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1 Solar to Fuel Energy Conversion
One of the main challenges facing mankind in the twenty-first century is to supply the
world’s population of sufficient energy to meet the desired living standards. In 2018, energy
consumption worldwide grew by 2.3%, nearly twice the average rate of growth since 2010,
driven by a robust global economy as well as higher heating and cooling needs in some parts
of the world. Fossil fuels, which currently provide about 75% of our energy supply, result in
1.7% rise of global-warming gas CO2 emissions and hit a new record.1 Growing environmental
concerns and an increasing energy demand drive the search for new, sustainable sources of
energy.
Solar energy with a large available magnitude is considered as a highly appealing source of
renewable energy. Solar cells, i.e. photovoltaic (PV) cells, provide a direct way of converting
the solar energy into electricity. By the end of 2018, global cumulative installed PV capacity
reached about 512 gigawatts (GW), which reached an annual growth rate of 30%.1,2
However, there is a limitation for solar cells that the generated electricity is strongly
influenced by the presence of sufficient sunlight. It is a challenge for electricity network
operators to cope with the intermittent nature of solar power. Hence, large-scale use of solar
energy requires an efficient energy storage solution. Collecting and storing solar energy in
chemical bonds, in the form of a chemical fuel, is one of the more attractive possibilities to
store solar energy. The energy of a visible-light photon ranges between 1 and 3 eV, or 100–300
kJ/mol, which is more than sufficient for many chemical synthesis routes. Compared to, e.g.,
batteries and mechanical or gravity-based storage systems, such as flywheels and pumped water
reservoirs, chemical fuels combine the advantages of high energy storage densities and ease of
transportation. Examples of chemical fuels include hydrogen, methane, methanol, gasoline,
diesel, etc.3

2 Photoelectrochemical Water Splitting
Hydrogen is one of the prime candidates as a future sustainable green fuel when used as
feedstock of fuel cells4. The conversion of solar energy into hydrogen appears to be a very
attractive route. As a source of hydrogen, water is convenient and abundant. Splitting water by
solar energy can be described as follows3:
2𝐻 𝑂

𝑠𝑢𝑛𝑙𝑖𝑔ℎ𝑡 → 2𝐻

𝑂

∆𝐺

474 𝑘𝐽⁄𝑚𝑜𝑙 .

(1)

Photoelectrochemical (PEC) water splitting, which is driven by sunlight and based on
semiconductor electrodes, provides a promising pathway for the conversion of water and solar
energy into hydrogen. PEC water splitting has attracted continuous interest since the first
discovery in 19725, which is due to its several advantages compared to the other solar-hydrogen
conversions. Compared to photocatalytic water splitting, the hydrogen and oxygen are produced
at separate electrodes in PEC water splitting, which can avoid serious safety concerns6 and
allows easy separation of these gases without a heavy energy penalty for post-separation.
Compared to coupled photovoltaic (PV)-electrolysis systems, which are already higher
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developed, the PEC water splitting is still in the research phase. PEC can directly accomplish
the conversion of solar energy to chemical instead of a conversion of solar energy-electricitychemical. The photogenerated electron-hole pairs can be directly involved in the water
oxidation and reduction reactions via direct contact with an aqueous electrolyte, which avoids
energy lost in multiple conversion process. From integration point of view, this is also an
advantage compared to PV-electrolysis. Compared to solar-thermochemical conversion, the
PEC water splitting can be carried out at room temperature, i.e., there is no need for large-scale
solar concentrators that would limit its application to large central facilities in sunny regions of
the world. One more advantage is that a PEC water splitting device can be constructed entirely
from inorganic materials. This offers a degree of chemical robustness and durability that is
difficult to achieve for devices based on organic materials.3,7–9 In summary, PEC water splitting
has many competitors, but there are also clear advantages to bring PEC to a higher technology
readiness level.
2.1 The PEC Water Splitting Cell
Similar to a traditional electrochemical device, a PEC cell requires two electrodes: an anode
for the oxidation reaction and a cathode for the reduction reaction. Figure 1a shows a schematic
of PEC water splitting cell based on semiconductor photoanode. The main component of the
PEC cell is the semiconductor, the photoelectrode, which converts incident photons to electron–
hole pairs. One of the key features of a semiconductor for photoelectrode is the presence of a
built-in electric field, or space charge. The field is present near the surface or interface of a
semiconductor, and is formed by the transfer of charges from the semiconductor bulk across its
interface with the electrolyte. During PEC water splitting process, this field plays a dominant
role in the efficient separation of the photogenerated electrons and holes, i.e. by preventing
recombination of electrons and holes.3
Figure 1b shows the simplified energy diagrames and the reactions at the two elctrodes of
the PEC water splitting cell. When the semiconductor photoanode is illuminated with photons
that have an energy that is equal to or larger than the bandgap fo the semiconductor, electrons
are excited from the valence band into the conduction band.8 Photogenerated electrons and
holes are spatially separated from each other due to the presence of an electric field inside the
semiconductor. The holes are transferred from the bulk to the semiconductor/electrolyte
interface for water oxidation to form oxygen; while the electrons are transferred through the
external circuit to the cathode, i.e. the metal side, for water reduction to form hydrogen.

