2 and 5 μm
deep is made with the ion beam at 30 kV and 2.5 nA. Finally, the cross section
is cleaned with an ion beam at 30 kV, 0.23 nA in an area of 6 x 0.5 μm2 and 5
μm deep near the edge. An image is then taken from the sample at a 52˚ tilt.
Transient absorption spectroscopy (TAS) was performed on an EOS
spectrophotometer. The pump laser is generated using a Nd:YAG crystal (1064
nm light), this is transformed into 355 nm using harmonic crystals. This laser
was operated at a repetition rate of 1 kHz and the intensity was kept at 1.5 mW
using a neutral density filter. The probe pulse is generated using a LEUKOS
super continuum light source generating a wide spectrum, which can be
detected between 350 nm to 900 nm with a spectral resolution of 1.5 nm. The
repetition rate of the source is 2 kHz. The pulse duration of the lasers is below
1.2 ns, allowing for a temporal resolution below 1 ns. The probe light is split
using a beam splitter into a dual beam mode so that unfiltered light can be used
to correct for fluctuations in the light source. Samples were measured in
transmission mode are probed for 1 h and in ambient air conditions. Samples
coated with Ni-Mo were measured in reflectance mode and were probed for 2
h in ambient air conditions.
5.4.5. Photo-electrochemical tests
Photo-electrochemical tests are performed in 1 M KOH purged with N2 for at
least 15 min. The samples are mounted against a window with a diameter of 6
mm, exposing 0.28 cm2. The reference electrode is a Hg/HgO electrode (0.956
V vs RHE at pH 14) and the counter electrode is a Pt mesh.
Chronoamperometry measurements are performed at a potential of -0.3 V vs
RHE for 1 h where light is cycled between dark and light every 300 s, starting
in the dark. Prior to these measurements each sample was subjected to 5 min
of chronoamperometry in the dark at -0.3 V vs RHE. During the cyclic
voltammetry experiments the potential is cycled from 0.956 V to -0.294 V vs
RHE for 10 cycles at 100 mV/s. All these photo-electrochemical tests were
performed on a VERSASTAT 4 potentiostat from Princeton applied research.
Directly afterwards 10 more cycles are performed while the sample is backilluminated with a Newport AM 1.5 solar simulator (100 mW/cm2) consisting of
a 300 W Xe lamp filtered with an air mass 1.5 global filter. Calibration was
performed with a standard reference Si solar cell prior to the measurements.
IPCE was done using a 420 nm LED light (380-460 nm spread, 1.5 mW/cm2)
at 20 mm distance on Ni-Mo coated samples using the VERSASTAT 4
potentiostat from Princeton applied research. Prior to the IPCE measurements
first three measurements are done in the dark of 5 min each, then one
measurement is done in the light for 5 min. Bubble formation resulted in the
data being averaged over these 5 min intervals.
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I look around in wonder inside the museum.
Together with my dad, I am walking over the surface of the moon, looking at
replicas of space suits and the Apollo 11.
We walk into the next hall, a huge place where the ceiling is made into a night
sky.
A huge spacecraft is suspended by nearly invisible cables in the center,
immediately drawing our attention.
Subtly, my dad guides me to a small corner, showing a machine with all kinds
of tubes and cables.
“Like I promised son, the machine that makes fuel out of sunlight and water.”
“This little thing?” I ask as I am still distracted by the rocket over our heads.
My dad chuckles at that, “Well, as a friend told me: ‘the devil is in the details.’”
“Yes, maybe one of the most vital components of that huge rocket. For it not
only gives them fuel, but it also recycles their breath.”
“How?” I question, while my attention is now actually drawn to it.
“It takes the carbon dioxide of the astronauts’ breath and it takes water. It then
adds electricity… there.” He points at one of the blocks that seems to contain
some liquid.
“Together they make, via hydrogen, natural gas, and oxygen. So it makes fuel
and allows the astronauts to breathe to boot!”
He continues to explain it to me in detail. I only understand little of it, but I
listen, impressed.
“Amazing… How do you know so much about it?”
My dad chuckles again, “Well, perhaps the fact that I built it helps” and he
winks at me.
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6
Structure-Sensitive Alkali Promotion in the
Formation of CH4 from CO2 and Renewably
Produced H2 over Supported Ni Catalysts
In Power-to-Methane (PtM) plants, the renewable electricity grid is
stabilized by using green electrons to produce H2 via H2O electrolysis,
which is subsequently used to hydrogenate CO2 into CH4. In this PhD
Chapter, PtM is studied in a cascade fashion, assessing the effects
of the purity of the H2 stream on the activity of industrial Ni/SiO2
methanation catalysts. There is an effect of the upstream electrolysis
step on the downstream methanation step, which is Ni nanoparticle
size dependent. Small amounts of K+ are shown to affect CH4
production, and are deposited via KOH aerosols that evolve from the
electrochemistry, which is performed in 1 M KOH solutions.
Furthermore, we establish a Sabatier relationship, as K+ promotion is
not observed for Ni nanoparticle sizes above a certain nanoparticle
size where strong CO adsorption is already observed in the pristine
Ni/SiO2 catalyst. We thus explain discrepancies found for alkaline
promotion in literature. Furthermore, we show relevance in the
application of in-situ aerosol promotion for PtM, via a homogeneous
K+ distribution, which is difficult to achieve via standard catalyst
synthesis methods. With calculations, we show the significance of
both technological and catalytic components in terms of energy
storage efficiency.
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6.1. Introduction
In what is called the Power-to-Gas (PtG) concept, the temporal mismatch in
renewable energy demand and supply is overcome and stored chemically in
for example methane.[1–5] CH4 production can be done via CO2 hydrogenation,
which a reaction with the potential to be applied in this concept and thus
chemically store renewable electricity. In this way, via a closed-cycle process,
CO2 can be captured and utilized as a resource for chemical energy storage.[6]
In the case that even negative carbon emissions will become imperative to
facilitate the minimization of the environmental impact of greenhouse gases,
appropriate CO2 storage methods are highly needed and should be further
explored and developed.[1–9]
The cascade synthesis of CH4 from solar light, a PtG process which is often
specified as Power-to-Methane (PtM), is an attractive concept that will allow us
to decrease CO2 emissions, simultaneously tackling the mismatch in renewable
electricity demand and supply, and stabilizing the electricity grid as a result.[1,2]
In specific geographic sweet spots with point sources of CO2, and an excess
renewably produced electricity, this PtM process may become viable for the
long-term, e.g. seasonal storage of electricity, for which an estimated 480 TWh
per year is needed in Europe alone.[10]
In the PtM concept, first renewably produced electrons are used to split water.
While this renewable H2 can be used to store the energy as was done in the
previous Chapters, storing H2 is approximately an order of magnitude more
costly than storing CH4, due to material embrittlement by H2 and high costs for
storing it under pressure compared to CH4. Thus, particularly for long-term
(seasonal) storage of electricity, using the H2 on-site to form CH4 out of CO2
would be a more economical choice.[11] CH4 (also called e-gas) formed this way
can be stored and transported safely in large quantities through the existing
natural gas infrastructure.[4,11–13] Furthermore, methanation is a crucial element
of any engineering solution involving on-site H2 production through lowtemperature catalytic reforming of organic substrates (e.g. alcohols, formic
acid).[14]
Several important steps occur for the application of this PtM process, as
outlined in Figure 6.1. Solar light is first converted into electrons via
photovoltaics (step 1). Then, these green electrons are converted into H2 via
electrolysis of H2O (step 2) where O2 is formed as a by-product, relevant, for
example, in spacefaring as it supplies astronauts with breathable air.[15,16] CO2
streams are captured and purified (step 3), and can then be converted into CH4
using the renewably made H2 (step 4). This CH4 is then stored and distributed
to close the cycle (step 5).
CO2 reduction to methane may be regarded as an established process as Paul
Sabatier discovered the reaction over 100 years ago[17,18], yet there are new
challenges to the application of this process as chemical industry is slowly but
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Figure 6.1: Schematic representation of the steps being taken in the cascaded PtM
process. 1) Renewable electricity production. 2) Electrocatalytic water splitting for H2
production. 3) CO2 capture. 4) Thermal CH4 production via CO2 hydrogenation. 5)
Storage/use of CH4.

surely being electrified. We thus bring, to the best of our knowledge for the first
time, together all elements of this process in a single experimental setup at the
laboratory scale, which is schematically represented in Figure 6.1 and will be
thoroughly described in this Chapter. By physically bringing together
electrochemistry and catalysis engineering we highlight the interplay of each of
the separate components on each other, bringing forth new practical
considerations and providing fundamental explanations for observed
phenomena.
Most notably, we fundamentally explain the current discrepancy in literature
whether alkali promotes methanation catalysis, or poisons it[19,20]. We show that
aerosols formed from the alkaline KOH electrolyte have a structure-sensitive
effect in the methanation reaction over Ni/SiO2 methanation catalysts, resulting
in the promotion or deactivation depending on the precise particle size of the
supported Ni nanoparticles. On one hand, smaller particles (≤4.4 nm) are
activated as the addition of K+ weakens the C-O bond of adsorbed CO. On the
other hand, in larger particles (6 nm) the C-O bond is even further weakened
due to the addition of K+ but no further promotion is observed, suggesting the
bond is weakened enough to no longer be rate limiting. The present work has
both technical and fundamental implications in the rational design of Ni-based
catalysts, and it shows in one set-up that not only the activity of the Sabatier
reaction is structure-sensitive[3], but also its promotion by alkali metal
contaminants in impure H2 streams following from electrolysis.
In this Chapter, 1 M KOH and NaOH alkaline solutions are used for the
production of renewable H2 via H2O electrolysis[21,22], and we focus on their
effect on the catalytic hydrogenation of CO2 into CH4. Our experiments began
by determining the possible presence of aerosols in our H2 feed, which may
evolve from the HER in alkaline medium. This was done, as NASA literature
from 1974 already reports the possible presence of aerosols in the feed of
electrolysis systems[23], and industrially, often aerosol filters are applied. As the
water splitting reaction is preferably performed in alkaline media, due to the
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kinetically difficult step (OER), these aerosols may contain alkaline material, for
which literature shows both promoting[24,25], and deactivating[19,20] effects for the
addition of alkaline dopants to Ni/SiO2-based methanation. This Chapter
supplies further knowledge on the reason behind this apparent disagreement
in literature.

