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Abstract

The increasing demand for energy coupled with environmental issues, encourages researchers
to look out for renewable and particularly green alternatives to traditional fossil fuels. Photo-
electrochemical (PEC) water-splitting demonstrates a promising route to produce hydrogen as
a zero-emission energy carrier in a green manner [1]. In this regard, the exploration of proper
photo-active materials to construct PEC cells, as well as finding suitable co-catalysts, is of great
interest. Among potential materials for PEC water-splitting applications, p-type cuprous oxide
(Cu2O) has been intensively studied due to its suitable band energy position, earth abundance,
and low toxicity [2]. However, established techniques such as atomic layer deposition (ALD)
to produce highly efficient Cu2O-based PEC cells are costly and not commercially applicable
[3]. Therefore, more commercially viable Cu2O preparation methods need to be studied, for
instance, the electrochemical deposition technique. Furthermore, metal-organic frameworks
(MOFs) - a unique class of crystalline, porous materials recognized for their enhanced specific
surface area and catalytic abilities - are investigated for their application in PEC water-
splitting [2, 4].
The aim of this thesis is to explore the photo-cathodic behavior of cuprous oxide (Cu2O),
its enhancement in PEC performance using additional overlayers (metal oxides and polymer-
based), and particularly to create a unique combination with a copper-based metal-organic
framework, namely Cu-BDCNH2. Cuprous oxide was deposited on glass/Au and ITO via ECD
(electrochemical deposition) in a common three-electrode set-up to yield cuprous oxide-based
photo-cathodes. As the synthesis of this MOF has not been implemented yet to the best of our
knowledge, various settings and conditions have been tested to allow the growth of a continuous
MOF layer onto the Cu2O substrate film. To do so, other works of literature were used as
starting points and adapted accordingly. Afterward, the obtained Cu2O/MOF system was
tested and analyzed through various methods (XRD, FTIR, XPS, SEM, EDS) and compared
to existing literature. By combining MOF and Cu2O, it was ultimately possible to achieve a
photo-current density of 1.5 mA/cm2 without the need for an additional co-catalyst.
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Kurzfassung

Der steigende Energiebedarf gepaart mit Umweltproblemen ermutigt Forscher, nach erneuer-
baren und besonders umweltfreundlichen Alternativen zu herkömmlichen fossilen Brennstof-
fen zu suchen. Die photoelektrochemische (PEC) Wasserspaltung stellt dabei einen vielver-
sprechenden Weg zur umweltfreundlichen Herstellung von Wasserstoff als emissionsfreiem En-
ergieträger dar [1]. In diesem Zusammenhang ist die Erforschung geeigneter photoaktiver Ma-
terialien für den Aufbau von PEC-Zellen sowie die Suche nach geeigneten Cokatalysatoren von
großem Interesse. Unter den potenziellen Materialien für PEC-Wasserspaltungsanwendungen
wurde p-Typ Kupferoxid (Cu2O) aufgrund seiner günstigen Bandenergieposition, Erdhäu-
figkeit, und geringen Toxizität [2] intensiv untersucht. Allerdings sind etablierte Techniken
wie Atomlagenabscheidung (ALD) zur Herstellung hocheffizienter Cu2O-basierter PEC-Zellen
kostspielig und nicht kommerziell anwendbar [3]. Daher müssen kommerziell einsetzbarere
Cu2O-Herstellungsmethoden untersucht werden, wie beispielsweise die elektrochemische Ab-
scheidungstechnik. Darüber hinaus werden metallorganische Gerüste (MOFs) – eine einzi-
gartige Klasse kristalliner, poröser Materialien, die für ihre erhöhte spezifische Oberfläche
und katalytische Fähigkeit bekannt sind – auf ihre Anwendung bei der PEC-Wasserspaltung
untersucht [2, 4].
Ziel dieser Arbeit ist es, das photokathodische Verhalten von Kupferoxid (Cu2O) zu erforschen,
seine Verbesserung der PEC-Leistung durch zusätzliche Überschichten (Metalloxide und Poly-
merbasis) zu untersuchen und insbesondere eine einzigartige Kombination mit einem kupfer-
basierten metallorganischen Gerüst, nämlich Cu-BDCNH2, herzustellen. Kupferoxid wurde
mittels ECD (elektrochemische Abscheidung) in einem üblichen Drei-Elektroden-Aufbau auf
Glas/Au und ITO abgeschieden, um Photokathoden auf Kupferoxidbasis zu erhalten. Da die
Synthese dieses MOF auf Kuperoxid auf diese Weise nach unserem Wissens noch nicht umge-
setzt wurde, wurden verschiedene Einstellungen und Bedingungen getestet, um das Wachstum
einer kontinuierlichen MOF-Schicht auf dem Cu2O-Substratfilm zu ermöglichen. Dabei wur-
den andere Literaturen als Ausgangspunkt genutzt und entsprechend angepasst. Anschließend
wurde das erhaltene Cu2O/MOF-System mit verschiedenen Methoden (XRD, FTIR, XPS,
SEM, EDS) getestet und analysiert und mit vorhandener Literatur verglichen. Durch die
Kombination von MOF und Cu2O war es letztendlich möglich, eine Photostromdichte von
1.5 mA/cm2 zu erreichen, ohne dass ein zusätzlicher Cokatalysator erforderlich war.
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1 | Introduction

1.1 Motivation

The ever-increasing demand for energy linked to the swift population growth as well as re-
lated environmental issues are amongst the greatest challenges confronting scientists of the
21st century. Even though fossil fuels are widely regarded as problematic due to being non-
sustainable and being the cause of severe environmental and health-related problems [5, 6], the
world’s energy demand is still mainly covered by fossil fuels, including coal, natural gas, and
related products [7, 8]. As a result, large quantities of greenhouse gases (GHG), among them,
carbon dioxide (CO2), methane (CH4), and nitrous oxides (N2O), are released through fossil
fuel combustion into the atmosphere, leading to multiple issues related to the topic such as
weather changes, health problems, changes in the ecosystem, sea-level rise, etc. [7, 9]. Figure
1.1 illustrates the global direct primary energy consumption beginning from 1800 till 2021.
While roughly 80% of the world’s primary energy consumption stems from fossil fuels, around
14% is covered by renewable resources, although the trend towards renewable energy sources
is steadily increasing. While the primary energy consumption doubled from 1800 to 1900, a
nine-fold rise in the energy consumption was measured from 1900 to 2000. The already high
consumption of 112 TWh has been increased 1.5 times until 2021 to around 159 TWh, the
main contributors remaining coal, oil, and gas.

a) b)

Figure 1.1: Development of global direct primary energy consumption through the years. a)
displays the relative development of the global direct primary energy consumption from 1965
till 2021, whereas b) shows the development of the primary energy consumption from 1800 till
2021 measured in terawatt-hours (TWh) divided among the resources [10, 11].

Because of the fast growth in the civil and industrial sectors as well as recent political tensions
throughout the world, governments started to adjust their strategies concerning the mini-
mization of GHG emissions as well as to ensure a certain level of energy-related autarky [7].

1



CHAPTER 1. INTRODUCTION 2

Thus, improving the efficiency of current technologies as well as developing new devices to
act as renewable alternatives to fossil fuels while simultaneously addressing the topics such
as global warming and climate change is of utmost importance. Hence, seeking renewable,
carbon-neutral energy sources is urgently needed, ultimately shaping the field of future energy
production[12] due to the following challenges [13]:

■ human-induced/accelerated climate changes due to GHG emissions via the combustion
of fossil fuels

■ limited reserves of fossil fuels
■ increasing price of fossil fuels
■ need for fuel that can be obtained from raw materials that are abundantly available
■ need for environmentally benign fuel

In this regard, hydrogen (H2) is a potential solution to the abovementioned challenges. Driven
by these circumstances, scientists have been working vigorously to discover and fabricate
catalyst materials that are efficient, earth-abundant, and ideally low-cost to generate green
hydrogen through clean and sustainable processes from water as its feedstock by photoelec-
trochemical water-splitting [14].

1.2 Hydrogen as a renewable energy source

For long, hydrogen as an alternative energy source has gained tremendous attention in the
pursuit of opening the path for a low-carbon future. Alone 2019, 33.3 metric gigatons of CO2,
related to energy production processes were recorded around the globe, a number that is still
growing at a considerable rate. The consequence of the release of GHG such as CO2 is a rise in
the earth’s temperature by several degrees, causing severe environmental problems. However,
as the energy-related sectors are widely dependent on fossil fuels (schematically displayed in
Figure 1.2 a), the decarbonization of these sectors, and therefore, the reduction of emissions
faces various difficulties [15]. In the face of these difficulties, many countries pushed towards
renewable energy technologies [15]. One of these technologies is the production of ’green
hydrogen’, which is the production of hydrogen via water electrolysis by making use of electric
current to break down H2O into hydrogen (H2) and oxygen (O2). This route is generally
regarded as an interesting approach to decreasing the dependency on fossil fuels while not
producing any GHG emissions - of course, under the assumption that hydrogen was generated
employing only sustainable energy sources as well (e.g., solar or wind) [13]. Hydrogen in itself
shows favorable properties such as high mass-energy density, facile electrochemical conversion,
and lightweight. In addition, it can be carried across geographical regions utilizing pipelines
or by converting it to its liquid form [16]. Furthermore, hydrogen can be stored across seasons
in tanks or in caverns underground [15]. Also, hydrogen serves multiple purposes as it can
be utilized as a reagent for the synthetic production of fuels, make use of it as a chemical
feedstock, or burn it for heating[15]. This inherent flexibility of hydrogen renders it a promising
candidate in the crusade for a renewable future [16]. As can be seen in Figure 1.2 b) hydrogen
and electricity could be implemented in tandem to cater to all energy-related sectors.
However, in a study by Oliveria et al. [15], it is stated that hydrogen may not end up being the
most important energy economy due to unavoidable energy losses that occur at the conversion
of electricity to hydrogen, but it will still play a vital role when it comes to establishing a
sustainable energy society.
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Figure 1.2: Schematic illustration of the energy sectors of today and tomorrow [14].

As aforementioned, the ongoing research to find a way to obtain hydrogen from water is
mainly driven by the desire to seek out valid alternatives for a low-carbon future that are both
sustainable and environmentally friendly in its usage. As the electrolysis of water results in
oxygen as the only by-product[13], provided that the electricity used in the process stems from
renewables as a whole, photo-electrochemical (PEC) reactors coupled with a fuel cells present
the ideal case, as hydrogen is again combined with oxygen to produce water [17] without air
pollution nor the emission of GHG.

Generation: H20 + energy(solar) → H2 +
1

2
O2 (PEC reactor)

Consumption: H2 +
1

2
O2 → H2O + energy (Fuel cell)

In general, PEC water-splitting is viewed as a promising route to produce hydrogen. Since
the introduction of the method by Honda et al. [18] almost 50 years ago, countless papers
have been published exploring different materials and composites and their performance as
PEC cells [13]. Currently, it is stated in the literature that the main work lies in enhancing
the efficiency as well as the stability of the photo-active materials, mostly metal oxides, with a
target efficiency of 10% in order to create a system ready for commercialization [17]. Although
there are already systems that achieve an efficiency of 10% they are mostly based on multi-
junction conventional semiconductors, which degrade within a short time [17, 19].
Thus, the ideal photo-electrode should satisfy the following requirements in order to be com-
mercially attractive [2, 13]:
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■ high activity for water-splitting
■ long-term stability
■ good light absorption and charge transfer
■ low cost of manufacturing and maintenance
■ environmentally friendly

In this regard, p-type cuprous oxide (Cu2O) has been intensively studied because of its various
advantages, such as favorable positions of the valance and conduction band featuring a direct
bandgap of ∼2 eV appropriate for visible light absorption, earth abundance, and low toxic-
ity. Furthermore, a high theoretical photo-current density up to 14.7 mA/cm2 was calculated
for Cu2O based on the AM 1.5 spectrum [2]. This renders p-type cuprous oxide an inter-
esting material for PEC water-splitting applications. The highest yet achieved photo-current
density for a Cu2O-based system of 10 mA/cm2 was reported by the Grätzel group, which
employed atomic layer deposition (ALD) to craft Al-doped ZnO/TiO2 protective overlayers
onto Cu2O[19]. However, the ALD technique is generally regarded as too complicated and
expensive for large-scale usage [3]. Thus, alternatives are being investigated.
Particularly, metal-organic frameworks (MOFs) mark an interesting class of materials already
implemented in various technologies such as catalysis [20], sensing [21], CO2 reduction [22],
hydrogenation [23], organic transformations[24], as well as PEC water-splitting [2]. MOFs
are made out of metal ions connected via organic ligand units, and due to the wide range of
ligand and metal ions available for the MOF construction, they show great flexibility when
it comes to the design of a suitable catalytic material [2]. Furthermore, they are recognized
for their structure displaying high porosity and large specific surface area [4] as well as other
advantages, which will be further discussed in the following section.

1.3 Aim and Methodology of the thesis

As PEC water-splitting route is an interesting procedure to obtain hydrogen as a zero-emission
energy carrier alternative to polluting fossil fuels in a green and environmentally friendly
manner [1], the investigation of proper photo-active materials as well as suitable co-catalysts
is of great importance. Especially, Cu2O has been regarded as an interesting candidate for this
matter, however, established techniques to produce highly efficient PEC cells are costly and
thus not commercially applicable. Thus, the aim of this thesis is to study the photo-cathodic
behavior of cuprous oxide (Cu2O), prepared by electrochemical deposition, its enhancement in
PEC performance using overlayers of different nature (metal oxides and polymer-based), and
particularly creating a unique combination with copper-based MOF, namely Cu-BDCNH2.
As the synthesis of this MOF in this matter has not been implemented yet to the best of our
knowledge, various settings and conditions have been tested in order to allow the growth of a
continuous MOF layer onto the Cu2O substrate film. In order to do so, other literatures were
used as starting points and adapted accordingly. Afterward, the obtained Cu2O/MOF system
was tested and analyzed through various methods and compared to existing literature.



2 | Theoretical background and state-of-
the-art

2.1 Fundamental principles of PEC water-splitting

The principle of PEC water-splitting relies on the direct conversion of light into electricity.
For this to occur, two electrodes, which are immersed in an electrolyte containing water, are
connected by an external circuit to decompose water into its basic components - hydrogen and
oxygen. At least one electrode has to be made of a semiconducting material that will absorb
light upon exposure and the generated electricity that will be used for water electrolysis.
Hence, the PEC apparatus should allow for good light exposure so that a maximum amount
of photons can reach the semiconducting material [17]. In theory, there are three common
options for assembling photo-electrodes in the PEC system [13]:

■ a photo-anode consisting of n-type semiconducting material together with a metallic
cathode

■ a photo-cathode consisting of p-type semiconducting material together with a metallic
anode

■ a photo-anode consisting of n-type semiconducting material together with a photo-
cathode consisting of p-type semiconducting material

Figure 2.1: Schematic illustration of common photo-electrode arrangements for PEC water-
splitting applications (SC stands for semiconductor; M stands for metal) [17].