Photoelectrochemical Water Splitting
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b

a

Figure 1. (a) Schematic of a photoelectrochemical cell that consists of a semiconductor photoanode and
a metal cathode. (b) The corresponding energy diagram and reactions (acidic electrolyte). (Modified
from ref.3)

For an alkaline electrolyte, the water reduction and oxidation can be described from (2) and
(3) by subtracting or adding the dissociation reaction of water into protons and hydroxyl ions:
4𝐻 𝑂

𝐶𝑎𝑡ℎ𝑜𝑑𝑒:
𝐴𝑛𝑜𝑑𝑒:

4𝑂𝐻

4𝑒 ↔ 2𝐻
4ℎ ↔ 2𝐻 𝑂

4𝑂𝐻

(2)

𝑂

(3)

For an acidic electrolyte, the reduction and oxidation reactions can be formulated as:
𝐶𝑎𝑡ℎ𝑜𝑑𝑒:

4𝐻

4𝑒 ↔ 2𝐻

𝐴𝑛𝑜𝑑𝑒: 2𝐻 𝑂

4ℎ ↔ 4𝐻

(4)
𝑂

(5)

Compared to the hydrogen evolution reaction (HER), the oxygen evolution reaction (OER)
is more challenging, as it is a four-electron process. A widely used mechanism for the OER
was proposed by Rossmeisl and Nørskov et al.10–12 As shown in Figure 2, this mechnism
consists of four proton-coupled electrontransfer steps. This also indicates that to drive the
process, each step must be supplied with a sufficient amount of energy. Therefore, the oxygen
evolution reaction is often regarded as a key reaction in developing strategies for the synthesis
of renewable fuels from water.13
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Figure 2. Sketch of the oxygen evolution reaction mechanism according to Rossmeisl and Nørskov
et al10–12. Mechanism for acidic electrolyte (blue line) and for alkaline electrolyte (red line). (Modified
from ref. 14 )

2.2 Semiconducting Materials for Photoanodes
As mentioned in Sect. 2.1, the photoanode, where water oxidation reaction takes place for
oxygen evolution, is a key challenge because it is an energetically uphill reaction that generates
four electrons. Therefore, exploiting efficient and robust photoanodes for water oxidation is
important for high performance PEC water splitting.
Ideal photoanode materials for efficient PEC water splitting have to fulfil several
requirements: i) Strong light absorption; ii) High chemical stability in the dark and under
illumination; iii) Suitable band edge positions to enable oxidation of water; iv) Efficient charge
transport in the semiconductor; v) Low overpotential for the oxidation reactions; vi) Low cost
and abundance.3 Among these requirements, suitable band edge positions means that the
valence and conduction band edge positions must straddle the water reduction and oxidation
potentials (i.e. 𝐸
𝐸 ,
and 𝐸
𝐸 ,
). In addition, the minimum bandgap is
determined by the energy required to split water (1.23 eV) plus the thermodynamic losses (~0.4
eV)15 and the overpotentials that are required at various points in the system to ensure
sufficiently fast reaction kinetics (~0.3–0.4 eV)16,17. Therefore, the bandgap should be larger
than 1.9 eV.3 Figure 3 shows the band edge positions of some photoelectrodes relative to the
water redox potentials.18

PEC Measurements Techniques for Photoanode
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Figure 3. Band edge positions of semiconductors in contact with the aqueous electrolyte at pH = 0
relative to NHE and the vacuum level. For comparison the HER and OER redox potentials are also
presented.18