6.2.

Results and Discussion

6.2.1. Cascaded Setup
The cascaded setup, as schematically described in Figure 6.1 necessarily
needed several components. Step 1, the photovoltaics was simulated by a
small solar module comprised of four commercial (B-class) Si solar cells (Figure
6.2a) similar to the one used in Chapter 3. Furthermore, the sun was simulated
with a Solar Simulator (Newport, AAA-class Solar Simulator). The output
measured with this setup was 2.44 V and 0.832 A (2.03 W). The solar simulator
has an output of 100 mW/cm2 and an illumination spot of 104.04 cm2 and the
solar module was sizable enough to capture the entire spot. Thus, the efficiency
of this step was 19.5 % efficiency, which is comparable to commercial solar
panels.
Step 2 was performed using a traditional H-cell two-electrode electrochemical
cell (Figure 6.2b). A Nafion membrane, activated in HNO3 to supply H+ into the
sulfonic membrane to facilitate conductivity, was used to separate the two
compartments. The membrane was found to be both conductive and stable for
extended periods of time (>168 h), despite alkaline solutions being used; no
gas or liquid transport could be observed. The configuration of the cell resulted
in a loss of electrochemical efficiency, observable as a significantly higher
overpotential (Figure 6.3) than those in the previous Chapters and O2 FE
checks show 99.6 % efficiency, comparable to Chapter 3. With an input of 0.832
A, a H2 flow of 5.797 mL/min (1.043 W worth of H2, assuming the ideal gas law
and 120 MJ/kg, lower heating value (LHV)) can be expected at 100 % Faradaic

Figure 6.2: a) Photograph of the solar module used in this Chapter. b) Photograph of
the electrochemical water splitting H-cell. c) Photograph of the infrared heated plug flow
reactor.
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efficiency (FE). This makes sense as the applied overpotential induces a loss

Figure 6.3: a) Chrono-potentiometric curve of Pt vs Pt to achieve a current of 4 mA. b)
O2 production during cascaded operation.

of 1.21 V * 0.832 A = 1.007 W. This indeed adds up to 2.05 W, which is close
to the measured 2.03 W output, and the mismatch is ascribed to the assumption
of an ideal gas which logically results in a small error. This results in a maximum
energy efficiency of 51.4 % for the electrolysis step.
Step 3 is not done actively in the presented setup. Instead, an 820 ppm CO2 in
N2 gas mixture could be used to simulate air. Together with dilution by the
carrier gas used in electrolysis (Under operation a gas flow of Ar/Kr (2 mL/min
and 0.1 mL/min respectively) was utilized) a concentration of (1 mL/min CO2
mixture) 265 ppm CO2 is achieved, excluding H2, which can be considered
representative of captured air after O2 separation. The option to use pure CO2
is also included to simulate CO2 point sources or purified CO2 feeds after
capture.
Step 4 (Figure 6.2c) is performed in a lab-scale plug flow reactor (PFR). Unless
noted otherwise 2 µm particle filters were used to capture aerosols in the H2
stream before introducing it to the PFR. These filters were sufficient to reduce
the aerosol count below countable concentrations as is discussed in detail in
Section 6.2.2. Electrical heating is applied to the system using infrared heating
and operates at 19 V and 3.5 A (66.5 W) to achieve 400 °C. The heating is the
most energy-intensive process in the setup of the steps that are being
considered by an order of magnitude. The reactor, as seen in Figure 6.2c is far
from ideal in terms of heat management as the isolation is limited (Kapton foil)
and using infrared heating without direct contact to the catalyst bed. Thus the
efficiency values taking into account the energy loss due to heating are not
representative for the electrical heating done in industrial grade reactors. The
purpose of this setup is, however, not to achieve high level efficiencies but to
study the interplay between electrolysis and H2 utilization when cascading
these reactions. The reaction CO2 + 4 H2  CH4 + 2 H2O inherently has an
energy efficiency of 92.2 % (CH4 has an energy density of 55.6 MJ/kg).
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Assuming full conversion of all generated H2 would result in 0.962 W worth of
CH4. Taking into account the heat a maximum efficiency of 1.42 % is possible
in this step.
The final step, the storage or transport of CH4, has not been considered in this
setup. Putting together the efficiency of each of the considered steps a
maximum achievable energy efficiency of 0.14 % is achievable for PtM in this
setup. When not taking into account the inefficient heating that’s installed the
energy efficiency would be 9.2 % energy efficiency for PtM.
As mentioned before, this particular Solar-to-Methane setup has been
designed for the purpose of research focused on steps 2 and 4 presented in
Figure 6.1. We focused on allowing for multiple gasses through the system from
several points of entry to study the effect of gas mixtures as well as the effect
of carrier gasses (on e.g. aerosol formation). Remotely adjustable valves are
present between the H-cell and PFR to allow switching between measuring the
HER H2 stream and feeding the H2 to the PFR, introducing dead volume which
is unnecessary for continuous operation. A non-ideal PFR was chosen for the
potential to allow for in situ measurements on Ni/SiO2. From an engineering
point of view many improvements can be made, such as utilizing A-class solar
panels (B-class solar cells are the highest grade commercially available and
were thus used in this setup as the module is much smaller than a full solar
panel). The H-cell can be optimized to reduce the pressure drop introduced by
the electrolyte and Nafion membrane, for example by using a wider bridge for
better diffusion of solutes. The 2 µm filters could be replaced by water filters,
effectively recovering the electrolyte, as is done in the Audi e-gas plant in
Werlte (of which an artistic rendition of a photograph is shown as the cover
picture of this Chapter). Finally, the PFR could be vastly improved by more
efficient heating, better isolation and using optimized catalyst beds.

Figure 6.4: a) Photograph of the condensed particle counter. b) Schematic of the
operation of a condensed particle counter. c) The results of the condensed particle
counter without filter (dark blue), with filter (blue) and with filter and electrochemical
water splitting (light blue).
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Figure 6.5: a) Trends in the methanation reaction using clean H2 (black), and unfiltered
H2 produced via the HER in alkaline medium (red) for 2 days run time, CH4 activity is
indicated by TOF values are shown at 400 °C, over a Ni/SiO2 catalyst with 4.4 nm
mean particle size. b) 10 h trends in the methanation reaction CO2 TOF at 400 °C over
Ni/SiO2 catalyst of 1.2 nm (top), 4.4 nm (middle) and 6.0 nm (bottom) mean Ni
nanoparticle size, using H2 from a cylinder (black) or from the HER reaction (red).
Conditions: 400 ppm CO2, 9600 ppm H2, N2 balance, and gas hour space velocity
(GHSV): 30,000.

6.2.2. Aerosol Promotion of Ni/SiO2 Hydrogenation Catalysts
In a first set of experiments we measured the concentration of aerosols coming
from the electrochemical H-cell using a H2O-based condensation particle
counter (Figure 6.4a-b). Figure 6.4c shows that when no filter is applied a
measurable concentration of circa 30 particles/cm3 is found (after 500 times
dilution with dry N2), thus 15000 particles/cm3 in undiluted streams. Applying
the 2 µm filter resulted is significantly lower aerosol counts, comparable to the
signal found when an empty cell is used and thus no particles can be detected.
H2O splitting in this section was done with two Pt electrodes and H2O could be
split into H2 and O2 stably at 1.69 V at a current of 4 mA (as shown in Figure
6.3).
As shown in Figure 6.5, the investigated Ni/SiO2 catalysts show stable
methanation activity at 400 °C, over 48 h (6.0 nm Ni particles, Figure 6.5a)
when pure (5.0) H2 from a cylinder is used as a feedstock, but is significantly
changed when unfiltered H2 from the HER is used. For the pure H2 stream,
when comparing the observed turnover frequency (TOF) values, they agree
with previously reported results for CO2 methanation over Ni/SiO2 catalysts.[3]
Yet, the values found for the reaction with H2 produced via the HER, which is
performed in a 1 M KOH alkaline solution, show notable trends for the
methanation catalysts. It is also clear, in Figure 6.5b, that this trend is sensitive
to the Ni particle size of the catalyst. Over 4.4 nm Ni/SiO2, a strong transient
increase in methanation activity is observed, followed by a decay in activity over
time, which nonetheless remains considerably higher than the values observed
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Figure 6.6: TEM images of the (A-C) the 1.2 nm Ni/SiO2 catalyst, (D-F) the 4.4 Ni/SiO2
catalyst, and (G-I) the 6.0 nm catalyst. Left row images are after 2 days of reaction at
400°C with the ex-situ doped catalyst, the middle row using filtered, and the right row
using unfiltered H2 coming from the HER reaction.

using pure H2 (Figure 6.5b, middle). On the other hand, over larger Ni metal
nanoparticles (i.e., 6.0 nm), no promotion is observed and the catalyst steadily
deactivates over time (Figure 6.5b, bottom). The smallest mean Ni metal
nanoparticle size tested in this way, 1.2 nm Ni/SiO2, shows an increased activity
as well but to a lesser extent than the 4.4 nm catalyst sample (Figure 6.5b, top).
In these experiments, TOF values are proportional to activity as the particle
size distribution does not change significantly for the spent catalysts, as shown
by TEM analysis (Figures 6.6 and 6.7), regardless of the H2 stream used. Quite
obviously, the impurities in the H2 feed from HER have an effect on the
downstream catalytic methanation reaction without inducing for example
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Figure 6.7: Histogram and statistics of the Ni metal nanoparticle size distribution for the
samples in Figure 6.6.

sintering. Thus, as could be expected, K was present on the material after using
impure, unfiltered H2 feeds, resulting from KOH in the aerosols. 0.6±0.2 wt% K
was observed by ICP-AES analysis of the Ni/SiO2 catalysts after 2 days of
reaction when using HER-produced H2, while on the pristine sample and the
catalyst tested with pure H2 K amount was expectedly below the detection limit.
Assuming all K present in the gas feed absorbs on the Ni/SiO2 material this
would result in a value of 4-11 µg/L KOH (the catalyst bed consisted of 4 mg of
Ni/SiO2 and a flow of 2 mL/min of gas was used in the calculations). NASA
earlier reported 3-5 µg/L KOH in aerosols, which is comparable.[26] The density
of pure KOH is 2.12 g/mL and thus the volume of KOH in mL per mL would be
2-5x10-9. Dividing this by the earlier mentioned value of 15000 particles/mL, we
gain a particle volume of circa 0.3-0.6x10-12 mL, which translates to 0.3-0.6
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Figure 6.8: Particle count from a 1 M KOH solution with various N2 flows (top). Particle
count with 2 mL/min flow through the 1 M KOH solution in the electrocatalytic cell
without applied current and applying the current used for H2 evolution
(chronopotentiometry, 2.5 mA).

