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Abstract
Background: In the global pursuit of alternatives to fossil fuels, hydrogen production from
renewable energy sources offers one of the most promising approaches to the development of an
environmentally sustainable energy system. One of the most commonly employed methods of
renewable hydrogen production is by the use of solar powered electrolyzers, which require highly
purified water, expensive rare-earth elements as catalysts, and complicated infrastructure.
Therefore, alternative routes of hydrogen production are highly desired. Solid-state
photoelectrochemical (SSPEC) cells offer a scalable and direct route of hydrogen production from
solar energy and water vapor, alleviating the potential strain on water resources in areas where
solar irradiation and ambient humidity are abundant. However, the development of novel
photoactive materials of increased stability and low cost is essential for the viability of this
technology. Cuprous oxide (Cu2O) offers a suitable bandgap for proton reduction and hydrogen
evolution, high theoretical quantum efficiency, and low cost, but exhibits significant vulnerability
to photocorrosion. In this Master’s thesis, a facile wet-chemical synthesis route of Cu2O
photocathodes for SSPEC cells is investigated. Additional surface modifications are applied to
increase photo-activity and improve the electrode stability.
Principal findings: Cu2O photocathodes have been synthesized in a solution of 2 M NaOH at 60
°C for 8 hours, yielding a photocurrent of -490 μA/cm2 in 1 M Na2SO4 electrolyte at 0 mV vs.
SHE. To enhance the stability and photocatalytic efficiency of the photocathodes, amorphous TiO 2
has been deposited by pulsed laser deposition and MoS2 has been deposited by sonication from a
colloidal MoS2 solution, resulting in -1.0 mA/cm2 photocurrent density at 0 mV vs. SHE.
Significant cathodic photocorrosion is observed in both photocathode configurations,
photocurrents decreases of 78% and 80% are observed in Cu2O and Cu2O/TiO2/MoS2,
respectively, after 1200 s of chronoamperometry measurements under chopped illumination.
Physiochemical investigations by scanning electron microscopy and X-ray diffraction reveal that
the (1 1 0) facet of Cu2O exhibits the highest resistance to photocorrosion and the least photoactive
interfaces. Photocathodes have been synthesized on Cu mesh for use in SSPEC cells with a TiO 2
nanotube photoanode and a Nafion® membrane, where the photoanode and photocathode are
supplies with air of 80% relative humidity and bottle-dry N2, respectively. The novel
Cu2O/TiO2/MoS2 photocathode outperforms a Pt/C cathode in SSPEC operation at more than 0.5
V applied bias, and a photocurrent of 122 μA/cm2 has been recorded at 1.23 V applied bias, which
is a 30% increase from the cell with a Pt/C cathode. Preliminary results indicate increased stability
from operation in liquid electrolyte, although additional experimental data should be pursued.
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Significance: This work contributes to the possible development of semiconductor photocathodes
for the efficient conversion of solar energy to hydrogen, combining semiconductor physics and
electrochemical principles in materials science research.
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Abbreviations
ALD

Atomic layer deposition

AM

Air mass

ASTM

American Society for Testing and Materials

CBM

Conduction band minimum

DOS

Density of states

IHP

Inner Helmholtz plane

LSV

Linear sweep voltammetry

OHP

Outer Helmholtz plane

PEC cell

Photoelectrochemical cell

PLD

Pulsed laser deposition

RH

Relative humidity

SEM

Scanning electron microscope

SCE

Saturated calomel electrode

SHE

Standard hydrogen electrode

SSPEC cell

Solid-state photoelectrochemical cell

STH

Solar-to-hydrogen

TPB

Triple-phase boundary

VBM

Valence band minimum

XRD

X-ray diffraction
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1. Introduction
1.1. Global energy concerns
Since the beginning of the industrial revolution, modern civilization has relied on fossil fuels as
the most important energy source. Global CO2 emissions have increased steadily ever since the
development of the steam engine, and even though the oceans and land-based biomass absorb a
large portion of all CO2 emitted by human activities, the atmospheric concentration has increased
from 353 to 413 ppm in the last 30 years [1]. As both the world population and average
consumption per capita continue to rise, the issues related to global warming will soon become
insurmountable unless radical changes to decrease CO2 emissions are rapidly implemented.
In the pursuit of a cheap and renewable energy source, solar energy is the appropriate choice.
Approximately 1.05*109 TWh of solar energy reaches the earth annually [2], a small fraction of
which is sufficient to cover the global consumption (~1.6*105 TWh in 2018 [3]). While hydroand wind energy currently constitute the two largest renewable energy sources (47% and 23% of
renewable power production, respectively [4]), solar energy is the fastest growing energy sector
on the planet with a 15- fold increase in production capacity from 2010 (43.6 GW) to 2019 (650.5
GW) [5]. However, a reliable storage method for power produced during peak hours is essential
for renewable energy sources. Large-scale energy storage requirements are mainly low cost per
kWh and long-term stability, while energy density is less important. Despite providing excellent
energy availability and efficiencies, systems such as Li-ion battery banks or superconducting
magnetic energy storage are unsuited for this purpose due to high cost and limited material
availability. Significant research efforts are being directed towards the development of novel
battery systems more suited for large-scale energy storage, but no system has yet proven its
viability for this purpose.
A solution to this is to convert the excess electricity into chemical fuels. Hydrocarbons are an
obvious first choice, as the global infrastructure to use these fuels already exist. However, a
renewable system of hydrocarbons requires novel catalysts to make CO2 a viable large-scale
carbon source. Many consider this method to depend on efficient CO2 collection during operation,
since the technology required for efficient recovery of CO2 in ppm concentrations does not
currently exist.

1.2. Hydrogen as energy carrier
Another candidate for chemical energy storage is hydrogen. The only required reactant is identical
to the sole waste product that is created as the fuel is consumed: water. Hydrogen can either be
burned directly, or produce electricity in a fuel cell. Recently, Germany unveiled its national
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hydrogen strategy: allocating €9 billion to the development of a complete value chain centered
around industrial hydrogen production from renewable energy sources [6]. A production capacity
of 5 GW will be ready by 2030, and the strategy aims for an additional 5 GW capacity by 2035
[7]. This strategy underlines the fact that hydrogen is consolidating its position as an important
part of the renewable energy economy.
While most of the global hydrogen production currently relies on steam reformation of natural gas,
the technology for water electrolysis is scalable and well understood. Hydrogen production from
electrolysis does however require water of relatively high purity in order to avoid electrode damage
during operation, and the commonly used electrodes in traditional electrolyzers consist of Pt, an
expensive and limited resource. Although an accurate assessment regarding the future adequacy
of global freshwater resources is a demanding task at best, experts are also concerned about the
effects of climate change and population growth on freshwater supplies [8].

FIGURE 1.1: OVERVIEW OF VARIOUS METHODS OF RENEWABLE HYDROGEN PRODUCTION. ALTERED FROM FIG. 1
IN K UMAR ET AL. [9].

In the extensive “Study on hydrogen from renewable sources in the EU” [10], six pathways to
renewable hydrogen have been underlined as especially promising: Biomass pyrolysis and
gasification, raw biogas reforming, thermochemical water splitting, fermentation combined with
biogas reforming, supercritical water gasification of biomass, and photo-catalysis. The latter, in
this thesis considered in the form of photoelectrochemical (PEC) cells, offers advantages such as
high scalability and the use of low-temperature operation compared to thermochemical processes.
To improve the viability PEC cells, research efforts are currently directed towards the development
of novel photoactive materials with increased stability, efficient cell designs, and overall cost
reduction. In this thesis, a solid-state version of PEC cells is considered.

1.3. Solid-state photoelectrochemical cells
Solid-state photoelectrochemical cells provide a method of directly solar powered hydrogen
production. Solely utilizing photons from the sun, hydrogen is produced by water vapor splitting.
These cells directly output hydrogen gas, negating the need for the external electrolysis unit that
Page 2 of 99

other solar-based power production relies on for H2 production. This technology is still in its early
stages, but modular hydrogen producing systems in combination with a fuel cell could be
implemented in the future to provide electricity in remote areas without an electrical grid. The
production unit would be upgradable with more panels or a larger fuel cell in response to increased
power consumption.
The solid-state photoelectrochemical cell discussed in this thesis consists of four main
components: two photoelectrodes, a proton-conducting membrane separating the electrodes, and
an external circuit connecting the electrodes. The photoactive electrodes consist of semiconductors
that create electron-hole pairs upon solar irradiation, and the charges are separated by electric fields
at the semiconductor/electrolyte interface. When the photoanode is illuminated, electron holes
enable the water splitting reaction (Equation 1.1). Protons are transported through the membrane,
and are reduced by photo-excited electrons at the photocathode surface in accordance with
Equation 1.2. Electrons from the photoanode and holes from the photocathode complete the total
reaction by terminating each other in the external circuit.
2𝐻2 𝑂 (𝑙 ) + 4ℎ+ → 4𝐻 +(𝑎𝑞) + 𝑂2 (𝑔)

(1.1)

2𝐻 + + 2𝑒 − → 𝐻2 (𝑔)

(1.2)

The solid-state photoelectrochemical cell offers several advantages compared to conventional
electrolyzers. Since H2 and O2 are produced at separate locations, the as-synthesized hydrogen
purity is excellent. The compactness and rigidity offered by a monolithic device is another
desirable feature for decentralized energy production, and contrary to conventional electrolyzers,
a gas-phase water splitting system would be net positive with regards to clean water at the
production site.
Photoactive materials are currently the main limiting factors of photoelectrochemical cells, and
significant efforts regarding this emerging technology is directed at photoelectrode improvement.
Thermodynamically, a bandgap of 1.23 eV is required to power the reaction; however, losses in
the device necessitate at least 1.7 eV for efficient hydrogen production. In addition to an
appropriate bandgap, the success of photoelectrochemical cells depend on the development of
photoelectrodes comprised of cheap and earth-abundant materials.

1.4. Cuprous oxide photocathodes
Cuprous oxide (Cu2O) is a direct-bandgap semiconductor (Eg = 2.1 eV). It was one of the first
materials utilized for electrical power rectification: Grondahl patented the first diode employing
cuprous oxide in 1925 [11], 13 years before the diode phenomenon was explained independently
by Davydov, Mott, and Schottky [12, 13]. Although Grondahl’s “unidirectional current carrying
device” was applied scarcely in devices at his own time, investigations regarding the nature of
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cuprous oxide did not halt with this. In 1951, Brattain expanded the understanding of
semiconductors by investigating hole concentration and mobility as well as the temperature
dependence of DC current characteristics in Cu2O [14]. Copper is an important construction
material, and studies based on the need to understand oxidation of bulk copper has provided
valuable insight regarding reaction rates and formation mechanisms of Cu 2O. Cuprous oxide is
also interesting because of its electronic and structural properties, which in recent years have
sparked interest in fields such as catalysis, nanoelectronics, photoelectrochemistry, and
spintronics.
Cuprous oxide is a promising photocathode material for photoelectrochemical cells because of its
appropriate bandgap and band edges for proton reduction and hydrogen evolution, high theoretical
quantum efficiency, in addition to its low cost and abundancy. The main drawback of cuprous
oxide is its vulnerability to photocorrosion, which is addressed by applying various protective
coatings to the material.

1.5. Aims and approach
The primary objective of this thesis is to develop a simple wet-chemical synthesis route of Cu2O
photocathodes, with focus on their applicability in solid-state photoelectrochemical cells.
A facile synthesis route of highly efficient photo-catalysts is essential for streamlining manufacture
and minimize production costs. Therefore, the secondary objectives are summarized as follows:
-

To grow Cu2O directly on Cu substrate by a simple synthetic route
To assess the photoelectrochemical properties of the synthesized Cu 2O to determine the
appropriate reaction conditions for highly photoactive electrodes
To apply appropriate surface modifications in order to increase the performance and
stability of the photocathodes
To study the physiochemical properties of the photocathodes with additional
characterization techniques before and after operation
Finally, to assemble and test a SSPEC cell employing the novel photocathodes. It is
hypothesized that a Cu2O-based photocathode will increase the SSPEC performance
compared to a configuration employing a Pt-based cathode, as well as stability of Cu 2O
due to gas-phase operation.
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2. Theory
The following chapter aims to summarize important theoretical aspects necessary for the
discussions presented later in this thesis. Some of these subjects, such as thermodynamics, require
discussions from the viewpoint of both chemistry and physics in order to provide satisfactory
insight into the observed phenomena. The cross-disciplinary nature of photoelectrochemical water
splitting necessitates the inclusion of broad fields within materials science that cannot be
summarized in their entirety, thus only aspects of direct relevance for the following discussions
are presented. This selection includes band theory, some materials thermodynamics for stability
considerations, light absorption, electronic properties, and junctions with their corresponding
equilibria. Density functional theory (DFT) calculations have not been performed in this work,
which is why equations regarding band structure or atomic bonding are only briefly covered.

2.1. Energy
In this section, energy concepts that are useful for describing junctions are introduced. While the
energies of chemical species are conventionally provided as kJ/mol, electron energies are usually
described by units eV per species instead.

2.1.1. Energy levels
The Fermi level EF is the chemical potential of electrons in a material, which is defined as the
thermodynamic work required to adding one electron to the material. The Fermi level of a
semiconductor can be considered the hypothetical energy level of an electron that has a 50%
probability of being occupied when the material is in thermodynamic equilibrium. It does not need
to correspond to an actual energy level: in ideal intrinsic semiconductors at 0 K, the Fermi level is
positioned in the middle of the bandgap. While it is often said that the Fermi level can be controlled
e.g. by doping, it is actually the entire band structure that is altered relative to EF, which remains
a constant thermodynamic entity. To change the Fermi level, the material must come in contact
with a material with a different Fermi level. When this happens, electrons flow to the material with
the lowest Fermi level until the materials have equilibrated. In this case, the bands in one material
do not change relative to each other, but will collectively move up or down in response to the
Fermi level change.
In semiconductor physics, the electron affinity χ is defined as the energy acquired by moving an
electron from the vacuum outside of the solid to the conduction band. At nonzero temperatures,
the electron will on average go to the Fermi level, which is where the definition differs from the
common chemistry definition. The work function φ is the minimum thermodynamic work required
to move an electron from a solid to the vacuum directly outside of the material, and is commonly
used to describe metals. The work function of a semiconductor cannot be measured as there are no
states directly corresponding to the fermi level (and at any real temperature, there will probably be
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electrons in the conduction band), but it can be calculated by using the definition. While the work
function of a semiconductor can be altered by doping, χ is closer to being a material constant like
EF (both φ and χ are still strictly surface properties). In Figure 2.1, Fermi level, work function,
and electron affinity are illustrated.

FIGURE 2.1: ENERGY CONCEPTS FOR AN UNDOPED SEMICONDUCTOR AND A METAL. OCCUPIED AND UNOCCUPIED
ELECTRONIC STATES ARE INDICATED BY DARK AND LIGHT GREY, RESPECTIVELY.

Similarly to the origin in coordinate systems, the choice of a reference zero can be made arbitrarily
as long as all energy levels are compared to the same point. “The energy in vacuum”, however, is
not an ideal zero because it can vary significantly depending on the point of measurement. A better
choice of zero may be earth, an electrically conductive body large enough to be unaffected by the
addition or removal of a few electrons. Employing this point of zero, the Fermi level is directly
measurable with a voltmeter.

2.1.2. Thermodynamics vs. kinetics
Thermodynamic equilibrium and kinetics are two key concepts in the discussion of material
performance and stability. The Gibbs free energy change ΔG of a reaction is used to describe the
thermodynamic equilibrium, while the “kinetics” refers to the activation energy EA that must be
overcome for the reaction to proceed. Catalysts are substances that provide an alternative reaction
mechanism with lower activation energy, which “improves the kinetics” of the reaction by
decreasing the time needed to reach thermodynamic equilibrium. The reaction rate dependence of
EA and temperature is provided by the Arrhenius equation (Equation 2.1), where k is the reaction
rate, A is a pre-exponential factor, and R is the universal gas constant. The exponential relation
implies that small changes in EA can significantly affect the reaction rate.
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𝐸

𝑘 = 𝐴𝑒

𝐴
−𝑅𝑇

(2.1)

Since many chemical reactions with ΔG < 0 do not occur due to high activation energies, several
materials are considered “metastable”: thermodynamically unfavorable, yet stable under certain
conditions due to slow kinetics. Figure 2.2 illustrates the effect of a catalyst on a hypothetical
reaction X+YZ.

FIGURE 2.2: POTENTIAL ENERGY DIAGRAM OF A REACTION X+YZ WITH AND WITHOUT A CATALYST. THE
CATALYZED REACTION FEATURES TWO INTERMEDIATE STATES AT LOCAL MINIMA OF THE TOTAL REACTION. IF
THE ENERGY BARRIERS AT EITHER SIDE OF THE INTERMEDIATE STATES ARE SUFFICIENTLY HIGH, THEY MAY BE
OBSERVED AS METASTABLE MATERIALS. THE TOTAL REACTION CAN BE VIEWED AS THREE CONSECUTIVE
REACTIONS WITH DIFFERENT ACTIVATION ENERGIES. INTERMEDIATE STATES ARE NOT FOUND IN THE NONCATALYZED REACTION DUE TO DIFFERENCES IN REACTION MECHANISMS.

2.2. Junctions
In the following section, semiconductor junctions that are relevant to photoelectrochemistry are
described with the previously presented energy concepts. Junctions are responsible for numerous
materials properties, many of which are essential in photoelectrochemical cells. Correlations
between bulk periodicity and electronic structure are described, photo-absorption is introduced,
and electronic structures of junctions involving oxide semiconductors are considered.

2.2.1. Bloch functions and band structure
In order to explain the basic concepts of electronic band structures, an infinitely long hydrogen
chain is theorized. A symmetry argument based on the equal spacing of lattice points is used to
express the bonding conditions of the electrons mathematically as a Bloch function (Equation
2.2).
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ψk = ∑𝑛 𝑒 𝑖𝑘𝑛𝑎 𝜒𝑛

(2.2)

FIGURE 2.3: BONDING AND ANTI-BONDING
STATES (BLACK AND WHITE SPHERES,
RESPECTIVELY) IN AN INFINITE H CHAIN.

The exponential factor can be either 1 or -1, referring to the H electron states as either bonding or
anti-bonding. Starting with only bonding states at k = 0, the system is at its lowest energy.
Gradually changing the basis functions increases the energy of the system until every second factor
is -1, and the system describing a hydrogen chain with the highest possible energy is reached. This
occurs when abs(k) = π/a, and no bonds are able to form. The range of unique k values is [-π/a,
π/a], choosing any value outside of this range is simply a repetition of a system described with a k
of lower absolute value. This range of useful k values lie within what is called the Brillouin zone
of the material.
As each k describes a unique system, it is possible to describe the energy of the system as a function
of k. It is easily proved that E(k) = E(-k), so by removing the superfluous negative values a
complete plot of energy as a function of k can be shown by plotting E against k = [0, π/a]. This is
called the band structure of a material. A density of states (DOS) plot provides information on how
many allowed electron states exist in the material at a certain energy. Since the distance between
each allowed k state is the same, the curvature of the band structure dictates the density of states
(Equation 2.3). The band structure and DOS plot of the H chain are provided in Figure 2.4.
𝐷𝑂𝑆(𝐸)𝑑𝐸 = 𝑁𝑠𝑡𝑎𝑡𝑒𝑠 (𝐸 − 𝑑𝐸) − 𝑁𝑠𝑡𝑎𝑡𝑒𝑠 (𝐸)
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(2.3)

FIGURE 2.4: BAND STRUCTURE AND DENSITY OF STATES PLOTS FOR THE INFINITE HYDROGEN CHAIN. SMALL
CHANGES IN K AROUND K = Π/2A WILL ALTER THE ENERGY OF THE CHAIN MORE THAN IF THE SAME CHANGE HAD
OCCURRED CLOSER TO K = 0 OR K = Π/2A. DUE TO THIS, THE DOS OF THE INFINITE HYDROGEN CHAIN IS AT A
LOCAL MINIMUM AT K = Π/2A. THERE ARE NO ALLOWED STATES BELOW E(K = 0) OR ABOVE E(K = Π/A),
RESULTING IN DOS(E) = 0 IN THOSE AREAS.

The infinite H chain is unstable under normal temperatures and pressures due to Peierls distortion:
lattice vibrations would temporarily break the symmetry of the chain, leading to the formation of
H2 molecules [15].
Because electron energy levels are quantified, k is not a continuous function. The number of k
values in the allowed range is the same as the number of repeating unit cells, so E(k) in any real
material is a discontinuous function. However, the amount of unit cells in a bulk material is usually
sufficient to plot E(k) as a line. This is not necessarily a valid simplification in nanomaterials,
where this discontinuity can lead to so-called nano-effects not seen in the bulk material.
In addition to being a symmetry label, k has another important property in semiconductor physics.
k = 1/λ is the wave vector of the electrons, and through the De Broglie relation λ = h/p it becomes
apparent that k = p/h provides a direct description of the electron momentum. As is evident by its
inverse relation to wavelength, the Brillouin zone is found in reciprocal space (also called k-space).
All allowed k-points are equally spaced in k-space. In real materials of more than one spatial
dimension, the band structure is plotted through useful points (denoted by Greek letters) of high
symmetry in k-space.