Charge separation and transfer occur due to band banding at the interface of the light-
absorbing material and the aqueous electrolyte, which is seen as the general driving force.
Here, a built-in electric field can be introduced to adjust the degree of band bending by an
applied bias. As can be seen in Figure 2.1 c), the upward band bending on the photo-anode
drives the photo-generated holes (h+) towards photo-electrode/electrolyte interface, whereas

5
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the photo-generated electrons (e−) at the photo-cathode are pushed to the active sites by
downward band bending. When a good combination of these photo-electrodes with proper
band alignment is secured, efficient charge separation and transport will take place, leading
to a good PEC water-splitting performance [25].

As the focus of this thesis lies on p-Cu2O and its performance as a photo-cathode, the fol-
lowing sections will be limited to the second photo-cell arrangement as visualized in Figure
2.1 b). Table 2.1 provides an overview of the main requirements necessary for PEC water-
splitting.

Table 2.1: Required conditions for PEC water-splitting. Table adapted from ref. [17].

Conditions Main requirements

PEC water-splitting H2O(l) + 2hν → 1
2

O2(g) + H2(g)

Minimum potential requried E◦
H2O

(25°C) = 1.23 eV

Practical overpotential E◦
H2O

(25°C) = 1.6 - 2.0 eV
(+ overpotential & losses) EBG > E◦

H2O

for efficient utilization of UV > hν(Vis) > IR
sunlight hν ≥ EBG

Band edges requirements CBbandedge < E°H2/H+

VBbandedge > E◦
O2/H2O

2.1.1 Thermodynamic aspects of PEC water-splitting

During PEC water-splitting, water gets broken down into its basic components using a semi-
conducting material that produces electron-hole pairs when it is exposed to a light source of
sufficient energy. They then travel to the surface of the light-absorbing material and drive
the reaction at the interface between the semiconducting material and the electrolyte [26].
According to thermodynamics, this process involves energy of around 285.8 kJmol−1. This
is equal to the energy released when hydrogen is combusted into water [26]. Because of the
positive value of Gibb’s free energy, the water-splitting reaction is considered an uphill reac-
tion and corresponds to the maximum energy achievable and the released heat (48.6 kJmol−1)
[27]. Considering the nature of the redox reaction, if energy equal to Gibb’s free energy
(237.2 kJmol−1) is put into the system, water can be thermodynamically converted into its
compounds Eq.2.1) [26, 27].

H2(g) +
1

2
O2(g) ⇌ H2O(l) + 237.2 kJ/mol + 48.6 kJ/mol (heat) (2.1)

Under normal conditions, the change in Gibb’s free energy (∆G = 237.2 kJmol−1) necessary
to convert one molecule H2O into its components corresponds to 1.23 eV per electron in the
transfer process [28]. Thus, for the water-splitting reaction to happen, a potential barrier of
1.23 V needs to be overcome [28]. However, to further push the reaction, the excess heat and
losses in the system need the be considered as well, further pushing the minimum potential
barrier to higher values (285.8 kJmol−1). When the total energy of 285.8 kJmol−1 is converted,
this value ends up being 1.48 V [26]. The excess potential required to drive the reaction is
called the overpotential. Hence, the photo-voltage produced by the photo-electrode must be
greater than 1.23 V for the water electrolysis to occur [28].
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2.1.2 Working principle of PEC cells

The PEC setup consists of two electrodes, where at least one is photo-active, that are placed
in a suitable electrolyte within a container as illustrated in Figure 2.1. The container can be
either transparent so that the light can reach the PEC cell or fitted with an optical window. If
the energetic requirements (summarized in Table 2.1) are fulfilled, the water-splitting reaction
will happen on the surface of the photo-active material[17].
In general, PEC water-splitting involves the following four steps [26]:

(i) absorption of light by the semiconducting material,
(ii) creation of charge carriers (photo-electrons and holes),
(iii) separation of photo-electrons and holes, and
(iv) transportation of charge carriers to the surface of the semiconducting material [26].

First, light with energy greater or equal to the BG of an appropriate semiconducting material
is absorbed. The light absorption excites the electron-hole pairs, followed by their separa-
tion. The electrons migrate towards the photo-cathode, and positively charged holes are left
behind. It is of great importance that the valence band (VB) and conduction band (CB) in
the semiconducting material are suitably positioned: For hydrogen evolution reaction (HER)
to occur, the CB edge needs to be more negative than the reduction potential of the proton
(ECB < E0

red), whereas for the oxygen evolution reaction (OER) the VB edge is required to
be more positive than the water oxidation potential (EV B > E0

ox) [26].

Figure 2.2: Schematic illustration of the HER and the OER occurring for an ideal semicon-
ducting material on an absolute energy scale [28].

In general, the water-splitting reaction is composed of two half-reactions: the HER that
happens at the cathode and OER that happens at the anode. While the reduction of protons
during the HER is a two-electron process, the oxidation of water requires four electrons. Hence,
the OER is kinetically more sluggish compared to the HER and is considered the bottleneck
reaction[29]. Table 2.2 displays the reactions occurring in the half-cell [26].
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Table 2.2: PEC Half-reactions as reported in [26].

Anode: 2H2O(l) → O2(g) + 4H+ + 4e− (OER)
Cathode: 4H+ + 4e− → 2H2(g) (HER)

Overall: 2H2O(l) → O2(g) + 2H2(g)

Furthermore, the redox potentials for the water-splitting reactions are pH dependent [28].
Thus, the water-splitting reactions at low pH conditions [26] are displayed in Eq. (2.2) and
(2.3),

Anode: H2O + 4h+ ⇌ O2 + 4H+ ∆E0
ox = 1.23 VRHE (2.2)

Cathode: 4H+ + 4e− ⇌ 2H2 ∆E0
red = 0 VRHE (2.3)

while the reactions under high pH conditions [26] are shown in Eq. (2.4) and (2.5):

Anode: 2OH− + 4h+ ⇌ O2 + 2H20 ∆E0
ox = −0.404 VRHE (2.4)

Cathode: 4H+ + 4e− ⇌ 2H2 ∆E0
red = −0.826 VRHE (2.5)

2.2 Material aspects of photo-electrodes

According to molecular bonding theory, when atoms get together to form a molecule, their
energy levels split accordingly, and bonding and anti-bonding levels are formed. The energy
difference between these two levels decreases rapidly with the increasing number of partici-
pating atoms, forming closed sets of energy levels (energy bands). This phenomenon creates
two energy bands: the valance band (VB) and the conduction band (CB). While the former
contains the highest occupied molecular orbital (HOMO), the latter encloses the lowest un-
occupied molecular orbital (LUMO). These two bands (VB and CB) can be attributed to
the bonding and anti-bonding energy levels, respectively, and the gap in-between is called the
band-gap (BG). For semiconducting materials, this BG is commonly positioned in the range of
0.5–2.5 eV. Upon excitation, e.g., via light, it is possible to excite the negatively charged elec-
tron in the VB to the CB, and a positively charged hole is left behind. These photo-generated
charge carriers play a key role in this process[26, 30]. As pure semiconducting materials usually
display poor electron conductivity, they get contaminated (doped) with other atoms, which
serve as donors or acceptors for electrons. A common example is silicon that is either doped
with phosphorus, which contributes electrons to the system (n-type Si), or boron with fewer
valence electrons compared to Si, generating a hole-rich semiconductor (p-type Si) (see Figure
2.3). Hence, for n-type semiconducting materials, electrons are the main charge carriers, while
p-type semiconductors have holes as the main charge carriers [30].
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Figure 2.3: Schematic bond representation silicon with (a) nothing; (b) with phosphorus
leading to the n-type doping of silicon (c) with boron leading to the p-type doping of silicon
[30].

The choice of an appropriate photo-electrode material is of utmost importance when designing
a cell for PEC water-splitting. Independently of the purpose (photo-cathode or photo-anode)
the optimal semiconductor material displays the following characteristics:

(i) Appropriate band alignment and band-gap. Light, as it occurs in nature, is made of 5% ultra-
violet (300–400 nm), 43% visible (400–700 nm), and 52% infrared radiation (700–2500 nm)
[30]. Thus, in order to generate sufficient photo-voltage, the semiconducting material needs to
be capable of absorbing light in the visible range of the solar spectrum [30]. Furthermore, in
addition to the minimum energy (1.23 V) required for light photons to overcome the minimum
barrier of the HER, additional losses in energy need to be considered. These losses occur due to
charge carrier transportation processes as well as the application of an additional overpotential
to ensure fast-enough surface reaction kinetics. Everything considered, the minimum BG
increases to around 1.8 eV, which corresponds to a wavelength of light of around 700 nm.
Generally, the upper limit of the BG range is 3.2 eV as the light intensity decreases swiftly
once it is below 390 nm [30].
Thus, the ideal semiconductor for PEC water-splitting possesses a BG between 1.6–2.6 eV[26].
Figure 2.4 shows the band alignment of various semiconductor materials.
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Figure 2.4: BGs and band alignments of common semiconducting materials studied for of
water-splitting at pH = 0 [30].

In theory, a BG of around 2.0 eV is preferred for ideal sunlight absorption under the prerequi-
site of suitable band positions [30]. Narrow bandgap p-type semiconducting materials such as
Cu2O, Cu2S, and p-Si possess favorable positioned CB edges for photo-cathodes, with optimal
BGs for light absorption. N-type semiconductors such as BiVO4, and Fe2O3 are suitable for
OER with their appropriate absorption of visible light and viable VB edges. Compared to
that, n-type semiconductors, e.g., TiO2 and CdS may have favorable band-edge positions for
OER, but due to the wide BG, the PEC efficiency is low in contrast to narrow BG semicon-
ductors [26].

(ii) Efficient electron-hole separation and transportation within the light absorbing material.
The recombination of charge carriers is a significant problem in PEC water-splitting. To
promote swift charge separation and transfer of electron-hole pairs, both intrinsic properties
(charge carrier mobility) and the extrinsic properties (structure, crystallinity) of the semicon-
ducting material need to be addressed [30].

(iii) Stability and high catalytic performance. Fast reaction kinetics are capable of averting
the accumulation of charges on the surface, suppressing recombination events. Furthermore,
photo-corrosion, a process where holes or electrons generated via light absorption are not used
for the oxidation or reduction of water but for the decomposition of the catalyst itself, is a
major issue for many potentially suitable semiconductors and depends on the relative positions
of the band edges as well as the respective potentials of the decomposition of the material.
For anodic photo-corrosion to take place, the decomposition potential is positioned above the
VB potential, whereas cathodic photo-corrosion occurs when the decomposition potential is
positioned below the CB of the light-absorbing material [30].
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2.2.1 Cuprous-oxide based photo-cathodes

Among possible p-type semiconducting materials employed as photo-cathodes for PEC water-
splitting reaction, cuprous oxide (Cu2O) can be a good candidate that shines with several
advantages such as abundance, low toxicity, as well as a high theoretical photo-current of
-14.7 mA/cm2 [31]. Furthermore, Cu2O is considered a natural p-type semiconductor due to
vacant copper ion lattice sites, which act as electron acceptors [32]. This hypothesis regarding
the origin of the p-type nature of Cu2O is generally accepted and supported by theoretical
[33, 34] and experimental [35, 36] studies. Concerning its structural properties, Cu2O displays
a simple cubic crystal structure, belongs to the space group Pn3̄m(224) and a lattice constant
of 4.2696 ± 0.0010 [37]. Its unit cell is visualized in Figure 2.5.

Figure 2.5: Crystal structure of Cu2O: oxygen (red), copper atoms (orange)[37].

As discussed earlier, Cu2O can be utilized for PEC HER as it features a small direct BG
of approximately 2 eV, allowing for the absorption of light in the range of 300 to 620 nm.
This enables the absorption of around half of the light photons the visible solar spectrum has
to offer [38]. Moreover, Cu2O displays good alignment of the energy band edges, where the
CB is positioned at 0.7,negative to the HER, whereas the VB is slightly more positive than
the OER potential. Thus, there is no overpotential available for the OER. This means that
HER can be conducted by the photo-cathode, while the OER needs an external bias [31].
Moreover, the Fermi level positioning of Cu2O also allows the possibility of combining it with
an n-type semiconducting material to fabricate efficient devices for water-splitting by creating
a p-n junction [38].

Limitations and Strategies

Despite its promising nature, Cu2O faces several disadvantages, such as poor stability in
aqueous solutions and low mobility of the majority charge carriers, which causes recombination
events and lowers the efficiency [38].
Since the redox potentials for Cu2O fall in-between its BG (see Figure 2.6), it is prone to
photo-corrosion, which is considered a major drawback of Cu2O [30]. Furthermore, the Cu2O
film needs to be at least 1 µm thick to ensure sufficient absorption of the light. Also, the
right orientation of the Cu2O crystals obtained via electrodeposition is an important factor
for the stability as Cu+ (111) terminated surfaces in polycrystalline Cu2O are reported to be
more stable compared to other orientations such as O2− terminated (211) and (311) surfaces
[37, 38]. Thus, the deposition process needs to be optimized to ensure a high degree of Cu+

(111) terminated surfaces. In addition, the relatively small BG limits the light-absorbing
ability to 600 nm, rendering Cu2O incapable of harvesting the entire light from the visible
spectrum [38].
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Figure 2.6: Illustration of the band alignment of Cu2O. The potentials at which the photo-
corrosion reactions occur are highlighted in red [37].

Various strategies have been tested to solve the limitations of Cu2O, e.g.: (1) combining Cu2O
with an n-type semiconducting material. By combing Cu2O with a suitable n-type material
(e.g., TiO2), it is possible to create a p-n junction that enhances the charge transport of
photo-generated electrons to travel from Cu2O to the n-type semiconducting material, which
in turn increases the efficiency and the stability of Cu2O [38]. (2) The addition of a thin-
film protection layer on top of Cu2O. This protection layer could be composed of different
materials e.g., metal oxide or carbon. It is to note that, the protection layer needs to be
pin-hole-free and form a proper p–n junction that is both contiguous and uniform to obtain
a stable Cu2O-based PEC electrode [30, 38]. The additional use of a (3) co-catalyst can also
greatly accelerate reaction kinetics by facilitating the electron-hole separation and preventing
recombination events. Moreover, the active surface sites of MOFs allow for the adsorption of
ions [26]. Figure 2.7 schematically illustrates a typical photo-cathode architecture.