µm3. Finally, assuming spherical shapes, we gain 0.4-0.5 µm radii and thus, in
accordance with literature, 4-11 μg/L KOH, 1 μm diameter particles.[27,28]
Furthermore, it should be noted that the particle count is proportional to the gas
flow through the electrocatalytic cell, while it did not detectably vary with the
potential that is applied to carry out the HER (Figure 6.8). No effect of potential
was expected as only 4 mA is applied (0.028 mL/min H2 at 100 % FE). Based
on ICP-AES and BET results, one can hereby calculate an average K+
concentration on the surface of the catalysts of 0.2 K+/nm2. Assuming
hemispherical Ni metal nanoparticles, this would correspond to roughly 1 K+/50
Ni surface atoms. We also assumed a homogeneous distribution as SEM-EDX
(Figure 6.9 for the 6.0 nm Ni/SiO2 catalyst) suggests no clustering of K nor Ni
occurs, resulting in either being below the detection limit for this technique. Had
significant clustering occurred it would have shown in EDX mapping. The
sensitivity of SEM-EDX is regrettably too low to sense the low concentrations
of Ni and K when they are well dispersed, however, TEM imaging and ICP-AES
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Figure 6.9: Left: 4.4 nm Ni/SiO2 hydrogenation catalyst after ex situ doping with K+
before CO2 hydrogenation. Middle: The same catalyst, after CO2 hydrogenation. Right:
4.4 nm Ni/SiO2 hydrogenation catalyst after being doped in situ with K+ during CO2
hydrogation.

already showed the presence of these elements, making the assumptions
highly likely to be true.
In short the calculation of 0.6 wt% K+ on Ni/SiO2, which are 482.7 m2/g from
BET analysis, an average distribution of K+ on the catalyst surface can be
calculated. About 6 mg of K+ is deposited per g of catalyst, which is translated
to 12.4 µg/m2 K+ (0.2 K+ atoms/nm2). The Ni particles are about 2.5, 30 and 57
nm2 per particle for 1.2, 4.4 and 6.0 nm in diameter, assuming semi-spherical
shapes (as seen in TEM). This results in 0.5, 6 and 12 K+ atoms/Ni particle
respectively. Assuming that there are 10 Ni atoms/nm2 we would get a K:Ni
surface atomic ratio of 1:50.
Accordingly, an effect on Ni activity at such low K/Ni ratios is consistent with
results on Ni(100) surface, for which CO and CO2 methanation were affected
starting from well-below monolayer coverage (0.05 ML).[29,30] As can be seen in
Figure 6.4b, when a filter is placed before the methanation reactor, the aerosol
can be effectively removed from the H2 stream. In order to rule out a possible
direct effect of the aerosol on the catalytic activity, e.g. by reaction with CO2 in
the gas-phase leading to carbonate formation (which is known to occur in mere
seconds in the case of NaOH[27]), an aerosol filter was installed on a by-pass
between the electrochemical cell and the methanation unit, and the H2 feed was
switched from unfiltered to filtered during the reaction. Notably, the activity
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promotion on the 4.4 nm Ni/SiO2 was maintained, which strongly suggests that
the aerosol itself does not play an active role in the activity enhancement, which
therefore will be solely due to K deposition on the catalyst. Strikingly, this also
means that one can dose just the right amount of KOH to promote methanation
activity and then remove the aerosol at will, to avoid further K accumulation,
which will eventually be detrimental.
These experiments were driven by two Pt mesh electrodes. These were found
to allow a current of 38.49 mA at 2.44 V. The FE of HER in this case was found
to be 94.4 %. This means 44.7 mW worth of H2 was produced and the efficiency
is 0.43 % (also taking into account the efficiency of 19.5 % of the solar panels).
Note that simply increasing the size (as will be shown in section 6.2.4) can
easily ramp up the efficiency to, with this FE, 9.28 %. Measuring the CO2
conversion we find 3 % of the CO2 feed is converted: 0.5 % into CH4 (0.03
mL/min) and 2.5 % into CO. Focusing on CH4 as the energy storage medium
we find that 0.0199 W is stored in this material. Taking into account the
inefficient heating we gain an energy efficiency of the entire setup of 1.2x104 %. This is only 0.086 % of what is theoretically achievable in this setup.
6.2.3. Cascading Solar-Driven Electrocatalysts with CO2 Hydrogenation
Using the Ni-Mo HER and Ni-Fe-S OER catalysts presented in Chapter 3 we
find, when using electrodes of 15 cm2 foam of 1.6 mm thickness (5400 m2/m3,
thus ca. 130 cm2 substrate surface area), that 2.746 mL/min ± 0.039 H2 is
created. This decreased slightly to 2.739 mL/min ± 0.139 H2 after 72 h of
operation. Hereby we aim to improve on the current utilization of the current,
which was only 4.6 % in Section 6.2.2, to 47.4 %. It should be noted that the
GC is optimized for measuring low values of H2 and thus the precision for such
higher values is low. The Kr internal standard could not be used as it resulted
in noisy data because it was on the limit of the detection limit due to the high
concentration of H2 in the flow. If Kr was used unlikely values of 33.1 mL/min ±
13.1 H2 were found (and 18.96 mL/min ± 11.6 H2 afterward). Hence, the
absolute values of the peak area were used from the calibration and the data
as it yielded realistic values and lower standard deviations.
Nevertheless, the improvement is clear and is an order of magnitude. The
strategy is two-fold. First, the catalysts are improved as Ni-Mo/Ni-foam and NiFe-S/Ni-foam were found to outperform our Pt mesh electrodes and, more
importantly, this removes the need for noble metals in the system. Secondly,
an engineering improvement is made by increasing the electrode size to 15 cm2
which is close to the maximum achievable electrode size in our setup from a
practical point of view. Though the uncertainty is great due to the difficulties
with data analysis the indications are that the electrodes performed stably over
the course of 72.5 h. O2 was not measured in this experiment, the OER side
was disconnected from the system to prevent S from entering and
contaminating it, either as potentially formed S gasses, or via S containing
aerosols as S was found to leach in Chapter 3.
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Earlier we already found
that the FE of the
materials is close to
100%
and
no
electrochemical
destabilization has been
observed on Ni-Mo at
the applied potential of
2.44 V. Hence the lower
current that is found is
likely a result of the
resistance introduced by
the Nafion membrane.
Note that the size
optimization was done
based on the I/E
relationship in a threeelectrode cell without
Figure 6.10: CO (blue) and CH4 (black) generated over
any such membranes
a 6.0 nm Ni/SiO2 from 1 mL/min pure CO2 mixed with
(Chapter 3) for a
2.75 mL/min H2 from solar-driven water electrolysis.
demonstration
setup
The GHSV was 36300.
which does also not
include this membrane.
Nevertheless, the estimated effective energy gain by preventing a gas
separation step is still significant enough on the energy scheme to call the loss
of nearly half the current through resistance acceptable. Furthermore,
increasing cell size to allow for even larger electrodes is likely to circumvent the
issue all-together.
This H2 flow was filtered and reacted together with 1 mL/min CO2 on a similar
reactor bed as described in Section 6.2.2. This translates to 44.6 µmol/min CO2
as a feed. Note that this resulted in a sub-optimal H2:CO2 ratio of 2.75:1. As
can be seen in Figure 6.10 the production of CO and CH4 rapidly declines and
the catalyst is practically deactivated after 72 h of continuous operation. At the
peak 6.39 µmol/min CO is generated and 1.91 µmol/min CH4 is found in the
mixture. This tells us there is still a lot to gain on this step of the setup, both in
terms of activity, stability and likely reactor design (catalyst bed size). At the
peak that means that there is a generation of 30.2 mW worth of CO (10 MJ/kg)
and 28.3 mW worth of CH4 (55.6 MJ/kg). Assuming perfect reactions of CO2 to
these compounds with H2 means the H2 consumption was 14.03 µmol/min at
the peak (which is 11.4 % of the total amount of H2 passing through). That
means there is still 108.56 µmol/min of H2. This means there is still 434 mW of
H2 remaining (120 MJ/kg).
This yields the following numbers, not taking into account the efficiency of solar
cells: 2.03 W of electricity is stored in 0.434 W H2 (21.7 %), 0.028 W CH4 (1.4 %)
and 0.030 W CO (1.5 %). An additional energy investment was made through
heating at 66.5 W. This means we achieved an energy storage of 0.72 % in
chemical bonds using only H2O and CO2 as chemical resources. In terms of
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methane, the desired compound, we achieved an electrical energy storage of
0.041 % in CH4.