2.2.2. Photo-absorption
The band structure and DOS of the semiconductor Cu2O as calculated by DFT are shown in Figure
2.5. The electronic structure of Cu2O is considerably more complicated than the hydrogen chain,
and the direct bandgap of 2.1 eV is positioned at k = 0 (Γ in Figure 2.5).
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FIGURE 2.5: BAND STRUCTURE (LEFT) AND DENSITY OF STATES (RIGHT) OF CU2O AS CALCULATED BY DFT [16].
THE VALENCE BAND, CONDUCTION BAND AND BANDGAP ARE DENOTED BY EV, EC, AND EG, RESPECTIVELY. WHILE
THEY MAY OVERLAP, EACH ENERGY BAND DESCRIBES THE ENERGY STRUCTURE OF ONE ELECTRONIC STATE IN
THE MATERIAL. THE DOS CONTRIBUTIONS OF OVERLAPPING ENERGY BANDS ARE ADDED TOGETHER TO FORM
THE TOTAL DOS OF THE MATERIAL.

In semiconductors at 0 K, all electronic states below the valence band maximum (VBM) are filled,
and all states above the conduction band minimum (CBM) are empty. The bandgap is the most
defining property of photo-absorption, and depending on whether the VBM and CBM are
positioned at different k-values, the bandgap is characterized as direct or indirect. Indirect bandgap
excitations depend on additional events such as lattice vibrations (phonons) to provide the
momentum change, which means that indirect bandgaps have significantly lower absorption rates
than their direct counterpart. Absorption rates also depend on the DOS of the final state. The
valence bands of most transition state oxides are reasonably flat, so the absorption rates are
sufficient to enable their use as photoabsorbers. As illustrated in Figure 2.5, Cu2O has a direct
bandgap.

2.2.3. Band bending
When the Fermi levels of two different materials align, the observed band structure changes are
called band bending. Band bending is illustrated in Figure 2.6, where a metal and a p-type
semiconductor of appropriate band positions form a rectifying Schottky junction upon contact. As
illustrated in Figure 2.6, electrons move from the metal surface to the surface of the
semiconductor, where the majority charge carriers (holes) are consumed. This results in a volume
of negative charge relative to the semiconductor bulk close to the surface, illustrated by the band
edges bending down towards the junction. This volume contains very few charge carriers, and is
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called the space charge region (SCR). Since the charge carrier concentration decreases during the
formation of the junction, it is also called the depletion layer. The size of the SCR depends on the
magnitude of the band bending and the charge carrier density of the two materials. The initial
charge carrier density is usually orders of magnitude higher in the metal, resulting in the majority
of the space charge region being positioned in the semiconductor. A dipole is created between the
two materials, where the electric field results in a potential barrier φB over the junction. In a
simplified junction model, the potential barrier is given as the difference between the metal work
function and semiconductor electron affinity (as shown in Figure 2.6). The dipole charges can be
controlled by applying an external electric bias VB, enabling direct control of the potential barrier.

FIGURE 2.6: A METAL AND A P-TYPE SEMICONDUCTOR WITH ΦS > ΦM BEFORE (LEFT) AND AFTER (RIGHT)
FORMING A SCHOTTKY JUNCTION. AS PREVIOUSLY MENTIONED, THE WORK FUNCTION DEFINITION DOES NOT
EMPLOY ONE EVAC FOR ALL MATERIALS. THE VACUUM ENERGIES ARE ALIGNED IN THE TWO MATERIALS BEFORE
THE JUNCTION IS FORMED DUE TO CONVENTION. THESE LEVELS SHIFT WHEN THE JUNCTION IS FORMED TO
FACILITATE THE ALIGNMENT OF FERMI LEVELS (WHICH ARE INDEED DEFINED WITH A COMMON ORIGIN) WHILE
KEEPING THE WORK FUNCTIONS CONSTANT.

An overview of the possible band bending situations is presented in Figure 2.7, and each scenario
is described for p-type semiconductors below. The situations in p- and n-type semiconductors are
reversed with respect to charges and band bending directions.
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FIGURE 2.7: BAND BENDING SITUATIONS FOR N-TYPE (TOP) AND P-TYPE (BOTTOM) SEMICONDUCTORS [2].

The flatband situation is found inside the bulk of a homogenous semiconductor (Figure 2.7),
where no band bending occurs. The flatband voltage VFB of a junction is defined as the applied
bias that achieves zero net electrical charge in the semiconductor and thus no voltage drop across
it.
Depletion occurs if the Fermi level of the semiconductor is lower than the other material, as
exemplified in Figure 2.6. The mobile charge carrier concentration in the region decreases, and
negative charge builds up. Inversion occurs when the negative charge buildup is high enough to
make the Fermi level pass the middle of the band gap, effectively n-doping the material closest to
the junction. An even more extreme variant of this situation is deep depletion, where the
conduction band meets the fermi level. This increases the mobile electron concentration at the
junction, and the interface becomes conductive.
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Accumulation is the reverse band-bending situation of depletion, and the semiconductor has the
highest Fermi level. Electrons are removed from the p-type semiconductor, leading to an
accumulation of positive charge in the SCR.
When a metal-semiconductor junction is formed, electronic interface states appear due to nonideal crystal termination. Metal-induced gap states (MIGS) are virtual or “resonance” states that
are not allowed to exist in either bulk material [17]. In a rough approximation, MIGS can be viewed
as tails of metal states that decay a short distance into the semiconductor [18]. As MIGS extend
into the semiconductor, they must also be a Fourier series of band states from the semiconductor
bulk. While localized states cannot exist in the junction, MIGS behave in the same way as would
be expected by localized states. When MIGS are occupied, φB becomes significantly less
dependent on the metal work function than Figure 2.6 indicates. Instead, the barrier of a
semiconductor is “pinned” at a certain energy that varies little by altering between different metals.
This is called Fermi level pinning.

2.2.4. Semiconductor in aqueous electrolyte
When an oxide semiconductor is submerged in an aqueous electrolyte, water molecules
dissociatively chemisorb onto the surface by creating –OH bonds. These bonds create electronic
states, and act as electron donors on the surface of p-type semiconductors. Hydroxylation alone is
not sufficient to describe the interface accurately. Protonation and deprotonation of the surface is
believed to be a dynamic equilibrium, where charged species are constantly moving to and from
the surface in accordance with Equation 2.4 and 2.5.
−
+
𝑀 − 𝑂𝐻 + 𝐻2 𝑂(𝑙) 𝑘𝑎
↔ 𝑀𝑂 + 𝐻3 𝑂 (𝑎𝑞)

(2.4)

+
−
𝑀 − 𝑂𝐻 + 𝐻2 𝑂(𝑙) 𝑘𝑏
↔ 𝑀 − 𝑂𝐻2 + 𝑂𝐻 (𝑎𝑞)

(2.5)

The depletion layer equivalent on the liquid side consists of two regions: the Helmholtz layer and
the Gouy-Chapman region (Figure 2.8). The Helmholtz layer is confined by the inner and outer
Helmholtz planes (IHP and OHP, respectively). The IHP is defined as the radius of the largest
chemisorbed species on the electrode surface. The considerable dipole momentum of water means
that any ions not chemisorbed to the surface are actually surrounded by water molecules, and the
shortest distance between these ions and the surface is called the OHP. The potential difference
between these planes is called the Helmholtz voltage VH. The Gouy-Chapman region begins at the
OHP, and describes the region in which charged species are still affected by the interface. The
concentration of charged species is therefore higher in this region than the bulk electrolyte, but
this layer contributes less to the potential difference than the Helmholtz regions unless very low
concentrations of charged species are present in the solution.
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FIGURE 2.8: THE REGIONS OF A P-TYPE SEMICONDUCTOR IN DEPLETION MODE/ELECTROLYTE INTERFACE (TOP)
WITH CHARGE (MIDDLE) AND POTENTIAL (BOTTOM) DISTRIBUTIONS. VS, VH, AND VG ARE THE VOLTAGES OVER
THE SPACE CHARGE REGION, HELMHOLTZ LAYER, AND GOUY-CHAPMAN REGION, RESPECTIVELY.
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Capacitive behavior
Once the semiconductor-liquid interface has reached equilibrium, layers of charges arise. The
surface of the p-type semiconductor is negatively charged compared to the bulk material, which is
compensated by positive charges in the Helmholtz layer. The Gouy-Chapman region contains
slightly more negative than positive charges due to the nature of electrostatic interactions. These
layers of alternating charges act as three parallel plate capacitors connected in series.

pH dependence
In addition to any externally applied bias, the Helmholtz layer is determined by the relation
between Equation 2.4 and 2.5. The Helmholtz voltage is therefore pH dependent. The pH
dependence is approximated by Equation 2.6, where the point of zero charge (PZC) is the pH
yielding zero net charge of surface adsorbents, thus constituting the flatband situation in the
semiconductor.
𝑉𝐻 =

2.3𝑘𝑇
𝑒

(𝑃𝑍𝐶 − 𝑝𝐻 ) = 0,059 𝑉(𝑃𝑍𝐶 − 𝑝𝐻)

(2.6)

The redox reactions of water at non-standard conditions are described by the Nernst equation [19].
Equation 2.7 and 2.8 shows the reduction and oxidation potential dependence on pH.
0
𝐸𝑟𝑒𝑑 = 𝐸𝑟𝑒𝑑
−

0
𝐸𝑜𝑥 = 𝐸𝑜𝑥
+

2.3𝑘𝑇
𝑒

2.3𝑘𝑇
𝑒

1

1

0
(log (𝑝𝐻2 2 ) + 𝑝𝐻) = 𝐸𝑟𝑒𝑑
− 0.059 𝑉 (log (𝑝𝐻2 2 ) + 𝑝𝐻)

0
(log(𝑝𝑂2 ) − 𝑝𝐻) = 𝐸𝑜𝑥
+ 0.059 𝑉(log(𝑝𝑂2 ) − 𝑝𝐻)

(2.7)
(2.8)

According to Equation 2.8, the pH dependence of band bending is -0.059 V per pH value increase.
This is the same pH dependence as the water redox reactions exhibits, so the relative position of
band edges compared to redox potentials remain unchanged for semiconductor oxides in aqueous
electrolytes. This does not mean that pH is irrelevant in photoelectrochemical cells, the stability of
electrode materials may change drastically when the pH is changed. Another pH-related
consideration is that the band positions of non-oxide catalysts do not necessarily show the same
dependency, so their catalytic efficiency may be sensitive to pH changes.

2.3. Photoelectrochemical cells
Photoelectrochemical (PEC) cells provide a method of converting solar energy into chemical
energy. When incoming photons of appropriate energies are absorbed by one or multiple
photoabsorbers, the resulting electron-hole pairs are used to drive redox reactions within the cell.
Two main categories of PEC cells exist: regenerative and photosynthetic cells. In a regenerative
PEC cell, redox couples such as V2+/V3+ or I2/I- are oxidized at the anode and reduced at the
cathode, producing electricity without a net change in chemical composition in the cell over time.
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Regenerative PEC cells are also called Grätzel cells, after Michael Grätzel who reported the first
regenerative PEC cell in 1991 along with Brian O’Regan [20]. The cell consisted of a TiO2 anode
covered by a monolayer of a Ru-based dye with absorption onset at 750 nm (1.65 eV), and a glass
counter-electrode. The cell exhibited a solar-to-electric efficiency of 7.1 - 7.9% under 1 sun
illumination, and less than 10% degradation was observed after 2 months of illumination.
In photosynthetic cells, the solar energy is used to generate chemical fuels such as H 2, H2O2, NH3,
or hydrocarbon chains [21]. This thesis is limited to the discussion of photosynthetic cells for
hydrogen production. The first water-splitting PEC cell was reported by Fujishima and Honda in
1972 [22]. Their cell consisted of a single-crystal rutile TiO2 photoanode and a Pt cathode in
aqueous solution that illustrated photocurrent onset at almost exactly the flatband potential of the
TiO2/electrolyte junction. Significant current increase and oxygen evolution was observed when
the photoanode was illuminated, but the high bandgap of TiO2 (3.2 eV) severely limited the
efficiency of the cell.

2.3.1. Photoelectrochemical water splitting
Photoelectrochemical water splitting consists of two half-reactions occurring simultaneously at the
electrodes. Regardless of which electrode is photoactive, the water splitting reactions are described
by Equations 2.9-2.13.
1

𝐻2 𝑂(𝑙 ) + 2ℎ+ → 2𝐻 +(𝑎𝑞) + 2 𝑂2 (𝑔)

0
𝐸𝑜𝑥
= −1.23 𝑉 𝑣𝑠. 𝑁𝐻𝐸

(2.9)

2𝐻 + + 2𝑒 − → 𝐻2 (𝑔)

0
𝐸𝑟𝑒𝑑
= 0.00 𝑉 𝑣𝑠. 𝑁𝐻𝐸

(2.10)

The protons would immediately bond to water molecules and be present in the form of H3O+(aq)
in aqueous solution, but in order to simplify the equations, the notation H+(aq) is used here.
Equation 2.9 and 2.10 are valid for reactions in an acidic solution (pH = 0), and in an alkaline
electrolyte (pH = 14) the half-reactions are as presented in Equation 2.11 and 2.12.
1

2𝑂𝐻 −(𝑎𝑞 ) + 2ℎ+ → 𝐻2 𝑂(𝑙 ) + 2 𝑂2 (𝑔)

0
𝐸𝑜𝑥
= −0.40 𝑉 𝑣𝑠. 𝑁𝐻𝐸

(2.11)

2𝐻2 𝑂 (𝑙 ) + 2𝑒 − → 𝐻2 (𝑔) + 4𝑂𝐻 −(𝑎𝑞)

0
𝐸𝑟𝑒𝑑
= −0.83 𝑉 𝑣𝑠. 𝑁𝐻𝐸

(2.12)

The difference between acidic and alkaline electrolytes is constituted by whether hydronium or
hydroxide ions are in majority. The total reaction is the same in both cases:
1

𝐻2 𝑂(𝑙 ) → 2 𝑂2 (𝑔) + 𝐻2 (𝑔)

𝐸0 = −1.23 𝑉 𝑣𝑠. 𝑁𝐻𝐸

(2.13)

The Gibbs free energy change is 2.46 eV per molecule because two electrons are needed to reduce
one water molecule, which is equal to 237 kJ mol -1 H2 (g). Herein lies an important requirement
for water-splitting PEC cells: the bandgap of the photoelectrode must be more than 1.23 eV (λ =
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1008 nm) in order to run the reaction. Considering resistive losses inside the device, above 1.7 eV
(λ = 730 nm) is required in a real device. As further discussed in Literature 1.2.1, approximately
2 eV (λ = 620 nm) would be the ideal bandgap. The VBM must be below the reduction potential
of the oxidation reaction, while the CBM has to be above the reduction potential of the reduction
reaction. The ideal photoelectrode also has good charge carrier separation and transport, high light
absorbance, as well as high catalytic activity combined with high stability.
Since a photoabsorber with all the desirable properties has not yet been discovered, a strategy to
compensate for imperfect band gaps and band edge positions is to use multiple photoabsorbers in
tandem, which enables the utilization of a larger portion of the solar spectrum than what would be
possible with only one photoabsorber.

2.3.2. Illuminated photoelectrodes
Discussions until this point have mainly assumed unbiased equilibrium, which is the situation at a
photoelectrode in the dark. Photoexcitation brings the system out of equilibrium, and the resulting
effects on the system is what governs photoelectrochemistry.

Quasi-Fermi levels
When the semiconductor is illuminated, charge carrier concentrations deviate from equilibrium
conditions. A circuit consisting of a photo-cathode, a liquid electrolyte, and a metal anode is chosen
to explain the changes that occur under illumination.
Upon illumination, the Fermi level of the photoelectrode decreases by ΔVphoto. This reduces the
band bending of the semiconductor, lowering the resistance in the circuit significantly. The
deviation from equilibrium makes the Fermi level unable to describe charge carrier concentrations
∗
∗
in the space-charge region accurately. Quasi-Fermi levels 𝐸𝐹,𝑛
and 𝐸𝐹,𝑝
, direct measurements of
electron and hole concentrations at position x respectively, are instead introduced. Their
definitions are provided in Equation 2.14 and 2.15, where n0, n, and Δn are the initial, present,
and photo-excited electron concentrations, and Nc and Ec are electron concentration and energy in
the conduction band, respectively. Correspondingly, p 0, p, Δp, Ev, and Nv describe hole
concentrations and energy in the valence band.
∗

𝑛 = 𝑛0 + 𝛥𝑛 = 𝑁𝐶 𝑒 −(𝐸𝐶 −𝐸𝐹,𝑛)/𝑘𝑇

(2.14)

∗

𝑝 = 𝑝0 + 𝛥𝑝 = 𝑁𝑉 𝑒 −(𝐸𝐹,𝑝−𝐸𝑉)/𝑘𝑇

(2.15)

The majority charge carrier concentration of the semiconductor is relatively unaffected by the
excited species, but minority charge carrier concentrations increase drastically under illumination.
In a p-type semiconductor, this translates to p = p0 + Δp ≈ p0 and n = n0 + Δn ≈ Δn. The band
diagram and quasi-Fermi levels of the illuminated PEC cell are illustrated in Figure 2.9. The redox
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of H2O/O2 is the dominating reaction under equilibrium conditions because the activity of water
is substantially higher than H2/H+ concentrations, which leads to the alignment of this reaction
with the Fermi levels of the electrodes in dark conditions.

FIGURE 2.9: BAND DIAGRAM OF A P-TYPE SEMICONDUCTOR AND METAL PHOTOELECTROCHEMICAL CELL
BEFORE (LEFT) AND UNDER ILLUMINATION (RIGHT). THE QUASI-FERMI LEVEL OF ELECTRONS IS LOWER IN
ENERGY THAN THE FERMI LEVEL BECAUSE PHOTO-EXCITED SPECIES INCREASES THE HOLE CONCENTRATION
SIGNIFICANTLY (THE FERMI LEVEL IS ONLY DEFINED IN EQUILIBRIUM, AND IS THUS UNSUITED FOR DESCRIBING
ILLUMINATED JUNCTIONS).

There are multiple opinions in the scientific community as to whether quasi-Fermi levels should
be used to describe the thermodynamic driving force of such reactions. The derivation is based on
kinetic arguments rather than thermodynamics, so the model should not be considered as
universally valid.
Neither bulk nor surface states are considered, so quasi-Fermi levels may not be suited to describe
reaction mechanisms where physical artifacts of these states (and not just their energy levels) are
important. Quasi-Fermi levels do however provide useful insights in certain cases regarding device
function. In Figure 2.9, the quasi-Fermi level of electrons provides an intuitive explanation to how
PEC water splitting depends on minority charges: photo-excitation facilitates the cathodic halfreaction by providing electrons to the appropriately positioned conduction band.

Photocurrent-Voltage characteristics
There exists a plethora of models for the photocurrent-Voltage characteristics of semiconductors.
Gartner’s model from 1959 [23], derived for a reverse-biased n-type semiconductor, is one of the
most used. The Gartner model is provided in Equation 2.16, where Φ is the incident light flux, α
is the absorption coefficient, W is the depletion layer depth, Lp is the hole diffusion length, and j0
is the hole saturation current density.

𝑗𝐺 = 𝑗0 + 𝑒Φ (1 −

Exp(−αW)
1−𝐿𝑝

)

(2.16)
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This model assumes zero recombination at the interface and in the SCR. An improved version,
based on more appropriate boundary conditions, was presented by Reichman in 1980 (Equation
2.17) [23]. This equation provides the valence band photocurrent of an n-type semiconductor,
where jv0 is the interfacial hole transfer rate, j 0 is the hole current in the valence band at x = W
when Φ = 0, and η is the overpotential (defined as the difference between the applied potential
and the open-circuit potential under illumination).
𝑒𝜂

𝑗𝑣 = 𝑗𝐺 −

𝑗0 𝐸𝑥𝑝(−𝑘𝑇)
𝑗
𝑗𝑣

(2.17)

𝑒𝜂

1+ 00 𝐸𝑥𝑝(−𝑘𝑇)

At low applied bias, the two models give almost exactly the same answers. However, the
significance of SCR recombination increases with higher photovoltages, and was shown to
dominate the J-V curves at said photovoltages due to band flattening. This differs from regular
Schottky barriers or p-n solar cells, where these effects are normally neglected. The Reichman
model also provides the opportunity to model materials with slow hole transfer kinetics. Other
notable models include Jarret’s model [24] and Wilson’s model [25], which are useful for
describing materials where SCR recombination and interfacial recombination are especially
important, respectively. It is important to note that the presented models describe minority charge
carriers, and are not applicable near the flatband conditions where majority charge carriers
contribute significantly to the current.

Photocorrosion
Many semiconductor oxides with promising band positions for photoelectrochemical water
splitting suffer from photocorrosion in aqueous conditions. Under illumination, the photogenerated electrons may reduce cations to metallic species instead of reducing protons (Equation
2.18). Similarly, photo-generated holes may oxidize cations instead of oxidizing water (Equation
2.19).
𝑀𝑥 𝑂𝑦 (𝑠) + 2𝑦𝑒 − + 2𝑦𝐻 + (𝑎𝑞) ↔ 𝑥𝑀(𝑠) + 𝑦𝐻2 𝑂(𝑙)
𝑀𝑥 𝑂𝑦 (𝑠) +

2𝑦
𝑥

2𝑦

𝑦

ℎ+ ↔ 𝑥𝑀 𝑥 (𝑎𝑞) + 2 𝑂2 (𝑔)

(2.18)
(2.19)

These reactions may occur if the reduction or oxidation potential of a material is within its
bandgap, meaning that they are not thermodynamically stable under illumination. However, the
stability of a photoactive material depends on the degree of which kinetics favors water splitting
or photocorrosion. Accurately predicting the extent of photocorrosion of a material is very
difficult, promising photoelectrodes must therefore be tested to determine their stability.
An overview of bandgaps and redox potentials for selected semiconductors is provided in Figure
2.10. Most semiconductor oxides are especially prone to anodic photocorrosion, an example of
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which is ZnO. Photocorrosion of TiO2 is almost completely hindered by kinetics, and the material
generally exhibits excellent stability under illumination. Other materials, such as Cu2O, are
thermodynamically unstable in both anodic and cathodic conditions.