Figure 2.7: General architecture for photo-cathode displaying a buffer layer to form a p-n
junction as well as a window layer for protection purposes.
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2.3 Structures and Properties of MOF materials for PEC
water-splitting

Metal-organic framework (MOF) materials have gained increasing attention due to properties
such as controllable porous size, tunable framework structure, and compositions [39]. They
present a class of porous materials that are synthesized by joining metal ions with organic
linking units to form porous, crystalline frameworks featuring multiple coordination sites [40]
(see Figure 2.8).

Figure 2.8: Schematic illustration of the construction of the crystalline MOF structure.

Because of their diverse structures and exceptional tunability of nearly every aspect, including
particle and pore size, surface area, as well as post-synthetic modifications to name a few,
these hybrid inorganic–organic crystalline materials possess a broad potential for a wide range
of applications [41], e.g., sensing [21], hydrogenation [23], CO2 reduction [5], N2 reduction
[42], and PEC water-splitting [2]. By selecting a suitable metal ion, it is possible to design
photo-responsive MOF materials that, in combination with an appropriate semiconductor,
could lead to a promising approach to develop devices for effective solar-conversion processes
[25].

The first reported MOF recognized for its intrinsic semiconducting properties to participate
in photo-catalysis had been reported by Alvaro et al. [43] in 2007. Here, the charge transfer
from ligand to metal was explored upon light irradiation in MOF-5. Further studies in the
field soon highlighted the advantages of MOFs for efficient photo-catalysis, including [4]:

(i) Highly porous structure, allowing MOFs to separate charge carriers as well as allowing
the option to introduce co-catalysts and photo-sensitizers.
(ii) Offering more active sites, for enhanced HER.
(iii) Integration of functional groups in MOFs, for the improved adsorption of reactions and
the diffusion of products.
(iv) Efficient use of light, by adjusting the MOF structure accordingly.
(v) Tunablity of the MOF structure, enabling structure studies on the activity of MOFs as well
as flexibility regarding the chemical properties.

Despite the promising nature of MOFs in the field of water-splitting applications, they still
need further development as most MOFs suffer under a narrow light absorption region. Fur-
thermore, the BG of many MOFs is not suitable to promote the HER. Moreover, it has been
stated in the literature that electron–hole pair separation ability is still in need of further
development. Additional stability problems regarding exposure to moisture also hamper its
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usage [39, 40]. However, it is possible to address these issues in multiple ways:

A wide range of techniques exists to enhance the performance of MOF materials in the field
of photo-catalytic HER. For example, the structure can be specifically tailored via ligand
functionalization, defect engineering, metal doping, and morphology regulation. Additionally,
it is possible to load guest molecules like co-catalysts (metal, non-metal) and photo-sensitizers
onto the MOF surface to construct heterostructures [39]. Furthermore, hydrophobic coatings
can be employed to increase the stability of MOFs [40]. Figure 2.9 summarizes different
strategies to produce stable MOFs for PEC water-splitting.

Figure 2.9: Schematic illustration of different strategies to obtain stable MOFs [40].

The semiconducting properties for photo-catalysis and photo-electronics of certain types of
MOFs have already been demonstrated [44]. MOFs that have been employed for photo-
catalytic and PEC hydrogen production include NH2-MIL-101 (Cr) [45], NH2-UiO-66 [46],
and NH2-MIL(Ti) [47]. A typical laboratory test setting for photo-catalytic hydrogen pro-
duction usually includes MOFs in powdered form that get dispersed to yield a suspension of
MOFs in water. However, this procedure harbors extra costs, as powdered MOFs normally
cannot be recycled. Hence, depositing MOFs on a substrate of choice to give MOF films that
are catalytically active, is typically highly desired [48].

2.3.1 Copper-based MOFs

Among the earliest metals used in history, copper (cu) represents a relatively earth-abundant
metal with low mining costs [39]. In addition, it has the same electronic structure as the noble
metals Au and Ag, as it is in the periodic table group. Its various oxidation states ranging
from Cu(0) to Cu(III), lead to a wide variety of redox reactions, and up until today, various
complexes utilizing Cu have been tested for HER [4]. The central divalent copper ion of Cu-
based MOFs is four- or six-coordinated and displays unsaturated coordination sites, which
can act as reactive sites to drive the photo-catalytic reaction [39]. For example, Dong et al.
[49] produced a Cu-based MOF called Cu-RSH, which presented a combination of rhodamine-
derived organic ligands that displayed photo-activity, with copper ions as the central ions,
which was capable of remaining stable in solutions ranging from pH 2 to 14. Furthermore,
this MOF was capable of efficiently catalyzing co-catalyst free H2 generation under visible
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light irradiation. Herein, it was stated that the results were due to open coordination sites,
effective light absorption, as well as because of the enhanced redox ability of the cooper central
ions.
Another study presented the semiconductive MOF {[CuICuII

2 (DCTP )2]NO3 · 1.5DMF}n
that displayed a narrow BG of 2.1 eV and two different photo-catalytic activities attributed
to the photo-generated charge carriers (electrons and holes). Due to this, the photo-catalytic
hydrogen production and the degradation of methyl blue, an organic dye, were observed with-
out the aid of a photo-sensitizer [50]. Furthermore, a Cu(II)-based MOF, namely MOF-199,
was electrodeposited on nickel foam and exhibited exceptionally high photo-catalytic activity
for HER with good recyclability and reusability using Pt as the co-catalyst and with the aid
of Eosin as a photo-sensitizer [48].

The present work studies the formation of Cu-BDCNH2 MOF (see Figure 2.10) on the Cu2O-
based photo-cathode. The use of CuBDC with 1, 4-benzenedicarboxylate (BDC) as an organic
linker to form a two-dimensional network has already been implemented for PEC CO2 reduc-
tion [51]. Here, CuBDC was obtained in-situ via solvothermal synthesis on copper foam,
which acted as the source for the metal ions. Furthermore, by properly changing the volume
ratio of the solvent mixture for the synthesis, the group of Xue et al. [51] was able to obtain
well-regulated MOF crystals of controllable thickness.
Cu-BDCNH2, similar to Cu-BDC, has paddlewheel secondary building units (SBUs) [51].
In this case, the 1,4-BDC-NH2 (2-amine-1,4-benzenedicarboxylic acid) was employed as an
organic linking unit, which yields a three-dimensional structure[52].

Figure 2.10: A) Cu-BDCNH2 MOF cubic structure, and B) Cu2Iw paddle-weel secondary
building unit [52].
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2.4 State-of-the-art PEC Architectures

A collection of different PEC architectures with their corresponding performances is shown
in Table 2.3. The cells vary deposition techniques, testing environments, as well as addi-
tional protection layers and co-catalysts to provide a broad overview covering the most known
strategies for Cu2O-based photo-cathodes. Their sole common ground is the usage of Cu2O
as absorber material as a solid film substrate. As can be seen from Table 2.3 generated cur-
rent is rather broad and can vary from <1 to >10 mA/cm2. Further, while comparing the
different studies, it is noticeable electrochemical bath deposition (ECD) is a common fabrica-
tion method for Cu2O. While ALD techniques dominate the field by generating the highest
photo-current, carbon-based protection layers also produce good results.
Since the first introduction in 1972 of TiO2 as a photo-electrocatalyst for PEC water-splitting
by Fujishima and Honda [18], many research groups have attempted to develop other semi-
conductor materials as photo-electrocatalysts to facilitate this reaction. Among those, MOFs
appear as potential candidates due to their versatile nature. Even though the implementa-
tion of MOFs in PEC water-splitting devices is still at the beginning, a few pure MOFs, as
well as MOF-based composites, have shown promising results [40]. It is to note that while
other reports on MOFs for PEC water-splitting exist, only one source [2] reports their use as
photo-cathode in a similar setting as in this thesis and is therefore listed in Table 2.3.



CHAPTER 2. THEORETICAL BACKGROUND AND STATE-OF-THE-ART 17

Ta
bl

e
2.

3:
Se

le
ct

ed
re

po
rt

s
of

th
e

pe
rf

or
m

an
ce

C
u 2

O
ph

ot
o-

ca
th

od
es

fo
r

P
E

C
w

at
er

-s
pl

it
ti

ng
,h

ig
hl

ig
ht

in
g

th
e

va
ri

et
y

of
po

ss
ib

le
ar

ch
it

ec
tu

re
s

al
on

gs
id

e
th

ei
r

ex
pe

ri
m

en
ta

ld
et

ai
ls

.
N

ot
e:

A
ll

sa
m

pl
es

ar
e

ill
um

in
at

ed
un

de
r

th
e

fo
llo

w
in

g
co

nd
it

io
ns

:
10

0m
W

/c
m

2;
A

M
1.

5
ill

um
in

at
io

n.

N
o.

T
yp

e
of

p
h
ot

o-
ca

th
od

e
C

o-
ca

ta
ly

st
s

M
et

h
od

of
d
ep

os
it

io
n

E
le

ct
ro

ly
te

p
H

P
h
ot

oc
u
rr

en
t

d
en

si
ty

C
om

m
en

t
R

ef
.

A
LD

pr
oc

es
se

d
ph

ot
o-

ca
th

od
es

1
F
T

O
/C

u/
C

u 2
O

/G
a2

O
3/

T
iO

2
R

uO
x

1.
Sp

ut
te

ri
ng

of
C

u
1.

0
M

N
a2

SO
4

so
lu

ti
on

bu
ffe

re
d

5
-1

0m
A

/c
m

2
at

0
V

R
H

E
hi

gh
es

t
ye

t
ac

hi
ev

ed
ph

ot
o

cu
rr

en
t

[1
9]

2.
el

ec
tr

oc
he

m
ic

al
an

od
iz

at
io

n
of

w
it

h
ph

os
ph

at
e

(0
.1

M
)

C
u 2

O
na

no
w

ir
es

fo
r

la
ge

r
su

rf
ac

e
ar

ea
co

pp
er

-c
oa

te
d

F
T

O
+

an
ne

al
in

g
3.

A
LD

of
G

a2
O

3
4.

A
LD

of
T

iO
2

5.
G

al
va

no
st

at
ic

P
E

C
de

po
si

ti
on

of
R

uO
x

2
F
T

O
/A

u/
C

u 2
O

/Z
nO

:A
l/

T
iO

2
P

t
1.

T
he

rm
al

ev
ap

or
at

io
n

of
A

u
1.

0
M

N
a2

SO
4

so
lu

ti
on

bu
ffe

re
d

4.
9

-7
.6

m
A

/c
m

2
at

0
V

R
H

E
[3

1]
2.

E
C

D
of

C
u 2

O
w

it
h

po
ta

ss
iu

m
ph

os
ph

at
e

(0
.1

M
)

3.
A

LD
of

Zn
O

:A
l

4.
A

LD
of

T
iO

2

5.
P
ot

en
ti

os
ta

ti
ca

lly
el

ec
tr

od
ep

os
it

ed
P

t

ca
rb

on
-b

as
ed

pr
ot

ec
tio

n
la

ye
rs

3
F
T

O
/C

u 2
O

/C
u/

C
1.

E
C

D
of

C
u 2

O
5.

5
-6

.6
m

A
/c

m
2

at
0

V
R

H
E

C
ar

bo
n

pr
ot

ec
ti

on
la

ye
r

[5
3]

2.
A

nn
ea

lin
g

of
C

u 2
O

in
O

2
2.

C
de

po
si

ti
on

by
aq

ue
ou

s
so

lu
ti

on
co

at
in

g
of

gl
uc

os
e

+
an

ne
al

in
g

in
N

2

4
F
T

O
/C

u 2
O

/P
U

A
/T

iO
2

1.
E

C
D

of
C

u 2
O

1
M

N
a2

SO
4

7
-2

.8
m

A
/c

m
2

at
0

V
R

H
E

P
ol

yu
re

th
an

pr
ot

ec
ti

on
la

ye
r

[5
4]

2.
Sp

in
-c

oa
ti

ng
of

P
U

A
+

an
ne

al
in

g
3.

M
ag

ne
tr

on
sp

ut
te

re
d

T
iO

2

5
F
T

O
/C

u 2
O

/P
I-

20
0

1.
E

C
D

of
C

u 2
O

1
M

N
a2

SO
4

7
-1

.8
m

A
/c

m
2

at
0V

R
H

E
P
ol

yi
m

id
pr

ot
ec

ti
on

la
ye

r
[3

]
2.

Sp
in

-c
oa

ti
ng

of
P

I
+

an
ne

al
in

g

6
C

u
m

es
h/

C
u 2

O
/G

ra
ph

en
e

1.
C

u-
an

od
iz

at
io

n
1.

0
M

N
a2

SO
4

so
lu

ti
on

bu
ffe

re
d

5
-4

.8
m

A
/c

m
2

at
0

V
R

H
E

[5
5]

2.
D

ip
-c

oa
ti

ng
in

G
O

+
an

ne
al

in
g

in
N

2
w

it
h

po
ta

ss
iu

m
ph

os
ph

at
e

(0
.1

M
)

no
be

lm
et

al
fr
ee

co
-c

at
al

ys
ts

in
vo

lv
ed

7
F
T

O
/C

u 2
O

N
i-C

uB
T

C
1.

E
C

D
of

C
u 2

O
0.

5
M

N
a2

SO
4

bu
ffe

re
d

w
it

h
0.

2
M

P
B

S
5

-1
.5

m
A

/c
m

2
at

0
V

R
H

E
N

i-C
uB

T
C

as
co

-c
at

al
ys

t,
[2

]
2.

So
lv

ot
he

rm
al

sy
nt

he
si

s
of

N
i-C

uB
T

C
ph

ot
os

en
si

ti
ze

r,
pr

ot
ec

to
r

8
F
T

O
/A

u/
C

u 2
O

N
iF

e-
LD

H
1.

E
C

D
of

C
u 2

O
0.

5
M

N
a2

SO
4

6.
5

-0
.5

m
A

/c
m

2
at

0.
33

V
H

R
E

[5
6]

2.
E

C
D

of
N

iF
e-

LD
H

9
F
T

O
/C

u 2
O

g-
C

3N
4

1.
E

C
D

of
C

u 2
O

0.
1

M
N

aN
O

3
7

-1
.4

m
A

/c
m

2
at

0.
21

V
R

H
E

[5
7]

2.
So

l-g
el

sy
nt

he
si

s
of

g-
C

3N
4

+
de

po
si

ti
on

on
C

u 2
O

vi
a

el
ec

tr
op

ho
re

ti
c

de
po

si
ti

on
pr

oc
es

s

10
F
T

O
/C

u 2
O

/C
uO

N
ix

P
y

1.
E

C
D

of
C

u 2
O

0.
5M

N
a 2

SO
4

7
-3

.2
m

A
/c

m
2

at
0

V
R

H
E

[5
8]

2.
T

he
rm

al
an

ne
al

in
g

of
C

u 2
O

to
C

uO
3.