6.3. Conclusions
In summary, by combining a well-defined set of Ni/SiO2 catalysts, we show
alkali promotion by KOH, which is dependent on the Ni nanoparticle size. This
can be rationalized in terms of the electronic effect of K+ in combination with
the Sabatier principle. Practically, by applying a method of doping which is
similar to dosing the right amount of K+ from a H2 feed coming directly from H2O
electrolysis in KOH electrolytes, the catalytic activity of small Ni metal
nanoparticles supported on SiO2 in the Sabatier reaction can be efficiently
enhanced. The present work shows how a small number of alkali promoters
can dramatically change catalyst performance. Thus, care should be taken
towards the presence of impurities on solid catalysts when cascading different
reactions. Yet once the promoter effects and the reaction pathway are wellunderstood, they can be leveraged to tweak the catalytic performance in a
tailored manner.
Technological analysis of the machine presented in this PhD Chapter shows us
that a solar-to-methane efficiency could be achieved of 0.14%. The final
efficiency obtained by the machine was 0.041 % in terms of solar-to-methane
power storage. Fairly high selectivity towards CO was found and fast catalyst
degradation of the Ni/SiO2 catalyst was observed despite filtering away the
aerosols. To put the numbers into perspective: back-of-the-envelope
calculations show that the world energy consumption in 2015 (1.812*1013 W)
was only 0.20 % of the estimated amount of sunlight hitting the Sahara
(9.2*1015 W). We furthermore identified the losses of energy in detail, with the
heating of the CO2 hydrogenation PFR being most significant.

6.4. Experimental
6.4.1. Materials
The catalysts used in this study has already been described in terms of
preparation method and detailed characterization in ref. [4]. In particular,
relevant to this work are the Ni (19.5 wt%)/SiO2, Ni (60 wt%)/SiO2 and Ni (4.7
wt%)/SiO2 catalysts, having a 4.4 nm, 1.2 and 6.0 mean Ni particle size, which
were used as is and doped with potassium. To do this, a 0.6 wt% K was
achieved by suspending the nickel nanoparticles in KOH solution and
evaporating under vacuum at around 60 °C for 1 h. Doped catalysts were stored
at 120°C for over 72 h.
6.4.2. H2 Production via Electrolysis and Cascade Methanation Reaction
Pt mesh electrodes (MaTecK, 99.9 %, 25x50 mm, 3600 mesh/cm2, 0.04 mm
wire diameter) interwoven with a Pt wire (MaTecK, 99.9 %, 1 mm diameter, 100
mm length) were suspended in a 1 M KOH electrolyte (ACS reagent, >85 %
pure, ~15 % water) loaded into a homemade H-cell. This cell consists of GL14
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glass tubes with an internal volume of 20 mL for the electrolyte on each side,
resulting in 40 mL electrolyte in total (as shown in Figure 6.2b). The HER and
OER reactions are spatially separated by a Nafion 117 perfluorinated
membrane (Aldrich, 0.007 in. thick). Prior to use the membrane is activated by
immersion in nitric acid for several hours, while the Pt electrodes were cleaned
by using a butane flame. The electrolyte was purged with 2 mL/min Ar, 0.1
mL/min Kr on the HER side and 2 mL/min N2, 0.1 mL/min Kr on the OER side
for at least 2 h prior to the experiments.
The Ni/SiO2 catalyst was reduced at 550 °C for 60 min, with a heating rate of 5
°C/min under a flow of 1mL/min of pure H2. Afterwards, the catalyst it was
cooled down to 400 °C (5 °C/min) under a flow of pure N2. This flow was
maintained for 3 h to remove residual H2 from the system.
Electrochemistry (Ivium CompactStat) was then started potentiometrically at a
current of 4 mA, requiring ca. 1.69 V potential (the Nafion membrane yields a
high resistance in the system), 1.69 V also being close the output of a small
solar cell module of three cells in series. The flow or Ar/Kr and N2/Kr was
constantly maintained as a carrier gas for the produced H2 and O2. The feed
from the HER was led over the plug flow reactor containing the Ni/SiO2 catalyst,
optionally filtered by an aerosol filter.
After 15 min of flow from the H-cell an 820 ppm CO2 feed was opened over the
PFR at a rate of 1 mL/min and was mixed with the HER feed prior to injection
on the PFR. The reactor output gas was again filtered by an aerosol filter before
being injected on an InterScience CompactGC every 4 min and analyzed by
FID detectors. The flow was split over two column systems optimized for
measure hydrocarbons on one end and CO/CO2/CH4 on the other. The latter
was equipped with a methanizer to visualize each component. On a separate
channel the flow from the oxygen halve of the system was injected and
measured by a TCD detector every 4 min. This state was maintained for 2 or 3
days depending on the experiment.
6.4.3. Aerosol Measurement and Formation
To measure the aerosol formation from the electrochemical cell, a water-based
condensation particle counter (WCPC, TSI model 3785) was attached to the
output of the cell, in place of the methanation reactor. In a typical experiment,
a 2 mL/min flow of N2 was bubbled through the electrochemical cell filled with
1 M KOH, and the outlet stream was diluted with 1 L/min filtered air before being
fed to the particle counter. The effect of flow, applied potential and KOH
concentration was also studied. Control experiments carried out bypassing the
cell or using water instead of 1 M KOH didn’t show any aerosol formation.
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6.4.4. Solar-driven Hydrogen and Cascade Methanation Reaction
15 cm2 Ni-Mo (HER) and Ni-Fe-S (OER) electrodes were prepared as
described previously on Ni foam (Chapter 3). These were attached to a solar
module consisting of 4 B-class solar cells (MONO solar cells, monocrystalline
Si). Light is introduced with a Newport, AAA-class Solar Simulator (model
94043A, IEC/JIS/ASTM, 450 W Xenon, 4x4 in.) yielding 100 mW/cm2. A pure
CO2 feed (4.5, Lindegas) was used in these experiments at a flow of 1 mL/min.
The remainder of the experiment was operated as described in Section 6.4.2.

6.5. Author Contributions and Acknowledgements
This Chapter is based on the following manuscript: Structure-Sensitive Alkali
Promotion in the Formation of CH4 from CO2 and Renewably Produced H2 over
Supported Ni Catalysts, C. Vogt*, J.H.J. Wijten*, C.L. Madeira, O. Kerkenaar,
K. Xu, R. Holzinger, M. Monai, B.M. Weckhuysen, ChemCatChem 2020.
*These authors contributed equally to this work. Charlotte Vogt wrote the
manuscript in collaboration with Jochem Wijten and Matteo Monai. Matteo
Monai, Charlotte Vogt, Jochem Wijten and Bert Weckhuysen conceived the
research plans. Jochem Wijten and Oscar Kerkenaar designed and built the
setup. Jochem Wijten and Matteo Monai performed the experiments on the
hydrogenation setup and analyzed the data thereof under the supervision of
Bert Weckhuysen. Matteo Monai, Chantal Madeira and Charlotte Vogt
performed the Operando IR experiments and analyzed the data thereof.
Jochem Wijten, Matteo Monai, and Kangming Xu performed the aerosol
measurements and analyzed the data thereof under the supervision of Rupert
Holzinger and Bert Weckhuysen. Jochem Wijten wrote this Chapter based on
the manuscript with feedback and corrections by Bert Weckhuysen.
The following people are gratefully acknowledged: Pascal Wijten (UU) and
Herrick Schaink (UU) are thanked for their assistance with the GC and software
respectively, and Coen Mulder (UU) is thanked for the ICP-AES
measurements.

6.6. References
[1]
[2]
[3]
[4]
[5]
[6]

164

R. Schlögl, Angew. Chem. Int. Ed. 2015, 54, 4436–4439
R. Schlögl, Angew. Chem. Int. Ed. 2017, 56, 11019–11022
C. Vogt, E. Groeneveld, G. Kamsma, M. Nachtegaal, L. Lu, C. J. Kiely, P.
H. Berben, F. Meirer, B. M. Weckhuysen, Nat. Catal. 2018, 1, 127–134
C. Vogt, M. Monai, G. J. Kramer, B. M. Weckhuysen, Nat. Catal. 2019, 2,
188–197
E. B. Creel, B. D. McCloskey, Nat. Catal. 2018, 1, 6–7.
United Nations, Paris Agreement, 2015

Alkali Promotion of Ni Catalysts in CO2 Hydrogenation using Renewable H2
[7]

[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]

[27]
[28]
[29]
[30]

R. C. Armstrong, C. Wolfram, K. P. de Jong, R. Gross, N. S. Lewis, B.
Boardman, A. J. Ragauskas, K. Ehrhardt- Martinez, G. Crabtree, M. V.
Ramana, Nat. Energy 2016, 1, 1–8
Q. Schiermeier, J. Tollefson, T. Scully, A. Witze, O. Morton, Nature 2008,
5, 816–823
K. F. Kalz, R. Kraehnert, M. Dvoyashkin, R. Dittmeyer, R. Gläser, U.
Krewer, K. Reuter, J. Grunwaldt, ChemCatChem 2017, 9, 17–29
D. Heide, L. von Bremen, M. Greiner, C. Hoffmann, M. Speckmann, S.
Bofinger, Renew. Energy 2010, 35, 2483–2489
M. Götz, J. Lefebvre, F. Mörs, A. McDaniel Koch, F. Graf, S. Bajohr, R.
Reimert, T. Kolb, Renew. Energy 2016, 85, 1371–1390
J. Kopyscinski, T. J. Schildhauer, S. M. A. Biollaz, Fuel 2010, 89, 1763–
1783
H. Yang, C. Zhang, P. Gao, H. Wang, X. Li, L. Zhong, W. Wei, Y. Sun,
Catal. Sci. Technol. 2017, 7, 4580–4598
S. Freni, N. Mondello, S. Cavallaro, G. Cacciola, V. N. Parmon, V. A.
Sobyanin, React. Kinet. Catal. Lett. 2000, 71, 143–152
T. Haas, R. Krause, R. Weber, M. Demler, G. Schmid, Nat. Catal. 2018, 1,
32–39
G. Ertl, H. Knözinger, F. Schüth, J. Weitkamp, Handbook of Heterogeneous
Catalysis, Wiley-VCH, Weinheim, 1997
J.-B. Senderens, P. Sabatier, Compt. Rend. 1902, 82, 514–516
P. Sabatier, J.-B. Senderens, Compt. Rend. 1903, 134, 689–691
G.-Y. Chai, J. L. Falconer, J. Catal. 1985, 93, 152–160
T. K. Campbell, J. L. Falconer, Appl. Catal. 1989, 2, 189–197
Q. Yin, C. L. Hill, Nat. Chem. 2017, 10, 6–7
Z. W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff, J. K. Nørskov, T.
F. Jaramillo, Science 2017, 355, eaad4998
AMES Reasearch Center, NASA, Static Feed Water Electrolysis Module,
1974
V. J. Cybulskis, J. Wang, J. H. Pazmiño, F. H. Ribeiro, W. N. Delgass, J.
Catal. 2016, 339, 163–172
B. Liang, H. Duan, X. Su, X. Chen, Y. Huang, X. Chen, J. J. Delgado, T.
Zhang, Catal. Today 2017, 281, 319–326
N. Anastasijevic, J. Holst, A. Orth, M. Schuster, B. Schurtakow, M.
Stroeder, Process and Apparatus for Producing Hydrogen, 2015,
US9090984B2
D. W. Cooper, D. W. Underhill, M. J. Ellenbecker, Am. Ind. Hyg. Assoc. J.
1979, 40, 365–371
Y. Kim, H. Sievering, J. Boatman, D. Wellman, A. Pszenny, J. Geophys.
Res. 1995, 100, 23027
C. T. Campbell, D. W. Goodman, Surf. Sci. 1982, 123, 413–426
D. E. Peebles, D. W. Goodman, J. M. White, J. Phys. Chem. 1983, 87,
4378–4387