FIGURE 2.10: BANDGAPS AND DECOMPOSITION POTENTIALS (EP,D AND EN,D ARE ANODIC AND CATHODIC
DECOMPOSITION, RESPECTIVELY) OF SELECTED SEMICONDUCTORS [26].

2.3.3. Photoelectrochemical cell configurations
Figure 2.11 illustrates a selection of different PEC cell configurations. The conceptually simplest
PEC cell consists of a single photoelectrode (photoanode or photocathode in a and b, respectively),
an electrolyte, and a metal. One half-reaction occurs at the photoelectrode when photons are
absorbed, and charged ions move through the electrolyte. Electrons flow from the anode to the
cathode through an electric conductor, and the second half-reaction occurs at the metal electrode.
Materials with appropriate band gap positions that are able to utilize a large portion of the light
spectrum for water splitting are currently not available, but these configurations are very useful
for testing photoelectrodes.
Configurations c-f utilize more than one photoabsorber to increase the cell efficiency. The strategy
behind cell c and d is to integrate a p-n junction into the cell that provides a bias to the
photoelectrode, and by each absorbing one photon they are able to provide a high enough voltage
to split water. Cell e uses a photoanode and a photocathode, each of which provides the energy
required to drive one half-reaction. Cell f uses exactly the same principle as c and d, the only
difference is that the other photoabsorber is a semiconductor instead of a p-n junction. The ohmic
contact in c, d, and f facilitates recombination of photo-generated charge carriers on either side,
e.g. a metal with appropriate band edges.
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FIGURE 2.11: DIFFERENT PHOTOELECTROCHEMICAL CELLS FOR WATER SPLITTING [2]. A: PHOTOANODE AND
METAL CATHODE PEC CELL. B: PHOTOCATHODE AND METAL ANODE PEC CELL. C: PHOTOANODE WITH AN
INTEGRATED P-N-JUNCTION AND A METAL CATHODE. D: PHOTOCATHODE WITH AN INTEGRATED P-N JUNCTION
AND A METAL ANODE. E: PHOTOANODE AND PHOTOCATHODE. F: N-N HETEROJUNCTION PHOTOANODE AND
METAL CATHODE.

2.3.4. Solid-state photoelectrochemical cells
Solid-state photoelectrochemical (SSPEC) cells are PEC cells where the liquid electrolyte is
replaced by a solid electrolyte. The SSPEC cell described in this chapter consists of a photoanode,
a proton-conducting Nafion® electrolyte, and a photocathode in a setup similar to a protonexchange membrane (PEM) fuel cell. Water is introduced at the anode side and adsorbs onto the
photoanode, where photo-excited electrons create oxygen gas and protons. The protons are
transported through the Nafion® membrane to the photocathode, where additional photons are
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absorbed to facilitate the proton reduction half-reaction. Electrons from the anode side and holes
from the cathode side terminate each other by moving through an external conductor, completing
the reaction. A schematic overview of the SSPEC cell is presented in Figure 2.12.

FIGURE 2.12: SCHEMATIC OVERVIEW OF A SOLID-STATE PHOTOELECTROCHEMICAL CELL FOR WATER
SPLITTING. THE PHOTO-ANODE ABSORBS SHORT-WAVELENGTH LIGHT TO SPLIT WATER, AND THE PROTONS ARE
TRANSPORTED THROUGH THE ELECTROLYTE. THE PHOTONS WITH LONGER WAVELENGTHS ARE ABSORBED IN
THE PHOTO-CATHODE, WHERE THE PROTONS ARE REDUCED TO H2(G). AN EXTERNAL CONDUCTOR TRANSPORTS
THE ELECTRONS FROM THE ANODE TO THE HOLES FROM THE CATHODE, WHO RECOMBINE TO COMPLETE THE
REACTION. THE MAGNIFIED REGIONS ILLUSTRATE THE SEMICONDUCTOR/ADSORBED WATER (LEFT) AND
SEMICONDUCTOR/ATMOSPHERE (RIGHT) INTERFACES OF THE PEC CELL. THE QUASI-FERMI LEVELS OF
MINORITY CHARGE CARRIERS INDICATE HOW THE REACTION OCCURS AT THE SEMICONDUCTOR INTERFACES.

High proton conductivity between electrode and electrolyte is important for the overall efficiency
of SSPEC cells. Protons are generated at the photoanode/water interface, and must be transported
efficiently to the electrolyte in order to reach the photocathode. The electrolyte/photocathode
contact must also be sufficient to allow protons to reach the photo-generated electrons.
Chemisorbed water on TiO2 and Cu2O is prone to dissociate into OH species, and proton hopping
between adjacent oxygen sites is believed to be the main mechanism at higher operation
temperatures and low relative humidity. Increased humidity and lower temperature lead to
additional layers of physisorbed water on the surface, enabling the formation of H 3O+(aq) with
significantly higher mobility. Considering that gases are generated on both electrodes, porous or
partially open structures such as wire mesh are appropriate electrode geometries for this type of
cell.
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2.3.5. PEC cell efficiency
The most commonly used performance indicator of PEC cell performance is solar-to-hydrogen
efficiency (ηSTH), which is expressed in different ways depending on the method of measurement.
When the actual H2 production is measured (e.g. by gas chromatography), the efficiency is
0
determined by Equation 2.20, where 𝛷𝐻2 is the production rate (mol/(s*m2)), 𝐺𝑓,𝐻
is the Gibbs
2
free energy change of the water-splitting reaction under standard conditions (kJ/mol), and 𝑃𝑙𝑖𝑔ℎ𝑡
is the incident light intensity (kW/m 2).

𝜂𝑆𝑇𝐻 =

0
ΦH2 𝐺𝑓,𝐻
2

(2.20)

𝑃𝑙𝑖𝑔ℎ𝑡

Assuming that all electrons contribute to H2 production at the cathode, ηSTH can be expressed as a
function of electrical power (Equation 2.21).

𝜂𝑆𝑇𝐻 =

𝑃𝑜𝑢𝑡 −𝑃𝑖𝑛
𝑃𝑙𝑖𝑔ℎ𝑡

=

𝐽𝑝ℎ𝑜𝑡𝑜 (𝑉𝑟𝑒𝑑𝑜𝑥 −𝑉𝑏𝑖𝑎𝑠 )
𝑃𝑙𝑖𝑔ℎ𝑡

(2.21)

The incident photon-to-current efficiency (IPCE) describes the quantum efficiency as a function
of wavelength, which is particularly useful when investigating the performance-limiting factors of
photoelectrodes. This measurement is conducted by exposing the electrode to monochromatic light
of known intensity and measuring the resulting photocurrent. The IPCE is given by Equation
2.22.

𝐼𝑃𝐶𝐸 (𝜆) =

ℎ𝑐 𝑗𝑝ℎ𝑜𝑡𝑜 (𝜆)
(
)
𝑒
𝜆𝑃 (𝜆)

(2.22)

2.3.6. Benchmarking for solar water splitting
Photoelectrochemical water splitting is fundamentally limited by the solar spectrum, where
multiple photoabsorbers are required to utilize as much energy as possible. Hu et al. [27] calculated
the maximum efficiency for a tandem PEC system to be 31.1%, limited by a maximum possible
photocurrent density of 25.3 mA/cm2 at the photoelectrodes. For cells with a single photoabsorbing material, Murphy [28] has suggested an optimum bandgap of 2.03 eV. This corresponds
to 16.8% efficiency under 1 sun illumination. A consensus within the field dictates that
photocurrent densities of 8 mA/cm2 (equal to 10% ηSTH) and cell lifetime of 10 years are
prerequisites to large-scale PEC hydrogen production, which is well within the theoretical limits.
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FIGURE 2.13: THE AM1.5G REFERENCE SPECTRUM WITH DOTTED LINES INDICATING THE POSITIONS OF THE
THERMODYNAMIC WATER-SPLITTING ENERGY (1.23 EV), THE BANDGAP OF CU2O (2.1 EV), AND THE BANDGAP OF
TIO2 (3.0 EV). THE SPECTRUM CONTAINS PHOTONS OF HIGHER WAVELENGTH THAN 2000 NM AS WELL, BUT THIS
LIGHT IS OF TOO LOW ENERGY TO BE RELEVANT FOR SEMICONDUCTOR SOLAR HARVESTING DEVICES.
REFERENCE SPECTRUM DOWNLOADED FROM THE AMERICAN SOCIETY FOR TESTING AND MATERIALS (ASTM)
HTTPS://WWW.NREL.GOV/GRID/SOLAR-RESOURCE/SPECTRA-AM1.5.HTML. DATE OF DOWNLOAD: 16.08.19.

When discussing the merits of photoactive materials, a standardized light source is essential for
accurate material comparison. AM1.5G is the abbreviation for ASTM G-173-03, a standardized
reference spectrum that is based on the average ground irradiation of the 48 contiguous states of
the United States of America (Figure 2.13). The energy flux of AM1.5G is 1000 W/m2 = 100
mW/cm2. While the actual solar irradiation at any given time can be expected to deviate somewhat
from AM1.5G, the reference spectrum is considered the standard for testing photoactive materials.
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3. Literature
In this chapter, the literature study of photoactive semiconductors and photoelectrochemical cells
that provides the scientific foundation for this thesis is presented. Information regarding the
structure, properties, and synthesis of Cu2O are summarized, followed by a discussion of Cu 2O
photocathodes. To provide broader insight to the field of solar water splitting, a selection of other
promising photoactive materials and PEC cell geometries are then presented. Finally, a review of
previous work on solid-state photoelectrochemical cells concludes the brief literature review.

3.1. Cuprous oxide
3.1.1. Structure
a)

b)

FIGURE 3.1: CUPROUS OXIDE. A: THE UNIT CELL OF CU2O [29]. B: THE CU2O STRUCTURE WITH BONDS BETWEEN
IMMEDIATE NEIGHBORS SHOWN [30]. THE TWO COLOR SCHEMES (PINK-RED AND BLUE-MAGENTA) REPRESENT
THE TWO DISCONNECTED CRISTOBALITE STRUCTURES.

Cu2O is one of two commonly occurring copper oxides, the other being cupric oxide (CuO).
Cuprous oxide has a simple cubic unit cell with lattice constant 4.27 Å, with four Cu atoms in a
face-centered cubic sublattice, and two O atoms in a body-centered cubic sublattice that is shifted
¼ of the diagonal (Figure 3.1). The coordination numbers (4 and 2 for O and Cu, respectively),
are unusually low for a metal oxide. The Cu-O bonds are also surprisingly short compared to the
ionic radii of its constituents reported in literature (Table 3.1); purely ionic bonds would result in
an unstable structure. This issue has been investigated by several photo-spectroscopic methods,
revealing a hybridization between O2p and Cu4sp orbitals [31, 32]. This results in bonds of ioniccovalent nature [33]. Another interesting feature of the Cu2O crystal structure is that by visualizing
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the structure with bonds between immediate neighbors, two intertwined cristobalite structures
without direct bonds between each other is observed (Figure 3.2).
TABLE 3.1: INTERATOMIC DISTANCE IN CU2O AND IONIC RADII OF ITS CONSTITUENTS. BASED ON FIGURE 1-1 IN
[30].

Shortest interatomic distance of Cu2O
Ionic radii from literature Cu+
(Pauling)
O2Cu+ radius required for observed dCu-O according
to Shannon [34]

dCu-O = 1.84 Å
r = 0.96 Å
r = 1.40 Å
r = 0.46 Å

The chemical activity of a material is significantly affected by the surface energy (γ) of the exposed
crystal facets [35]. The surface energies of different Cu2O facets are ordered as follows: γ(1 0 0)
< γ(1 1 1) < γ(1 1 0) < γ(h k l) [36]. The (1 0 0) facet of Cu2O is reportedly unstable according to
DFT calculations and experiments in distilled water [37]. Surfaces that exhibit high surface energy
are usually more chemically active than more relaxed surfaces, but monochromatic IPCE
measurements with 400 nm light shows that the (1 1 1) facet provides higher photocurrents than
the (1 1 0) facet (IPCE = 26% and 17%, respectively) [38]. The authors attributed this to the higher
electrical conductivity of the (1 1 1) terminated surface, leading to better charge separation of the
photo-generated species. This underlines the importance of testing different morphologies and
comparing their merits in order to find the best performing photocathode.

3.1.2. Electronic properties
Cuprous oxide is a semiconductor with a bandgap of approximately 2.1 eV. DFT bandgap
calculations are generally in poor agreement with experimental data, sometimes underestimating
the observed bandgap with as much as 1.5 eV unless hybrid functionals with experimental fitting
parameters are utilized [30, 39]. Experimental bandgap data has been acquired by
photoelectrochemical and optical measurements.
Cuprous oxide exhibits p-type conductivity due to Cu+ vacancies functioning as intrinsic shallow
acceptors 0.4 eV above the conduction band [40]. Charge carrier concentration and mobility are
highly dependent on the synthesis method, with bulk properties generally reported in the range of
1014-1020 cm-3 and 60-130 cm2V-1s-1 [41]. Guo et al. [42] have reported of an increase of observed
hole mobility by two orders of magnitude when the oxygen partial pressure was decreased during
magnetron sputtering deposition onto a Cu target. This is likely due to improved crystallinity, as
grain size followed the same trend as hole mobility.
In Figure 3.2, the absorption coefficient of Cu2O in the visible spectrum as reported by Malerba
et al. [43] is presented. Utilizing Beer-Lambert’s law, the absorption length (the material thickness
Page 26 of 99

required to decrease the incident flux to 1/e ≈ 37% of its original magnitude) is 5 µm at 2.1 eV.
The absorption length rapidly decreases at higher energies, and is shorter than 1 µm at 2.4 eV.

FIGURE 3.2: ABSORPTION COEFFICIENTS FOR CU2O THIN FILMS IN THE VISIBLE SOLAR SPECTRUM AS REPORTED
BY MALERBA ET AL [43].

3.1.3. Synthesis
Cuprous oxide is synthesized by oxidizing Cu or reducing Cu 2+. Several synthesis routes leading
to the formation of Cu2O exist, such as thermal oxidation, electrodeposition, and sputtering. Cu
oxidation in air or humid conditions, where Cu2O is an intermediate in the formation of CuO, is a
well-known process. Oxidation of the metal advances by oxygen diffusion, which at moderate
temperatures (< 600 °C) is limited by grain boundary diffusion of oxygen [44]. Since impurities
tend to segregate at the grain boundaries, Cu purity has been found to impact growth rates
considerably at low to moderate temperatures [45]. Above 600 °C, lattice diffusion of Cu atoms
through the oxide is the dominating growth mechanism [46, 47].
When Cu metal is introduced to an aqueous solution, the material can be oxidized by O2(aq) or
other dissolved oxidizers [48, 49]. The method presented in this work involves oxidation of Cu
metal in alkaline solution without additional oxidizers, which to the author’s knowledge was first
described in 2014 by Zheng et al. [50]. This article, in addition to work by Jin et al. [51] and
Fernando et al. [52], forms the scientific basis for the Cu2O growth mechanisms presented here.
The simplified reaction mechanisms as presented by Zheng et al. are provided to give an overview
(Equation 3.1-3.5) before additional details are presented.
Cu(s) is oxidized by O2(aq) in a reaction that is assumed to provide a continuous release of Cu 2+(aq)
into the solution. A comproportionation reaction between the dissolved species and Cu(s) leads to
the formation of Cu+(aq), which has a very low solubility limit (Equation 3.3). This leads to
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precipitation of Cu2O on the surface, as described by Equation 3.1 to 3.4. Equation 3.5 describes
the net total reaction.
2𝐶𝑢(𝑠) + 𝑂2 (𝑎𝑞) + 2𝐻2 𝑂(𝑙 ) → 2𝐶𝑢2+(𝑎𝑞) + 4𝑂𝐻 −(𝑎𝑞)

(3.1)

𝐶𝑢2+(𝑎𝑞) + 𝐶𝑢(𝑠) → 2𝐶𝑢+(𝑎𝑞)

(3.2)

log[𝐶𝑢+ (𝑎𝑞)]𝑚𝑎𝑥 = −0.84 − 𝑝𝐻

(3.3)

2𝐶𝑢+(𝑎𝑞) + 2𝑂𝐻 −(𝑎𝑞) → 𝐶𝑢2 𝑂(𝑠) + 𝐻2 𝑂(𝑙)

(3.4)

4𝐶𝑢(𝑠) + 𝑂2 (𝑎𝑞) → 2𝐶𝑢2 𝑂(𝑠)

(3.5)

The copper dissolution actually occurs in two steps, as described by Equation 3.6 and 3.7.
2𝐶𝑢(𝑠) + 𝑂2 (𝑎𝑞) + 2𝐻2 𝑂(𝑙 ) → 2𝐶𝑢(𝑂𝐻 )2(𝑠)

(3.6)

𝐶𝑢(𝑂𝐻 )2(𝑠) + 2𝑂𝐻 −(𝑎𝑞) → [𝐶𝑢(𝑂𝐻 )4]2−(𝑎𝑞)

(3.7)

The dissolution of Cu(OH)2(s) by hydroxide ions is an important part of the formation of p-type
Cu2O. A simple comproportionation of Cu and Cu2+ results in an n-type material due to O
vacancies [52]. By conducting the reaction in basic solution, the hydroxide ligands provide
sufficient oxygen to make the material p-type (due to Cu+ vacancies) [51]. Figure 3.3 is based on
Figure 3 in Fernando et al. [51], describing n-type Cu2O growth in HCl. The growth curves are
assumed to have similar shapes, but the axes are given arbitrary units since the reaction
mechanisms are different from p-type Cu2O. As illustrated in Figure 3.3, the reaction can be split
into three regions based on the oxide growth rate.
The reaction rate in the first region is limited by the concentration of Cu 2+(aq), and the first Cu2O
crystals are slowly deposited on the surface. The dominating crystal facets are determined by
reaction temperature and substrate orientation. Rapid growth is observed in the second region,
where the concentration of Cu2+(aq) is no longer the rate determining step. The reaction speed is
instead determined by the availability of Cu on the surface. The third region is also governed by
Cu availability, however the growth rate decreases substantially as the oxide layer thickness almost
completely inhibits the reaction. If the reaction is allowed to continue beyond this region, Cu + is
oxidized to Cu2+ as indicated by the Pourbaix diagram of the Cu-H2O system (Figure 3.4).
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FIGURE 3.3: CU2O GROWTH IN AQUEOUS SOLUTION WITHOUT INITIAL CU2+ IN SOLUTION. BASED ON FIGURE 3 IN
[51].

FIGURE 3.4: POURBAIX DIAGRAM OF THE CU-H2O SYSTEM AT 25 °C [53]. THE POURBAIX DIAGRAM SHOWS
WHICH SPECIES ARE IN THERMODYNAMIC EQUILIBRIUM IN AQUEOUS ENVIRONMENT AT A CERTAIN
OXIDIZING/REDUCING POTENTIAL (Y-AXIS) AND ACIDITY (X-AXIS). THE DASHED LINES MARK THE REDUCTION (A)
AND OXIDATION (B) POTENTIALS OF WATER.

3.1.4. Photocorrosion
Cuprous oxide photocathodes are prone to photocorrosion, a property that stems from the redox
potential being positioned inside the bandgap of the material. Both reduction and oxidation
reactions are kinetically and thermodynamically possible: anodic oxidation has been observed
during methyl orange photo-degradation [54], and cathodic reduction has been observed during
operation of a PEC cell with a Cu2O photocathode and TiO2 photoanode [55]. Photocorrosion is
the most severe drawback of this otherwise promising material, and a thorough understanding of
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the photocorrosion mechanisms is key for improving Cu 2O electrode stability. The reaction
mechanisms of Cu2O photocorrosion by reduction and oxidation are presented in Equation 3.8
and 3.9.
𝐶𝑢2 𝑂(𝑠) + 𝐻2 𝑂(𝑙) + 2𝑒 − → 2𝐶𝑢(𝑠) + 2𝑂𝐻 −(𝑎𝑞)

(3.8)

𝐶𝑢2 𝑂(𝑠) + 2𝑂𝐻 −(𝑎𝑞) + 2ℎ+ → 2𝐶𝑢𝑂(𝑠) + 𝐻2 𝑂(𝑙 )

(3.9)

Under illumination, cathodic photoreduction is considered the main corrosion mechanism for
Cu2O [56]. One approach to prevent this reaction is to apply electron acceptors such as reduced
graphene oxide, aiming to extract the photo-generated electrons efficiently in order to inhibit the
reduction reaction [57]. Another tactic is to deposit stable oxides with a more positive conduction
band on top of Cu2O, which promotes electron tunneling to the surface and thus the rapid removal
of charge carriers [58, 59].
In 2018, Toe et al. [60] investigated the photocorrosion of Cu2O by introducing electron and hole
scavengers during unbiased illumination. The experiment consisted of controlled suppression of
the photo-excited charge carriers, and observing the impact on corrosion rates and mechanisms.
O2 in air was chosen as electron scavenger, and 10 v/v% ethanol vapor was chosen as hole
scavenger. The results of different atmospheres during illumination of initially cubic Cu 2O crystals
are presented in Figure 3.5.