P
ul

se
-p

la
ti

ng
el

ec
tr

od
ep

os
it

io
n

of
am

or
ph

ou
s

N
i–

P



3 | Experimental approach and methods

The following chapter describes the experimental approach of the underlying thesis and the
applied methods. The experimental setup to obtain the Cu2O film as well as the synthesis of
BDC-NH2 MOF are explained in detail, followed by the construction of different architectures
for Cu2O-based photo-cathodes. Moreover, the addition of further protection layers and data
evaluation for the performance measurement for PEC water-splitting are discussed.

3.1 Materials and Reagents

For the Cu2O deposition, glass slides (Menzel-Gläser, 25x25mm, thickness: 1,0 mm) were
purchased from Thermo Scientific. In addition, Indium tin oxide coated glasses (ITO, surface
resistance 8-12 ohm/sq, 25 mm × 25 mm × 1.1 mm) were purchased from Sigma Aldrich.
Further, Lactic acid in aqueous solution (90%) was from VWR. Sodium sulfate (Na2SO4,
≥ 99%) and Copper(II) sulfate pentahydrate (CuSO2*5H2O) were purchased from Sigma
Aldrich. As a reference electrode for all experiments, RE-6 Ag/AgCl Reference Electrode (3
M NaCl gel) from Basi Research products was used. To prepare the electrolyte, Sodium sulfate
(Na2SO4, ≥ 99%) and Kaliumphosphat (KH2PO4), and Natrium hydroxide pellets (NaOH)
from Sigma-Aldrich were used.
For the BDCNH2 synthesis, Copper(II) nitrate trihydrate (Cu(NO3)2*3 H2O, 99%) from
Thermo Scientific and 2-Aminoterephthalic acid (C8H7NO4, 99%) from Alfa Aesar were pur-
chased.
For MOF functionalization, Triethylamine (TEA, C6H15N) from Thermo Fischer Scientific and
Perfluorooctanoyl chloride (C8ClF15O, 97%) from Thermo Fischer Scientific were used.
For the hydrophobic organic protection layer, Sylgard 184 Silicone Elastomer Kit was used
from Dow Corning. Additionally, EtOH (abs., ≥99%, Thermo Fischer Scientific) and deionized
water (DI) were used.

3.2 Preparation of the Cu2O-based PEC cell

A PEC cell is usually composed of a photo-active material equipped with various overlayers to
generate charge carriers that are swiftly transferred to the surface of the photo-cathode for the
water-splitting reaction. The addition of layers of other materials can serve multiple purposes,
such as for protection, fulfilling a catalytic role, and/or reduction of series resistance when
employed as back contact. In order to construct the Cu2O cell, which served as the stepping
stone for the MOF synthesis, the following procedures were utilized:

(1) Sputtering. Through this process, which is of physical nature, a material is deposited by
using ions (here Ar+) to extract atoms from a pure material target and deposit them on the
sample substrate. This allows for the creation of thin layers in the range of nm.

18
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(2) Electro-chemical bath deposition (ECD). This process entails submerging the sample in a
chemical solution and depositing the desired layer onto the samples by applying a deposition
potential at a given process temperature.

(3) In-situ MOF synthesis. This process allows the direct growth of MOF crystals onto the
surface of the substrate to ensure good adhesion between the material layers.

(4) Spin-coating. Via spin-coating it is generally possible to add layers of different natures
onto various substrates with relatively thin thicknesses and ease for hydrophobic protection
layers.

The production steps for the PEC cell are illustrated in Figure 3.1.

Figure 3.1: Schematic workflow for the preparation of the different cuprous oxide-based photo-
cathodes. The first step includes the cleaning process, and the second step is the addition of
the metallic back contact (Au). The third step is the deposition of Cu2O on the gold-coated
glass substrate, which is then used in the fourth step to deposit other layers. For the ITO
substrate, the second step was bypassed, and the substrate was directly used for the ECD of
Cu2O after cleaning.

Each step will be discussed in detail in the following sections, with a particular focus on
the in-situ MOF growth onto the Cu2O film. Afterward, the finished devices were tested for
performance and stability and underwent a series of material characterization methods such
as XRD, XPS, FTIR, and SEM.
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3.2.1 Substrate preparation and base layer sputtering

For the electrochemical bath deposition of Cu2O, glass slides (25x25x25 mm microscopic glass
squares) were first cleaned in the following manner: the glasses were carefully placed into a
sample holder and immersed DI water containing ∼1 ml of Hellmanex III detergent. The
sample holder was then placed into a sonication bath for 15 min at 40-50°C. Afterward, the
procedure was repeated in pure DI water for 15 min at 30-40°C. Then, the glass slides were
immersed in Isopropanol and sonicated for 15 min at 25-30°C. At last, the slides were washed
with Isopropanol and dried with N2 to ensure a clean surface. As for the ITO slides, the same
treatment was applied.

After the cleaning process, it is crucial to add a metallic layer to establish the conductivity
and enable electrons to flow into an external circuit, as the glass substrates do not inherently
possess conductive properties. This was implemented by sputtering 10 nm thick layer of
aluminium-doped zinc oxide (AZO) onto the cleaned glass substrates, followed by a 50 nm thick
Au layer. While the former is necessary to ensure the adherence of the Au layer onto the glass
surface, the latter serves as the conductive back contact for the PEC device. The parameters
for all layers created via sputtering are summarized in Table 3.1 in Section 3.2.4.

3.2.2 Electrochemical deposition of Cu2O

Preparation of the ECD solution

The electrolyte solution for the ECD of Cu2O was prepared as follows: 0.2 M (24.969 g) Copper
sulfate pentahydrate (CuSO4×5H2O) was dissolved in 300 ml ultrapure milli-Q water, followed
by adding 3 M (135.12 g) lactic acid. The solution was stirred constantly until the Cu crystals
were fully dissolved. Then, ∼ 63 g NaOH pellets were carefully added, decreasing the pH from
an initial acid value to a pH of 12.5. At ∼7, the solution undergoes a color change from blue
to dark blue-violet increasing in depth as the pH declines. The lactic acid in the solutions
serves as a chelating agent to stabilize the Cu2+ ions and prevents the formation Cu(OH)2,
which would precipitate and hinder the deposition of Cu2O in the deposition solution. For
the fine-tuning of the pH, a diluted NaOH solution of 0.1 M was used. During this procedure,
the water bath was replaced at least twice to ensure sufficient cooling. A total volume of
500 ml was prepared, of which ∼150 ml was used from the stock solution to a beaker for the
preparation of around 3-5 samples, while the rest was kept under constant stirring until it was
thoroughly consumed.

Experimental set-up

The three-electrode setup represents the standard arrangements for all ECD experiments and
includes a working electrode (WE), a counter electrode (CE), and a reference electrode (RE).
Figure 3.2 a) displays a schematic illustration of the ECD set-up next to the real set-up b) in
the laboratory.
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a) b)

Figure 3.2: Experimental set-up for electrochemical bath deposition of Cu2O: a) schematic
illustration, b) laboratory set-up, with working electrode (WE), Ag/AgCl reference electrode
(RE), thermocouple, and Pt mesh as counter electrode (CE), immersed in CuSO4 electrolyte.

The conductive substrate (either AZO/Au or ITO) onto which the Cu2O film was deposited
acted as the WE, whereas a Pt-coated steel mesh served as the CE. An Ag/AgCl electrode
(with a filling solution of 3 M NaCl) acted as a RE. All electrodes were connected to an
AUTOLAB potentiostat and placed into a 250 ml beaker filled with 150 ml ECD solution.
The solution was kept at a constant temperature of 50°C via the usage of a thermocouple
connected to a hotplate for the automated regulation of the solution temperature. To avoid
inhomogeneous deposition over the substrate area (most probably due to a disturbed mass
flow), the ECD solution was not stirred during the actual deposition process but in between the
depositions as well as during the heat-up sessions. The depositions themselves were conducted
in the potentiostatic mode. Thus, the potential was kept constant with varying currents.

Linear sweep voltammetry

In order to select appropriate conditions for the potentiostatic deposition for the Cu2O deposi-
tion on the specific substrate, a linear sweep voltammetry (LSV) measurement was performed.
For this, the potential was ramped from 0 to -1 V vs. Ag/AgCl RE at a rate of 10 mV/s while
the current was recorded.
Figure 3.3 illustrates the semi-logarithm of the current density j plotted against applied
Ag/AgCl electrode potential for Cu2O on Cr/ITO electrode obtained by the group of Di-
mopoulosa et al [59]. η = (E − Eeq) describes the activation overpotential. Furthermore, Eeq

is the equilibrium potential, where the redox reactions happen at the same rates [59, 60] and
is marked in red at 0.19V .
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Figure 3.3: Current density on a semi-logarithmic scale vs Ag/AgCl electrode potential curve
based on previous results in the lab for Cu2O on Cr/ITO electrode [59] to visualize the mixed-
controlled and activation-controlled region.

According to the Butler-Volmer equation, as the overpotential (|η| ± 50mV ) takes on large,
negative values, the deposition current increases exponentially [59]:

|j| = |j0|e[−(αF
RT

)η] (3.1)

or written as:
ln(|j|) = ln(|j0|)[−(

αF

RT
)η] (3.2)

Here, j0 represents the exchange current density, whereas the universal gas constant is R =
8.3144598[J/mol∗K], and the temperature is T = 323K (at 50°C). The cathodic charge trans-
fer coefficient α is dimensionless [59]. As shown in Figure 3.3, the slope of the linear fit from
previous experiments from the group[59] shows -30.12, which yields a cathodic charge trans-
fer coefficient of α=0.84. The potential regime that is activation-controlled can be generally
described with the Butler-Volmer equation, as the reaction in this region is managed by the
electrical charge transfer occurring at the surface of the electrode. However, this equation does
not hold for the mass transfer from the bulk electrolyte to the electrode. This implies that
outside the linear region, as marked in the plot, the potential current starts to slow down as
the transportation of the mass to the electrode approaches its limits. At this point, the mixed-
control region is entered with its own characteristics [59]. Well-defined crystals are obtained in
the activation-controlled region, whereas depositions occurring in the mixed-controlled region
lead to irregular and disturbed crystal formations due to limited mass transport. However,
the mixed-controlled region also shines with higher deposition rates and a larger nucleation
density. Particularly, the latter is of importance as it determines the minimum film thickness
and the grain size of the film [59]. The generation of compact thin absorber films requires a
high nucleation density, whereas larger grain sizes are desirable for their improved electrical
properties. As the latter is achieved through low nucleation density, a trade-off situation is cre-
ated [59, 61]. Everything considered, the optimal deposition potential should lead to compact,
void-free thin films, with large grain sizes of the crystals[59]. In order to combine all these
attributes, the ideal deposition potential should be as low as possible while still being part of
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the linear regime of the LSV curve. The selected deposition potentials for the glass/AZO/Au
substrates were set to be -0.3 V, whereas for the glass/ITO substrates, a dual-deposition ap-
proach was applied, where first a higher potential for -0.47 V was selected and then switched
to the lower potential of -0.35 V as can be seen in Figure 3.4. This approach led to better
Cu2O layers for the glass/ITO samples, however, no difference for the glass/Au substrates and
was therefore omitted for the latter.

a) b)

Figure 3.4: Linear sweep voltammetry (LSV) performed on glass/AZO/Au and b) glass/ITO
substrate yielding different deposition potentials.

3.2.3 Deposition

The deposition process was performed by applying a certain deposition potential while the
charge transfer onto the sample gets monitored simultaneously. When a certain charge was
recorded by the in-build Autolab charge recorder, the process gets interrupted, and a film of
a certain thickness onto the substrate was obtained.
The relation between these two entities is described through the Faraday law:

d =
MQ

nFAϕ
(3.3)

Here, d represents the targeted film thickness, M represents the molecular weight of Cu2O (M
= 143.09 g/mol), n represents the number of electrons involved in the reaction (n = 2), and
F is the Faraday constant (F = 96485.33289 C/mol). For the targeted thickness of 2.5 µm,
a surface area of A = 2.25 cm2, and the density ϕ of 6 g/cm3 for Cu2O, the charge at which
the process concludes equals Q = -4.55 Cb. After the deposition, the samples were taken out
from the solution and washed with deionized water to remove residual salts from the Cu2O
surface and dried a N2 gun.
As aforementioned, Cu2+ ions in the electrolytic medium are stabilized by lactic acid and
travel toward the surface of the WE. At the surface of the WE, the Cu2+ ions go through a
charge transfer and get deposited in two steps: Cu2+ → Cu+ → Cu0. The produced Cu+

exhibits low solubility in water solution and reacts with OH− ions to form Cu2O [62].
The possible mechanism for the electrodeposition process of Cu2O can be written as fol-
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lows [63]:

Cu2+ + e− → Cu+ (3.4)
Cu+ + e− → Cu (3.5)

2Cu2+ + 2OH− → Cu2O +H2O (3.6)

3.2.4 Magnetron sputtering parameters

Magnetron sputtering is a physical deposition technique where ions are accelerated toward a
target. Here, gaseous plasma is generated and confined in a chamber, that contains a material
(’target’) which will be deposited in the process. The target’s surface gets then struck by the
high-energy ions, causing atoms from the target surface to be ejected and to be deposited on
a substrate to form a thin film [64] (see Figure 3.5).

Figure 3.5: Schematic illustration of the DC sputtering procedure [65].

As the sputtering deposition process starts, a deposition chamber first gets evacuated to a
high vacuum so that the presence of potential contaminants as well as partial pressures of all
background gases are minimized. After the base pressure is reached, the chamber gets filled
with inert sputtering gas (in this case Argon). High voltage is applied between the cathode
and the anode, and electrons are driven away from the cathode, which is commonly placed
behind the target. As the accelerated electrons crash into the atoms of the sputtering gas,
they become ionized. Due to their now positive charge, the gas ions are then directed toward
a negatively charged cathode, which leads to high-energy collisions at the target surface. Each
of these collisions leads to the ejection of atoms from the target surface, which exhibits high
enough kinetic energy to travel through the high vacuum and arrive at the surface of the
substrate, where it gets deposited [64].
The sputter sources are either supplied by direct current (DC) or radio frequency (RF) power.
Traditional DC sputtering acts as a cost-effective way to apply metal target coatings but is
limited when it comes to dielectric target materials - as they would take on a polarized charge.
In this case, RF mode is applied. By alternating the applied voltage in cycles, Ar+ ions can
either collide with the target creating the deposition atoms at a negative bias, or electrons are
accelerated to the target neutralizing the built-up charge at a positive bias [66].

The sputtering process parameters are summarized for all layers in Table 3.1. All samples
were deposited in Ar atmosphere with a base pressure of 1.2x10−7 mbar. The samples were
transferred from a load lock to the actual deposition chamber when pressure within the load
lock reached at least 2x10−6 mbar. For sputtering overlayers (Zinc oxysulphide Zn(O,S) with
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S = 20at.% (ZNO)) as buffer layer and Niobium doped TiO2 (NTO) as protection layer),
Kapton tape was used to hold the substrates in place, and a glass slide was used to protect
their conductive parts, as can be seen in Figure 3.6.