165

6

Alkali Promotion of Ni Catalysts in CO2 Hydrogenation using Renewable H2

166

“One day, son, we will explore the planets and sky. Whether or not that will
happen in your time, I cannot say.”
I listen to my dad with new-found respect, as we sit on the couch, relaxing.
“I sure hope so dad! Is there anything I can do to make it happen?”
“The only thing you, well, anyone, can do is his or her best. Strife to leave the
world better than you found it and I am certain you have helped humankind to
realize our next step in our unquenchable thirst for exploration.”
Together with him I look wistfully at the space explorers we are watching in an
old movie he likes.
“You sure left the world in a better state, dad”
He looks surprised, “I hope I did, thank you, for saying that”
Together we continue with the movie, and I am curious what next adventure
dad will take me along on.
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7
Summary, Outlook and Conclusions
This PhD Thesis is focused on the Ni-Mo hydrogen evolution catalyst and its
stability and application in electrochemical water splitting driven by renewable
energy sources. In this Chapter, the findings are summarized as well as
reflected upon with an outlook on future research possibilities and
opportunities. The Chapter will wrap up with conclusions.
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7.1. Summary
This thesis started with a general introduction in Chapter 1 on the world energy
scheme, discussing how renewable energy sources are necessary but still
facing numerous scientific and technological challenges. One of the main
issues to be addressed was discussed to be energy storage to overcome the
intermittency of many renewable sources such as sunlight and wind. This was
followed by a discussion on hydrogen as an energy storage medium or
intermediary for storage in, for example, methane. The focus was then shifted
to water splitting as the reaction through which energy can effectively be stored
in hydrogen. Several technological approaches are discussed, which make use
of photo-catalysis, photo-electrochemistry or electrochemistry. The mechanism
and thermodynamics of water splitting are shown and, importantly, also kinetics
are described. These kinetics result in the need of electro-catalysts, materials
which ideally do not get consumed by the reaction but speed up the process by
lowering energy barriers of the various steps present in such a reaction. The
introduction wrapped up by introducing the well-studied electro-catalyst Ni-Mo
for the hydrogen evolution reaction. This PhD thesis was then focused on
studying the stability of this material in depth and revisiting technological
approaches and challenges of implementing this material in solar-driven water
splitting. In the following paragraphs the main findings of each chapter are
summarized as visually displayed in Chapter 1, Figure 1.12.
Ni-Mo is a well-studied material, yet discussion was still ongoing on the stability
and reason of activity of this material. In Chapter 2 we study this material in
detail and give answer to this discussion. Combining both theoretical and
experimental studies we find these materials are indeed highly active towards
the hydrogen evolution reaction. Density function theory shows us that at a
moderate surface coverage a ΔGH approaching 0 is expected for all terrace
sites. This was indicative of the high activity also found by experiments.
Experiments showed us activation of the materials on an hour timescale to a
low overpotential of 0.13 V after which it approached stable operation for at
least 100 h. To study this activation in detail we employed several
complementary techniques and combine it with theory. From this we found that
the material roughens over time under operation, the double layer capacitance
increases gradually and could be linked to the increase in activity. Furthermore,
Mo leached and it was found to be highly dependent on the electrolyte, not only
the pH but also the nature of the cation employed during operation. The mode
of leaching was established to be Mo + 2 OH- + 2 H2O  MoO42- + 3 H2, which
could explain that Mo leached less at lower pH, and why a faradaic efficiency
higher than 100 % was found. The behavior was more complex however and
Li+, Na+ or K+ were found to significantly influence leaching as well. With XPS
depth profiles these cations were found to penetrate deep (>600 nm) into the
material. The influence of the cations was hard to predict and the solubility
constant of the respective salts was presented as a possible explanation for the
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observations. The observations led us to determine the activity of Ni-Mo stems
from both a synergy between Ni and Mo as well as an increased surface area
due to in situ leaching of Mo. This chapter wrapped up by presenting 0.1 M
LiOH electrolytes as the least destabilizing of the tested electrolytes.
Water splitting occurs at two electrodes, however, and in Chapter 3 we present
an oxygen evolution reaction catalyst, Ni-Fe-S. Using a simple one-step
hydrothermal synthesis method this material was easily synthesized on Ni
foams. This material showed, as was reported before, high activity and high
apparent stability. We used this anode material to combine it with the Ni-Mo
cathodes to establish a system that operated at 1.55 V for water splitting at 10
mA/cm2, achieving goals set by literature to have it operate at a potential lower
than 1.68 V. The system performed stably for at least 1 week. Nevertheless, as
we had already found with Ni-Mo that the stability was apparent we also studied
the Ni-Fe-S material in detail. We established that Fe mostly functioned to
increase the surface area of the electrodes where-as S clearly seemed a
synergistic addition. We find that S leaches strongly however during operation,
but also that it segregates towards the surface. Furthermore, Fe was only
present in low amounts and in a particulate shape which was (mostly) leached
after operation. The Ni-Fe-S and Ni-Mo materials were finally combined into a
demonstrative, solar-cell driven setup. Simply increasing the electrode sizes to
15 cm2 allowed them to operate at 2.1 V and 1 A as delivered by the utilized
cells.
The potential and current might have had an influence on Mo leaching from NiMo as well, and as such we studied it in more detail in Chapter 4. Furthermore,
the choice to use Ni foam instead of Ti stubs led us to the question of whether
the substrate is important when considering the stability and activity of Ni-Mo
as is known for many other heterogeneous processes. Indeed, when we
studied potential and substrate effects we saw that both have a strong impact
on the performance of Ni-Mo cathodes. Firstly, it was found that the change in
capacitance is most extreme at intermediary potentials. This tells us that there
are at least two processes involved when changing potential. The change in
surface morphology, on the other hand, could be linked to the presence of K+.
Importantly we found that Mo leaching was not directly linked to the change in
double layer capacitance, as leaching increased with applied potential, likely
due to an increase of local pH as a result of the hydrogen evolution reaction.
EDX showed the Ni-Mo ratio changed with the same trend as the capacitance,
this is a strong indicator that, at least in the case of these Ni-Mo cathodes, the
capacitance is not indicative of surface area but actually surface composition.
Though both play a significant role in this value linking the capacitance to
surface area should be treated carefully indeed, especially if the material
changes in the electrode as does Ni-Mo. Finally, it was shown in this chapter
that the substrate also influences the performance of Ni-Mo. Using materials
which are FCC structures (Cu, Ni) like Ni-Mo itself seems to increase the activity
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of the material. Capacitance changes, and even trends, as well as trends in
leaching are highly dependent on the used substrate, though no clear trend has
been observed yet to allow prediction of how the material would behave. The
chapter wraps up with showing that Ni-Mo performs best on stainless steel at
low overpotential in terms of stability while exhibiting high activity.
Chapter 5 takes another turn on using Ni-Mo electrocatalysts. In this chapter
we explore its potential as a co-catalysts for photo-electrochemical systems.
Using NiFe2O4 as a hydrogen evolution photoelectrode we studied the
electrodeposition of Ni-Mo on this oxide. While oxides are usually unstable
under the strong reductive potentials applied during electrodeposition, such as
Fe2O3 (hematite), yet we found that NiFe2O4 was stable during the process.
This opened interesting potential synthesis methods for photoabsorber/electro-catalyst systems, depending on their resistance to reduction.
We showed that applying Ni-Mo to NiFe2O4 had a double function. Firstly it
acted as the catalyst as was intended, nearly doubling the hydrogen evolution
photocurrent. Secondly, and just as important, it acted as a protecting layer for
the oxide NiFe2O4 layer and prevented reduction under testing conditions. In
this chapter the NiFe2O4 itself is studied in detail as well, and it was found that
thinner layers yielded higher photocurrents, which shows that charge carrier
diffusion length is a limiting factor. This observation was underlined by the fact
that the average lifetime of the charge carriers was in the order of ns as found
by transient absorption spectroscopy.
Finally, in Chapter 6 we explored a different application of Ni-Mo. We used it
as an electrocatalyst as is for water splitting. In this approach we cascaded this
reaction with thermal CO2 methanation using Ni/SiO2 catalysts to effectively
store the energy in CH4 which is safer to handle and easier to store. It was
found that aerosols evolving from the electrolyte affect the downstream Ni/SiO2
catalysts. KOH in the aerosols deposited on the methanation catalysts and
showed a size dependent promotion effect. From a technological point of view
we find that the electrochemistry operates well, and simple adjustments to
electrode size allow for optimal usage of the energy delivered by solar cells.
We show that aerosol filtering, as already applied in industry, is indeed critical
to maintain stable methanation catalysts, though interesting promotion effects
could be induced. From the discussion also follows that the catalysts are only
a small part of the full energy conversion efficiency for storing renewable
electrical energy in CH4 when using two steps. For example heating of the
methanation catalyst, in our lab scale setup, was a significant reducer of
efficiency, decreasing the theoretical maximum efficiency from 9.2 % to 0.14 %
and thus the entire picture should be considered.
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7.2. Outlook
This thesis explored various aspects of renewable energy storage.
Electrolyzers, as well as pilot plants of methanation plants with on-site
generated renewable hydrogen, are being built, and the technology is thus
clearly, slowly but surely, maturing. Industry, however, is mostly still biding their
time, due to a lack of public and political acceptance and funding, as well as
the high capital costs of carbon capture and storage (CCS). CO2 taxing is
unlikely to work due to the effect known in industry as ‘Carbon Leakage’ which
is the occurrence of companies shifting their production facilities to countries
with laxer emission constraints, and thus will only mostly serve to cripple the
country apply higher CO2 taxes. Hence making water splitting as well as CO2
utilization more economically viable is one of the challenges. One of the
possibilities for the future would be to integrate the CO2 hydrogenation with
other chemical processes in industry to produce carbon-based products with
renewable feedstocks.
7.2.1. Ni-Mo Cathodes
Ni-Mo is an excellent material for water splitting when utilized as a cathode.
Nevertheless, more work is likely necessary before it can be employed.
Exceptional stability is desired for electrodes, preferably >1000 h. Hence they
need to be explored at longer timescales. Furthermore, industrial electrolyzers
usually operate at 6 M KOH and elevated temperatures (85 °C). It would be
interesting to study the stability of Ni-Mo as a function of temperature in detail.
It is also important to study the effect MoO42- contamination would have on
water splitting systems and if it is detrimental for large scale operation.
Some costs could be saved on this material when using cheap substrates, such
as copper. However, as was discussed in Chapter 4 the substrate influences
the performance of Ni-Mo, so further studies to properly understand this would
likely benefit the development of large-scale electrodes. Also, despite being
significantly cheaper than e.g. Pt, Ni and Mo are still relatively expensive
elements. Using a filler-like material, such as Fe, in ternary alloys (Ni-Fe-Mo)
might be a viable option to decrease the production cost of renewable
hydrogen. Ni-Fe-Mo was explored at a basic level in this thesis but not studied
in depth, these first results indicated it is indeed a viable option, though at the
cost of an increased overpotential.
7.2.2. Ni-Fe-S Anodes
Ni-Fe-S is an interesting material to be used as an anode. It does, however,
require a lot of work to be made viable. The leaching of S from this material
does not come without risks such as potential formation of toxic H2S gasses,
which is significant at larger scale. Furthermore, being quite a novel material in
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the use as OER anode, it would likely benefit from further research into its
synthesis, composition, and morphology. The roles of Fe and S for example
were found to be different in Chapter 3 but we have not explored whether this
knowledge can be exploited to further improve upon the material.
7.2.3. Cascading Water Splitting and CO2 Methanation
A lot of progress can be made in these systems. Pilot plant scale installations
already exist and are proven to work. The example that will be described is
based on the e-gas plant in Wertle from Audi. They utilize amine scrubbers to
gain CO2 from waste gas streams, and react it with Raney nickel based
catalysts for methanation. Water splitting is done with steel-based electrodes
in heated 6 M KOH solutions in three megawatt electrolyzers. Water filters are
used to clean the hydrogen gas stream of KOH containing aerosols and
subsequently the gas tubing is cooled to remove the remaining water aerosols.
Before introducing the hydrogen gas into the methanizer it is compressed to be
able to run the CO2 methanation under pressure. This means there are many
steps which require energy input before finally the CO2 is utilized and
transformed into CH4.
One of the most energy consuming components are the pumps to build up H2
pressure, something that was not explored in our lab scale setup. Possible
gains could be made either by exploring low-pressure methanation or by
improving on such pumps. Other processes through which energy could be
gained is by improving CO2 capture, since the amine scrubber requires
significant heating before the CO2 is released again in a relative pure flow. The
heating of CO2 methanation was mentioned before and was the main energy
consumer in our lab scale system, industrial heating is already well established
and significantly more efficient, nevertheless finding catalyst systems that allow
for similar methanation rates at lower temperatures would be very beneficial
from an efficient energy storage point of view. Finally, at the electrolyzers,
potentially efficiency can be gained by switching to systems which require less
or no heating, or can operate at lower alkalinity, making the electrolytes more
environmentally friendly as well as making it easier to keep them clean from
detrimental aerosols.