Since the report of the Honda–Fujishima effect using TiO2 under UV light5, oxide
semiconductors have been widely investigated for application to photoanodes in PEC water
splitting systems, including TiO2, ZnO, Fe2O3, BiVO4, etc.19–23 There are several advantages
for the before mentioned oxide semiconductors: they are chemically stable in acid or alkaline
electrolyte during PEC water splitting, have suitable band edge positions for O2 evolution, and
are fabricated more easily compared to other types of semiconductor.
Among all of the available metal oxides, there is no single material that can meet well all
the requirements for PEC water splitting. Tungsten trioxide (WO3) has been demonstrated as a
promising material for photoanode in PEC water splitting because of the following intrinsic
properties: i) Suitable band gap (2.5 eV-2.9 eV), which is relatively smaller than TiO2 (~3.2
eV).24–27 ii) Superior electron transport properties (≈12 cm2 V−1 s−1) compared to TiO2 (≈0.3
cm2 V−1 s−1) and moderate hole diffusion length (≈150 nm) compared to α-Fe2O3 (2–4 nm) and
TiO2 (≈100 nm).24,28–31 iii) Suitable valence band edge of WO3, which is positive enough for
water oxidation.32 iv) Excellent chemical stability in acidic solutions, which are beneficial for
hydrogen production.28 Because of these advantages, in this thesis, we focus on WO3
photoanodes.

3 PEC Measurements Techniques for Photoanode
3.1 Photocurrent-Voltage Measurements
Current–voltage measurements are the most important technique to determine the
performance characteristics of photoanodes for water splitting. It allows one to quickly obtain
the following information3:
• The photocurrent density and energy conversion efficiency as a function of applied
potential.
• The dark current as a function of the applied potential.
• The sign of the anodic photocurrent.
• The onset potential of the photocurrent.
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• Electron- vs. hole-transport limitations (front- and back-side illumination).
• Transient effects that indicate recombination.

The measurements are done by measuring the (photo) current while sweeping the potential
at a constant scan rate – usually between 1 and 50 mV/s. This can be done in the dark, under
constant illumination, or by switching the illumination on and off at a fixed frequency (chopped
light measurements).

3.2 Charge Carrier Dynamic Measurements
To gain insight into the charge carrier dynamics during PEC water splitting, various
techniques based on frequency- and time-domain analysis have been developed and utilized,
including electrochemical impedance spectroscopy (EIS) and intensity-modulated
photocurrent/photovoltage spectroscopy (IMPS/IMVS).
EIS is a widely used method in electrochemistry33. This technique tests the impedance of a
system over a range of frequencies, and thus the frequency response of the system can be
revealed, e.g. the energy storage and dissipation properties. Generally, data obtained by EIS is
expressed graphically in a Nyquist plot or a Bode plot.34 More importantly, EIS can be
conducted at any bias, which allows a study on the charge transport and recombination kinetics
over a wide range of operating conditions.35,36
IMPS/IMVS measurements provide a direct way to study trap-mediated transport
behaviours and transport-limited recombination features.37,38 This technique exerts a tiny
sinusoidal perturbation on a larger illumination level and gauges the variation of the
photocurrent and photovoltage in response to the change of light intensity. Consequently,
IMPS/IMVS can probe the charge dynamic relationship between incident light and the
electrochemical response of the photoelectrode, which makes it very useful in PEC systems.

4 WO3 photoanodes for PEC Water Splitting: State-of-the-art
As mentioned in section 2.2, WO3 has been strongly investigated due to its promising
features. The theoretical maximum conversion efficiency of WO3 is 6.3%39. Therefore, WO3
on its own might not be most suitable for economically viable solutions; however, fundamental
understanding can optimize WO3 towards it theoretical limits and can guide towards better
photoanode in general. In addition, integration of WO3 in heterojunction structures is a
possibility and the understanding of such structures is of fundamental interest. The conversion
efficiency of the reported WO3 photoanodes is still far below the theoretical maximum
conversion efficiency of 6.3%40–44. This can be attributed to several limitations of WO3: i) Slow
charge transfer at WO3/electrolyte and high electron-hole recombination rate.32 ii) Not suitable
conduction band edge, which is not negative enough to reduce water, thus requiring extra bias32
iii) Capable of absorbing light with wavelength below 450 nm, thus its solar spectrum
utilization is still low.29,32 Aiming at these problems, considerable research efforts have been
devoted to improve the PEC efficiency of WO3, since it was first reported by Hodes in 197645.