FIGURE 3.5: SCANNING ELECTRON MICROSCOPE IMAGES OF CU2O CRYSTALS POST-ILLUMINATION FOR 3 HOURS
IN DIFFERENT ATMOSPHERES [60]. A: WATER PURGED WITH AIR (E- SCAVENGER), B: ETHANOL PURGED WITH AIR
(BOTH SCAVENGERS), C: WATER PURGED WITH AR (NO SCAVENGERS), D: ETHANOL PURGED WITH AR (H+
SCAVENGER).
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To ensure that the corrosion in O2 was unaffected by possible H2O2 or superoxide radical formation
during illumination, the experiment with only e - scavenger was repeated with AgNO3 instead of
O2. To avoid the possible contribution of hydroxyl radicals, the same experiment was repeated
while employing 0.1 mM coumarin (a hydroxyl radical trapper) in the humidifier. The
photocorrosion rates were comparable in all these cases, indicating that the radical contribution is
minimal.
As is evident from Figure 3.5, hole buildup inside the material caused the most detrimental
photocorrosion. The transformation into CuO was confirmed by XPS and HRTEM images. The
material in Figure 3.5c is less oxidized because of recombination decreasing the h+ concentration
relative to Figure 3.5a. Another noticeable feature in Figure 3.5c is that mass has been removed
from the centers of the cube faces, which is attributed to low stability of (1 0 0) faces of Cu 2O
compared to the corners. The electrons that do not recombine in this experiment are believed to
comproportionate with previously oxidized Cu2+ species. This hypothesis is verified by HRTEM,
where lattice planes corresponding to (1 1 1) planes of Cu 2O were observed on the outside of the
particle in Figure 3.5.
The Cu2O crystals remained unchanged in both instances where the h+ scavenger was present
(Figures 3.5b and 3.5d). Metallic Cu was not detected by XRD in any of the samples, implying
that cuprous oxide reduction does not occur. Cu formation has been observed in other experiments
with Cu2O, which could be explained by external factors. For example, crystal facet anisotropy or
heterojunctions in the material could provide an inhomogeneous energy landscape favoring the
reduction reaction. Applying a negative bias to a Cu 2O photocathode would also lead to
photoreduction.
The photocorrosion of Cu2O will temporarily increase the observed photocurrent during
electrochemical measurements, which may lead to an overestimation of the water splitting
efficiency of the material [61].

3.1.5. Cuprous oxide photocathodes
Cuprous oxide is an attractive photocathode material for several reasons: it has a direct bandgap
with ideal magnitude and band edge positions for proton reduction, and consists of cheap, earthabundant elements. The theoretical photocurrent density limit of Cu 2O is approximately -14.7
mA/cm2, which corresponds to ηSTH = 18% under AM1.5G illumination [62]. In this chapter, a
review of recent Cu2O advances for solar-to-hydrogen applications is presented.
Electrodeposition is the most widely used synthesis method for Cu 2O films. In 2011, Paracchino
et al. [63] electrodeposited a Cu2O photocathode that yielded a photocurrent density of -2.4
mA/cm2 at 0.25 V vs. SHE under AM1.5G illumination. Other similar experiments have resulted
in photocurrents of less than -1 mA/cm2 [38, 64], a discrepancy possibly explained by variations
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in deposition parameters and choice of substrate. Another common synthesis route is thermal
decomposition. Li et al. [61] have synthesized highly crystalline Cu2O films by electrochemical
deposition of Cu(OH)2 nanowires on Cu foil followed by annealing at 500 °C in a low pressure Ar
atmosphere. They report of a photocathode dominated by (1 1 1) faceted microcrystals that gives
a photocurrent density of 4.07 mA/cm2 at 0 V vs. SHE. In 2016, Jin et al. [51] described another
wet-chemical route to synthesize Cu2O. In a 2.4 M NaOH solution, 6 mM Cu(OAc)2 was added to
form the [Cu(OH)4]2-(aq)-complex. Through the comproportionation reaction with surface metal
at room temperature, the reaction yielded a Cu 2O layer exhibiting a record high photocurrent
density of -4.8 mA/cm2 at 0 V vs. SHE.
A 1998 article by Hara et al. [65] reported photocatalytic water splitting on Cu2O powder in water,
where a decrease in activity was not observed during 1900 hours of use. However, a slight overstoichiometry of O2 was recorded, which may indicate that some O was actually removed from the
solid during operation. A maximum IPCE of approximately 0.3% was reported between 550 and
600 nm. The group has since credited the water splitting to a mechano-catalytic reaction, where
kinetic energy from the stirring rod drives the reaction rather than the previously assumed photons.
Ikeda et al. [66] were only able to observe H2 when the stir bar rotates in contact with the bottom
of the reaction vessel, indicating that the “rubbing” of the oxide particles drives the reaction. This
reaction did not require illumination to proceed. A possible explanation of this phenomenon is
microplasma: emission of electrons, ions or photons resulting from buildup of static electricity
charges on the particles [67]. Jongh et al. [68] did not observe water splitting by Cu2O in a singlephotoelectrode PEC cell, and concluded that the material is not suited for this type of cell. Instead,
its possible usefulness in tandem-cell water splitting was proposed.
The instability of Cu2O in aqueous solutions has led to significant research on coating the
photocathodes with protective layers, such as amorphous n-type oxides. Morales-Guio et al. [69]
developed a surface treatment consisting of amorphous TiO2 (100 nm) and Al-doped ZnO (20 nm)
layers in combination with a MoS2+x catalyst on the surface. Photocurrent densities as high as -5.7
mA/cm2 were observed at 0 V vs. SHE. Identical samples were tested in pH = 1, 3, 4, 5, and 9.
The highest photocurrent density was achieved with pH = 1, but this sample also experienced the
highest degradation (50% current decrease after less than 3 hours of constant illumination). pH =
4 yielded the best compromise between photocurrent and stability, with an initial photocurrent of
-4.5 mA/cm2 and ≈ 20% current drop after 10 hours of constant illumination. In comparison, a
Cu2O sample loaded with Pt co-catalyst provided a higher initial photocurrent, but was destroyed
within 3 hours of continuous testing. Scanning electron microscopy images, linear sweep
voltammetry (LSV) scans and stability tests of the photocathodes are presented in Figure 3.6.
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FIGURE 3.6: CU2O SAMPLES WITH SURFACE MODIFICATIONS [69]. A: CU2O WITH PROTECTIVE LAYERS
CONSISTING OF 100 NM AMORPHOUS TIO2 AND 20 NM AL-DOPED ZNO (LEFT). CU2O WITH PROTECTIVE LAYERS
AND MOS2+X CATALYST (RIGHT). : VOLTAMMOGRAMS FROM LSV SWEEPS OF THE MOS2+X-COATED SURFACEPROTECTED STRUCTURE IN ELECTROLYTES OF VARIOUS PH. C: POTENTIOSTATIC STABILITY TESTING OF
PHOTOCATHODES AT 0 V VS. SHE UNDER AM1.5G ILLUMINATION. AZO = AL-DOPED ZNO. MOS2+X-CV-CU2O =
CU2O WITH PROTECTIVE LAYERS AND MOS2+X CATALYST. PT PH 1.0 = PT-CU2O PH 1.0 = UNCOATED CU2O WITH
PT CO-CATALYST, TESTED IN ELECTROLYTE WITH PH = 1.0. CATALYST LOADING = 30 µG/CM2.

In a 2011 Nature article, the previously mentioned Cu 2O sample by Paracchino et al. [58] was
presented with protective coating. 5 bilayers of 4 nm ZnO/0.17 nm Al2O3 followed by 11 nm TiO2
were deposited by ALD, and Pt nanoparticles were added as co-catalyst. The best sample produced
-7.6 mA/cm2 at 0 V vs. SHE, which was reduced to 2.5 mA/cm2 after 20 minutes of operation. The
decay is attributed to Cu2O photoreduction through “pinholes” in the TiO2 layer due to incomplete
deposition coverage. A 45 min post-ALD treatment in air reduced the photocurrent to -5.7
mA/cm2, but a photocurrent of 4.4 mA/cm2 remained after 20 minutes. A photocathode IPCE of
40% was reported for light between 350 and 480 nm.
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In a 2020 Nature article, Pan et al. [70] investigated CuSCN as a hole-selective back contacts for
Cu2O photocathodes, and protective layers of n-type Ga2O3 and TiO2 and a RuOx co-catalyst were
deposited to the surface to increase performance. The back contact of Cu 2O photocathodes are
often made of Au due to the excellent match between the Cu2O valence band and Au work
function. Gold is expensive, and significant recombination may occur because it is not a holeselective charge carrier. Au also reflects light between IR and UV, so transparent photocathodes
with Au back contacts cannot be manufactured. CuSCN has a bandgap of 3.8 - 4.0 eV, but the
valence bands of Cu2O and CuSCN have approximately the same energies. CuSCN has a high hole
mobility, and the energy difference of the conduction band hinders electrons from entering the
back contact. Additionally, XPS measurements showed band-tail states in CuSCN that increase
the DOS around the valence band. The band-tail states are most likely acceptor-like states due to
Cu vacancies, and they result in virtually zero energy barrier for hole injection into CuSCN. This
increased the fill factor significantly compared to samples with Au contacts, at 0.6 V vs. SHE the
photocurrent density was 5.3 mA/cm2 compared to 3 mA/cm2 without the CuSCN. The CuSCNcontacted sample provided a maximum IPCE of 60 % at 470 nm.
Pan et al. assembled a complete PEC cell with this photocathode, utilizing an IrO2 coated Ti anode
positioned beside the photocathode. A perovskite solar cell was positioned behind the
photocathode to enable water splitting at the anode. The initial PEC cell photocurrent density was
3.7 mA/cm2, which decreased to 3.4 mA/cm2 after 10 hours of operation. Most other electrode
results presented in this chapter are from three-electrode measurements, but this is a complete PEC
cell exhibiting ηSTH = 4.55% for 12 hours. To the author’s knowledge, this is currently the record
holding Cu2O-based PEC cell.

3.1.6. Co-catalysts
Co-catalysts lower the activation energy of the gas formation reactions, thus providing especially
active sites for gas evolution on the electrodes. The rate-limiting step at the photocathode is H2
formation [71], thus the addition of a co-catalyst leads to a significant cell efficiency increase
(especially at low biases vs. SHE). The leading co-catalysts for hydrogen generation include noble
metals such as Pt and Pd, but high cost makes these materials less suited for PEC cells.
In a 2017 review article, Roger et al. [72] published an extensive study on earth-abundant cocatalysts. One approach is to attempt to mimic naturally occurring hydrogenase biocatalysts. The
active centers of these complex molecules contain sulfur ligands, which is what led to catalytic
research on metal sulfides such as MoS2. Through DFT calculations, Nørskov et al. [73] found that
the active sites of the biocatalysts as well as the edge S atoms of crystalline MoS 2 layers show
approximately optimal hydrogen adsorption free energies (𝛥𝐺𝐻0 = 0). The catalytic activity of
crystalline MoS2 is proportional to the edge length, but not the surface area [74]. Li et al. [75]
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showed that the otherwise inert basal plane of MoS 2 can be activated by introducing defects and
strain, further increasing the catalytic activity of the material.
Despite lacking well defined edges, amorphous MoS2+x also shows considerable catalytic
properties, although slightly lower than crystalline MoS 2 [69]. This can be rationalized by seeing
the edges of crystalline MoS2 as coordinatively unsaturated, and thus able to absorb hydrogen. The
amorphous MoS2+x contains several atoms that are “unfavorably” coordinated as well, and these
are believed to be responsible for the low hydrogen adsorption energy.

3.2. Other photoelectrochemical cells
3.2.1. Materials for water splitting photoelectrochemical cells
After Fujishima and Honda [22] described the first water-splitting PEC cell in 1972, investigations
of several other possible photoanodes were initiated. Semiconductor oxides such as ZnO, SrTiO3,
Fe2O3, WO3, and BiVO4 received especially high interest. As summarized by Grätzel [76] in a
Nature review article (2001), none of the investigated oxides provided satisfactory band structures:
wide bandgap semiconductors are unable to utilize large parts of the solar spectrum, and suitable
band edge positions were generally not found in stable oxides with shorter bandgaps. Of the
mentioned oxides, the highest theoretical ηSTH = 12.9% was found in Fe2O3. This material has an
appropriate band gap of 2.1 eV and relatively high stability, but non-ideal band edges and low
charge carrier mobility limits the viability of the material. TiO 2, despite featuring a relatively high
bandgap of 3 - 3.2 eV, offers suitable band edge positions and excellent stability. Recently, a
combination of rutile and anatase has been shown to reach higher photocurrents than either phase
individually in water splitting cells [77]. Theoretical solar-to-hydrogen efficiencies of 1.2% and
2.2% for anatase and rutile, respectively, are however quite low. Materials with suitable bandgaps
tend to suffer from photocorrosion, which is a significant issue with non-oxide materials exhibiting
appropriate band edge positions as well.
N-type BiVO4 is one of the visible-light absorbing semiconductor oxides currently receiving
interest as a photoanode in PEC cells. The material features highly desired properties such as
appropriate band edge positions (Eg = 2.4 eV, theoretical ηSTH = 9.2%), low production costs, and
reasonably high resistance to photocorrosion. In 2015, ~ 90% of the theoretical photocurrent was
achieved by Pihosh et al. [78] in a nanostructured material where photo-excited electrons were
efficiently removed by conductive WO3 rods in the structure. However, high photocurrents in PEC
cells are only achieved when BiVO4 is accompanied by surface co-catalysts, a property that has
been attributed to low catalytic activity. Recently, investigations by Zachäus et al. [79] revealed
that a cobalt phosphate (CoPi) catalyst increases the photocurrent by decreasing the surface
recombination rate with a factor of 10 - 20, rather than significantly affecting the charge transfer
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kinetics. The article concludes that recombination is the limiting factor of BiVO 4 photoanodes,
instead of the previously believed charge transfer. Additional experiments support this conclusion:
RuOx does not decrease surface recombination, and samples with this co-catalyst led to a
photocurrent decrease despite RuOx being one of the best known oxygen evolution reaction
catalysts. In 2019, the CoPi-coated photoanode was employed in PEC cells with Pt cathodes biased
by silicon-heterojunction solar cells [80]. In a 0.24 cm2 cell, ηSTH = 5.5% was reported. A 50 cm2
device with the same design was constructed, which yielded a photocurrent of 1.7 mA/cm2 (ηSTH
= 2.1%) under AM1.5G illumination for 7 hours. Despite the additional ohmic losses in the larger
cell, the highest ηSTH of any metal oxide-based water splitting cell larger than 10 cm2 was achieved.
Ta3N5 is another promising photoanode for photoelectrochemical water splitting. With a 2.1 eV
bandgap and suitable band edges, its theoretical photocurrent limit is 12.9 mA/cm 2, corresponding
to 16% ηSTH [81]. However, uncoated Ta3N5 is prone to photocorrosion. One approach to increase
the efficiency and stability is to add Ni(OH) x/MoO3 as a hole sink on the surface [82]. The
oxidation of Ni2+ to Ni3+ removes holes at the surface, lowering the onset potential of the
photocurrent by decreasing recombination rates at low band bending. Anodic photocorrosion is
also decreased by reduced hole concentrations on the surface. Co-based surface layers have also
been tested for this purpose: in combination with a cobalt phosphate co-catalyst, Xu et al. [83]
reported a photocurrent of 2.3 mA/cm2 at 1.23 V vs. SHE on mesoporous Ta3N5 nanotubes.
Corrosion was still significant, indicating incomplete coverage of the Ta 3N5 nanostructure. In
2019, Haleem et al. [84] reported a nanostructured Ta3N5 photoanode with Ni-doped CoFeOx
catalyst yielding a photocurrent of 5.3 mA/cm 2 at 1.23 V vs. SHE. 82% of the initial photocurrent
remained after 7 hours of testing, and a faradaic efficiency of 96% was maintained for 3 hours of
continuous O2 generation.

3.2.2. Promising photoelectrochemical cell configurations
The first tandem PEC cell able to split water without an applied bias was presented by Yoneyama
et al. [85] in 1975. It consisted of an n-type TiO2 photoanode (Eg = 3.0 eV) and p-type GaP
photocathode (Eg = 2.2 eV). The cell produced low photocurrents due to the large bandgaps of the
materials involved, and stability issues at the photocathode led to detrimental photocorrosion
within minutes of operation.
In 1998, Khaselev and Turner [86] produced a monolithic photoelectrochemical cell consisting of
a Pt anode and a p-GaInP2 photocathode biased by an integrated p-GaAs/n-GaAs junction. The
reported ηSTH of the system, only utilizing light as energy source, was 12.4%. The device was tested
under 11 suns illumination as light concentrating mirrors would be a reasonable component when
industrializing cells of such significant cost. A photocurrent decrease of 13% was observed after
20 hours of operation.

Page 36 of 99

In 2015, Verlage et al. [87] published an article describing another monolithic PEC cell based on
III-V tandem solar cells (Eg = 1.84 V and 1.42 V for InGaP2 and GaAs, respectively). Utilizing
earth-abundant Ni-based co-catalysts on top of a 62 nm protective TiO2 layer and a NiMo cathode,
a photocurrent of 8.6 mA/cm2 was recorded during hydrogen production. A solar-to-hydrogen
efficiency exceeding 10% was maintained for 40 hours of hydrogen production, with the
photocurrent decreasing to 7.6 mA/cm2 after 80 hours of illumination due to GaAs corrosion.
Employing these electrodes, a complete cell with 1 cm 2 photoactive area and membranes for gas
separation was assembled. Hydrogen production corresponding to ηSTH = 8.6% was confirmed by
gas chromatography under AM1.5G illumination.

3.3. Solid-state photoelectrochemical cells
Employing a solid-state electrolyte offers additional compactness and rigidity compared to cells
with liquid electrolytes. Solid-state electrolyte development has mainly been focused on
regenerative cells, the first of which was reported in 1995 by Tennakone et al. [88]. A monolayer
of cyanidin was used as dye on top of TiO2, and a transparent film of polycrystalline p-type CuI
was deposited as a hole-selective conductor instead of an aqueous electrolyte with dissolved redox
species. More recently, Sun et al. [89] achieved a power conversion efficiency of 16.8% by adding
the same solid-state electrolyte to a perovskite solar cell. Other promising hole-conductors for
regenerative cells include NiOx, CuSCN, and CuGaO2, who have all been used in configurations
that demonstrated over 20% power conversion efficiencies [90].
The first photosynthetic cell with a solid-state electrolyte was reported by Ichikawa et al. [91] in
1996. Light-induced water splitting occurred at the TiO2 photoanode, and the resulting protons
were pushed through a Nafion® membrane to reach the cathode, where gaseous CO2 was reduced
to form hydrocarbon fuels such as CH4. A cell efficiency of 10.5% was obtained under an applied
bias, and 18% of the protons yielded H2 gas instead of reducing CO2.
Solid-state photoelectrochemical cells for gas phase water splitting was first reported in 2013 by
Iwu et al. [92] with a cell similar to a proton-exchange membrane (PEM) electrolyzer. In the
current range that future SSPEC cells are expected to operate, PEM electrolyzers have provided
higher efficiencies with gaseous water than its liquid counterpart: the use of gaseous feedstock
allows higher cell temperatures, leading to improved electrode kinetics and less thermodynamic
energy required to achieve electrolysis [93]. In another article published in 2014 by the same group
[94], current densities in the range of 10-100 µA/cm2 were reported.
In 2018, Zafeiropoulos et al. [77] presented TiO2 photoelectrodes grown on a Ti microfiber web
substrate. The photoelectrodes are well suited for SSPEC cells due to combining a high surface
area with porosity, granting access to the proton-conducting membrane while retaining a high
photoanode surface area.
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In 2019, Xu et al. [95] report of solid-state photoelectrochemical cells for sun-powered water
splitting. The cells consisted of n-TiO2 as photoanode, a Nafion® membrane proton conductor,
and a cathode assembled in a button-like cell. Cells with two different cathodes were constructed:
one with a Pt/C cathode, and one with a C3N4 photocathode. The cells were tested in a reactor with
two separate gas chambers, feeding the anode with humid air (80% humidity at 25 ᵒC) and the
cathode with dry Ar. In this article, the role of the triple-phase boundary (TPB) is considered. The
TPB is where the interfaces of electrode, electrolyte, and gas meet, and is where the photogenerated protons can enter the electrolyte directly. Water can adsorb to other parts of the surface
as well, but the charge transfer is still dependent of these species diffusing to the TPB in order to
reach the cathode. Recent investigations have revealed that adsorbed water layers increase the
proton and water diffusivity on ceramic surfaces at low temperatures, the proton conductivity is
comparable to Nafion® at relative humidity above 60% [96, 97]. The electrochemically active area
is therefore expected to exceed the area in close vicinity of triple-phase boundaries significantly.
The tandem-SSPEC cell exhibited a three-fold increase in OCP compared to the cell with Pt/C
cathode due to the higher photo-voltage produced by two photo-electrodes. Current densities in
the range of 1-10 μA were reported.