7.3. Conclusions
This thesis showed the viability of Ni-Mo as a cathode for water splitting, as well
as discussing Ni-Fe-S as an option to be used as an anode. Thorough
characterization methods for the electrodes were established to show that
despite their apparent stability there are still leaching processes ongoing.
Through these experiments we came to question things often assumed in
literature, such as electrolyte cations being spectator species and the use of
double layer capacitance as a measure of surface area. With this, the thesis
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aims to show that electrochemistry is complex and all components should be
considered with care when measuring and when trying to determine catalyst
stability.
We continued with using these electrocatalyst materials in demonstration labscale setups to show that the materials are able to operate under real, solarcell driven conditions and furthermore could be combined with CO2
methanation to store energy from renewable sources in chemical via carbon
utilization. The methane, for example, can be injected in the existing grid and
used in chemical industry as well as a fuel.
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Nederlandse Samenvatting
De thesis vangt aan met een generieke introductie in Hoofdstuk 1 met de focus
op energiegebruik op wereldschaal. Hernieuwbare energiebronnen zijn
noodzakelijk, maar ondergaan nog altijd onderhevig aan een aantal
wetenschappelijke en technische uitdagingen. Een van de grote uitdagingen
die wordt besproken is het opslaan van de (elektrische) energie die volgt
hernieuwbare bronnen zoals zonne- en windenergie. Opslag is namelijk nodig
omdat onregelmatigheden in gebruik en productie bestaan, we benutten
namelijk veel energie in de nacht en het wordt geproduceerd gedurende de
dag. Hierin is bijvoorbeeld de zomer-winter cyclus nog een schaal van uitdaging
groter. In dit hoofdstuk bespreken we de mogelijkheid deze energie op te slaan
in chemische verbindingen, zoals waterstof of methaan (de laatste kent men
vaak als aardgas). Deze chemicaliën worden dan niet vervuilend gewonnen,
maar juist gemaakt uit bijvoorbeeld uitgestoten koolstofdioxide. Waterstof, is in
dit opzicht simpeler en wordt gemaakt uit water; het hoofdstuk focust op hoe
water splijting te werk gaat. Verschillende technologische aanpakken worden
besproken hoe energie in waterstof opgeslagen kan worden: foto-katalyse,
foto-elektrochemie, en elektrochemie. De chemische details zoals het
mechanisme en de natuurkundige overwegingen (thermodynamica) die bij
deze reactie horen komen hierbij ook aan de orde. Meer van belang is de
kinetiek, wat inhoud hoe snel de reactie verloopt. Dit is waar elektro-katalyse in
het spel komt. Zoals je een ei kan bakken op een stoep in een warme zomer
gaat het toch sneller, en ook schoner, wanneer je het in een pan doet. Dit komt
omdat hitte efficiënter bij het ei komt en de pan is een medium om deze hitte
aan te brengen. Een elektro-katalysator werkt hetzelfde: het is een medium die
elektronen aanbiedt om water te splijten. Tegelijkertijd kan je de stroom
opvoeren om snellere productie van waterstof te krijgen. Om de stroom te laten
lopen moeten de elektronen wel aangespoord worden te bewegen, deze druk
noemen we potentiaal. De extra potentiaal die we aanvoeren om een
wenselijke snelheid te krijgen is eigenlijk een energieverlies die we betalen om
tijd te besparen. Deze extra potentiaal noemen we overpotentiaal. Deze thesis
focust vervolgens op nikkel-molybdeen (Ni-Mo) als katalysator. Deze materiaal
zijn relatief goedkoop in vergelijking met andere materialen die gebruikt worden
en daarnaast is deze ook erg effectief voor het evolueren van waterstof. Om
een werkelijk duurzaam systeem te maken is het echter nodig dat de materialen
in het systeem zelf ook duurzaam zijn. Dat betekend dat ze stabiel moeten zijn.
Deze thesis beschrijft en onderzoekt de houdbaarheid van Ni-Mo als materiaal
in detail, zodat deze kennis beschikbaar is voor technische en economische
overwegingen het te gebruiken in zon-gedreven systemen om energie op te
slaan. In de komende paragrafen worden de hoofdzakken genoemd zoals deze
ook zijn samengevat in Hoofdstuk 1, Figuur 1.12.
Ni-Mo is al in heel veel onderzoeken uitgepluisd, echter bestond dus nog de
discussie waarom dit materiaal zo effectief is in de reactie en hoe houdbaar het
is. In Hoofdstuk 2 duiken we in op deze vragen en geven antwoorden binnen
deze discussie. Door gebruik te maken van een combinatie van theoretische
berekeningen en experimenten op het lab kunnen we bevestigen dat deze
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materialen inderdaad actief zijn in de reactie. De berekeningen laten ons zien
dat er bijna geen energieverschil is voor het aanhechten of loslaten van
waterstof. Als je waterstof als het ei ziet: te sterke aanhechting betekend dat
het ei (extreem) aanbakt en je pan dus niet meer goed te gebruiken is, te
zwakke aanhechting gebeurt in het echt gelukkig nooit maar dat zou betekenen
dat je ei de pan uit zweeft voordat het gebakken is. In dit geval bakt het eitje
(de waterstof) dus totdat hij klaar is, en laat dan ook zonder aanbakken los. De
Ni-Mo katalysatoren, zagen we, begonnen beter te werken na een paar uur. Nu
is dit op zich geen slecht nieuws, maar het betekend dat er iets veranderd. Na
deze verandering waren ze stabiel voor ten minste 100 uur, maar dat is geen
garantie dat het later, na mogelijk weken of maanden, toch slechter gaat
worden. Met onder andere elektronenmicroscopie, om zo op nanometerschaal
(een nanometer is een miljardste meter, 0.000000001 meter) te kunnen kijken
en zien we dat ons materiaal ruiger wordt. We hebben dus meer oppervlakte
waar katalyse gebeurd, wat kan verklaren waarom het materiaal het beter gaat
doen. Het ruiger worden betekend echter wel dat er waarschijnlijk iets uit het
materiaal weglekt, wat dus betekend dat het eigenlijk langzaam kapot gaat.
Inderdaad we vonden dat het molybdeen (Mo) langzaam weglekte in het water.
We zagen ook dat het zout wat in het water opgelost was een rol speelde in
hoeverre en hoe snel het lekken plaatsvond. De zuurtegraad speelde een grote
rol maar ook het kation (het positief geladen deeltje) beïnvloedde het lekken.
De chemische reactievergelijking die we hebben gevonden als de boosdoener
is als volgt: Mo + 2 OH- + 2 H2O  MoO42- + 3 H2. Hier is OH- hydroxide, het
actieve deel van bijvoorbeeld gootsteenontstopper. Dit zit in de oplossing zodat
water geleid, dit doet het eigenlijk van nature namelijk niet, maar in ons
drinkwater zitten genoeg (ongevaarlijke) zouten dat dit toch stroom geleid. H2O
is de chemische manier van water beschrijven. H2 is waterstof en MoO42- heet
molybdaat. Dat laatste zit dus in oplossing en is hoe we langzaam het Mo uit
onze katalysator verliezen. Interessant is dat het lekken van die molybdeen ook
waterstof vormt, we zagen dus ook een efficiëntie voor waterstofproductie van
boven de 100%! Met geavanceerde technieken zoals Röntgen foto-elektron
spectroscopie konden we zien dat deeltjes (lithium, natrium of kalium ionen)
ons materiaal inkropen. Met behulp van de theoretische berekeningen konden
we concluderen dat ze zeer kleine kanaaltjes inkropen die zich in het materiaal
vormden. We konden hierna dus zeggen dat het Ni-Mo heel goed werkt, niet
alleen omdat Ni en Mo samenwerken maar ook omdat Mo weglekt en dus extra
oppervlak vormt. We konden ook zeggen dat de oplossing die je gebruikt een
grote rol speelt en dat LiOH de minste Mo lekken veroorzaakt wanneer gebruikt
op 0.1 M (M staat voor molair, een maat van concentratie, het betekend mol
per
liter,
waar
mol
een
manier
is
waarop
wij
zeggen