WO3 photoanodes for PEC Water Splitting: State-of-the-art
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4.1 Improvement of the Oxidation Kinetics
WO3 photoanodes suffer from poor oxidation kinetics at the semiconductor/electrolyte
interface, and this results in high overpotential during PEC water splitting process. Adding of
co-catalysts, like CoOx, RuO2, IrO2 and Co-Pi, has been proven to highly active the OER
reactions46–51. Figure 4 shows that loading CoOx nanoparticles on the WO3 surface significantly
improved the charge separation efficiency and charge injection efficiency, as well as the
oxidation selectivity of WO3 for PEC water oxidation.

a

b

c

Figure 4. (a) Current−potential curves of CoOx/WO3 and WO3 under AM 1.5 global irradiation. (b)
Calculated charge separation efficiency and (c) charge injection efficiency of CoOx/WO3 and WO3.50

4.2 Formation of Heterojunctions
To enhance the charge carriers transport and reduce the recombination rate, the combination
of WO3 with semiconductors having more negative conduction band and narrow band-gap has
attracted much interest in recent years. Typical semiconductor materials are BiVO4 (2.4 eV)23,34,
CdS (2.4 eV)52, Fe2O3 (1.97 eV) 53 and Sb2S3 (1.72 eV)54. The formed heterojunctions between
WO3 and other semiconductor provide an effective approach to promote the separation of the
charge carriers and reduce the onset potential. In addition, the added semiconductors with
smaller band gap can utilize a wider spectrum, and thus the photogenerated charge carriers can
contribute to the PEC circuit.
Particularly, silicon (Si) is a feasible commercial material, considering its industrial
maturity, controllable electrical conductivity and easy structuring55. In addition, the optimum
band structure of Si addresses the deficiencies of WO3 in light harvesting and charge transport
properties56. Especially for the n type Si (n-Si), a WO3/n-Si heterojunction can be constructed
to achieve a Z scheme charge transport, as shown in Figure 5. Under illumination, the Si (band
gap 1.1 eV) can absorb the light penetrated through the WO3, and thus electrons and holes are
generated both in Si and in WO3. The photogenerated holes in WO3 move towards the
WO3/electrolyte interface, while the electrons move towards the WO3/n-Si interface, each of
them following the built-in field as represented by the band bending in Figure 5. Meanwhile,
the photogenerated holes in n-Si move towards the WO3/n-Si interface and partially recombine
with the electrons from the WO3. To complete the circuit, the photogenerated electrons in n-Si
move to the counter electrode for the water reduction reaction. The Z scheme reduces the
recombination of the photogenerated electrons and holes inside the metal oxide layer, which
was considered to enhance the PEC activity57,58.

14

Framework and overview of the research

Figure 5. Schematic of a Z scheme in WO3/n-Si heterojunction for PEC water splitting. (Modified from
chapter 2 in Part B).

4.3 Nano-/microstructuring
To achieve more efficient use of the capable light, nano-/microstructured photoelectrodes
with porous morphology are used to enhance the light absorption by decreasing light reflection
and increasing transmission path of light8,58–60. In addition, compared with the planar film and
bulk counterparts, nano-/microstructured photoanodes have much larger electrode/electrolyte
interface area, which provides more catalytic active sites available, and shorter diffusion
distance for minority carriers, which promote the separation and transfer of photogenerated
carriers61,62. According to these reasons, various nano-/microstructured WO3 photoanodes have
been designed and synthesized to enhance the PEC performance, as shown in Figure 6. The
increased surface area, enhanced light absorption and efficient charge transport simultaneously
contributed to high photocurrent density. As a representative example, a tree-like nanoporous
WO3 showed up to 9 times higher photocurrent density (1.8 mA cm−2 at 1.23 V vs RHE) than
that of the planar WO3 film photoanode (Figure 7).63

WO3 photoanodes for PEC Water Splitting: State-of-the-art

a

b

c

d

e

f

15

Figure 6. Scanning electron microscope (SEM) images of various nano-/microstructured WO3 for PEC
water splitting: (a) Micropillar arrays,64 (b) 3D inverse opal structure,65 (c) nanoflowers,66 (d)
nanoflakes,67 (e) nanowires,68 (f) nanorods.69
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a

b

c

Figure 7. (a) SEM image of tree-like nano-structured WO3. (b) Schematic illustration of charge
transport/transfer processes. (c) Photocurrent density-potential (J–V) curves measured in a 0.5 M
phosphate buffer solution (pH 7.0) under simulated solar light illumination (AM1.5G, 100 mW cm-2).63