Figure 3.6: Samples fixated on the sample holder with Kapton tape.

Table 3.1: Overview of the sputtering parameters used for all samples.

Material Target Power [W] Pressure [ubar] Rate [nm/s] Sputtering time [s] Thickness [nm] Purpose

AZO C4T6 60 4 0.29 35 10 Adhesion layer

Au C5T1 20 2 0.8 63 50 Back-contact

ZnO C5T5 100 5 0.174 287 50 Buffer layer

NTO C4T1 120 7 0.138753086 361 50 Protection layer



CHAPTER 3. EXPERIMENTAL APPROACH AND METHODS 26

3.3 Synthesis of Cu-BDCNH2

The main idea for bringing in MOFs is to implement them as overlayers onto Cu2O in order
to make use of their favorable properties, such as improved light absorption properties and
increased surface area for reaction, as has been mentioned in the Introduction section. In
literature, the BG of Cu-BDCNH2 is reported to be 2.3 eV (see Figure 3.7 [67]). Up until
now, Cu-BDCNH2 has been implemented as a photo-cathode for photo-electrocatalytic CO2

reduction [52] with no reported BG alignment.
In general, the addition of amine groups should lead to an increase of the light absorption
abilities of the MOF, reduce the BG (compared to its amine-free BDC counterpart as ligand),
and enhance the charge separation. This leads to a decline in electron-hole recombination
events [68]. Moreover, the addition of -NH2 groups gives rise to the option of further func-
tionalization of the MOF in a post-synthetic modification, as has been explored by Cohen et
al. [69] and Chin et al. [70].

Figure 3.7: Band gap alignment for Cu-BDC reported in literature [67].

As for PEC water-splitting, a uniform MOF coating of relatively small thickness is desirable,
a sufficient understanding of the MOF formation mechanism is required. Furthermore, the
addition of surfactants can also assist in the controlled growth of MOFs, even yielding 2-
D materials, as has been reported by Gao et al. [71], whose team prepared ultrathin 2D
metal–organic framework nanosheets using polyvinylpyrrolidone (PVP). However, the use of
PVP may block some of the active sites of the MOF nanosheets. Further, thickness control of
the MOF sheets is difficult to achieve in this manner [72]. Due to this, the in-situ synthesis
of MOF nanosheets starting from metal substrates has been developed without the usage of
surfactants, allowing the growth of uniformly distributed MOFs nanosheets on the substrate
[73].
Since Cu2O and not metallic Cu serves as the precursor material for the MOF growth, the
synthesis of Cu-BDCNH2 needed proper adjustment. For this, a proper grasp of the growth
mechanisms is of utmost importance and is as follows [74]:
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During the synthesis approach, Cu+ gets gradually released from Cu2O, which acts as metal
ion source and is further oxidized by dissolved oxygen to Cu2+. In the meantime, DMF
decomposes to dimethyl amine, a Brønsted base, and deprotonates carboxyl groups of the
BDC(NH2) ligand, which is then coordinated by the Cu2+ and serves as the metal node for
the MOF.
According to literature [74], the shapes of Cu-MOFs from Cu2O mainly depend on the oxidative
dissolution rate of Cu2O as well as the coordination rate between Cu2+ and BDCNH2−. Thus,
the mechanism of Cu-BDCNH2 formation can be divided into three main parts[74]: (1) Cu+

needs to be released from the Cu2O source, (2) followed by their oxidation to Cu2+ by oxygen,
which is dissolved in the electrolyte. (3) Cu-BDCNH2 crystals are formed by coordination
reactions of Cu2+ and the ligand units [74].

Figure 3.8: Reaction of BDCNH2 ligand with Cu2+ ions yielding Cu-BDCNH2.

For the MOFs to grow on the substrate, the dissolved Cu2+ ions need to stay in close proximity.
This issue can be addressed by adding less-polar organic solvents to adjust the polarity of the
reaction solvent downwards, leading to a lower diffusion rate of Cu2+ and thus, a higher metal
ions concentration near the surface of the substrate, generating a polycrystalline MOF film in
an inter-growth fashion [75].

3.3.1 Investigated parameters for the MOF synthesis

In-situ synthesis in glass vial

Various parameters were tested in order to determine the most suitable conditions. For this,
a field test was first conducted, where the Cu2O substrates were cut into smaller pieces and
divided among 20 ml glass vials. A 0.1 M BDCNH2 ligand solution was prepared in DMF
and sonicated for 5 min to obtain a homogenous solution. 15 ml of ligand solution was placed
into the glass vials and onto a heating block at different temperatures. An aluminum foil was
placed over the glass vials and then the vials were left standing for different time ranges. The
addition of H2O to DMF was also tested and should increase the polarity of the solvent, as
discussed previously. Table 3.2 provides an overview of the tested conditions in glass vials.
Afterward, the substrates were rinsed several times with ethanol and DI water and dried under
argon, and ultimately placed in the oven for 2 h at 100°C to completely dry.
Figure 3.9 presents the results of the MOF synthesis of selected samples. While the addition
of water leads to bulkier MOF crystals which are in accordance with the literature, they vary
greatly in form and shape. Furthermore, since only the synthesis after 65 h showed a reasonable
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Table 3.2: Tested parameters in the glass vial.

Sample name Time [h] Temp.[°C] Ligand Conc [mol/L] Solvent Addition

SG_001_BDCNH2_1 15h 70 0.01 DMF -

SG_001_BDCNH2_2 15h 70 0.01 DMF 3 eq H2O

SG_002_BDCNH2_1 65h 70 0.01 DMF -

SG_002_BDCNH2_2 65h 70 0.01 DMF 1 eq H2O

SG_002_BDCNH2_3 65h 100 0.01 DMF -

SG_002_BDCNH2_4 65h 100 0.01 DMF 1 eq H2O

amount of MOFs on the Cu2O surface, the synthesis was in dire need of optimization to lower
the reaction time. Thus, the reaction in glass vials was dismissed and further continued in the
autoclave.

a) b)

c) d)

Figure 3.9: SEM pictures of the a) SG_001_BDCNH2_1, b)SG_001_BDCNH2_2, c)
SG_002_BDCNH2_2, and d) SG_002_BDCNH2_3 obtained under different reaction con-
ditions.
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In-situ synthesis in the autoclave

The following in-situ synthesis was developed: First, a copper-nitrate solution (50 mmol/L of
Cu2(NO3)2 in deionized water) was prepared, sonicated for 10 min to obtain a homogeneous
solution, and then placed onto a heating block for 10 min at 30°C to ensure the controlled
temperature of the solution. In the meantime, the Cu2O substrates were cleaned with ethanol,
deionized water, and again ethanol to ensure that dust and other contaminates were removed
and dried at 100°C for 5 min in an oven. Then the Cu2O substrate was immersed in the copper-
nitrate solution for 2 h. During this time, the ligand solution was prepared: the BDCNH2

(0.2 M) was dissolved in 18 ml of solvent, sonicated for 5 min, and transferred in a 50 ml
Teflon vessel. The solvent was a mixture of N, N-dimethylformamide (DMF), and absolute
ethanol (EtOH) in different ratios (9:9, 14:4, and 15:3), where 15:3 yielded the best results.
The Cu2O substrate was placed into the container together with the mixed ligand solution,
swiftly sealed, and transferred to a 50 mL stainless steel autoclave. The autoclave was heated
at 100°C for 2 h. Afterward, the substrate was taken out, washed with ethanol, and dried at
100°C for 1 h. Figure 3.12 illustrates the synthesis route in detail.

Figure 3.10: Applied synthesis route for the growth of Cu-BDCNH2 onto Cu2O after several
attempts.

Figure 3.11 illustrates the morphologies for the prepared MOF samples with different ratios
of DMF/EtOH (V/V).

a) b) c)

Figure 3.11: SEM pictures of MOF synthesis with a) 9:9, b) 14:4, c) 15:3 DMF/EtOH (V/V).

3.3.2 Post-synthetic modification

The properties of amine-containing MOFs can be readily altered through the post-synthetic
modification (PSM) approach, which became a vital tool for developing diverse systems ex-
hibiting different physical and chemical properties. It has already been reported that the
physical properties (such as hydrophobicity) of amine-functionalized MOFs can be success-
fully altered by introducing hydrophobic alkyl chains utilizing PSM for enhanced moisture
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resistance. The group of Cohen et al. [69] successfully demonstrated the integration of alkyl
groups of different lengths within isoreticular metalorganic frameworks (IRMOFs), shielding
the MOFs, that were previously moisture-sensitive by enhancing their hydrophobicity and even
achieving superhydrophobic properties for MIL-53(Al)-NH2. A similiar effect of increased hy-
drophobicity is desired for Cu-BDCNH2. Here an adjusted version of the post-synthetic mod-
ification reported by Chin et al. [70] has been implemented and is as follows:

For the functionalization, the substrates were placed in a vial and evacuated overnight before
being placed into the glovebox. 5 ml THF was added into the vial, followed by 0.5 ml pentade-
cafluorooctanyol chloride, the vial was capped afterward. Outside the glovebox, an equivalent
amount of TEA was added to the vial. A yellowish precipitate formed right away after the
addition of TEA. The vial was swirled and left to react for 3 h at RT. Then the substrates
were washed with EtOH and dried at 100°C for overnight.

Figure 3.12: Proposed functionalized MOF material after post-synthetic modification.

3.4 Addition of hydrophobic protection layer

The spontaneous self-deactivation due to fast photo-induced corrosion is one of the main
disadvantages concerning Cu2O-based photo-cathodes. The redox potentials of Cu2O fall in
between its VB and CB levels, which means that Cu2O can fall victim to self-reduction (Cu+1

to Cu0) or self-oxidation (Cu+1 to Cu+2) reactions, when illuminated with light, because
of the generated charge carriers [54]. As the deactivation of Cu2O is strongly connected
to protons, the first step to achieve enhanced stability for cuprous-based electrodes is to
ensure that protons and proton donors are isolated from Cu2O [54], which is achieved by
employing coatings on Cu2O. While previous studies mainly focus on coating Cu2O with other
semiconducting materials such as TiO2 and NiOx to isolate the electrolyte solutions from Cu2O
surface, it is also reported that although the stability is indeed improved to a few hours, the
results are still far away from the necessary requirements (days or weeks) to implement these
techniques in the industry. Hence, with semiconducting materials, the problem appears to be
only delayed but not solved [54].
The issue appears to be the following: the formation of oxide-based protection layers occurs
mainly under island growth. These lead to holes in the protection layer, rendering the under-
lying semiconducting materials partially unprotected. Even in the presence of macroscopically
dense oxide films on top of Cu2O, the liquid molecules are still capable of reaching the Cu2O
surface by passing through the micropores, making use of the “capillary effect”. In addition,
oxides, like TiO2, are relatively hydrophilic, further increasing the “capillary effect”. To avoid
this, applying a protective layer that is both dense and hydrophobic appears to be a promising
route to improve the stability of Cu2O [54]. In this regard, the group of Li et al. [54] prepared
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a polymer-based protection layer by spin-coating a 50 nm thick polyurethane (PUA) layer
on top of Cu2O. In combination with Pt as a co-catalyst, the composite material achieved a
photo-current of -5.5 mA/cm2 at 0 VRHE. Another group introduced the polymer polyimide
(PI) as a protection layer again via spin-coating and achieved a current density value of 1.8
mA/cm2 at 0 VRHE, a value 40 times higher than bare Cu2O [3]. Here, a polydimethylsiloxane
(PDMS) layer was spin-coated on top of Cu2O to create a similar effect:
Silicone base (Sylgard 184) was mixed with 10wt% of crosslinker in a 100 ml plastic beaker and
stirred for 1 min at around 900 rpm to obtain a homogeneous solution. The beaker was covered
with Alu-foil and put in a desiccator, where it was degassed around five times. Afterward,
diluted solutions of PDMS with Toluene were prepared. The substrates were spin-coated with
100 ul of PDMS solution and cured for 1 h at 100°C.
The following PDMS concentrations were prepared: 0.1 wt%, 1 wt%, 10wt%. Tested coating
speeds: 5000 rpm (2500 rpm/s), with 100 rpm as the spreading step beforehand. In order to
spin-coat the samples, the substrates need to be stuck onto a glass slide of suitable size.

Figure 3.13: Cu2O photo-cathode in the spin-coater machine.

3.5 Data evaluation

3.5.1 PEC water-splitting performance and stability

All samples were tested for PEC water-splitting. Here, the same three-electrode set-up was
used for the deposition procedure: the substrate acted as the WE, a Pt-coated mesh served as
the CE, and an Ag/AgCl electrode as the RE. The majority of the experiments were examined
under chopped illumination (light intensity 100 mA/cm2, AM 1.5G spectrum) utilizing either
linear-sweep voltammetry (LSV) to test obtained photo-current density as a function of the
applied potential or chrono-amperometry (CA), to analyze the stability of the photo-current
density at a specific potential over different time periods. All samples were covered with a
mask, as visible in Figure 3.14. This was done to ensure that only a specific area (A = 0.19625
cm2) of the photo-cathode was illuminated to calculate the respective current density for the
same area size. Then, the photo-cathodes were immersed into the PEC electrolyte solution,
consisting of 0.5 M sodium sulfate, and 0.1 M Potassium dihydrogen phosphate at ph 5 and
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7. By applying Eq. 3.7 it is possible to convert the potential vs Ag/AgCl (EAg/AgCl)electrode
to potential vs RHE (ERHE).

ERHE = EAg/AgCl + 0.059× pH + ERE (3.7)

a) b)

Figure 3.14: Experimental set-up for measuring PEC water-splitting performance: a) without
light illumination, b) with light illumination. The photo-cathode faces the light source with a
specific surface area exposed, while the remaining parts are covered with a mask. A Pt-coated
mesh serves as the WE, and an Ag/AgCl electrode acts as the RE.

3.5.2 Sample characterization

X-ray diffraction (XRD)

X-ray diffractograms (XRD) were recorded at an incidence angle of ω = 5◦ employing Cu-Kα
radiation on a ThermoFisher Scientific ARLEquinox 100 to observe the film crystallinity.

X-ray photo-electron spectroscopy (XPS)

XPS data was acquired on a Thermo Scientific Nexsa Photo-electron Spectrometer employing
Al-Kα radiation. XPS was performed on a spot size of 400 µm with an energy step size of
0.1 eV.

Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-
EDS)

Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) SEM-
EDS measurements were conducted on a Hitachi TM4000 Tabletop Scanning Electron Mi-
croscope equipped with an Oxford Instruments Aztec EDS. Furthermore, Scanning electron
microscopy was performed at an acceleration voltage of 5 kV and with an in-lens detector
using ZEISS Ultra 40.