‘602.214.076.000.000.000.000.000 deeltjes’, je snapt dus wel waarom we dat
afkorten).
Wanneer je water splijten leest zou je de vraag kunnen stellen: je splijt het, dus
wat is de andere helft waarin je het splijt? De andere helft die vormt is zuurstof.
Het splijten van water wordt dus ook vaak besproken met twee half-reacties,
waterstof vorming en zuurstof vorming. In Hoofdstuk 3 bespreken we een
elektrode die als elektro-katalysator dient voor het vormen van zuurstof. Dit
materiaal is nikkel-ijzersulfide (Ni-Fe-S). Met éen simpele stap kunnen we dit
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materiaal vormen door nikkel te koken in een oplossing van ijzer en zwavel.
We doen dit op nikkel in de vorm van metaalschuim, metaal dat gevormd is
zoals een spons zodat het veel oppervlakte heeft terwijl het een stuk minder
ruimte inneemt. Ni-Fe-S stond al bekend als een materiaal dat erg actief is en
ogenschijnlijk ook stabiel. Echter is dit materiaal een stuk minder goed
onderzocht dan Ni-Mo omdat het pas recenter tot het licht is gekomen als
kandidaat voor de zuurstof evolutie reactie. Inderdaad, wanneer we dit
materiaal combineren met Ni-Mo zien we goede stabiliteit voor ten minste éen
hele week (wat lang is voor lab-schaal experimenten). Daarnaast hebben we
een potentiaal gehaald van 1.55 volt voor een stroom van 10 milliampère per
centimeter. Voor economische haalbaarheid is beschreven dat een systeem
maximaal 1.68 volt mag gebruiken voor die stroom, dus daar zitten we ruim
onder wat goed is. Desalniettemin onderzochten we in hoeverre de
ogenschijnlijke stabiliteit daadwerkelijke stabiliteit was. Met deze zoektocht
vonden dat ijzer de rol speelt om de elektrodes zelfs nog meer oppervlakte te
geven terwijl het eigenlijk bijna niet in het materiaal zit na de vorming. Zwavel
daarentegen zit juist wel in het materiaal en functioneert voornamelijk om
samen met nikkel de zuurstof te vormen uit water. We vinden echter dat zwavel
daadwerkelijk uit het materiaal lekt. Interessant genoeg is toch het
zwavelgehalte na 24 uur katalyse op de oppervlakte hoger dan het was voordat
de katalyse begon. Dit betekent dat in deze vaste stof de materialen toch niet
zo rigide zijn als vaak lijkt, en de zwavel ‘loopt’ door de vaste stof naar de
oppervlakte. Dit is waarschijnlijk ook de reden dat het materiaal ogenschijnlijk
stabiel is, maar toch lekt: de zwavel wordt constant aangevuld. We hebben dit
niet getest, maar de kans is dat dus na langere katalyse de voorraad zwavel
op gaat zijn. Desalniettemin was dit systeem te opereren met lage
energieverliezen, en ter demonstratie hebben we een systeem gebouwd dit met
echte zonnecellen inderdaad water splijting kon doen. Dit systeem opereerde
op 2.1 volt en leverde 1 ampère.
Doordat ons demonstratiesysteem op een hogere voltage en merkbaar hoger
ampèrage werkte besloten we het Mo lek gedrag uit Ni-Mo nog eens opnieuw
te bekijken. In Hoofdstuk 4 kijken we in detail naar het gedrag als een functie
van voltage en ampèrage. Daarnaast werd ook nikkel schuim genoemd. In
andere velden van katalyse is al langere tijd bekend dat de ondergrond die je
gebruikt om een katalysator op te bouwen significante invloed kan hebben op
je katalysator zelf. Dit hebben we meteen meegenomen in de onderzochte
stappen in dit hoofdstuk. Zoals we al vermoedde zagen we inderdaad
significante effecten op het gedrag van Ni-Mo wanneer deze delen veranderen.
We zagen dat de verandering van de Ni-Mo oppervlakte het meest significant
is wanneer we een middelmatige stroom toepassen. Het was minder met
minder stroom, maar ook minder met meer stroom. Dit betekent dat er, ten
minste, twee dingen gebeuren die een rol spelen en de verandering
beïnvloeden. We konden onder meer ook zeggen dat de aanwezigheid van
kalium direct in verband staat met de veranderingen in structuur van de
oppervlakte, maar we hebben nog niet kunnen halen welke, het kalium of het
veranderde oppervlak, de oorzaak en welke het gevolg is. Verder hebben we
gevonden dat het lekken van Mo niet een direct verband heeft met de
capaciteit. In elektrochemie wordt capaciteit gezien als maat van de
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beschikbare oppervlakte. Met oppervlakte-gevoelige technieken vonden we dat
deze capaciteit direct gelinkt kan worden aan de ratio in Ni en Mo aan de
oppervlakte. Dit geeft echter sterke indicaties dat de aanname om capaciteit en
oppervlakte aan elkaar te verbinden, die vaak gedaan wordt, in het geval van
Ni-Mo niet klopt. Als processen die Mo lekken beïnvloeden hebben we
voorgesteld dat het deels komt doordat meer hydroxide wordt gecreëerd als
bijproduct van de waterstof evolutie. Deze hydroxide wordt meteen weer
verbruikt voor zuurstof evolutie, dus is niet vervuilend, maar de elektrodes
staan uit elkaar en het kost dus tijd voor die hydroxide bij de andere elektrode
is. Lokaal veranderd de chemische samenstelling dus. Zoals in hoofdstuk 2
beschreven is, versterkt hydroxide het lekken van molybdeen. Als we echter
naar nog sterkere potentiaal gaan zien we dat het lekken afneemt. Het lekken
van molybdeen is wat heet een oxidatie reactie. Dit betekent dat het elektronen
afstaat om positief geladen molybdeen te vormen. Omdat we bij een hogere
potentiaal juist meer elektronen naar het molybdeen toedrukken voorkomt dat
dat molybdeen de ruimte heeft zijn elektronen af te staan. Ten slotte hebben
we nog naar het substraat, de ondergrond, gekeken. We hebben verschillende
materialen, titaan, nikkel, koper en roestvrijstaal bekeken. We vonden dat
materialen die qua kristal lijken op Ni-Mo, namelijk nikkel en koper, ervoor
zorgen dat Ni-Mo meer actief is dan op de andere twee substraten. We zagen
ook dat de gebruikte ondergrond op een complexe manier de trends in stabiliteit
beïnvloeden. Aangezien dit nog onbegane grond was voor het systeem zijn we
nog niet op het punt beland waarbij we kunnen voorspellen hoe het materiaal
zich gedraagt op een bepaalde ondergrond. Wel hebben we kunnen bepalen
dat het Ni-Mo materiaal het beste gedrag vertoond wanneer het wordt gemaakt
op roestvrijstaal en een lage potentiaal wordt aangehouden. Hierbij is het het
stabielst terwijl het nog steeds hoge activiteit vertoond.
Hoofdstuk 5 geeft een andere draai aan het Ni-Mo elektrokatalysator systeem.
In principe is iedere extra stap in een systeem een stap waar energie verloren
gaat. Oftewel, omdat we zonnecellen combineren met de elektrokatalyse
hebben we een energieverlies omdat de elektriciteit van de zonnecellen naar
de elektrochemische cel moet. Een manier om hier omheen te werken is door
de zonnecel letterlijk in de elektrochemische cel te maken. In dit geval krijgt het
de eerdergenoemde naam: foto-elektrochemie (de benaming foto slaat terug
op de rol van licht). We gebruiken nikkel-ijzeroxide (NiFe2O4) als materiaal om
licht te absorberen. De energie van de licht absorptie, zoals zonnecellen ook
werken, wordt dan aangeboden aan de Ni-Mo en deze doet vervolgens
katalyse. In dit hoofdstuk beschrijven we een nieuwe synthese mogelijkheid om
de dubbele laag van Ni-Mo op NiFe2O4 te maken door middel van stroom.
Verder vonden we dat de Ni-Mo een dubbele functie heeft. Allereerst was het,
zoals bedoeld, een katalysator. Het bood dus de oppervlakte om waterstof
evolutie gunstiger te laten verlopen. Het beschermde daarnaast ook de
NiFe2O4 laag. Zonnecel materialen, bekend als semiconductoren, zijn over het
algemeen erg gevoelig voor lucht en water, en gaan snel stuk zo gauw ze eraan
worden blootgesteld. De Ni-Mo voorkwam dat het water bij de NiFe2O4 laag
kon komen en zorgde zo voor een langere stabiliteit. We hebben ten slotte het
NiFe2O4 in nog meer detail onderzocht. Bij zonnecellen, en dus ook dit
materiaal, worden elektronen aangeslagen door licht. Dat betekent dat een