4.4 Further Research Required
To further improve the performance of photoelectrodes for PEC water splitting, continued
efforts are demanded to better understand the key factors at play. Regarding to the previous
research, it still requires more advanced designs and more fundamental understanding on WO3
photoanode for efficient PEC water splitting, as described in the following list:
i). Various fabrication techniques have been used to achieve improved WO3
photoanodes, including hydrothermal method70, sputtering71, pulsed laser deposition
(PLD)72, and atomic layer deposition (ALD)40. As a basic point, the materials quality of
the fabricated WO3 can significantly affect the PEC properties. Thus, physical defects,
such as micro holes or cracks in the film can impact the photocatalytic activity and
charge transfer efficiency; chemical defects, such as oxygen vacancies, play a sensitive
role in photocatalysis as well. Therefore, it requires a systematic evaluation of the
impact of defects in WO3 electrodes on the PEC properties during water splitting.
ii). For a heterojunction structure, it is important to understand the dynamics of charge
transport and the decoupled contribution of the two combined semiconductors. As a
representative example, for the WO3/n-Si heterojunction, the Z scheme provides a
general framework, but the exact roles of the WO3 layer and the Si substrate in its
functioning have not been investigated so far. It is important to understand the
contributions of the individual layers in the heterojunction to the PEC water splitting.
iii). For the nano-/microstructured photoelectrodes, the enhancement on the
photocurrent densities is still low related to the enlarged surface area and enhanced light
harvesting properties. It is important to determine that how much surface area is the
active surface area during PEC reaction, and how this active surface area can be related
to the geometry of the electrodes and be increased.
Herein, this thesis will present an experiment-based study and provide a fundamental
understanding at these points.

Research Approach and Thesis Outline
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5 Research Approach and Thesis Outline
The overall intention of the work described in this thesis is to provide a fundamental
understanding of the relation between the PEC activity and the structure of the photoanode,
including the microstructure of the functional film, the structure of the functional film/substrate
heterojunction, and the geometry of the nano-/microstructure. This research will guide towards
designing high performing photoelectrodes for PEC water splitting.
The following section will describe in detail the research approach used in this thesis.

5.1 Research Approach and Methods
This thesis is divided into the following 4 specific topics to conduct the research:
I). Evaluation of the impact of defects in WO3 thin films on the PEC properties.
We evaluate the impact of defects in WO3 thin films on the PEC properties during water
splitting. Physical defects, such as micro holes or cracks, are studied by two different deposition
techniques: sputtering and atomic layer deposition (ALD). Chemical defects, such as oxygen
vacancies, are tailored by different annealing atmospheres, i.e. air, N2, and O2 (Figure 8). The
charge carrier dynamic properties are measured with EIS, IMPS and photoluminescence (PL).

a

b

c

Figure 8. Physical defects in WO3 films are varied from different deposition techniques: (a) atomic
layer deposition (ALD) and (b) sputtering. (c) Chemical defects are tailored by different annealing
atmospheres.

II). An insight into the role of Si in WO3/Si heterojunction: Gaining fundamental
understanding on the dynamics of the charge transfer and transport at the heterojunction.
To understand the contributions of the individual layers in the heterojunction to the PEC
water splitting, we evaluate in this study the decoupled contributions of the WO3 layer and Si

18
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substrate experimentally. In particular, we elucidate how the Si contributes to the overall
process. We did three specific experiments:
i) Separate monochromatic UV and IR illumination
The difference in band gaps of two semiconductors allows us to use IR light to
selectively excite Si and to use UV light to solely excite WO3 (Figure 9a). Moreover, to
study the relation between the heterojunction band structure and the PEC activity,
chopped monochromatic light illumination is used to measure the change of the open
circuit voltage (VOC), which reflects the generated photovoltage during PEC water
splitting.
ii) Introduction of a metallic interlayer
Within the Z scheme, we study the impact of inserted metal layers in WO3/n-Si
heterojunction photoelectrodes on the PEC water splitting, using a metal with a
moderate work function (Ag) and one with a high work function (Pt) as examples
(Figure 9b). This can help on understanding the relation between the band bending depth
in Si and the PEC performance of Si based photoelectrodes.
iii) Investigation of impact of the native SiO2 layer
We study the role of the native SiO2 layer on preventing unwanted Fermi level
pinning at the metal-Si Schottky contact. WO3/Ag/n-Si photoelectrodes without native
SiO2 layer are fabricated by removing the native oxide layer on n-Si using in-situ ion
beam milling (IBM), before sputtering the Ag layer. We find actually that the SiO2 layer
passivates the midgap states at the Ag/n-Si interface, which lead to an increase the
recombination of photogenerated electrons and holes.