Fourier-transformed Infrared spectroscopy (FTIR)

To determine the band gap, a Fourier-transform infrared spectroscopy (FTIR, Bruker Vertex
70) was employed. The analysis was conducted in reflectance mode at an incidence angle of
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13°. GaP served as the detector, whereas a sputtered Au layer on Si substrate was employed
as a reference. All measurements were conducted at room temperature. Additional attenu-
ated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) measurements were
conducted on a Bruker VErtex 70 spectrometer equipped with a diamond ATR unit "Golden
Gate" at 128 scans per sample.

Contact angle measurement

Contact angle measurements were performed on a Krüss Drop Shape Analyzer DSA30S paired
with ADVANCE software at 20°C and ambient humidity. The substrates were placed on the
measuring stage, and a 5 µl droplet of milli-Q water as probing liquid was manually dispensed
with a pipette. Then, the substrate was moved, the droplet was removed using a paper towel,
and the measurement was repeated with a new droplet at a different spot. The reported values
are a mean of at least 3 measurements alongside their standard deviation. The drop shape
was fitted by elliptical fit, and the baseline was determined manually.



4 | Results and Discussion

In this chapter, the experimental results of all investigated architectures for Cu2O-based photo-
cathodes are evaluated and discussed in detail. All composites are tested for their PEC
water-splitting performance and stability in the form of their respective photo-current density
and capability of maintaining a certain photo-current over different time periods. Additional
characterization techniques are used to identify the components and make further assumptions
about their performance. The synthesis procedure of Cu-BDCNH2 and its post-synthetic
modification are discussed, and its usage as overlayers for Cu2O-based photo-cathodes will be
evaluated.

4.1 Morphologies and chemical compositions

4.1.1 Cu2O deposition on glass/Au and glass/ITO substrates

For the deposition of Cu2O on glass/Au, a potential of -0.3 V vs Ag/AgCl was chosen. Com-
pared to this, a dual deposition approach was implemented for the deposition of Cu2O on
glass/ITO, as can be seen in Figure 4.1 a). Here, a higher potential of -0.47V vs Ag/AgCl was
applied until a transfer charge of -2.275 Cb (equivalent to 1.25 µm layer thickness) was recorded
by the Autolab system (Nova 1.2), followed by a lower potential of -0.35 V vs Ag/AgCl. The
deposition stopped at -4.5 Cb, which corresponds to 2.5 µm in layer thickness, for both cases.
While the deposition of Cu2O onto glass/Au took around 50 min, the deposition time on
glass/ITO lasted around 57 min.
While the dual approach led to more uniform Cu2O layers on glass/ITO, the same effect was
not observed for the deposition on glass/ITO, thus, a single deposition approach was used.
The difference in the deposition of Cu2O on either glass/Au or glass/ITO does particularly
reflect in the initial deposition process, as visible in Figure 4.1 b): the nucleation point (the
point where the first crystal layer is formed, leading to a drastic increase in the current) is
reached within ∼7 s, whereas it took ∼120 s to reach a similar stage for glass/ITO. The
slower deposition, especially in the beginning, appears to be a crucial moment in obtaining
high-quality Cu2O films.

34
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a) b)

Figure 4.1: Deposition curves obtained via chrono amperometry for a) the whole deposition
process and b) the first 200 s to observe the nucleation point of Cu2O for both substrates.

In general, both approaches lead to Cu2O films of bright red color, as illustrated in Figure 4.2.
For enhanced conductivity in the PEC test, the ITO substrate was additionally painted with
silver paste (see Figure 4.2 b)) and left to dry for 3 h.

a) b)

Figure 4.2: Cu2O deposited on a) glass/Au, b) glass/ITO.

The appearance of the prepared Cu2O films were characterized by SEM, as displayed in Figure
4.3. The cross-section image of Cu2O on glass/Au shows the expected of 2.5 µm from the total
charge flow of -4.55 Cb during deposition, which is slightly exceeded by 0.2 µm depending on
the point of measurement. The structure of the Cu2O layer near the Au film reveals many
crystal nuclei growing in a thin and columnar manner while steadily growing larger as they
approach the surface. A general comparison of the Cu2O film deposited on glass/Au and
glass/ITO reveals that the deposition on glass/ITO usually produces better quality films
compared to the deposition on glass/Au, where the former displays the expected cubic crystal
structure of Cu2O, whereas the latter rather shows pyramid-like shape Cu2O crystals. The
reason behind this behavior could be due to the slower nucleation of the Cu2O crystal and their
development into the cubic crystal structure, while the deposition on Au as substrate might be
too rapid to properly develop cubic crystals, creating a slightly less ideal Cu2O surface.
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a) b)

c)

Figure 4.3: SEM picture of a) Cu2O on glass/Au, b) Cu2O on glass/ITO. c) displays the
cross-sectional SEM of Cu2O on glass/Au together with the measured thickness of around 2.7
µm.

To analyze the quality of the Cu2O deposition on the different substrates X-ray diffractometry
(XRD) was applied. Figure 4.4 displays the as-prepared Cu2O films on ITO and Au measured
at an angle of ω = 5, along with a reference pattern for cuprous oxide (reference card no.
96-101-0942). The experimentally derived peaks align well with the characteristic peaks of
Cu2O emerging at 36.6, 42.5, 61.7, and 73.9 degrees presented by the reference.
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Figure 4.4: XRD of Cu2O on Au and ITO with a reference pattern of Cu2O, the marked parts
belong to Au.

However, a direct comparison of the XRD spectra obtained for Cu2O on glass/Au and glass/ITO
reveals that the (111) peak, which is the most stable, thus, the most desired phase of Cu2O,
is more prominent for the latter. Hence, it becomes evident that the Cu2O deposition of
glass/ITO produces more desirable films compared to glass/Au. In general, the preferential
growth orientation for Cu2O lies in the (111) direction. The preferential growth direction can
usually be explained by taking a closer look at the surface energy of the corresponding faces:
surfaces of high energy grow faster, while surfaces of lower energy grow slower. Thus, the
area of high surface energy faces decreases, whereas low energy surface areas increase over
time. As the (111) orientation of Cu2O is commonly referred to as the face with the lowest
surface energy, thus, the most stable one, the (111) face should become the dominant face [76].
This conversion of high to low surface energy faces appears to be more efficient when Cu2O
is deposited on ITO compared to Au. The reason behind this might be the overall slower
deposition rate of Cu2O on ITO compared to Au, leading to better-defined crystals, which
reflects in the deposition curves - particularly in the first seconds of the deposition (see Figure
4.1 b)) - and could be attributed to the overall lower conductivity of ITO.
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Figure 4.5: Direct comparison of the XRD spectra of Cu2O on Au and ITO.

4.1.2 MOF on Cu2O and post-synthetic modification

The development of the prepared Cu-BDCNH2 samples is characterized by SEM. By adjusting
parameters such as temperature, reaction time, reaction medium, and container, it was possible
to enhance the MOF growth starting from an initially poor coverage to a uniform coating
covering the Cu2O film, as visualized in Figure 4.6. A general observation in the close-up view
shows a large number of MOFs displaying uniform thickness standing upright on the substrate.
The Cu-BDCNH2 crystals provide a much rougher surface for photo-cathode compared to the
blank Cu2O, implying the presence of a large number of active sites for further reactions and
enhanced surface area.

Figure 4.6: Development from poor MOF coverage on Cu2O to uniformly distributed MOF-
coating on Cu2O on Au.

According to cross-section images (see Figure 4.12), the average thickness of the MOF film is
5 µm, while 2.2 µm Cu2O remains. Hence, it can be hypnotized that around 0.3 µm Cu2O
is sacrificed in the synthesis process. However, since around 2 µm of Cu2O are necessary to
obtain sufficient absorption of the incident light, this finding does not pose any problems.
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a) b)

Figure 4.7: Cross-sectional SEM of Cu-BDCNH2 on Cu2O at ITO at different magnifications.
For the MOF observation under SEM Zeiss, a thin Au layer of 5 nm was sputtered onto the
substrate layer.

Figure 4.8: SEM Zeiss images of MOF-coated Cu2O photo-cathode under different magnifica-
tions revealing blank spots in the coating.

To further confirm the composition of the Cu-BDCNH2 crystals, energy-dispersive X-ray spec-
tra (EDS) was deployed. The analysis shows that the areas covered with MOF display high
intensities for C, O, Cu, and N elements, the latter being an indicator for the presence of
Cu-BDCNH2 crystals. Since the EDS analysis might not be the most precise technique to
measure N, additional FTIR analyses were conducted.
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Figure 4.9: EDS spectra of Cu-BDCNH2 on Cu2O on gold.

The FTIR-ATR infrared analysis was conducted to confirm the successful construction of
Cu-BDCNH2 MOF on the surface of the Cu2O film in the range of 4000 to 600 cm−1. As
can be seen in Figure 4.10, the two peaks in the range of 3358 to 3507 cm−1 belong to the
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stretching vibrations of amine groups. Furthermore, the bands of the organic ligands as follows:
vibrational modes COO− (asymmetric) at 1593 cm−1, COO− (symmetric) at 1373 cm−1, and
C-O-Cu at 1124 cm−1, which is in accordance with the literature [52]. In addition, the C-H
stretching vibrations can be observed in the range of 2969–2822 cm−1. These findings are a
good indication of the successful coordination of Cu2+ and –COOH of 2-NH2-BDC. Compared
to this, a typical FTIR spectrum of Cu2O reveals a broad band for Cu2O between 3000 to
2500 cm−1, and a sharp peak at 2355 cm−1 to CO stretching. In addition, the characteristic
peak of Cu2O at 608 cm−1 can be confirmed [77].

Figure 4.10: FTIR-ATR spectra of Cu2O and Cu-BDCNH2 on Au.

Furthermore, to explore the structural integrity and crystallinity of the MOF crystals, X-
ray diffraction (XRD) analyses were carried out. The characteristic peaks for Cu-BDCNH2

observed at 2θ = 10.4°, 11.9°, 13.2°, 16.9°, 18.1°, 20.9°, and 24.5° indicate the crystalline nature
of the Cu-BDCNH2 film (see Figure 4.11) and correspond to the reflection planes of (110),
(001), (111̄), (2̄01), (111), (220), and (131), respectively [67]. The obtained XRD spectra are
in good agreement with literature [52, 67].
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a) b)

Figure 4.11: XRD pattern of Cu-BDCNH2 as reported in the literature [52] the experimental
data.

Comparing the XRD patterns before and after the MOF synthesis, as illustrated in Figure
4.12, the (111) peak becomes more prominent, particularly for Cu2O deposited on Au. As
aforementioned, the in-situ synthesis of Cu-BDCNH2 requires the release of Cu+ from the
substrate, which is oxidized to Cu2+ and later coordinated to form the MOF crystal [74].
Furthermore, in literature, the (111) phase of Cu2O is described as the most stable [38]. This
gives rise to the assumption that copper ions from less stable phases dissolve first into the
electrolyte and are consequently consumed for the MOF synthesis, which reflects in the XRD
pattern, and the (111) peak for Cu2O on Au intensifies. Figure 4.13 illustrates a proposed
mechanism for the formation of the MOF on Cu2O.

a) b)

Figure 4.12: XRD pattern of Cu-BDCNH2 before and after the synthesis on a) Au and b)
ITO.
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Figure 4.13: Schematic illustration of the MOF formation on Cu2O, with first Cu+ being
dissolved from the oxide layer, followed by its oxidation to Cu+2 and coordination with the
ligand to Cu-BDCNH2.

Post-synthetic modification

SEM was performed to investigate the surface of Cu-BDCNH2 before and after the post-
synthetic modification with pentadecafluorooctanyol chloride. As can be seen in Figure 4.14,
the surface appears rougher compared to the non-functionalized MOF surface.

Figure 4.14: SEM images of Cu-BDCNH2 on Cu2O before and after the functionalization.

The moment TEA was added to the mixture of pentadecafluorooctanyol chloride and THF, a
milky yellowish precipitate formed. The sample’s appearance in itself did not change tremen-
dously compared to the MOF-coated sample but took on a slightly more greenish color com-
pared to before the modification procedure, as illustrated in Figure 4.16. The XRD analysis
does not show any significant differences between the unmodified and modified Cu-MOF.
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Figure 4.15: Cu-BDCNH2 on Cu2O@Au photo-cathode before and after the functionalization.

Figure 4.16: XRD pattern Cu-BDCNH2 before and after the functionalization.

To further analyze the composition of the newly obtained Cu-BDC(NHCOC7F15) MOF, EDS
characterization was applied (see Figure 4.17). The EDS analysis revealed the composition of
Cu, O, C, N, and F elements on the Cu2O substrate. The sudden appearance of F confirms
the successful functionalization of Cu-BDCNH2 via PSM.
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Figure 4.17: EDS spectra of Cu-BDC(NHCOC7F15) on Cu2O on gold.
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The XPS analysis clearly shows that the functionalization with pentadecafluorooctanyol chlo-
ride was successfully implemented with the presence of the F1s at 686 eV. The visibility of the
F KLL Auger peak with binding energy at 832 eV and 858 eV further acts as a confirmatory
signal. Furthermore, the fitted spectrum of C1s also displays a peak at 291.8 eV and 294.5 eV
characteristic for CF2 and CF3 bonding, respectively.

a)

b) c)

Figure 4.18: XPS spectra of Cu-BDCNH2 and Cu-BDC(NHCOC7F15). a) XPS survey, b)
XPS C1 spectra of Cu-BDC(NHCOC7F15), and c) Cu-BDC(NH2).

The optical properties of Cu2O, Cu-BDCNH2, and Cu-BDC(NHCOC7F15) were analyzed by
FTIR spectral reflectance analysis (see Figure 4.19. In general, all samples displayed absorp-
tion in the UV–Vis NIR region. The absorption band at 600–860 nm is caused by the d-d
transitions around the center Cu clusters as reported in literature [51]. The band gap was
estimated by extrapolation of the baseline (dashed line). The interception of extrapolated
slope (solid line) and the baseline indicates the band gap. Although this method is not the
most precise, it is suitable to make sufficient estimations of the BG.
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Figure 4.19: Band gap measurement of Cu2O, Cu-BDCNH2, and Cu-BDC(NHCOC7F15) on
Au.

The values of band gap of Cu2O, Cu-BDCNH2 and Cu-BDC(NHCOC7F15) are 2.14, 2.13, and
2.10 eV, respectively. The corresponding BGs of the different electrode surfaces are summa-
rized in Table 4.1. While Cu2O exhibits the largest BG of 2.14, which is in the expected range
of 2.0 - 2.5 eV reported in literature, the BG slightly decreases depending on the MOF.