FIGURE 3.7: PHOTOELECTROCHEMICAL CELLS [98]. A: PEC WATER SPLITTING WITH N-TYPE SEMICONDUCTOR
PHOTOANODE AND AN EXTERNALLY APPLIED BIAS. B: SSPEC SYSTEM FOR WATER VAPOR SPLITTING WITH A
MACROPOROUS PHOTOANODE, A PROTON-CONDUCTING MEMBRANE, AND A MACROPOROUS CATHODE.

In 2020, Amano et al. [98] reported a prototype vapor-fed PEC cell with a SrTiO3 photoanode, a
Nafion® electrolyte, and a Pt/C cathode. The photoanode was grown on a Ti microfiber substrate
in an effort to maximize the photoactive area, resulting in a ten-fold increase in calculated specific
surface area compared to a flat substrate. The Ti substrate was first covered in TiO 2 nanotubes by
electrochemical anodization, followed by conversion to SrTiO 3 by a wet-chemical route.
Approximately 75% of the TiO2 was converted to SrTiO3. A microfibrous structure was also
chosen for the carbon-supported Pt cathode. SrTiO3 was chosen as the photoabsorber because the
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VMB is 0.3 eV more cathodic than anatase TiO2, and thus more appropriate for driving the proton
reduction at the cathode. SrTiO3 has an indirect bandgap of 3.25 eV and a direct bandgap of 3.75
eV [99], so the theoretical ηSTH in AM1.5G illumination is low. A photocurrent response was
observed at λ = 380 nm, and IPCE investigations were conducted with various applied biases. A
maximum IPCE = 23.3% was observed at 0.6 V externally applied bias, while the untreated TiO 2
nanotubes exhibited an IPCE = 16.6% under the same conditions. The IPCE of SrTiO3 was lower
than TiO2 in light with both higher and lower wavelengths, a behavior that is not presently
understood. Theoretical calculations by Reunchan et al. [100] indicate that the ηSTH of SrTiO3 can
be increased by La-stabilized Cr doping. The complete SSPEC-cell (Figure 3.7) was investigated
under 40 W illumination with λ = 365 nm, resulting in IPCE = 14.3%. Comparatively, an SSPEC
cell with untreated TiO2 nanotubes yielded IPCE = 12.1% in the same conditions. Another
advantageous trait of the SrTiO3 photoanode is that no CO2 was detected at the anode side of the
SSPEC cell, which was observed in the cell with untreated TiO 2. CO2 indicates oxidative
decomposition of Nafion® by hydroxyl radicals, but elucidation as to why this is not seen with the
SrTiO3 photoanode requires further research.
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4. Methodology
The experimental part of this project consists of three parts: establishing an appropriate synthesis
route for Cu2O photocathodes, surface modification in order to increase photocurrents and enhance
stability, and finally, assemble and test the photocathodes in a solid-state photoelectrochemical
cell.
In this chapter, the characterization methods and experimental settings that have been employed
are provided. A wet-chemical route has been employed to synthesize Cu2O photocathodes, and a
protective TiO2 coating has been deposited by pulsed laser deposition (PLD). A MoS2 catalyst has
been deposited by sonication in a colloidal solution. Photoelectrochemical measurements
constitute the primary source of experimental data acquired from the photocathodes and the
complete solid-state photoelectrochemical (SSPEC) cells. Scanning Electron Microscopy (SEM)
and X-Ray Diffraction (XRD) have been employed for physiochemical photocathode
characterization. In the last section of this chapter, experimental accuracy and sources of error are
discussed.

4.1. Photocathode synthesis
The synthesis route for obtaining Cu2O is based on the oxidation of a Cu substrate in a 2 M aqueous
solution of NaOH. The reaction occurs in a double-walled glass beaker connected to a Julabo MP5 circulatory pump maintaining constant temperature during synthesis. A crocodile clip attached
to a 3 mm wide SiO2 tube was used to hold the Cu substrate in place during synthesis. The crocodile
clip was covered with Teflon tape and Parafilm® before each synthesis to prevent contamination
from the metal clip. The SiO2 tube was left in concentrated HNO3 overnight before the reactor was
assembled, and the reactor was cleaned with distilled water between each run. The reactor was
sealed during operation to avoid excessive evaporation and ensure equal conditions during each
synthesis.
Cu foil of 99.98% purity (thickness 0.025 mm) from Sigma-Aldrich was used as substrate for
establishing the ideal reaction conditions. Substrates of dimensions 1x4 cm were bent to a 90ᵒ
angle approximately 1.5 cm from one side. The substrates were washed in isopropanol and distilled
water before attaching them to the crocodile clip. The lid was attached to the preheated reaction
vessel, and the substrate was submerged approximately 2 mm below the surface of the liquid. The
lid was removed after the appropriate reaction time, and the sample was washed in 18.2 MΩ water
before being air-dried on a paper tissue. A schematic of the reactor is provided in Figure 4.1.
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FIGURE 4.2: DOUBLE-WALLED REACTION CHAMBER DURING SAMPLE SYNTHESIS. THE COPPER IS ATTACHED BY A
CROCODILE CLIP, AND THE HORIZONTAL PART OF THE FOIL OR MESH IS POSITIONED APPROXIMATELY 2 MM
BELOW THE SURFACE. THE EXTERNAL HEATING WATER IS INDICATED BY DARK BLUE, AND THE NAOH SOLUTION
IS INDICATED BY LIGHT BLUE. THE INTERNAL REACTOR VOLUME IS APPROXIMATELY 160 ML OF WHICH 100 ML
IS OCCUPIED BY NAOH SOLUTION DURING SYNTHESIS.

4.2. Protective TiO2 layer
The first step of surface modification was the deposition of a protective layer of TiO 2 by pulsed
laser deposition (PLD). PLD is a physical deposition technique where a high-power laser is used
to ablate a target material in a low-pressure chamber. A plume of ablated material hits the substrate,
leading to the slow growth of a layer covering the substrate. A 5-10 nm thick TiO2 layer on top of
Cu2O has been deposited by Henriksen [16] in a previous project, and the same parameters were
used in this project. A SURFACE workstation PLD equipped with a 248 nm COMpex Pro 0.7 J
laser was utilized for all PLD depositions. The PLD deposition parameters as applied to the PLD
software are presented in Table 4.1. XRD characterization was employed to verify a phase pure
rutile structure in the target (See Appendix B for diffractogram).
TABLE 4.1: PLD DEPOSITION PARAMETERS FOR TIO2

Chamber atmosphere
Target
Laser
Substrate

0.05 mbar Ar, 1 sccm flow
TiO2 (rutile), 5 rpm rotation
5000 shots, 5 Hz, 600 mJ
T = 100 ᵒC, positioned 6 cm from
target
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No other deposition parameters have been applied in this project. However, a substantial change
occurred to the TiO2 deposition towards the end of the project: routine maintenance increased the
laser power inside the deposition chamber from 165 mJ to 212 mJ. The power remained stable at
650 mJ directly outside of the laser housing in both cases, but realignment of mirrors and lense
adjustments resulted in a higher amount of photons reaching the target material. The TiO2
thickness increase is visually apparent on the PLD sample holder after deposition (Figure 4.2),
and is expected to account for an increase in deposited material by a factor of 10.
a)

b)

FIGURE 4.2: PLD SAMPLE HOLDER POST DEPOSITION OF TIO2 BEFORE AND AFTER MAINTENANCE (A AND B,
RESPECTIVELY). CU FOIL SAMPLES HAVE BEEN REMOVED IN A, WHILE MESH SAMPLES ARE PRESENT IN B.

To clearly separate between the two deposition thicknesses, the abbreviations PLD1 and PLD2 are
introduced to denote samples deposited before and after PLD maintenance, respectively.

4.3. MoS2 catalyst
MoS2 nanoparticles were prepared by electrochemical exfoliation as reported by Liu et al. [101].
The concept behind the method is as follows: aqueous radicals (•O, •OH) and SO4-(aq) insert
themselves between the MoS2 layers of the crystal, weakening the van der Waals forces between
layers. O2 and SO2 gas bubbles are formed when an electric current is applied, and MoS2 flakes
are suspended in the solution. The presence of colloidal species can be confirmed by directing a
laser pointer at the suspension and observing the trajectory of the beam inside the beaker. Liu et
al. reports an average lateral size of approximately 10 µm, with TEM images showing no damage
to the layered MoS2 structure in solution.
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The exfoliation was conducted in a fume hood with a setup consisting of a MoS 2 crystal as the
working electrode, a Pt wire as counter electrode, and a 0.5 M NaSO4 as the electrolyte. A Keithley
2200-72-1 programmable power supply unit was used for this synthesis. A 2 V potential was first
applied for 10 minutes to wet the MoS2 surface, the voltage was then increased to 10 V for 2 hours
to facilitate the exfoliation reaction. The solution was centrifuged to remove any non-colloidal
particles. PhD student Christian Fleischer from the Group for Electrochemistry conducted this
synthesis and provided the colloidal solution of MoS2.
The catalyst was deposited by submerging the samples in the colloidal dispersion and sonicating
the liquid while bubbling N2 gas (flow: 90 mL/min) through the solution as described by Qian et
al. [102]. Sonication times of 1, 2, 3, and 5 minutes were applied to Cu2O samples with and without
TiO2 (PLD1).

4.4. Solid-state photoelectrochemical cells
Two photocathodes were employed in complete tandem-SSPEC cells: uncoated Cu2O, and the
optimized Cu2O/TiO2/MoS2. Both samples have been prepared on Cu mesh substrate to enable gas
exchange in the SSPEC cell. The photocathodes were prepared with a nominal area of 1 cm 2.
Photoanodes consisting of TiO2 nanotubes that have been electrochemically grown on Ti mesh
have previously been developed in the Group for Electrochemistry, and were chosen for the
SSPEC cells. The photoanodes were kindly provided by colleagues in the group, and for this
reason, the synthesis details are not elaborated in this work. For an in-depth description of the
photoanode synthesis, the reader is referred to the following articles: Xu et al. [103], Xu et al. [95],
Chatzitakis et al. [104]. The photoanodes were also surface modified by CdSe quantum dots, which
were provided by international collaborators at the University of Paris (UP). A detailed description
is available in Chaguetmi et al. [105].
Nafion® was chosen as the proton-conducting membrane. The membranes were synthesized by
drop-casting 200 μL of 5% Nafion® solution onto a Cyclopore track etched membrane with 5 μm
pores. Previous tests have shown that the pores were completely covered by Nafion®. 50 μL of
the 5% Nafion® solution was applied to the photoelectrodes, acting as a binding agent in the
photoanode/membrane/photocathode stacks. The stacks were assembled with the active
photocathode side facing the Nafion membrane, and the active photoanode facing away from the
membrane. The electrodes were positioned 90° relative to each other, and Pt wires were used to
acquire electrical contact between the metal mesh of the electrodes and the potentiostat. To ensure
adhesion between the electrodes, the stacks were exposed to 13 kPa of pressure between two glass
plates overnight. As illustrated by Figure 4.3, the button-like cells were tested in an assembly with
separated gas chambers. The electrodes were electrically connected through the potentiostat.
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FIGURE 4.3: SSPEC ASSEMBLY FOR GAS-PHASE WATER SPLITTING [95]. NAFION SOLUTION WAS EMPLOYED TO
ENSURE APPROPRIATE ADHESION BETWEEN ELECTRODES AND THE MEMBRANE.

The SSPEC cell was mounted to a gas mixer supplying air of 80% relative humidity to the
photoanode (22.7 mL/min) and bottle-dry 99.999% N2 to the photocathode(23.3 mL/min), and the
cell was positioned at the appropriate distance from the solar simulator to provide AM1.5G
illumination. Due to a low possible production volume of O2 and H2 in a well-ventilated area, the
exhaust valves were deemed unnecessary for the planned experiments. The assembled SSPEC cell
is shown in Figure 4.4.

FIGURE 4.4: EXPERIMENTAL SETUP FOR THE ASSEMBLED SSPEC CELL. A: CLOSE-UP OF THE CELL, DEPICTED
FROM THE POINT OF VIEW OF THE LIGHT SOURCE. B: OVERVIEW OF THE EXPERIMENTAL SETUP WITH THE SSPEC
CELL POSITIONED THE APPROPRIATE DISTANCE FROM THE SOLAR SIMULATOR FOR SOLAR SIMULATED
IRRADIANCE OF 1 SUN (100 MW/CM2).
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4.5. Physiochemical characterization
The physiochemical characterization in this project consists of scanning electron microscopy and
X-ray diffraction. A FEI Quanta 200F scanning electron microscope (SEM) has been used to
investigate the surface coverage and morphology. The Everhart Thornley Detector (ETD), which
mainly registers secondary electrons, has been employed as the primary source of topographic
sample information. The SEM was operated in high vacuum mode with an acceleration voltage of
20 kV. Additionally, a Hitachi SU8230 ultra-high-resolution SEM has been employed.
XRD measurements have been performed on a Bruker D5-Discovery instrument with a Cu Kα
radiation (1.5406 Å) in a range of 2 to 100°. The FEI SEM is located in the Group of
Electrochemistry laboratory in the Oslo Science Park, the Hitachi SEM is located at The
Department of Chemistry at the University of Oslo, and X-ray diffraction measurements were
conducted at the RECX X-ray diffraction laboratory at the University of Oslo. The Crystallography
Open Database (COD) with the DIFFRAC.TOPAS software from Bruker has been used to match
the diffractograms to probable chemical species.

4.6. Photoelectrochemical measurements
Photoelectrochemical measurements provide essential information regarding the properties of
PEC cell components, and performance tests in a three-electrode setup constitutes the largest part
of experimental investigations in this project. All photoelectrochemical measurements have been
recorded with a Gamry Reference 3000 potentiostat at the Group of Electrochemistry laboratory.

4.6.1. Three-electrode setup
Voltammetry is an electroanalytical method where a voltage is applied between a working and a
counter electrode, and the current is measured. In this project, a three-electrode setup consisting
of the working electrode, a saturated calomel electrode (SCE) counter electrode (E = 0.241 V vs.
SHE), and a Pt reference electrode was employed for photocathode investigations. The electrodes
were positioned in a glass beaker containing 1 M Na2SO4 electrolyte. The glass beaker was
equipped with a flat quartz window on one side, allowing homogenous illumination of the working
electrode. An Oriel LCS-100 solar simulator equipped with an AM1.5G filter provided 100
mW/cm2 illumination to the working electrodes. Except for a 1 cm 2 square, the samples were
covered in Loctite epoxy before measurements to normalize the electrode area and avoid dark
current from the backside to influence measurements.
The reactions of interest occur at the half-cell constituted by the working electrode/electrolyte
interface, and the counter electrode half-cell balances the electrical charges that are added or
removed from the solution by the working electrode. The potential of the counter electrode varies
slightly during operation due to charge transport, so the potentiostat continuously adjusts the
voltage in accordance with feedback from the reference electrode to maintain a controlled voltage
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at the working electrode. The potentiostat also measures the current and voltage during operation,
which are plotted in so-called Voltammograms. Figure 4.5 illustrates the three-electrode setup.

FIGURE 4.5: A THREE ELECTRODE SETUP FOR PHOTOELECTROCHEMICAL MEASUREMENTS. THE CELL CONSISTS
OF A WORKING PHOTOELECTRODE (1), REFERENCE ELECTRODE (2), AND COUNTER ELECTRODE (3) SUBMERGED
IN AN ELECTROLYTE. A QUARTZ WINDOW IS INSTALLED ON THE LEFT SIDE OF THE BEAKER, ENABLING
HOMOGENOUS ILLUMINATION OF THE WORKING PHOTOELECTRODE.

Linear sweep voltammetry
During a linear sweep voltammetry (LSV) measurement, the potential between the photocathode
and the reference electrode is varied and the photocurrent response is measured. The potential is
varied from a positive voltage compared to SHE to slightly negative compared to SHE. This
method has been used extensively for sample screening as it provides information about the
photocurrent at different potentials by alternating between light and dark conditions during
measurements. The photocurrent is directly extracted by subtracting the dark current from the
current observed in the illuminated sample.

Chronoamperometry
Chronoamperometry (CA) is a method where a constant (or stepped) voltage is applied, and current
is recorded as a function of time (i.e. galvanostatic operation) in order to assess the stability of the
studied electrode.

Capacitance measurements: Mott-Schottky
Capacitance measurements are conducted by applying an AC current over a DC voltage to probe
the capacitance of the system at different applied voltages. Capacitance measurements can be used
to calculate the dopant concentration and flatband potential of a material in a so-called MottSchottky analysis.

Page 46 of 99

4.6.2. Voltage corrections
All the measured voltages in this thesis are reported relative to the standard hydrogen electrode
(SHE) potential. Equation 4.1 describes how the electrolyte pH alters the relation between the
measured voltage and the SHE potential. When the pH is known, Equation 4.2 describes the
relationship between the measured voltage and the SHE potential when a Calomel reference
electrode is employed.
𝐸𝑆𝐻𝐸 = 𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + 𝐸𝑟𝑒𝑓 + 𝑝𝐻 ∗ 0.059

(4.1)

0 𝑉 = 𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + 0.241 𝑉 + 𝑝𝐻 ∗ 0.059

(4.2)

For example, a working electrode in an electrolyte with pH = 7.5 would be positioned at 0 V vs.
SHE when the measured voltage in the three-electrode setup is -0.69 V. A Horiba D-71F digital
pH meter, regularly calibrated with buffered standard solutions of pH 2, 4 and 7, was utilized to
ensure accurate SHE positioning with every electrolyte batch.

4.6.3. Order of measurements
Due to the instability of Cu2O when illuminated in aqueous conditions, the order of measurements
is important for obtaining comparable results. Three main measurement protocols have been
utilized in different stages of the photoelectrochemical testing (Table 4.2 - 4.4). The methods are
presented in the order they were executed, and abbreviations M1, M2, and M3 are introduced for
future convenience. The order of measurements for the SSPEC cells is presented in Table 4.5 and
Table 4.6.
TABLE 4.2: ORDER OF MEASUREMENTS, M1.

Technique
Linear sweep voltammetry

Conditions
Dark1
Dark2
Light1
Light2
Dark3
Lightchopped1
Light3
Lightchopped2

Additional specifications
Range: +790 mV  -100 mV vs. SHE
Scan rate 10 mV/s
Step size 2 mV
Chopped: 2+2 s dark/light cycles
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TABLE 4.3: ORDER OF MEASUREMENTS, M2.

Technique
Linear sweep voltammetry

Conditions
Dark1
Dark2
Light1
Chopped1

Capacitance: Mott-Schottky

Additional specifications
Range: +490 mV  -50 mV vs. SHE
Scan rate 10 mV/s
Step size 2 mV
Chopped: 2+2 s dark/light cycles
Range: +890 mV +190 mV vs. SHE
Step size: 50 mV
AC voltage: 10 mV rms
Frequency: 1 kHz

TABLE 4.4: ORDER OF MEASUREMENTS, M3.

Technique
Chronoamperometry

Conditions
Chopped

Additional specifications
+40 mV vs. SHE
Chopped: 10+10 s dark/light cycles
Duration: 1200 s

TABLE 4.5: ORDER OF MEASUREMENTS FOR SSPEC CELL WITH TIO2/CDSE PHOTOANODE AND CU2O
PHOTOCATHODE.

Technique
Open circuit potential

Conditions

Linear sweep voltammetry

Dark
Light
Chopped1

Additional specifications
Illumination: manually controlled
Duration: 10,000 s
Range: -0.5 V  1.3 V vs. cathode
Scan rate 10 mV/s
Step size 2 mV
Chopped: 5+5 s dark/light cycles
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TABLE 4.6: ORDER OF MEASUREMENTS FOR SSPEC CELL WITH TIO2/CDSE PHOTOANODE AND
CU2O/TIO2/MOS2 PHOTOCATHODE.

Technique
Linear sweep voltammetry

Conditions
Dark1
Dark2
Light1
Chopped1
Chopped2

Open circuit potential
Linear sweep voltammetry

Dark1
Light1
Chopped1

Additional specifications
Range:-0.2 V  1.23 V vs. cathode
Scan rate 10 mV/s
Step size 2 mV
Chopped: 5+5 s dark/light cycles
Illumination: manually controlled
Duration: 3,600 s
Range:-0.2 V  1.23 V vs. cathode
Scan rate 10 mV/s
Step size 2 mV
Chopped: 5+5 s dark/light cycles

4.7. Experimental accuracy and sources of error
Regardless of practical and theoretical specifications, all experimental work is accompanied by the
risk of errors. Additionally, considerations of experimental accuracy wherever possible
strengthens the foundation on which the results are discussed. The following paragraphs gives an
overview of the most important potential sources of errors, as well as estimating the magnitude of
inherent uncertainty in the employed measurement techniques.
While the physiochemical measurement techniques provide detailed sample information, the
investigated area is limited. The investigated areas are assumed to be representative of the sample,
but this may not be the case. In an effort to legitimize this key assumption, several different
locations on each sample were investigated by SEM.
In the photoelectrochemical measurements setup, the electrolyte pH is considered to provide the
largest contribution to experimental uncertainty. While the pH meter is reportedly able to detect
changes as low as 0.01 pH values, this number is highly sensitive to the calibration procedure. The
equipment was calibrated with standard solutions, but higher inaccuracy than 0.01 pH is to be
expected. This is reflected in the choice of utilizing one decimal of the pH when calculating the
SHE position, resulting in approximately 6 mV uncertainty in electrochemical measurements. The
voltage between the SCE and another identical electrode that is only used for calibration has been
measured regularly to ensure deviations of less than 5 mV.
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Another source of inaccuracy is the solar simulator. The solar simulator was regularly calibrated
with a monocrystalline Si calibration solar cell to obtain a photoelectrode illumination intensity of
100 mW/cm2. Positioning the sample within 3 mm of the optimal position yielded less than 1%
deviation from the target illumination intensity. The electrodes were positioned manually,
presumably within this margin of error. The light source itself must also be considered, deviation
from the actual solar spectrum could produce erroneous results. For example, experiments utilizing
a Xenon lamp with an inappropriate filter has been shown to overestimate the IPCE of TiO2 at
short wavelengths by more than 200% [28].
From other projects in the Group for Electrochemistry, the assembly of the complete SSPEC cells
is known to significantly affect the overall cell performance. The cell depends on high proton
conductivity across the electrode/electrolyte interfaces, which is why they often end up as weak
points in SSPEC cells. Due to limited availability of necessary components as well as time needed
to assemble and characterize, the assembly of multiple identical SSPEC cells was unfortunately
not possible in this project. It is therefore important to admit that results from these tests may not
be representable for the cell design. Comparison with similar systems in literature could provide
grounds for increased legitimacy of the obtained results.
The use of metal mesh for photoelectrode syntheses introduce a high level of uncertainty regarding
area calculations of photoactive material. The amount of light that reaches the photocathode is
especially difficult to estimate due to shadowing for the Ti mesh and diffusivity in the Nafion®
membrane.
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5. Results
In this chapter, results obtained from the experimental work described in the previous chapter are
presented. First, the voltammetry measurements employed in the photocathode optimization
process are described, followed by SEM and XRD data acquired before and after PEC
chronoamperometry. Additional PEC investigations of the Cu2O, Cu2O/TiO2, and
Cu2O/TiO2/MoS2 sample configurations are then described. The SSPEC photocathodes are
investigated, followed by open circuit potential and voltammetry results from the complete SSPEC
cells. Finally, sample reproducibility is discussed.