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elektron tijdelijk meer energie bevat omdat hij een licht foton bij zich draagt. Dit
is niet een heel erg stabiele toestand, en al snel laat hij deze energie weer
gaan, soms als licht, soms als warmte. We kunnen met tijdsgevoelige absorptie
spectroscopie deze elektronen specifiek meten en volgen op zeer korte
tijdsspanne, namelijk nanoseconden (herinner je: nano betekend miljardste).
Hiermee konden we vinden dat inderdaad het verliezen van energie van de
elektronen voordat ze waterstof evolutie konden doen de grootste factor was
wat de efficiëntie van dit systeem nog beperkte. Dit hoofdstuk geeft dus een
nieuwe synthesemethode en inzicht, maar het is duidelijk maar een stap in vele
stappen die nog gedaan moeten worden.
Ten slotte, in Hoofdstuk 6, combineren we alle kennis uit de vorige
hoofdstukken met een andere chemische reactie. Deze reactie heet de
Sabatier reactie, ofwel koolstofdioxide hydrogenatie. Wat dit inhoudt is dat we
waterstof in koolstofdioxide persen. Hiermee maken we methaan (aardgas) en
water. Dit maakt dus een CO2 neutrale cirkel: alle CO2 die we krijgen door het
methaan te verbranden is origineel gebruikt om die methaan te maken. We
stoten dus niets extra’s uit hiermee! Maar, waarom methaan als we al waterstof
hebben? Er zijn verschillende redenen, allereerst is waterstof het kleinste
molecuul, en een van de kleinste gassen, dat maakt dat het door solide metaal
heen kan lekken, het past tussen de atomen. Opslag, en dus vervoer, van
waterstof is lastig, en kost veel energie. En juist energie is de reden dat we met
waterstof werken, dus een verlies daarin is belangrijk. Methaan is veel
handelbaarder, en hebben we al een infrastructuur voor doordat we dit
gebruiken uit fossiele brandstoffen. Er hoeft dus weinig te veranderen, behalve
de manier waarop we het winnen. Dit voorkomt graafwerken, dit scheelt een
hele boel geld, en is bovenop alles veiliger om mee te werken. Nu hebben we
de elektrochemie, eerder beschreven, werkend. De Sabatier reactie is een flink
onderzochte reactie en er is veel kennis in. Het lijkt dus zo simpel als die twee
aan elkaar plakken en we kunnen gaan. In dit hoofdstuk doen we dat ook, we
hebben een testopstelling ontwikkeld waarin we deze reacties direct gekoppeld
kunnen doen, terwijl we ook aan alle kanten kunnen meten wat er gebeurd om
zo te zien waar we verbeteringen kunnen maken. En inderdaad, we vonden dat
minuscule waterdruppels uit de elektrokatalyse invloed hadden op de
katalysatoren voor de CO2 hydrogenatie (nikkel op silica). Deze waterdruppels
bevatte nog de zouten, het kalium hydroxide. Het kalium hieruit kwam op het
nikkel terecht en zorgde ervoor dat hun gedrag in CO2 hydrogenatie
veranderde. Hoewel de vondst erg interessant is, en met wat sleutelen aan
bijvoorbeeld het formaat van de nanometer nikkel deeltjes zelfs als voordelig
beschouwd kon worden, is het voor een constante operatie handig om
veranderingen te voorkomen. Hierdoor wisten we dus, vanuit een
technologisch oogpunt dat we filters moesten toepassen. Vanuit hetzelfde
oogpunt hebben we zonnecellen gekoppeld aan de elektrokatalyse, en de
waterstof daaruit gebruikt voor de katalyse. We konden berekenen dat de
uiteindelijke energieopslag van zonlicht in methaan maar 0.14 % was. Zeer
klein dus. De efficiëntie die we hebben gehaald met het uiteindelijke experiment
was kleiner, namelijk 0.041 %. Hoewel wij hiermee nog niet op de nummers
zijn waarmee je een fabriek gaat bouwen (welke tevens al wel bestaat, zoals
de E-gas plant van Audi in Werlte) konden we wel achterhalen welke stappen
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de grootste energievraag hadden. Allereerst hebben we de zonnecellen, welke
een efficiëntie hebben van 19.5 %. Er is nog altijd veel onderzoek in het
verbeteren van zonnecellen maar dit is het resultaat na jaren aan onderzoek
daaraan. Dit is onder geen geval een slechte efficiëntie, planten, welke al
miljoenen jaren aan evolutie hebben ondergaan, hebben een efficiëntie van
ongeveer 5 %. Vervolgens is er een inherent verlies van nog eens 50 % in de
elektrokatalyse stap omdat de zonnecellen 2.1 volt leveren. Dit zou mogelijk
gereduceerd kunnen worden door het toepassen van een transformator om het
voltage te verlagen en in het ideale geval het ampèrage te verhogen (ampère
is te vertalen naar elektronen per seconde, wat weer te vertalen is naar
waterstof per seconde, in ideale gevallen). Desalniettemin blijft de noodzaak
voor de eerdergenoemde overpotentiaal dus een verlies blijft in deze stap.
Zoals ook eerdergenoemd: iedere stap neemt nu eenmaal energieverlies met
zich mee. Ten slotte de grootste boosdoener in ons systeem was verhitting. De
CO2 hydrogenatie heeft verhitting nodig tot wel 400 graden Celsius. Deze
verhitting had ruim dertig keer zoveel energie nodig als de water splijting cel en
deze warmte-energie is niet eens opgeslagen in het methaan (methaan bevat
namelijk minder energie dan waterstof, maar door transport en opslag is het
wel energie efficiënter in gebruik). Deze stap alleen bracht de haalbare
efficiëntie op dit punt omlaag van 9.2 % naar 0.14 %. Gelukkig is de manier van
verwarmen in de industrie al een stuk efficiënter dan wat wij hebben gebruikt.
Het doel, uiteindelijk, van onze opstelling is het testen van de katalysatoren en
daarvoor betalen wij een prijs in energie.
Om dit alles nog in perspectief te plaatsen: in de Sahara valt ongeveer
9.200.000.000.000.000 W aan zonne-energie. In 2015 consumeerde de wereld
ongeveer 18.120.000.000.000 W aan energie. Dat betekent dat onze
consumptie 0.20 % was van wat alleen al als zonne-energie op de Sahara valt.
Onze, niet geoptimaliseerde, lab opstelling is dus al bijna genoeg. Het is dus
een kwestie van tijd, en geld, voordat de industrie (hernieuwbaar) elektrisch is
(zonnecellen op je dak vinden veel mensen al duur, stel je voor dat je
zonnecellen moet aanleggen voor een hele fabriek die ook nog eens niet mag
uitvallen). We laten in deze thesis dus zien dat het zeker haalbaar is zonneenergie in twee stappen in methaan op te slaan waarbij alleen water en CO2
worden gebruik. Het is geen aanslag op ons drinkwater, want al het water komt
gewoon weer terug als regen, daarnaast kunnen we gewoon zeewater
gebruiken wat toch niet als drinkwater wordt beschouwd. Onderzoek blijft
echter nodig, want de transitie voor de industrie is traag en erg duur en CO2
taxatie werkt alleen als de hele wereld hieraan deelneemt (wat weer een
politieke uitdaging is), omdat anders ‘Carbon Leakage’, koolstoflekken
plaatsvindt. Dit is het scenario waarin industrie massaal hun
productiefaciliteiten naar landen zonder taxatie verplaatst. Vandaar dat een van
de beste oplossingen dus bestaat uit het verbeteren van de mogelijkheden en
het aantrekkelijk maken door te laten zien dat het werkt.
Ter conclusie laten we zien dat Ni-Mo geschikt is voor het splijten van water.
Het kan werken met relatief lage energieverliezen wanneer gecombineerd met
Ni-Fe-S. In deze thesis stellen we de stabiliteit van deze materialen op de proef
en laten zien dat hoewel stabiliele operatie mogelijk is dat er toch nog stukken
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van de katalysator lekken. We hebben aannames die vaak gedaan worden in
elektrochemische literatuur aan de kaak gevoeld en duidelijk gemaakt dat er
voorzichtiger omgesprongen moet worden met dergelijke conclusies.
Uiteindelijk laten we zien dat het daadwerkelijk mogelijk is methaan uit
koolstofdioxide te maken met via twee stappen, maar dat er nog veel te winnen
is qua energie efficiëntie op vele vlakken van het systeem.
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