Table 4.1: Summary of the different materials together with their corresponding Energy
bandgap obtained via FTIR.

Material wavelength [nm] Energy [eV]

Cu2O 578.28 2.14

Cu-BDCNH2 581.01 2.13

Cu-BDC(NHCOC7F15) 589.84 2.10
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4.1.3 Addition of hydrophobic protection layer

The PDMS layer was added via spin-coating, as described earlier. The SEM images display
the change in the surface of Cu2O on Au and ITO when coated with 0.1, 1, and 10 wt%
PDMS. While no difference from the blank Cu2O surface is noticeable for 0.1 wt% PDSM, a
clear coating is observable for 10wt% PDMS.

a) b)

c) d)

e) f)

Figure 4.20: SEM images for Cu2O spin-coated with 0.1wt%, 1wt%, and 10wt% PDMS. The
row a-c-e) represent the coating on Au, while the row b-d-f) is the coating on Cu2O deposited
on ITO.
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Furthermore, before adding the PDMS solution, the substrates were washed with DI water and
ethanol and dried for 5 min at 100°C. 100 µl was dropped onto the substrates and spin-coated
at 5000 rpm/s (2500 rpm/s) for 1 min, including 100 rpm/s (50 rpm/s) for 10 s as spreading
step beforehand – 5 times in total. After spin-coating, the samples were cured at 100°C for 1
h after each coating step.
By conducting contact angle measurements (CA), the hydrophobic properties of the different
layers were investigated. Here, a drop of 5 µl milli-q water was carefully placed on the surface
of the electrode, and the contact angle was measured. The results are displayed in Figure
4.21. Cu2O in the middle of the substrate displays a slightly different morphology compared
to the edge, which is known as a common problem for processes involving electrochemical
deposition. This probably causes a high standard deviation as the roughness/structure of the
surface is not entirely homogeneous. After the functionalization, the contact angle increased
from around 71◦ to 137◦, which indicates that the PSM of the Cu-MOF was successful.

Table 4.2: Measured contact angle of different PEC cells.

Substrate Architecture Contact angle [◦]

Pure Cu2O@Au 112.50 ± 1.46

Pure Cu2O@ ITO 96.28 ± 2.1

Cu2O@Au coated + 10 wt% PDMS 111.59 ± 3.50

Cu2O@ITO coated + 10 wt% PDMS 113.3 ± 0.76

Cu2O@Au + Cu-BDCNH2 MOF 70.71 ± 2.10

Cu2O@Au + functionalized Cu-BDCNH2 MOF (PSM) 136.78 ± 2.18

a) b)
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c) d)

e) f)

Figure 4.21: Contact angle images of milli-q water on a) pure Cu2O@Au, b) pure Cu2O@ITO,
c) Cu2O@Au coated + 10 wt% PDMS, d) Cu2O@ITO coated + 10 wt% PDMS, e) Cu2O@Au
+ Cu-BDCNH2 MOF, and f) Cu2O@Au + functionalized Cu-BDCNH2 MOF (PSM), as dis-
played in Table 4.2.
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4.2 Electrochemical analysis

4.2.1 Linear-sweep voltammetry

Bare Cu2O photo-cathode and semiconducting oxide overlayers

Photo-electrochemical tests were conducted by making use of a three-electrode system in 0.1
MNa2SO4 electrolyte (pH 7) as described in the previous section. As the PEC HER is a
pH-sensitive reaction, the tests were conducted in pH 5 and 7 pH to investigate the difference.
The one-set potential is commonly refereeing to as the potential where the current starts to
deviate from "zero" and should be as close as possible to 0 V vs RHE.

a) b)

Figure 4.22: Current density obtained via LSV for a) pH 5 and b) pH 7 electrolyte.

Comparing the results for the PEC test conducted in ph 5 and 7, it becomes obvious that the
current density for bare Cu2O is higher when it is coated with the semiconducting overlayers.
The obtained current densities are summarized in Table 4.3.

Table 4.3: Comparison of the current-density obtained at different pHs of the electrolyte.

Electrolyte
pH 5 pH 7

bare Cu2O 1.54 mA/cm2 1.96 mA/cm2

semiconducting overlayers 0.5 mA/cm2 0.8 mA/cm2

It is worth to note, that 0 V vs RHE was selected to determine the photo-current density as
at this specific potential, the HER is triggered, which is also visible in the LSV - this is the
case for all measurements. The additional current obtained for the bare Cu2O might be due
to photo-corrosion, which might explain the decreasing photo-current after -0.2 V vs RHE.
Furthermore, the reaction curve is shifted to the left at pH 7. Due to the higher current
obtained for pH 7 as well as the more neutral conditions met at this pH, pH 7 electrolyte was
selected for all following experiments. The on-set potential is similar in both cases. As the
reaction is processed, the dark current (the current measured as the light source is switched
off) slightly increases for both cases. As the HER reaction is only triggered under light illumi-
nation, according to literature, the measured dark current should be ideally as close to zero as
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possible in order to ensure that the obtained photo-current density is purely due to the HER
and not due to side reactions or degradation processes.

After the PEC test, a noticeable color change occurred: as visible in Figure 4.23 the previously
reddish color of Cu2O, which was exposed to the light source, turns blackish, whereas the rest
that was covered by the mask remained unchanged. This blackening effect was observed
for all samples. As both the bare Cu2O and the Cu2O surface that was protected by the
semiconductor overlayers underwent a color change, it is safe to assume that the reason for
this behavior lies with Cu2O. A possible explanation is the formation of metallic copper due to
the self-reduction of Cu2O, leading to a reaction similar to an etching process (as illustrated in
Figure 4.23), rendering the previously smooth Cu2O surface extremely porous. The obtained
current flow is a combination of degradation processes as well as due to the HER at the
cathode/electrolyte interface. In order to distinguish between the two processes, the total
amount of H2 produced needs to be measured e.g., via gas-chromatography, which was not
possible to properly conduct in the framework of this work.

Figure 4.23: SEM images of bare Cu2O surface without protective coatings before and after
the PEC test alongside their corresponding PEC cell in the corner.

Cu-BDCNH2 overlayers and functionalization

The PEC test for the Cu-BDCNH2 coated Cu2O substrates reveals a shift of the on-set poten-
tial towards a more positive value, as visible in Figure 4.24. The on-set potential for the purely
oxide-based photo-cathode is generally positioned around +0.4 V, whereas the on-set poten-
tial for Cu-BDCNH2 is located around +0.75 V. When the light source is switched on, the
recorded current density for the MOF-coated sample gets pushed towards -2.8 mA/cm2 at 0 V
vs RHE, and to -0.8 mA/cm2 at 0 V vs RHE for the oxide-based photo-cathode. Furthermore,
the dark current (the current obtained when the light source is switched off) is relatively small
for NTO/ZnO(S)/Cu2O@Au (around -0.1 mA/cm2 at 0 V vs RHE), a dark current of around
-1.3 mA/cm2 is recorded for Cu-BDCNH2/Cu2O@Au. If one only considers the total change
in current density when the light source is switched off and on, the Cu-BDCNH2/Cu2O@Au
still achieves a current-density of 1.5 mA/cm2, whereas the current density of the other sample
decreases to 0.7 mA/cm2. The large dark current for the MOF-coated sample could be due
to enhanced light-absorbing abilities generating current solely with room light. The general
downward drift for both samples after 0V vs RHE, is most likely due to the destruction of the
light-exposed sample area.
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Figure 4.24: Comparison of the obtained current density via LSV for semiconductor overlayers
and MOF overlayer on Cu2O on Au.

Examining the MOF-coated electrode surface under SEM (see Figure 4.25) reveals that the
surface part, which was exposed to the light source, has been cleared of the MOFs. Thus, the
additional current might be due to interfacial issues, as aforementioned. This again highlights
the need for a suitable protection method.

Figure 4.25: MOF-coated Cu2O surface exhibiting the damaged MOF layer after light illumi-
nation.

Figure 4.26 displays the measured current densities for the MOF-coated samples prepared on
either gold or ITO alongside a functionalized sample of similar nature obtained via PSM.

The dark current lies for most samples, but Cu-BDCNH2/Cu2O@ITO, in the range of -
0.8 to -0.9 mA/cm2, with the latter displaying a dark current density of -1.2 mA/cm2.
Interestingly, while both Cu-BDCNH2-coated samples display a photo-current density of -
1.9 mA/cm2, the functionalized Cu-BDC(NHCOC7F15) samples display a current density
above 2 mA/cm2, with Cu-BDC(NHCOC7F15)/Cu2O@Au achieving 2.3 mA/cm2 and Cu-
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BDC(NHCOC7F15)/Cu2O@Au achieving 2.1 mA/cm2. This leads to a total current density of
1.4 mA/cm2 and 1.3 mA/cm2 for Cu-BDC(NHCOC7F15)/Cu2O@Au and Cu-BDC(NHCOC7F15)/Cu2O@ITO,
respectively. A general observation of the LSV curve also shows a clear improvement regarding
the curve development at more negative potentials: independently of the underlying substrate,
the LSV curve is shifted upwards towards the end of the measurement. This commonly indi-
cates enhanced stability.

a) b)

Figure 4.26: Current density obtained via LSV for pre- and post modified MOF layer on a)
Cu2O on Au and b) Cu2O on ITO.

Polymer-based protection layer

The photo-current densities obtained for different concentrations of PDMS spin-coated onto
Cu2O are displayed in Figure 4.27. Comparing the results at 0 V vs RHE, the Cu2O@ITO
samples all achieve a similar dark current of around -0.05 mA/cm2 for all PDMS concentra-
tions, whilst the Cu2O@Au samples only exhibit such a slim dark current for 10 wt%, whereas
the 0.1 wt% and 1 wt% both measured a dark current of around 0.3 mA/cm2. The current
density decreases with increasing wt% of PDMS for both substrates.
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a) b)

Figure 4.27: Current density obtained for different concentrations of PDMS on a) Cu2O on
Au and b) Cu2O on ITO.

While the 10 wt% PDMS/Cu2O@Au and 10 wt% PDMS/Cu2O@ITO samples achieved 0.9
and 0.5 mA/cm2, respectively, 0.1 wt% PDMS/Cu2O@Au and 0.1 wt% PDMS/Cu2O@ITO
samples featured a current density of 2.1 and 1.5 mA/cm2 (again for Au and ITO) under light
illumination. The samples spin-coated with 1 wt% PDMS achieved in both cases an in-between
value closer to 0.1 wt% (2.0 mA/cm2 and 1.4 mA/cm2 for Au and ITO, respectively). Thus, the
general trend regarding the photo-current density is as follows: 0.1 wt%> 1 wt%> 10 wt% for
both substrates. The decrease in current density with increasing PDMS concentration is most
likely due to blocking effects of the PDMS layer itself. Furthermore, it is to address that the
PDMS film suffered considerable damage after the LSV was performed, as displayed in Figure
4.28. Here, it becomes noticeable that the polymer film detaches around the light-exposed
spot as well as at the edges of the cell.

Figure 4.28: Damaged 1 wt% PDMS film on Cu2O after the conducted LSV test.

In order to ensure that a pin-hole free PDMS coating was achieved, multiple coatings of
PDMS were applied to the Cu2O@Au substrate. The LSV curves (see Figure 4.29) illustrate
the potential current density achievable for samples coated either once or five times with the
corresponding PDMS concentration. The samples coated multiple times displayed an improved
dark current of -0.02 mA/cm2 independently of the PDMS concentration. As expected, the
photo-current density for the sample, which has been coated five times with 1 wt% PDMS is
smaller (1.9 mA/cm2) compared to 0.1 wt% x 5 (2.4 mA/cm2).
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a) b)

Figure 4.29: Current density obtained via LSV for a) 0.1 wt% PDMS b) 1 wt% PDMS,
alongside a sample that has been coated five times with the respective PDMS concentration.

In the pursuit of enhancing the stability of the photo-cathode as well as ensuring the flow
of electrons towards the electrode surface, a 50 nm NTO layer was sputtered onto a 0.1
wt% and 1 wt% PDMS/Cu2O substrate surface, creating p-n junction between the two oxide
materials. Figure 4.30 provides a comparison of the purely PDMS-coated samples alongside
their NTO sputtered counterparts, as well as a sample that was only sputtered with NTO.
In all cases, a decrease in current density with the addition of the NTO protection layer was
observed and improved dark current. While the absolute current density is the largest for 0.1
wt%PDMS/Cu2O@Au (2.1 mA/cm2), NTO/0.1 wt%PDMS/Cu2O@Au achieves an absolute
current density of 1.2 mA/cm2. On the other hand, NTO/Cu2O@Au provides an absolute
current density of only -0.7 mA/cm2. The current density displayed in Figure 4.30 b) are all
below 1 mA/cm2, but for the sample that is only coated with 1 wt% PDMS, indicating that
this concentration may be too high for this application.

a) b)

Figure 4.30: Current density obtained via LSV for a) 0.1 wt% PDMS b) 1 wt% PDMS. Both
samples were additionally sputtered with NTO to observe the effect of an additional protection
layer.
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Initially, all three PDMS concentrations (0.1 wt%, 1 wt%, and 10 wt%) were tested via LSV.
However, as visible in Figure 4.31, the 10 wt% PDMS sample displayed a drastic change in
film transparency after the NTO sputtering process and colored itself silverish. The other two
samples remained transparent. The lack of transparency also showed its effects in the LSV (see
Figure 4.32), with close to no recorded current density throughout the measurement.

Figure 4.31: NTO sputtered onto 1 wt%, and 10 wt% PDMS-coated Cu2O@Au substrates.

Figure 4.32: Current density obtained via LSV for NTO/PDMS coated Cu2O on.

4.2.2 Stability measurements of the photo-current density

Bare Cu2O photo-cathode and semiconducting oxide overlayers

The stability test was conducted in pH 7 similar to the PEC test for different time periods. For
the measurement, a chronoamperometry was conducted with a constant voltage of 0V vs RHE.
The light source was switched off every 10 s, starting with the light on as marked in Figure
4.33. Soon after the start of the measurement, the current density for both Cu2O@Au and
Cu2O@ITO decreases tremendously, indicating poor stability. Cu2O@ITO performs overall
worse compared to Cu2O@Au, which might be due to adhesion problems of Cu2O on ITO
since the Cu2O film peeled off the glass substrate, as can be seen in Figure 4.34.
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Figure 4.33: Evolution of the current density over 5 min for Cu2O on Au and ITO.

In order to verify which interface is failing (Cu2O/ITO or ITO/glass), the multimeter was
used to measure the resistance. Since glass can not be detected with the multimeter due to
its high resistance, it is safe to assume that the failing interface is between Cu2O and ITO.
Compared to this, the Au-substrates display a resistance of ∼4 Ohm, which might explain the
higher current density obtained for Cu2O@Au.