5.1. Photocathode optimization
Throughout the photocathode optimizing process, the main characterization tool has been linear
sweep voltammetry. Utilizing this method, a large number of samples have been investigated to
obtain appropriate reaction conditions for electrodes with the most desirable photoelectrochemical
properties. Epoxy resin was applied to the photocathodes except for 1 cm2 on the active side to
ensure identical nominal surface areas on all samples.

5.1.1. Cu2O synthesis
A screening process was conducted with regards to reaction temperature and time to find the
optimal reaction conditions for synthesizing photoactive Cu2O. Different reaction temperatures
during crystallization and growth as reported by Zheng et al. [50] was not found to increase
photocurrents in the synthesized samples. Consequently, all samples reported herein have been
synthesized at constant temperature. Results from preliminary testing narrowed the reaction
variables down to 40-60 ᵒC and 4-10 hours, and the sample side facing up during synthesis was
chosen as working photocathode due to consistently providing higher photocurrents than the side
facing down. With Δt = 2 hours and ΔT = 10 ᵒC, samples of every possible combination within this
range were synthesized.
The screening process was conducted by recording LSV performances and comparing the
photocurrents. The M1 order of measurements was used for this screening process, and the
photocurrents were calculated by comparing the light and dark currents during the
“Lightchopped1” measurement as close as possible to 0 V vs. SHE. In Figure 5.1, LSV results
from varying reaction times, followed by varying temperature at the optimum reaction time are
presented.
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a)

b)

FIGURE 5.1: VOLTAMMOGRAMS OF SELECTED SAMPLES TESTED WITH THE M1 ORDER OF MEASUREMENTS. A: 4,
6, 8, 10 HOURS REACTION TIME AT 60 ᵒC. B: TEMPERATURES 40 ᵒC, 50 ᵒC, 60 ᵒC FOR 8 HOURS REACTION TIME.
AM1.5G ILLUMINATION (100 MW/CM2) WAS PROVIDED BY A SOLAR SIMULATOR.

The assessment process of the photocathodes mainly depends on the photocurrent densities, i.e.
the current difference between the dark and illuminated sample. In Figure 5.1a, the photocurrent
increases from 4 to 8 hours. The sample prepared at 10 hours yielded similar current as 8 hours at
10 mV vs. SHE under illumination, but the photocurrent is lower in the 10-hour sample due to an
accompanying increase in dark current. In Figure 5.1b, the performances of 50 and 60 ᵒC are quite
similar. The dark current of the 50 ᵒC sample is lower than the sample synthesized at 60 °C, but
the sample synthesized at 60 ᵒC was chosen because of a significantly higher photocurrent at
around -20 mV vs. SHE.
Sample synthesis at higher temperatures was not possible with the setup described in Chapter 4.1.
The crocodile clip holding the sample was covered by Parafilm® and Teflon tape as previously
described to avoid contamination, and the temperature rating of Parafilm® is -45 to 50 ᵒC. When
samples were synthesized at 80 ᵒC, the seal was not able to consequently withstand the harsh
reaction conditions for extended periods of time. Contamination from the crocodile clip lead to the
growth of contaminant crystallites on the surface (see Appendix B), which increased the dark
current of samples synthesized at any condition by approximately 1 mA. To avoid the possibility
of contamination, the sample synthesized at 70 ᵒC was also omitted from the optimization process.
Voltammograms of the best performing sample, synthesized at 60 ᵒC for 8 hours, are presented in
Figure 5.2. This sample was employed as the starting point for further surface modifications, and
all consecutive samples are synthesized with these reaction parameters unless otherwise explicitly
specified.

Page 52 of 99

a)

b)

FIGURE 5.2: VOLTAMMOGRAMS OF THE BEST PERFORMING CU2O SAMPLE. A: LSV ACQUIRED WITH THE M2
ORDER OF MEASUREMENTS. B: CA ACQUIRED WITH THE M2 ORDER OF MEASUREMENTS AT +40 MV VS. SHE.
AM1.5G ILLUMINATION (100 MW/CM2) WAS PROVIDED BY A SOLAR SIMULATOR.

In Figure 5.2a, the illuminated sweep deviates from the dark sweeps at approximately 250 mV vs.
SHE, gradually increasing until a maximum of 804 μA/cm 2 at -50 mV vs. SHE. The sweep under
chopped illumination is mainly confined between the dark and light sweeps, indicating a good
correlation between these two consecutive scans.
Within the first 200 s of the CA experiment at +40 mV bias (Figure 5.2b), the photocurrent
decreases from 310 μA/cm2 to 110 μA/cm2. A slower photocurrent decrease is then observed, and
after 1200 s, only 50 μA/cm2 of the initial photocurrent remains. The main contribution to
photocurrent decrease is the illuminated current, but the dark current also increases from -38 to 60 μA/cm2 during the experiment. An increasingly prominent feature of the CA experiment is the
recombination spikes, which remain around -300 μA/cm2 throughout the experiment. A periodicity
is observed in the recombination spikes: a large recombination event is followed by consecutively
smaller spikes until a sudden increase to -300 μA/cm2 is again detected.

5.1.2. Protective TiO2 layer
To prevent the photocorrosion of pure Cu2O, a layer of TiO2 was deposited to the surface of the
best performing Cu2O sample by PLD. As previously mentioned, deposition parameters from
Henriksen [16] were employed as these have been proven to result in appropriate coverage of Cu 2O
electrodes.
Voltammograms of Cu2O foil samples that were coated before (PLD1) and after (PLD2) PLD
maintenance are provided in Figure 5.3, and the CA experiments are presented in Figure 5.4.
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a)

b)

FIGURE 5.3: VOLTAMMOGRAMS OF CU2O SAMPLES WITH TIO2 DEPOSITED BEFORE (PLD1: A) AND AFTER
(PLD2: B) PLD MAINTENANCE. LSV ACQUIRED WITH THE M2 ORDER OF MEASUREMENTS. AM1.5G
ILLUMINATION (100 MW/CM2) WAS PROVIDED BY A SOLAR SIMULATOR.

In Figure 5.3a, the initial dark sweeps are almost identical to those seen in uncoated Cu 2O. The
illuminated currents are significantly larger, reaching -1440 μA/cm2 at -50 mV vs. SHE in the
“light1” sweep. The sweep under chopped illumination also exhibits larger photocurrents than
Figure 5.2a, but the current under illumination is slightly lower than in the “light1” sweep. The
deviation between the chopped and constantly illuminated samples is approximately 160 μA/cm 2
at 150 mV vs. SHE, decreasing to approximately 100 μA/cm 2 at -30 mV vs. SHE.
Figure 5.3b closely resembles Figure 5.3a, with one notable exception: the photocurrents in
Figure 5.3b is approximately 60% lower than the PLD1-deposited sample. The sweep with
chopped illumination also reaches almost exactly the same current as the “light1” sweep at 0 mV
vs. SHE.

FIGURE 5.4: CA COMPARISON OF THE PLD1 AND PLD2 DEPOSITIONS. CA EXPERIMENTS WERE CONDUCTED IN
ACCORDANCE WITH THE M3 ORDER OF MEASUREMENTS AT +40 MV VS. SHE. AM1.5G ILLUMINATION (100
MW/CM2) WAS PROVIDED BY A SOLAR SIMULATOR.
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In the CA measurements, both TiO2 covered samples exhibit significant photocurrent decreases.
The initial photocurrent decline is most rapid, but photocurrent continue to decrease throughout
the entirety of the experiment. After 1200 s, the photocurrents of PLD1 and PLD2 are -60 and -42
μA/cm2, respectively. Recombination spikes can be seen in both curves, albeit not to the extent of
uncoated Cu2O. The PLD1 recombination spikes remain relatively constant at -55 μA/cm2 until
380 s into the experiment, where the same periodicity of Figure 5.2b is observed. This behavior
is also observed in the PLD2 measurement: recombination spikes of -20 μA/cm2 suddenly increase
around 380 s, where periodic recombination maxima at approximately -300 μA/cm2 are observed.
In addition to current decreases during illumination, the dark current of the PLD1 sample increases
steadily during the CA measurement. This indicates photocorrosion of the Cu 2O, and thus,
insufficient coverage of the protective layers. A possible explanation is “pinhole corrosion”: TiO2
layers of a few nanometers can have holes with little or no coverage (“pinholes”) where the Cu 2O
is prone to corrosion. The Cu2O would then photo-corrode in certain areas in the same manner as
the uncoated material, leading to an increase in exposed metal surface and thus dark current. Dark
currents in the PLD2 sample also increases during operation, but less than the PLD1 sample. A
thicker layer is less likely to experience pinhole corrosion, which is expected to explain the dark
current differences between PLD1 and PLD2.

5.1.3. MoS2 catalyst
To promote the hydrogen evolution reaction on the surface, a MoS 2 catalyst was applied to the
surface of Cu2O samples with and without TiO2 coating. Photoelectrode performances have been
measured by LSV, and the results are presented in Figure 5.5.
a)

b)

FIGURE 5.5: LSV OF MOS2-COATED SAMPLE TESTED WITH THE M1 ORDER OF MEASUREMENTS. A: MOS2 ON
UNCOATED CU2O. B: MOS2 ON CU2O COATED WITH TIO2 (PLD1). AM1.5G ILLUMINATION (100 MW/CM2) WAS
PROVIDED BY A SOLAR SIMULATOR.
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In Figure 5.5a, Cu2O samples sonicated in MoS2 solution for 1 and 2 minutes while bubbling N2,
produce almost identical LSV graphs. Maintaining the relatively low dark current of the previous
two, 3 minutes reaction time yielded a higher photocurrent at more negative bias than 100 mV vs.
SHE. The dark current of the sample synthesized for 5 minutes was significantly higher than the
other three, indicating that the electro-catalytic activity of MoS2 leads to a high increase in dark
current. In Figure 5.5b, the same trend is seen in the samples that were sonicated for 1, 2, and 3
minutes. The Cu2O/TiO2 sample that was sonicated for 5 minutes exhibits a lower photocurrent
than the best performing sample. A reaction time of 3 minutes resulted in the highest photocurrents
in both sample geometries, with photocurrents of -720 and -990 μA/cm2 for the uncoated and TiO2coated samples, respectively. Thus, 3 minutes of sonication was chosen as the deposition
parameter for MoS2.
Colloidal MoS2 solution contains a finite amount of catalyst, and a second batch of catalyst was
necessary for the experimental work. However, the photoelectrochemical performance of samples
with MoS2 from batch 2 were inferior to the first batch. Time and lab availability prevented the
production of additional MoS2 batches, and experiments were continued with the second batch.
Henceforth, all results are marked with SOL1 and SOL2 to separate results acquired with the first
and second colloidal MoS2 solution, respectively. LSV and CA results from samples coated with
the SOL2 solution are presented in Figure 5.6.
a)

b)

FIGURE 5.6: MOS2-COATED SAMPLES ON TIO2-COATED SAMPLES (PLD1/SOL2). A: LSV ACQUIRED WITH THE
M2 ORDER OF MEASUREMENTS. B: CA ACQUIRED WITH THE M3 ORDER OF MEASUREMENTS AT +40 MV VS. SHE.
AM1.5G ILLUMINATION (100 MW/CM2) WAS PROVIDED BY A SOLAR SIMULATOR.

The dark current of the photocathode synthesized with the SOL2 solution is almost identical to the
SOL1-synthesized samples, but the photocurrent densities under illumination are notable lower
throughout the entire range of the experiment. Thus, a photocurrent decrease of approximately
50% at 0 mV vs. SHE is observed in the PLD1/SOL2 sample compared to the PLD1/SOL1.
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5.2. Physiochemical characterization
5.2.1. Scanning Electron Microscopy
To establish a baseline for the morphological investigations, the untreated Cu substrate was
investigated by SEM (Figure 5.7). The horizontal stripes on the metal reveals the metallurgist’s
intuition: the Cu foil has been produced by rolling a sheet of Cu through a consecutively narrower
gap until the desired thickness is achieved. Disregarding the roll marks, the metal surface is smooth
and without signs of oxide growth.
a)

b)

FIGURE 5.7: SEM IMAGES OF THE CU FOIL USED AS SUBSTRATE FOR CU2O SYNTHESIS AT DIFFERENT
MAGNIFICATIONS.

To investigate the oxide growth of the best performing sample, Cu2O synthesized at 60 °C for 4
and 10 hours were investigated by SEM (Figure 5.8). Both samples are covered in oxide crystals,
but the particle size distributions are different. In the 4-hour sample, crystals vary in size from
approximately 500 nm to more than 10 μm. Some of the largest crystals have relatively flat
surfaces, and most of the crystals exhibit rounded edges. The 10-hour sample is considerably more
homogenous. No nanometer-sized crystals are present, and almost all of the surface is covered in
oxide particles that have partially grown together. The large surfaces in the 4-hour sample have
disappeared, and most of the rounded edges have been replaced by more well defined crystal
planes. Another structure is also prominent in Figure 5.8a: spiked and non-rounded structures
protruding from some of the crystals, indicative of dissolution of some of the particles.
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a)

b)

c)

d)

e)

f)

FIGURE 5.8: SEM IMAGES OF CU2O SAMPLES SYNTHESIZED AT 60 °C FOR 4 (A, C, E) AND 10 (B, D, F) HOURS AT
DIFFERENT MAGNIFICATIONS.
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SEM images of the Cu2O photocathode synthesized at 60 °C for 8 hours are presented in Figure
5.9. The surface is relatively porous, and the particles vary in size between approximately 500 nm
and 10 μm. Stepped and somewhat rounded crystal planes are present, and the surface coverage is
quite good. Ridges from the substrate production process can be seen in Figure 5.9a. On the ridges,
the elongated crystals tend to follow the direction of the grooves in the substrate.
a)

b)

c)

d)

FIGURE 5.9: SEM IMAGES OF THE AS-SYNTHESIZED BEST PERFORMING CU2O PHOTOCATHODE, SYNTHESIZED AT
60 °C FOR 8 HOURS, AT DIFFERENT MAGNIFICATIONS.

SEM images of the uncoated Cu2O photocathode after chronoamperometry are provided in Figure
5.10. A significant reduction in the number of particles is apparent, and crystals in the range of 10
μm are present. The roughness of the particles has increased significantly during the
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chronoamperometry measurements, and several non-rounded particles smaller than 1 μm are
present in the gaps between the larger crystals.
a)

b)

c)

d)

FIGURE 5.10: SEM IMAGES OF THE BEST PERFORMING CU2O PHOTOCATHODE, SYNTHESIZED AT 60 °C FOR 8
HOURS, AFTER M2 CHRONOAMPEROMETRY MEASUREMENTS AT DIFFERENT MAGNIFICATIONS.

In Figure 5.11, SEM images of the as-synthesized PLD2-coated photocathode are provided. The
macrostructure of the PLD2-coated sample is similar to Figure 5.9, with a notable addition of
areas without smaller crystals covering the surface. The images in Figure 5.11 - 5.14 have been
acquired with the Hitachi SU8230 SEM.
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a)

b)

c)

d)

FIGURE 5.11: SEM IMAGES OF THE AS-SYNTHESIZED CU2O/TIO2 (PLD2) PHOTOCATHODE AT DIFFERENT
MAGNIFICATIONS. THE CU2O WAS SYNTHESIZED AT 60 °C FOR 8 HOURS.

In Figure 5.12, SEM images of the PLD2-coated photocathode after CA experiments are provided.
As seen in Figure 5.10, the macro-morphology is dominated by more well-defined edges and cubic
crystals than Figure 5.11. The surface roughness of the facet in Figure 5.12d is more pronounced
than what is observed in Figure 5.11d.
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a)

b)

c)

d)

FIGURE 5.12: SEM IMAGES OF THE CU2O/TIO2 (PLD2) PHOTOCATHODE AFTER M2 CHRONOAMPEROMETRY
MEASUREMENTS AT DIFFERENT MAGNIFICATIONS. THE CU2O WAS SYNTHESIZED AT 60 °C FOR 8 HOURS.

The PLD2/MoS2-coated photocathode was also investigated by SEM before and after CA
experiments (Figure 5.13 and Figure 5.14, respectively). In Figure 5.13, the amount of crystals
on the surface is higher than in Figure 5.11. Particles with more pronounced elongation
compared to the as-synthesized uncoated and TiO2-coated samples are also observed. Similarly
to what is observed in Figure 5.12, the concentration of smaller crystals on the photocathode
surface decreases after CA measurements (Figure 5.14). However, the removal of rounded edges
is less pronounced than in the PLD2-sample.
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a)

b)

c)

d)

FIGURE 5.13: SEM IMAGES OF THE AS-SYNTHESIZED CU2O/TIO2/MOS2 (PLD2/SOL2) PHOTOCATHODE AT
DIFFERENT MAGNIFICATIONS. THE CU2O WAS SYNTHESIZED AT 60 °C FOR 8 HOURS.
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a)

b)

c)

d)

FIGURE 5.14: SEM IMAGES OF THE CU2O/TIO2/MOS2 (PLD2/SOL2) PHOTOCATHODE AFTER M2
CHRONOAMPEROMETRY MEASUREMENTS AT DIFFERENT MAGNIFICATIONS. THE CU2O WAS SYNTHESIZED AT 60
°C FOR 8 HOURS.

5.2.2. X-Ray Diffraction
X-ray diffraction has been conducted on the three photocathode configurations before and after
chronoamperometry experiments in order to investigate the changes in chemical composition of
the photocathode surfaces. In the Cu2O photocathode, all diffractogram peaks were found to
correspond to Cu and Cu2O.
Braggs law (Equation 5.1) has been employed to assign Miller indices to the diffractograms peaks.
The relation between Miller indices and crystallographic planes in cubic lattices is provided by
Equation 5.2, where a is the lattice constant, d is the distance between crystallographic planes,
and h, k, l are the three Miller indices. Calculations regarding the Miller indices of Cu and Cu2O
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are provided in Appendix B. In Figure 5.13, diffractograms of the Cu2O photocathode before and
after CA are presented.
2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛𝜃 = 𝑛𝜆
1

=
𝑑2

(5.1)

ℎ2 +𝑘 2 +𝑙2

(5.2)

𝑎2

FIGURE 5.13: XRD OF THE CU2O PHOTOCATHODE BEFORE (A) AND AFTER (B) CA CONDUCTED IN THE M2 ORDER
OF MEASUREMENTS. PEAKS CORRESPONDING TO LATTICE PLANES IN CU ARE MARKED WITH MILLER INDICES.

Both diffractograms in Figure 5.13 reveal substantial reflexes from Cu, originating from the
sample substrate. No additional peaks corresponding to CuO are observed in Figure 5.13b. The
(1 1 1) and (2 0 0) peaks of Cu2O are reduced after the CA measurements, and the (3 1 1) peak
becomes indistinguishable from the background around the Cu (2 2 2) peak.
The same peaks as the Cu2O photocathode are present in the diffractograms from the Cu2O/TiO2
(PLD1) and Cu2O/TiO2/MoS2 (PLD1/SOL2) samples, with no additional peaks appearing in any
of the diffractograms. Graphs corresponding to Figure 5.13 for the two other sample
configurations are provided in Appendix C.
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5.3. Electrochemical capacitance: Mott-Schottky
In accordance with the M1 order of measurements, capacitance measurements have been
performed on the three photocathode configurations. Acceptor concentrations (N A) and flatband
potentials can be estimated by employing the Mott-Schottky equation (Equation 5.3) in the 1/C2
vs. E plots (Figure 5.14). Typical p-type behavior is observed from the shape of the Mott-Schottky
curves, where the capacitance decreases at more negative applied potentials. The calculated
acceptor concentrations and flatband potentials are presented in Table 5.2. Additional information
regarding the regression curves is provided in the Appendix B.
1
𝐶2

=𝜀

2

2
0 𝜀𝐴 𝑒𝑁𝐷

(𝑉 − 𝑉𝐹𝐵 −

𝑘𝐵 𝑇
𝑒

)

(5.3)

FIGURE 5.14: MOTT-SCHOTTKY PLOTS OF THE CU2O, CU2O/TIO2 (PLD1), AND CU2O/TIO2/MOS2 (PLD1/SOL2)
SAMPLE CONFIGURATIONS ACQUIRED WITH THE M1 ORDER OF MEASUREMENTS. THE PURPLE ARROWS
INDICATED THE RANGE OF REGRESSION DATA EMPLOYED FOR NA AND EFB CALCULATIONS.
TABLE 5.2: MOTT-SCHOTTKY RESULTS FROM CAPACITANCE MEASUREMENTS WITH THE M2 ORDER OF
MEASUREMENTS.