Figure 4.34: Damaged Cu2O film on ITO substrate alongside their measured resistance.

Figure 4.35 displays the evolution of the current density over 5 min for Cu2O@Au additionally
sputtered with NTO and NTO/ZnO(S). While NTO/ZnO(S)/Cu2O@Au exhibits a relatively
stable current density of -0.5 mA/cm2, NTO/Cu2O@Au provides an initially larger current
density starting from -2.4 mA/cm2 slowly decaying to -0.4 mA/cm2 throughout 300 s.
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Figure 4.35: Evolution of the current density over 5 min for Cu2O on Au sputtered with NTO
and NTO/ZnO(S).

Cu-BDCNH2 overlayers and functionalization

The evolution of the current density for MOF-coated samples before and after PSM is il-
lustrated in Figure 4.36. In both cases, a large dark current can be observed alongside a
decrease in the overall current density after 100 s. The high current density of 3 mA/cm2

and 1.7 mA/cm2 recorded in the first seconds diminished quickly to 0.5 mA/cm2 and 0.4
mA/cm2 current density, for Cu-BDCNH2 before and after the functionalization, respectively.
In order to make further assumptions about the nature of the intense dark current for the
MOF-coated samples, stability measurements were conducted under two different conditions:
1) dark measurement and 2) room light measurement. For the former, a box was placed over
the experimental set-up as well as all light sources (including room light) were turned off. As
for the latter, the AM.15 light source was omitted, and the experiment was conducted solely
with the laboratory room light.
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Figure 4.36: Evolution of the post-synthetic modified MOF layer after the stability test under
room light.

The results for Cu-BDCNH2 and Cu-BDC(NHCOC7F15) (Cu-BDCNH2 after PSM), are pre-
sented in Figure 4.37. In both cases, the dark current is greatly improved, whereas the current
density measured at room light remains largely stable for 5 min. Taking both, dark and room
light current density into account, a total current density of 0.5 and 1 mA/cm2 can be provided
by Cu-BDCNH2/Cu2O@Au and Cu-BDC(NHCOC7F15)/Cu2O@Au after 5 min respectively.
Since Cu2O is only active under the light source, the additional current solely provided at
room light indicates superior electrocatalytic properties for Cu-BDCNH2.

a) b)

Figure 4.37: Evolution of the current density over 15 min: dark measurements were conducted
by placing a box over the test set-up, whereas room light measurements were conducted by
making only use of the laboratory room light without the usually applied light source.

Figure 4.38 provides a comparison of the stability performance of the different MOF-coatings
compared to bare Cu2O@Au. While the usual light source for Cu2O was applied, only room
light conditions were met for the MOF-coated samples. After 10 min, a slight decrease
in the current density can be observed for Cu-BDC(NHCOC7F15)/Cu2O@Au amounting to
1.1 mA/cm2, whereas Cu-BDCNH2/Cu2O@Au records a current density of 0.8 mA/cm2 at the
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same time. In comparison, bare Cu2O delivers a current density of 0.5 mA/cm2 after 5 min.
However, while the MOF-functionalization increases hydrophobicity greatly, it does not seem
to show significant changes in performance.

Figure 4.38: Stability test of different Cu2O-based photo-cathodes under different conditions.

Examining the particularly the post-synthetic modified MOF surface under the SEM, a loss
in the structural integrity of the MOF system can be revealed. Although the MOF layer is
mostly intact, its damage can not be denied. Hence, it is most likely that the total current
density obtained is a combination of HER as well as the destruction of the MOF.

Figure 4.39: Structural evolution of the functionalized MOF layer after conducting a 10 min
stability test under room light conditions.

Hydrophobic overlayers

The comparison of the different PDMS concentration layers is illustrated in Figure 4.40 for
both Au and ITO. While no significant difference can be observed between the different wt%
of PDMS at 0V vs RHE, 0.1 wt% PDMS still produces slightly higher current densities.
Furthermore, 10 wt% PMDS shows the lowest dark current, particularly in combination with
Cu2O@ITO. Since PDMS does not increase the stability that much, there might be an issue
with the PDMS films themselves, such as pin-holes or cracks, as discussed before.
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a) b)

Figure 4.40: Evolution of the current density for a) 0.1 wt% PDMS b) 1 wt% PDMS over 5
min for a) Cu2O@Au and b) Cu2O@ITO.

The effects of multiple spin-coating with 0.1 wt% and 1 wt% PDMS on Cu2O@Au are displayed
in Figure 4.41. Although no significant difference can be observed between coating Cu2O once
or five times with 0.1 wt% PDMS, a slight improvement is noticeable for 1 wt% PDMS, which
has been spin-coated five times.

a) b)

Figure 4.41: Evolution of the current density for a) 0.1 wt% PDMS b) 1 wt% PDMS, alongside
a sample that has been coated five times with the respective PDMS concentration.

The peak in the anodic (positive) direction might be due to the accumulation of holes. On
the other hand, when the light is switched on, a peak in the cathodic direction suggests an
accumulation of electrons. This peak corresponds to “lost” current or dissipated charges and
is usually a result of recombination events due to e.g., defects. In general, NTO/0.1wt%
PDMS/Cu2O@Au appears to be the best compromise between stability and current density,
providing a stable current density of -0.5 mA/cm2 for 5 min, performing better than the
conventional oxide-based architecture cell (NTO/ZnO(S)/Cu2O).
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Figure 4.42: Evolution of the current density for NTO/PDMS-coated Cu2O surfaces over 5
min.

Figure 4.43 provides a direct comparison of the stability performance for NTO and NTO/PDMS-
protected Cu2O surfaces. In both cases, the addition of NTO enhances stability in combina-
tion with PDMS. However, the current density for NTO/1 wt% PDMS/Cu2O@Au is consid-
erably lower compared to those samples that were coated with either one. NTO/0.1 wt%
PDMS/Cu2O@Au provides a current density of 0.5 mA/cm2 after 300 s, alongside less pro-
nounced anodic or cathodic peaks, indicating fewer recombination events and, thus, less "lost
current".

a) b)

Figure 4.43: Comparison of evolution of the current density over 5 min involving a) 0.1 wt%
PDMS-coated Cu2O, and b) 1 wt% PDMS-coated Cu2O surfaces. Additionally, NTO/Cu2O
and NTO/PDMS-coated Cu2O samples are displayed.
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Photo-electrochemical cells based on Cu2O were successfully obtained via electrochemical bath
deposition on Au/glass and ITO. While SEM images for Cu2O on ITO showed the typical
cubic-shaped crystals, SEM of Cu2O on Au/glass reveals the growth of Cu2O crystals in a
more pyramidal-shaped manner. This is reflected in the X-ray diffractograms, where the
preferred (111) peak showed higher intensity for Cu2O on ITO, indicating a better qual-
ity of the Cu2O film. By sputtering semiconductor-based oxide layers on the cuprous ox-
ide films (NTO/ZnO(S), and NTO), a typical photo-cathode for PEC water-splitting was
obtained. While NTO/Cu2O@Au achieved a photo-current density of around 0.7 mA/cm2,
NTO/ZnO(S)/Cu2O@Au provided a slightly higher photo-current density of around 0.8 mA/cm2.
Compared to this, bare Cu2O@Au and Cu2O@ITO achieved 2.0 mA/cm2 and 1.6 mA/cm2,
respectively. The higher photo-current density for Cu2O@Au might be due to overall less
resistance in the system in addition to attachment problems of Cu2O on ITO, thus, not all
architectures were tested on ITO, but rather on Au.

Furthermore, metal-organic frameworks, namely Cu-BDCNH2 MOFs, have been successfully
synthesized on Cu2O via solvothermal in-situ growth in an autoclave. This method allows
the direct growth of MOFs on a substrate in an overall dense manner with good attach-
ment. FTIR-ATR, alongside EDS measurements, confirmed the formation of Cu-BDCNH2 on
Cu2O. Interestingly, as the in-situ growth requires the release of Cu+ from the substrate, the
XRD measurements reveal a sudden increase of the (111) peak for Cu2O@Au compared to
Cu2O@ITO after the MOF synthesis, indicating that the less stable phases are used up first
in the process. Moreover, via PSM of the amine group, it was possible to obtain a super-
hydrophobic surface, which was confirmed in a contact angle measurement with DI water as a
probing liquid. Furthermore, while no distinct difference could be detected via XRD, the SEM
demonstrated a surface of increased roughness after the PSM. The XPS analysis confirmed
the successful functionalization with pentadecafluorooctanyol chloride was successful with the
presence of the F1s at 686 eV. However, as the peak at 400 eV for N1s is around half the inten-
sity for the functionalized Cu-BDCNH2 compared to the unfunctionalized sample, it is highly
likely that the amine groups have not been completely fluorinated. The LSV measurements for
Cu-BDCNH2 and Cu-BDC(NHCOC7F15) on Cu2O showed a slight decrease in photo-current
density for the functionalized sample, which might be explained by a slightly decreased light-
absorbing ability or damaged MOF layer. Interestingly, an early on-set potential was observed
for Cu-BDCNH2 compared to common oxide overlayers. As for the stability measurements,
no clear improvement was observed before and after the post-synthetic modification of Cu-
BDCNH2. However, conducting this measurement under different conditions (room light and
darkness by covering the experimental set-up with a box) revealed an interesting behavior:
Cu-BDCNH2 displayed enhanced light-absorbing abilities generating around 0.8 mA/cm2 for
5 min with only room light as a trigger, whereas Cu-BDC(NHCOC7F15) provided 1.1 mA/cm2

for 15 min.
In addition, polymer-based overlayers were implemented to enhance the stability of Cu2O.
Here, thin PDMS layers of different concentrations were spin-coated on Cu2O and tested for
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their potential photo-current density as well as stability. While 0.1 wt% provided a high photo-
current density, it also displayed poor stability, which might be explained by attachment issues
of PDMS on Cu2O and/or pin-holes in the polymer film. Thus, multiple layers of PDMS were
spin-coated on Cu2O. While the photo-current density measured via LSV could be enhanced
to 2.4 mA/cm2, which is the highest obtained value, no distinct improvements regarding the
stability were observed. The further addition of NTO layer to form a p-n junction between
the two oxide layers (NTO/Cu2O), also did not increase the stability dramatically.
All measured photo-current densities obtained via LSV are displayed in Table 5.1.

Table 5.1: Overview of photo-current densities for all investigated PEC architectures.

Architecture current density [mA/cm2]

ox
id

e-
ba

se
d Cu2O@Au 2.0

Cu2O@ITO 1.6
NTO/Cu2O@Au 0.7
NTO/ZnO(S)/Cu2O@Au 0.8

M
O

F
-b

as
ed Cu-BDCNH2/Cu2O@Au 1.5

Cu-BDCNH2/Cu2O@ITO 0.7
Cu-BDC(NHCOC7F15)/Cu2O@Au 1.4
Cu-BDC(NHCOC7F15)/Cu2O@ITO 1.3

po
ly

m
er

-b
as

ed

0.1 wt% PDMS/Cu2O@Au 2.1
0.1 wt% PDMS/Cu2O@ITO 1.5
1 wt% PDMS/Cu2O@Au 2.0
1 wt% PDMS/Cu2O@ITO 1.4
10 wt% PDMS/Cu2O@Au 0.9
10 wt% PDMS/Cu2O@ITO 0.5
0.1 wt% PDMS x 5/Cu2O@Au 2.4
1 wt% PDMS x 5/Cu2O@Au 1.9
NTO/0.1 wt% PDMS/Cu2O@Au 1.2
NTO/1 wt% PDMS/Cu2O@Au 0.2

In conclusion, Cu-BDCNH2 showed promising behaviors such as an early on-set potential as
well as enhanced light-absorbing abilities. While the method of in-situ growth provides MOF
layers of good quality and attachment to the substrate, it also restricts the number of MOFs
one can synthesize, as the underlying substrates provide the metal source for the MOF for-
mation. However, by further adjusting the properties of the MOF through PSM, it is possible
to address issues such as catalytic capabilities and stability, again accessing a wide range of
different MOFs. Through PSM it was possible to obtain an overall photo-current density of
1.1 mA/cm2 for 15 min without the aid of additional noble metal co-catalysts. Although the
matter of stability will be the greatest concern for MOFs as well as Cu2O, where the latter
has been attempted to address with PDMS, the field of MOFs implemented in photo-cathodes
for PEC water-splitting is still relatively unexplored.

Concerning the outlook of the implementation of MOFs in the field of PEC water-splitting, the
PSM approach appears to be a promising route to further adjust the properties of the MOFs,
which should be further explored - particularly towards enhanced hydrophobicity. Further-
more, additional techniques such as gas-chromatography should be applied to make a clear
distinction between the current density generated via HER or side reactions, such as photo-
corrosion, by quantifying the total amount of H2 produced by the PEC cell. In addition,
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as a wide range of MOFs exists, other structures should be investigated as they prove to be
promising co-catalysts in the field of PEC water-splitting.

All in all, it is believed that the right combination of semiconducting material and MOF, as
well as the adjustment of the latter by PSM, will play an interesting role in the pursuit of
creating a low-cost and environmentally friendly photo-electrochemical cell for PEC water-
splitting, which combines good stability and performance.
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Nomenclature

Abbreviations

ALD Àtomic layer deposition

AM Air mass

ATR-FTIR Attenuated reflection Fourier-transformed infrared spectroscopy

AZO Aluminium-doped zinc oxide

BG Band gap

CA Contact angle

CB Conduction band

CE Counter electrode

DC Direct current

ECD Electrochemical bath deposition

EDS Energy dispersive X-ray spectroscopy

GHG Greenhouse gases

HER Hydrogen evolution reaction

HOMO Highest occupied molecular orbital

LMTC Ligand to metal charge transfer

LUMO Lowest occupied molecular orbital

MOF Metal-organic framework

NHE Normal hydrogen evolution

NTO Niobium doped Titanium oxide

OER Oxygen evolution reaction

PEC Photo-electrochemical

RE Reference electrode

RF Radio frequency

RHE Reversible hydrogen evolution

SEM Scanning electron microscopy

STH Solar-to-hydrogen

TWh Terawatt-hour

VB Valance band

WE Working electrode

XPS X-ray photo-electron spectroscopy
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XRD X-ray diffractogram

Subscripts

α Cathodic charge transfer coefficient

∆G Gibbs free energy

η Overpotential

E0
ox Water oxidation potential

E0
red Proton reduction potential

ECB Energy band position conduction band

Eeq Equilibrium potential

EV B Energy band position valance band

F Faraday constant

j0 Exhange current density

R Ideal gas constant

Units
◦C Celsius
◦ Degree

a.u Arbitrary unit

A Ampere

Cb Coulomb

eV Electron volt

g Gram

M Molarity

min Minutes

rpm Rotation per minute

s Seconds

V Voltage

wt% Weight percent