Sample
NA (cm-3)
EFB (E vs. SHE, V)

Cu2O
3.6*1019
0.84

Cu2O/TiO2 (PLD1)
7.9*1019
0.85

Cu2O/TiO2/MoS2 (PLD1/SOL2)
3.2*1019
0.80

The M2 capacitance measurements were conducted with 50 mV step size in an attempt to minimize
sample corrosion during the experiments. Because of this, only 3 - 4 experimental values were
included in the regression graphs, leading to considerable uncertainty in the calculated values.
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5.4. Solid-state photoelectrochemical cells
Following the rationale presented in Chapter 2.3.4, a perforated substrate enabling gas diffusion is
appropriate for the SSPEC cells. A Cu mesh was chosen as substrate, and the samples were
synthesized in the same manner as the foil samples. The mesh photocathodes are investigated by
SEM and three-electrode voltammetry in liquid electrolyte, followed by results from the complete
SSPEC cell in water vapor conditions. Two photocathode configurations have been synthesized
on Cu mesh for use in complete SSPEC cells: uncoated Cu2O and Cu2O/TiO2/MoS2 (PLD2/SOL2).

5.4.1. SSPEC photocathode characterization in liquid electrolyte
SEM images of the Cu mesh substrate are provided in Figure 5.15. Similarly to the Cu foil, the
grooves associated with manufacture are also present in the mesh. Additionally, cracks normal to
the roller grooves are observed. These are likely artifacts of plastic deformation during the mesh
weaving process. The micrometer-sized defects are especially prone to corrosion, as the atomic
structure is significantly more strained than the bulk metal.
a)
b)

FIGURE 5.15: SEM IMAGES OF THE CU MESH USED AS SUBSTRATE FOR SSPEC PHOTOCATHODES AT DIFFERENT
MAGNIFICATIONS.

In Figure 5.16, SEM images of the Cu2O photocathode before and after CA in liquid electrolyte
are presented. The Cu2O surface coverage of the mesh is high, and the average particle size on the
mesh is smaller than the as-synthesized foil samples (Figure 5.9a). The porosity of the oxide
grown on mesh seems to be higher than on the foil samples, likely caused by the surface defects
depicted in Figure 5.15b. The crystal morphology is similar to the foil samples. Compared to the
foil sample in Figure 5.10, increased corrosion from the CA experiment is observed in Figure
5.16b. Fewer well-defined crystals are observed, and several micrometer-sized holes have
appeared on the mesh surface. It is likely that these areas of increased corrosion are related to the
surface rifts seen in Figure 5.15.
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a)

b)

FIGURE 5.16: SEM IMAGES OF A CU2O PHOTOCATHODE BEFORE (A) AND AFTER (B) M2 CHRONOAMPEROMETRY
MEASUREMENTS IN LIQUID ELECTROLYTE.

LSV and CA of the Cu2O mesh sample are provided in Figure 5.17. The photocurrent density
under illumination is within the range of the Cu 2O foil samples, but the dark current is
approximately twice as high as foil samples. This corresponds well to the fact that the backside of
the foil samples were covered with epoxy to prevent twice the area to contribute to the dark current.
The mesh samples were not covered in this manner. From these considerations, the surface area of
the 1 cm2 Cu mesh sample is estimated to be similar to 1 cm2 foil samples. The CA measurement
is also similar to the results from Cu2O foil samples.
a)

b)

FIGURE 5.17: VOLTAMMOGRAMS OF THE CU2O MESH SAMPLE. A: LSV ACQUIRED WITH THE M2 ORDER OF
MEASUREMENTS. B: CA ACQUIRED WITH THE M3 ORDER OF MEASUREMENTS AT +40 MV VS. SHE. AM1.5G
ILLUMINATION (100 MW/CM2) WAS PROVIDED BY A SOLAR SIMULATOR.
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Voltammetry results from LSV and CA of the Cu2O/TiO2/MoS2 mesh sample are provided in
Figure 5.18. The dark currents follow the trend indicated for Figure 5.17, but the currents under
illumination are approximately 25% lower than the corresponding foil sample. In Figure 5.18, a
large increase in dark current is present compared to Figure 5.4. However, a slight increase in
photocurrent compared to the PLD2 foil sample is observed in the mesh sample.
a)

b)

FIGURE 5.18: VOLTAMMOGRAMS OF THE CU2O/TIO2/MOS2 (PLD2/SOL2) MESH SAMPLE. A: LSV ACQUIRED
WITH THE M2 ORDER OF MEASUREMENTS. B: CA ACQUIRED WITH THE M3 ORDER OF MEASUREMENTS AT +40
MV VS. SHE. AM1.5G ILLUMINATION (100 MW/CM2) WAS PROVIDED BY A SOLAR SIMULATOR.

5.4.2. SSPEC cell performance in gaseous conditions
The SSPEC cell with an uncoated Cu2O-photocathode was tested with OCP and LSV in
accordance with Table 4.5. Initially, the cell exhibits an open-circuit potential of more than 225
mV (Figure 5.19a). Under the second illumination, the photo-response was reduced to 150 mV
after stabilizing. The potential in dark conditions is clearly decreasing for each iteration, providing
a strong indication of photoelectrode corrosion. LSV experiments were conducted after the OCP,
but no photocurrent was observed in these experiments (Figure 5.19b).
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a)

b)

FIGURE 5.19: PHOTOELECTROCHEMICAL RESULTS FROM THE SSPEC CELL WITH TIO2 NANOTUBE/CDSE
PHOTOANODE AND CU2O PHOTOCATHODE. A: OCP. B: LSV ACQUIRED AFTER OCP. THE SSPEC CELL IS TESTED
WITH AIR OF 80% RH (22.7 ML/MIN) AT THE PHOTOANODE SIDE AND BOTTLE-DRY N2 (23.3 ML/MIN) ON THE
PHOTOCATHODE SIDE. AM1.5G ILLUMINATION (100 MW/CM2) WAS PROVIDED BY A SOLAR SIMULATOR.

The Cu2O/TiO2/MoS2 photocathode was tested with LSV and OCP in accordance with Table 4.6.
Results from the initial LSV experiment are presented in Figure 5.20. The SSPEC cell exhibits
Ohmic-like conductivity at negative applied bias, and dark currents between 10 and 25 μA are
observed at positive applied bias. Under illumination, the current deviates from the dark cell at
almost exactly 0 V vs cathode. The current increases gradually with increased applied bias, and
reaches 146 μA at 1.23 V vs cathode. Under chopped illumination, a photocurrent of 122 μA is
registered at 1.2 V vs. cathode. Repeating the chopped sweep yielded photocurrents almost
identical to the ones of the previous sweep.

FIGURE 5.20: LSV OF THE SSPEC CELL WITH TIO2 NANOTUBE/CDSE PHOTOANODE AND CU2O/TIO2/MOS2
(PLD2/SOL2) PHOTOCATHODE BEFORE OCP. THE SSPEC CELL IS TESTED WITH AIR OF 80% RH (22.7 ML/MIN)
AT THE PHOTOANODE SIDE AND BOTTLE-DRY N2 (23.3 ML/MIN) ON THE PHOTOCATHODE SIDE. AM1.5G
ILLUMINATION (100 MW/CM2) WAS PROVIDED BY A SOLAR SIMULATOR.
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FIGURE 5.21: PHOTOELECTROCHEMICAL RESULTS FROM THE SSPEC WITH TIO2 NANOTUBE/CDSE
PHOTOANODE AND CU2O PHOTOCATHODE. A: OCP. B: LSV ACQUIRED AFTER OCP. THE SSPEC CELL IS TESTED
WITH AIR OF 80% RH (22.7 ML/MIN) AT THE PHOTOANODE SIDE AND BOTTLE-DRY N2 (23.3 ML/MIN) ON THE
PHOTOCATHODE SIDE. AM1.5G ILLUMINATION (100 MW/CM2) WAS PROVIDED BY A SOLAR SIMULATOR.

Results from the OCP and second LSV are presented in Figure 5.21. The initial OCP of 125 mV
decreases to 75 mV during the second illumination, and a photo-response is barely noticeable in
the third cycle. In Figure 5.21b, no photocurrent is observed in the LSV sweeps after the OCP.

5.5. Reproducibility
The instability of illuminated Cu2O can be observed on a time scale of seconds, which means that
the photocathodes are not suited for repeating experiments or conducting a large number of
consecutive tests. As in any other scientific endeavor, reproducibility is essential. Since the order
of measurements was shown to significantly affect the achieved photocurrents, a valid comparison
can only be performed between identically tested samples. In an attempt to understand the
experimental accuracy of the different sample configurations, a sequence of experiments aiming
to reproduce the most promising configurations for at least two times was considered.
In Figure 5.20, LSV sweeps under chopped illumination of the different photocathode
configurations are presented. To uncover possible deviations in the PLD step, the TiO2 layers in
samples c-f have been deposited in four different PLD-runs. The largest photocurrent difference is
seen in the uncoated Cu2O samples, where the photocurrent at 0 mV vs. SHE varies from -360 to
-495 μA/cm2. The dark currents in all three sample pairs differ by less than 15 μA/cm 2, and the
illuminated currents of samples c-d and e-f at 0 mV vs. SHE vary by less than 15 μA/cm 2 within
each pair. This limited comparison indicates a high sample consistency in the TiO2-containing
photocathodes. The photocurrents of as-deposited Cu2O photocathodes varies by at least 140
μA/cm2. A larger amount of samples is necessary to calculate numerical values regarding the
accuracy of the photocathode syntheses.
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FIGURE 5.20: LSV OF THE CU2O, CU2O/TIO2, AND CU2O/TIO2/MOS2 SAMPLE CONFIGURATIONS UNDER
CHOPPED ILLUMINATION ACQUIRED WITH THE M2 ORDER OF MEASUREMENTS. AM1.5G ILLUMINATION (100
MW/CM2) WAS PROVIDED BY A SOLAR SIMULATOR.
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6. Discussion
In this chapter, the experimental findings presented in the results are discussed and interpreted.
Throughout the discussions regarding the observed phenomena, focus is directed towards the
purpose of improving materials for PEC water splitting in both liquid and gaseous phases.

6.1. Surface morphology
Topographical investigations by SEM of samples synthesized at 60 °C for 4, 8, and 10 hours
provide information regarding the morphological changes of Cu2O during synthesis. The size
distribution in the 4-hour sample shows that the nucleation process occurs over a relatively long
time span, as the largest crystals are more than an order of magnitude larger than the quite
numerous nm-sized crystals. The larger oxide crystals become covered by particles smaller than 5
μm after 8 hours, and many of these particles have grown together in the structure yielding the
highest photocurrents as recorded with LSV. The 10-hour sample is relatively homogenous, as the
crystals have aggregated further. Ostwald ripening of copper oxide particles has previously been
depicted in other extreme reaction conditions in literature [106], and the absence of sub-μm
particles is indicative of this process playing a role in the oxide growth. The dissolution of particles
is also observed in Figure 5.8d, which shows that the synthesis described in Chapter 3.1.3 is a
dynamic process.
SEM images of the three sample configurations before and after CA are provided if Figure 6.1.
Topographical investigations reveal clear signs of photocorrosion in all three sample
configurations. The most severe photocorrosion is observed in the Cu 2O/TiO2 sample
configuration, which is also the sample exhibiting the most pronounced cubic facets after CA
measurements. A general trend is the appearance of more well-defined edges, presumably a less
photoactive facet such as (1 1 0) as other crystal facets are more prone to photocorrosion due to
their higher photo-activity. It is apparent that material has partially been dissolved, presumably
through a mechanism of cathodic photocorrosion. The increase in microstructure roughening
observed from Figure 5.11d to Figure 5.12d illustrates the oxide photocorrosion.
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a)

b)

c)

d)

e)

f)

FIGURE 6.1: SEM IMAGES OF DIFFERENT PHOTOCATHODE CONFIGURATIONS BEFORE (A-C) AND AFTER (D-F) CA
MEASUREMENTS. A, D: CU2O. B, E: CU2O/TIO2. C, F: CU2O/TIO2/MOS2.

Topographical investigations reveal clear signs of photocorrosion in all three sample
configurations. A general trend is the appearance of more well-defined edges, presumably a less
photoactive facet such as (1 1 0) as other crystal facets are more prone to photocorrosion due to
their higher photo-activity. It is apparent that material has partially been dissolved, presumably
through a mechanism of cathodic photocorrosion. The increase in microstructure roughening
observed from Figure 5.11d to Figure 5.12d illustrates the oxide photocorrosion.
The XRD experiments revealed no other crystal phases than Cu2O in the photocathodes. CuO was
not observed, and any Cu that may have been redeposited on the surface is indistinguishable from
the substrate. The absence of peaks corresponding to TiO2 in the PLD-treated samples indicates
that a thin layer of amorphous TiO2 has most probably successfully been deposited. Long-range
crystallinity is not expected in the deposited MoS2 layers, so the absence of these reflexes is also
reasonable. The diffractograms were recorded on a “routine” XRD instrument, so it is possible that
a thin-film XRD instrument would be able to capture thin layers or areas of deposited Cu (which
according to Xi et al. [56] is the most probable product of photocorrosion). However, as such a
layer would likely be limited to a few nanometers and possibly low crystallinity, this is also
improbable. A transmission electron microscope (TEM) is a more appropriate choice to investigate
the microstructure of the photocathodes beyond the limitations of SEM. As shown in Figure 3.7a,
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the applied surface layers are indistinguishable from Cu 2O unless high resolution cross-section
SEM or TEM images are investigated.
Peak intensities and changes in relative intensity of the Cu 2O reflexes are provided in Table 6.1.
As expected, the (1 0 0) peak has not been observed [37].The intensities of the Cu2O (1 1 1), (2 0
0), and (3 1 1) peaks are significantly reduced after CA, indicating that these crystal facets are
more active towards surface phenomena than (1 1 0) and (2 2 0). As mentioned in Chapter 3.1.1,
this is supported by literature: both the (1 1 1) and higher index facets contribute more to the
interfacial charge transfer reactions than the (1 1 0). Thus, XRD findings support the hypothesis
that the defined facets in the samples seen after CA are (1 1 0) facets. The relative intensity change
in Cu is different for the (1 1 1) and (2 2 0) reflexes than the other peaks, which indicates change
in the Cu close to the surface of the photocathode. This correlates well to cathodic photocorrosion
during CA measurements.
TABLE 6.1: INTENSITIES AND CHANGE IN RELATIVE INTENSITY OF CU2O (A) AND CU (B) DIFFRACTION PEAKS FOR
THE CU2O PHOTOCATHODE. THE AVERAGE BACKGROUND COUNT (~ 30) HAS BEEN SUBTRACTED FROM THESE
NUMBERS. ANALOGOUS INTENSITY TABLES FOR THE TWO OTHER SAMPLE CONFIGURATIONS ARE PROVIDED IN
APPENDIX C.

a) Cu2O
Miller
Intensity (counts)
Index
Before
After
CA
CA
(1 1 0)
318
361
(1 1 1)
2020
1195
(2 0 0)
460
280
(2 2 0)
534
535
(3 1 1)
210
-

Relative
change (%)
13.5%
40.84%
39.13%
No change
-

b) Cu
Miller
Intensity (counts)
Index
Before After
CA
CA
(1 1 1)
22130
22556
(2 0 0)
39648
35658
(2 2 0)
5566
5732
(3 1 1)
5108
4617
(2 2 2)
1305
1193

Relative
change (%)
1.2%
10.1%
3.0%
9.6%
8.6%

6.2. Photoelectrochemistry
Application of the D1 deposition increases the observed photocurrent of the Cu 2O sample, which
is assumed to stem from enhanced charge separation due to the band structures of the two
materials. A thin and amorphous layer of n-type TiO2 was chosen as a protective layer because the
CB of TiO2 is more positive than the CB of Cu2O. This promotes electron tunneling to the surface,
where protons from the anode are to be reduced. Figure 5.3 shows that compared to PLD1, the
surface is blocked by the PLD2 deposition. The thickness of the PLD2 layer can be the cause of
several mechanisms of photocurrent decrease: TiO2 could cover the surface to a degree that the
catalytic property of the electrode decreases, and the light intensity could decrease through surface
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reflection. However, it is more likely that the increased distance to the surface partially blocks the
tunneling of photo-excited electrons.
In Figure 6.2, LSV and CA measurements of the best performing samples from each configuration
are compared. Note that the sample configuration yielding the highest photocurrents in the LSV
measurements (PLD1/SOL1) has not been tested by CA. The best performing Cu2O/TiO2/MoS2
sample that has been tested by LSV and CA is the PLD2/SOL2 configuration, which is therefore
also provided in Figure 6.2a. Note that the PLD1/SOL1 sample was tested with the M1 order of
measurements, which is generally expected to cause more severe sample corrosion than the M2
order of measurements due to increased photocurrents at more negative applied bias.
In the LSV measurements, the observed photocurrent density more than doubles at 0 mV vs. SHE
with the deposition of TiO2, and the addition of a MoS2 catalyst (SOL1) further increases the
photocurrent density by approximately 10% at 0 mV vs. SHE in the PLD1/SOL1 sample. The
photocurrent density of PLD1/SOL2 is between PLD1 and PLD1/SOL1. In the CA measurements,
the initial photocurrents of the PLD1 and PLD2/SOL2 samples are approximately twice the
magnitude of the uncoated sample. The PLD1 sample exhibits approximately 80 μA/cm 2 higher
photocurrents than the PLS2/SOL2 for the first 250 s, after which the two samples perform
similarly. After 1200 s, the photocurrents had decreased by 78%, 91%, and 80% for the Cu2O,
PLD1, and PLD2/SOL2 samples, respectively. The corrosion corresponds well to the photocurrent
densities: a higher photocurrent density leads to more severe photocorrosion. Considering the LSV
sweeps in Figure 6.2, it is probable that the CA results of the PLD1/SOL1 sample configuration
would outperform those tested in Figure 6.2b.
a)

b)

FIGURE 6.2: VOLTAMMOGRAMS OF THE BEST PERFORMING SAMPLES OF EACH CONFIGURATION. A: CU2O,
CU2O/TIO2 (PLD1), CU2O/TIO2/MOS2 (PLD1/SOL1) AND CU2O/TIO2/MOS2 (PLD1/SOL2). LSV WAS
ACQUIRED WITH THE M2 ORDER OF MEASUREMENTS, EXCEPT FOR PLD1/SOL1, WHICH WAS TESTED WITH THE
M1 ORDER OF MEASUREMENTS. B: CU2O, CU2O/TIO2 (PLD1) AND CU2O/TIO2/MOS2 (PLD2/SOL2). CA
ACQUIRED WITH THE M2 ORDER OF MEASUREMENTS AT +40 MV VS. SHE. AM1.5G ILLUMINATION (100
MW/CM2) WAS PROVIDED BY A SOLAR SIMULATOR.
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The addition of TiO2 and MoS2 to the photocathodes increases the photocurrents measured in LSV
and CA, but the samples perform relatively similarly after 20 minutes of operation. This is due to
photocorrosion of all the tested photocathode configurations.
A comparison of the LSV and CA results from the mesh photocathodes is presented in Figure 6.3.
The Cu2O photocathode performs similarly to the foil samples, but the chopped LSV sweep
compares poorly to the dark and illuminated sweeps in the Cu2O/TiO2/MoS2 mesh photocathode.
This indicates instability, which is also seen in the CA measurements: the dark current increases
more than in the uncoated mesh sample. This is most likely due to insufficient coverage of TiO 2.
The PLD technique is most commonly used on flat surfaces, as the ablation method results in
uneven coverage of curved substrates. The PLD deposition does not facilitate coverage of the mesh
backside either, and deposition on both sides of the mesh has not been attempted in this work.
Another technique for TiO2 thin film deposition is atomic layer deposition (ALD), where
extremely high coverage uniformity can be acquired on differently shaped substrates. However, it
should be noted that pinholes in TiO2-layers deposited by ALD has also been identified as an issue
[58].
a)

b)

FIGURE 6.3: VOLTAMMOGRAMS OF THE CU2O AND CU2O/TIO2/MOS2 MESH PHOTOCATHODES INTENDED FOR
SSPEC CELLS. A: LSV ACQUIRED WITH THE M1 ORDER OF MEASUREMENTS. B: CA ACQUIRED WITH THE M2
ORDER OF MEASUREMENTS AT +40 MV VS. SHE.

The Mott-Schottky analysis revealed acceptor concentrations in the range of 3.2 - 7.9*1019/cm3,
corresponding well to established literature on Cu2O. Due to the limited resolution of the data,
results within the same order of magnitude is considered to imply similar dopant concentrations in
the three samples; any numerical conclusion beyond order of magnitude requires additional data
points, as the uncertainty of the capacitance measurement is increased significantly when plotted
as 1/C2 vs. E. The depletion region of a weakly biased semiconductor only penetrates a few
nanometers into the surface, especially in materials with high doping concentrations. For doping
concentrations in the range of 1019 - 1020 /cm3, the depletion layer depth of a semiconductor is
generally between 15 and 50 nm [107].
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The flatband potential of the Cu2O/TiO2/MoS2 sample shifted 40 mV towards more negative
potentials when compared to the other two configurations. MoS2 has a flatband potential of 0.54
V vs. SHE [108], so a decrease in band bending when applied is reasonable. A decrease in the
flatband potential implies decreased band bending in a p-type semiconductor, therefore lower
photocurrents are expected. This is observed in Figure 6.2a, where the photocurrents of the
Cu2O/TiO2/MoS2 sample is between the uncoated and TiO2-coated sample. That is not the case in
the PLD1/SOL1 sample in Figure 6.2a, as this Cu2O/TiO2/MoS2 photoelectrode exhibits the
highest photocurrent density at 0 mV vs. SHE. It is reasonable to assume that the slight decrease
in EFB is compensated by the improvement of interfacial reaction kinetics at the catalytically active
MoS2 sites.
As indicated in Figure 5.24, the uniformity of sample performances seem to increase with the
addition of a layer of TiO2 on the surface. An explanation to the improvement in reproducibility is
that the photocurrent variation observed in Cu 2O samples stems from variable charge separation.
Assuming that small variations in the degree of aggregation between the smaller particles is able
to significantly affect the rate of charge separation, additional layers improving the charge
separation mechanism would homogenize the resulting photocurrents as indicatively observed.

6.3. Solid-state photoelectrochemical cells
Two SSPEC cells have been assembled and tested during this work. The cell with an uncoated
Cu2O photocathode initially illustrated a promising OCP. However, no photo-activity was
observed in the LSV sweeps following the OCP measurements. The same behavior was seen in
the second SSPEC cell: after the OCP measurement, the photocurrent as measured by LSV
decreased to zero. TiO2 is known as an almost entirely chemically inert oxide, and there are no
known circumstances to deactivate the photoanode under room temperature and –pressure in an
SSPEC cell operating in gaseous conditions.
An applicable and reasonable explanation for the suddenly diminishing photo-activity under OCP
can be correlated with the findings in Toe et al. [60]; their experiments revealed that the most
detrimental photocorrosion of Cu2O occurs when the material is illuminated in the presence of an
electron scavenger. There is no electrical connection between the photoelectrodes during OCP, but
electron-hole pairs are still generated in both photoelectrodes when illuminated. Both watersplitting half-reactions are expected to occur to some extent, but the proton-conducting membrane
does not allow electrons from the photoanode to reach the photocathode. A consequence of this is
hole buildup in the Cu2O when protons are reduced, leading to severe anodic photocorrosion and
the formation of CuO. This would explain the significant decrease in photo-activity occurring
when the cell is illuminated without electrical contact between the electrodes.
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The initial OCP of approximately 225 mV exhibited by the SSPEC cell in Figure 5.19 indicates
that the photocathode contributes to the OCP of the cell: approximately 100 mV OCP has been
reported in a comparable cell with a Pt/C cathode [95]. The rapid OCP decline illustrates how
sensitive the OCP measurements are to prolonged testing, also in the more complex photocathode.
During the initial LSV sweeps with the Cu2O/TiO2/MoS2 photocathode, declining photocurrents
as associated with cathodic photocorrosion of Cu2O were not observed. Nevertheless, it is probable
that the LSV measurements impacted the magnitude of the initial OCP illumination. If this cell
configuration is repeated by first measuring the OCP, the initial OCP photo-response is expected
to increase. However, due to the band-flattening effect of MoS2 as indicated by Mott-Schottky, it
is likely that uncoated Cu2O photocathodes will provide the highest OCP.
In Figure 6.4, the chopped LSV sweep of the SSPEC cell with a Cu2O/TiO2/MoS2 photocathode
is compared to the performance of a SSPEC cell with an identical TiO2 nanotube/CdSe photoanode
and a Pt/C cathode, which was assessed separately in an ongoing project in the group. The two
samples exhibit significantly different characteristics: notably, the photocurrent onset of the cell
with a Pt/C cathode is at more negative potentials, while the photocurrent onset of the tandem
configuration is approximately at 0 V vs. cathode. Since TiO2 is the sole photoabsorber of the Pt/C
cell, a bandgap of approximately 3 eV and band edges appropriately spaced for water splitting
means than even when a negative bias is applied to the cell, the generated photo-voltage is able to
drive the water splitting. In the tandem cell, the photocathode is more sensitive to a negative
applied bias. The band alignment at the photocathode interface is not appropriate for proton
reduction at negative applied biases, and the total reaction is hindered by Cu 2O. The photocathode
becomes less limiting at larger applied positive biases due to a suitable band alignment and
improved charge separation, leading to improved performance of the SSPEC cell.
CdSe quantum dots have been added as catalyst to the TiO 2 nanotube photocathode. Toxic
chemicals such as these heavy metals are generally unsuitable for PEC cells because of the risk
associated with contaminated electrolytes, but this issue is believed to be alleviated by gas-phase
operation. Because the toxic chemicals are not dissolved in an aqueous electrolyte, it is possible to
investigate several catalysts who may otherwise be deemed too environmentally harmful.
The tandem cell performs better than the cell with a Pt/C cathode at 0.5 V applied bias, as the band
bending increases and the appropriate band alignment becomes even more pronounced. The
superiority of the tandem cell becomes increasingly pronounced at higher applied voltages, and at
1.23 V vs. cathode, the photocurrent of 122 μA in the tandem cell is 30% higher than the 90 μA
exhibited by the Pt/C cell. The photocurrent exhibited by this tandem cell is currently the highest
SSPEC photocurrent that has been measured at 1.23 V applied bias under AM1.5G illumination
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in the Group for Electrochemistry. To the author’s knowledge, this cell configuration has not
previously been reported in literature.

FIGURE 6.4: LINEAR SWEEP VOLTAMMOGRAM PERFORMANCE COMPARISONS BETWEEN CATHODES IN SOLIDSTATE PHOTOELECTROCHEMICAL CELLS WITH TIO2/CDSE PHOTOANODES. THE SSPEC CELL PREPARED
CU2O/TIO2/MOS2.

It is difficult to accurately assess he photoactive area of the SSPEC photocathode, especially in
this configuration. While the mesh Cu substrate exhibits excellent oxide coverage in itself, finding
the surface area of the mesh is not a trivial mathematical problem. Also, the photoanode is
synthesized on Ti mesh: TiO2 should be transparent to photons with lower energy than its bandgap,
but the metallic mesh is expected to block a significant amount of light. Additionally, a part of the
light that passes the photoanode will be scattered by the proton conducting membrane. It can
therefore be assumed that the Cu2O is significantly shaded by the photoanode, limiting the
performance of the tandem configuration due to loss of photoactive surface area at the
photocathode. Nevertheless, the tandem cell starts performing better than the Pt/C-based SSPEC
cell at low applied biases, implying that a photoanode e.g. in the shape of a porous thin film will
significantly improve the illumination of the photocathode and thus increase overall cell
performance. However, higher photocurrent densities also increase the corrosion rate of the
photocathode, which necessitates the development of improved protective coatings to avoid
detrimental photocorrosion.
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7. Conclusions
In this work, a facile wet-chemical Cu2O synthesis route for SSPEC cell photocathodes has been
explored. Through experimental optimization in 2 M NaOH solution, a reaction temperature of 60
°C for 8 hours has been found to produce samples exhibiting the highest photocurrents under
AM1.5G illumination (-490 μA/cm2 at 0 mV vs. SHE). The as-synthesized Cu2O is prone to
cathodic photocorrosion when illuminated in aqueous solution, with photocurrent densities
decreasing by 81% during 20 minutes of CA measurements under chopped illumination at 40 mV
vs. SHE. Therefore, amorphous thin films of n-type TiO2 have been deposited by PLD to increase
the stability of the photocathode. The CB position of TiO2 also promotes charge separation at the
semiconductor interface, leading to a 124% increase in photocurrent density at 0 mV vs. SHE.
However, if a too thick layer of TiO2 is deposited, the photocurrent decreases due to blocking of
the electron tunneling to the surface. To improve the interfacial kinetics of the photocathodes,
crystalline MoS2 has been deposited as co-catalyst for the hydrogen evolution reaction. MoS2 was
deposited by sonicating the photocathodes in a colloidal solution of MoS 2 while bubbling N2 gas
through the solution, and 3 minutes reaction time yielded the highest photocurrents in uncoated (720 μA/cm2) and TiO2-coated samples (-990 μA/cm2) at 0 mV vs. SHE. The second batch of
MoS2 catalyst performed noticeably worse than the first, leading to the conclusion that more work
is required to standardize the synthesis in order to acquire results that are reproducible between
batches. Through morphological surface investigations by SEM, partially aggregated Cu2O
crystals were found to produce the highest photocurrents in uncoated photocathodes. After CA
measurements, considerable photocorrosion was observed. Cathodic photocorrosion is believed to
constitute the main photocorrosion mechanism in liquid electrolyte. As confirmed by XRD, the
most photo-active oxide facets are dissolved first. The (1 1 0) facet of Cu 2O exhibits the highest
stability, it is therefore assumed to exhibit the lowest photo-activity in terms of current
contribution. Significant photocorrosion was also observed in the TiO2/MoS2 photocathodes, 82%
photocurrent decrease was observed after 20 min of CA measurements under chopped illumination
at 40 mV vs. SHE. According to literature, the initial photocorrosion of TiO 2-coated samples
occurs through pinholes in the as-deposited thin films, underlining the need for novel methods of
photocathode protection.
Cu2O photocathodes have been synthesized on mesh substrate for use in a SSPEC cell operating
in gas-phase. OCP measurements were found to accelerate detrimental photocorrosion in the
photocathode, where in this case anodic photocorrosion occurs due to buildup of electron holes.
This is believed to constitute the major corrosion pathway of Cu2O under open circuit conditions,
i.e. under photocatalytic operation, in contrast to photoelectrocatalytic operation where cathodic
photocorrosion occurs. It is concluded that charge buildup in SSPEC photoelectrodes during OCP
measurements should be considered when investigating potentially sensitive photoactive
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materials. Compared to a cell with the same photoanode and a Pt/C cathode, higher photocurrents
were observed when a bias of more than 0.5 V vs. cathode was applied. At 1.23 V vs cathode, the
SSPEC cell with the novel photocathode exhibited a photocurrent of -122 μA/cm2, which is a 30%
increase from the cell with a Pt/C cathode. There are indications of increased stability when
employing Cu2O in gas-phase SSPEC operation, but additional measurements are required to
strengthen this observation. Such an SSPEC cell configuration has been investigated for the first
time, and it is concluded that this work has contributed to expand the understanding of
semiconductor photoelectrodes for gas-phase water vapor splitting.
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8. Future work
A natural continuation of the work presented in this thesis is to further investigate the photocathode
interface before and after operation. As previously mentioned, high-resolution cross-section SEM
or TEM would provide direct information regarding the layered structure and thicknesses of the
photocathodes. Additionally, X-ray photoelectron spectroscopy would provide information
regarding the surface oxidation states of Cu. These methods could provide additional information
regarding the photocorrosion mechanisms, and thus how to intelligently construct protective layers
that do not decrease the photo-activity of the photoelectrodes. The risks associated with utilizing
toxic catalysts to improve the surface kinetics is greatly reduced in gas-phase operation, which
enables the exploration of a larger range of catalysts than PEC cells for liquid operation.
IPCE for investigating the current contributions of different wavelengths has not been conducted
in this project, and would be especially relevant in experiments related to photosensitized
electrodes. For completeness of the wet-chemical Cu2O synthesis investigation, higher synthesis
temperatures should also be attempted.
OCP has been discovered to have a detrimental effect on Cu 2O photocathodes in SSPEC cells, so
this method should be studied further or avoided if subsequent experiments on the same Cu2O
photocathode are planned. CA measurements of the SSPEC cell under operation would provide
important information regarding the stability of the photoelectrodes. An interesting experiment
would be to conduct LSV in 80% RH, decreasing the relative humidity to 40% RH and confirm
that the photocurrent decreases, and then return to 80% to examine if the initial photocurrents are
retrievable. This experimental approach would clearly correlate the amount of water to the
recorded photocurrent densities, indicating surficial proton conduction mechanisms on the
photoactive oxides. Utilizing dry atmosphere at the cathode side also leads to the removal of water
from the membrane, decreasing its conductivity. A strategy to tackle this effect would be to add
humidity in both gas flows, which may also facilitate proton conduction on the photocathode side.
When examining photoactive materials with limited stability, it is important to only perform direct
comparisons between samples that have been subjected to the same experimental treatment at
identical reaction conditions. Otherwise, artifacts from previous experiments can impact the results
significantly.
An important aspect for improving SSPEC cells is to increase the photoactive area of both
photoelectrodes. The ideal photocathode has a large surface area and high porosity, so a
microfibrous web as presented by Zafeiropoulos et al. [77] would increase the photoactive area
compared to a simple mesh substrate. However, issues in obtaining a homogenous surface coating
could be encountered when choosing such substrates. Similar requirements exist for the ideal
photoanode, but since photons not absorbed by the photoanode must be able to reach the
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photocathode, a microfibrous structure is undesirable unless the substrate is also transparent to the
required wavelengths.
The proton conducting membrane is another potential bottleneck for the SSPEC cell efficiency.
The conductivity of Nafion® can be improved by increasing the operating temperature of the cell
to 80 °C [109]. In combination with humidity at both sides, experiments at increased temperatures
would likely make a substantial impact on the cell efficiency. TiO2 photoanodes would likely be
applicable at elevated temperatures, however such conditions could be too corrosive for Cu 2O
photocathodes, especially coupled with additional humidity at the cathode side. Therefore,
appropriate surface protection strategies for Cu2O photocathodes are of paramount significance,
and ALD coatings are among the most promising methods to begin with. Other electrocatalysts
based on earth-abundant elements, such as NiP and FeS [110], are also promising candidates for
novel water-splitting electro-catalysts.
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Appendix A: Health, Safety and Environment
TABLE A.1: LIST OF CHEMICALS UTILIZED IN THE EXPERIMENTAL WORK

Chemical
(purity)
Cu
(99.98%)

Specifications

Producer

Hazard statements

foil, thickness 0.025 mm
mesh, wire diameter 0.017 mm
CAS 7440-50-8

SigmaAldrich

None

Na2SO4
(>99.0%)

Anhydrous, powder
CAS 7757-82-6

SigmaAldrich

None

NaOH
(>99%)
Nafion®
5 wt.%

Anhydrous, pellets
VWR
CAS 1310-73-2
Perflourinated resin solution Sigmacontaining Nafion® (in lower Aldrich
aliphatic alcohols and water,
15-20% water)
CAS 31175-20-9

HNO3
(65%)

CAS 7697-37-2

SigmaAldrich

N2
(99.999%)

CAS 7727-37-9

Praxair

H290: Corrosive to Metals
H314: Skin corrosion/ irritation
H225: Flammable liquids
H318: Serious eye damage/eye
irritation
H336: Specific target organ
toxicity, single exposure; Narcotic
effects
H272: Oxidizing liquid
H290: Corrosive to Metals
H314: Skin corrosion/ irritation
H280: gas under pressure

Risk assessment:
All laboratory work has been performed with safety glasses, Nitrile gloves, and non-flammable
clothing. Solutions suspected of containing Cu+/Cu2+ have been collected for neutralization
followed by ion exchange with Fe metal. NaOH solutions have been prepared in Schott Duran lab
glassware, which is resistant to non-uniform heating when performing exothermic dissolutions.
The flashpoint of the Nafion® solution is 19 °C, and has only been used in a well ventilated lab
area. Care has been taken to discard plastic pipettes in a manner that does not create a fire hazard.
The synthesis of Nafion® membranes was conducted in a well-ventilated lab. Nitric acid has only
been handled inside of an appropriately closed fume hood. N2 gas is used in a well-ventilated area
where the probability of decreased oxygen concentrations is minimal.
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Appendix B: Electrochemistry and electron microscopy

FIGURE B.1: LSV OF TOP AND BOTTOM OF CU2O PHOTOCATHODE SYNTHESIZED AT 60 °C FOR 6 HOURS, TESTED
IN 0.5 M NA2SO4 ELECTROLYTE.

FIGURE B.2: SEM IMAGES OF CU2O SAMPLES THAT HAVE BEEN CONTAMINATED BY THE CROCODILE CLIP
DURING SYNTHESIS.
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Mott-Schottky regression:
The intercepts and slopes have been acquired by linear regression in Origin Scientific, and the
regression results are presented in Table B.1.

FIGURE B.3: MOTT-SCHOTTKY PLOTS OF THE CU2O, CU2O/TIO2 (PLD1), AND CU2O/TIO2/MOS2 (PLD1/SOL2)
SAMPLE CONFIGURATIONS ACQUIRED WITH THE M1 ORDER OF MEASUREMENTS WITH LINEAR REGRESSION
CURVES. THE PURPLE ARROWS INDICATED THE RANGE OF REGRESSION DATA EMPLOYED FOR NA AND EFB
CALCULATIONS.
TABLE B.1: SUPPORTING INFORMATION REGARDING REGRESSION OF THE MOTT-SCHOTTKY PLOTS IN FIGURE
5.14, ACQUIRED WITH THE M2 ORDER OF MEASUREMENTS.
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Appendix C: X-ray diffraction

FIGURE C.1: X-RAY DIFFRACTOGRAMS OF THE TIO2 PLD TARGET. ALL PEAKS CORRESPOND TO COD 9001681
[111] IN THE CRYSTALLOGRAPHY OPEN DATABASE (HTTP://QISERVER.UGR.ES/COD/), WHICH IDENTIFIES THE
SAMPLE AS RUTILE PHASE WITH A SLIGHT TI UNDERSTOICHIOMETRY.
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Calculation example for Table 6.1: 2θ-values for the (1 1 0) plane of Cu2O from the lattice constant.
a = 4.27 Å, λ = 1.54 Å, hkl = (1 1 0)
ℎ2 + 𝑘 2 + 𝑙 2 = 12 + 12 + 02 = 2
2

1
2
√(4.27 Å) = 3.019 Å
=
2 →𝑑 =
2
𝑑
2
(4.27 Å)
𝑠𝑖𝑛𝜃110 =

1.54 Å
1.54 Å
→ 𝜃110 = sin−1 (
) = 14.775 ° → 2𝜃110 = 29.5 °
2 ∗ 3.019 Å
2 ∗ 3.019 Å

TABLE C.1: DIFFRACTION PEAKS AND CORRESPONDING MILLER INDICES OF CU AND CU2O. CU PEAKS
PROHIBITED BY FCC SELECTION RULES ARE MARKED WITH *.
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FIGURE C.2: X-RAY DIFFRACTOGRAMS OF THE CU2O/TIO2 PHOTOCATHODE BEFORE (A) AND AFTER (B)
CHRONOAMPEROMETRY CONDUCTED IN THE M2 ORDER OF MEASUREMENTS.

TABLE C.2: INTENSITIES AND CHANGE IN RELATIVE INTENSITY IN CU2O (A) AND CU (B) DIFFRACTION PEAKS FOR
THE CU2O/TIO2 PHOTOCATHODE. THE AVERAGE BACKGROUND COUNT (~ 30) HAS BEEN SUBTRACTED FROM
THESE NUMBERS.

a)
Miller
Index
(1 1 0)
(1 1 1)
(2 0 0)
(2 2 0)
(3 1 1)

Intensity (counts)
Before
After
CA
CA
226
140
1390
626
352
143
434
345
170
110

Relative
change (%)
-38.1%
-55.0%
-59.6%
-20.5%
-35,3%

b)
Miller
Index
(1 1 1)
(2 0 0)
(2 2 0)
(3 1 1)
(2 2 2)
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Intensity (counts)
Before
After
CA
CA
18104
6516
24133
14308
5359
2005
3413
2752
1421
585

Relative
change (%)
-64.0%
-30.8%
-62.6%
-19.4%
-59.9%

FIGURE C.3: X-RAY DIFFRACTOGRAMS OF THE CU2O/TIO2/MOS2 PHOTOCATHODE BEFORE (A) AND AFTER (B)
CHRONOAMPEROMETRY CONDUCTED IN THE M2 ORDER OF MEASUREMENTS.

TABLE C.3: INTENSITIES AND CHANGE IN RELATIVE INTENSITY IN CU2O (A) AND CU (B) DIFFRACTION PEAKS FOR
THE CU2O/TIO2/MOS2 PHOTOCATHODE. THE AVERAGE BACKGROUND COUNT (~ 30) HAS BEEN SUBTRACTED
FROM THESE NUMBERS.

a)
Miller
Index
(1 1 0)
(1 1 1)
(2 0 0)
(2 2 0)
(3 1 1)

Intensity (counts)
Before
After
CA
CA
180
240
976
855
220
276
335
432
115
-

Relative
change (%)
+33.3%
-12.4%
+25.5%
+29.0%
-

b)
Miller
Index
(1 1 1)
(2 0 0)
(2 2 0)
(3 1 1)
(2 2 2)
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Intensity (counts)
Before
After
CA
CA
16485
14784
32188
28342
6630
4851
4232
3391
1149
1155

Relative
change (%)
-10.3%
-12.0%
-26.9%
-19.9%
No change