Research Approach and Thesis Outline

19

a

b

Figure 9. (a) Schematic drawing of the set-up for monochromatic light illumination of WO3/n-Si. (b)
Schematic of Inserted metal layers, Ag and Pt, in WO3/n-Si heterojunction.

III). The relation between the geometry of microstructure electrodes and their PEC
performance.
Using deep reactive ion etching combined with photolithography, we fabricate n-type Si
and buried radial p-n junction Si micropillar arrays with different pillar height and pitch as
substrate to prepare WO3/n-Si and WO3/pn-Si micropillar array photoelectrodes. Well-defined
geometry allows quantitatively study the relation between the surface area and the PEC activity.
Optical simulations are performed to evaluate the relation between the intensity distribution of
light and the geometry of the photoelectrode.
In this work, the fabrication of Si micropillar arrays was carried out by Dr. Pieter Westerik
at the MESA+ institute for nanotechnology in University of Twente. The Optical simulations
were performed by Dr. Rudi Santbergen from TU Delft using the ray-tracing software LUX
(developed at TU Delft).
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b

c

Figure 10. Micropillar arrays of WO3/n-Si and WO3/pn-Si photoanodes (a) SEM image and (b) sketch
of the WO3/pn-Si micropillars. (c) Dimensional sketch for surface area calculation for quantitatively
study the relation between the surface area and the PEC activity.

iv). Establishing the relation between the geometry of nanostructure electrodes and PEC
performance and identifying the active surface area with quantitative analysis.
For this topic, we fabricate Si nanowires by chemical etching and prepare WO3/Si nanowire
photoanodes by atomic layer deposition (ALD) WO3 film to evaluate the effects of the
nanostructure geometry on the PEC performance (Figure 11a). Quantitative caculation on the
geometry of the nanowires photoanodes are achieved using a commercial software (Gwyddion)
for scanning images analysis (Figure 11b).The geometries of WO3/Si nanowires arrays are
varied on the nanowires length, total surface area and top surface area by controlling the Si
chemical etching time. In addition, optical simulations are performed to evaluate the relation
between the intensity distribution of light and the geometry of the photoelectrodes.
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Figure 11. SEM images of (a) Si nanowire arrays and (b) WO3/Si nanowire arrays. (c) Sketch of the
geometry of the WO3/Si nanowires for quantitative analysis. (ST: top surface area; LC: length of the
contour of the top surface; LW: length of the nanowires; SW: wall surface area.)

The novel findings from above 4 research topics have been published (or submitted for
publication) as several separated articles in different international peer-reviewed scientific
journals. Each article is presented as a chapter in Part B of this thesis, and adheres sequentially
to the research approach described above.

5.2 Outline of Chapters in Part B
Chapter 1. Physical and Chemical Defects in WO3 Thin Films and Their Impact on
Photoelectrochemical Water Splitting
Modified from publication: Yihui Zhao, Shashank Balasubramanyam, Rochan Sinha,
Reinoud Lavrijsen, Marcel. A. Verheijen, Ageeth A. Bol, Anja Bieberle-Hütter, ACS
Appl. Energy Mater. 2018, 1, 5887−5895.
Chapter 2. Boosting the Performance of WO3/n-Si Heterostructures for Photoelectrochemical Water Splitting: from the Role of Si to Interface Engineering
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Modified from publication: Yihui Zhao, Geert Brocks, Han Genuit, Reinoud Lavrijsen,
Marcel. A. Verheijen, Anja Bieberle-Hütter, Adv. Energy Mater. 2019, 1900940.
Chapter 3. From Geometry to Activity: A Quantitative Analysis of WO3/Si Micropillar
Arrays for Photoelectrochemical Water Splitting
Yihui Zhao, Pieter Westerik, Rudi Santbergen, Erwin Zoethout, Han Gardeniers, Anja
Bieberle-Hütter (preparing for submission).
Chapter 4. Relating 3D Geometry and Photo-electrochemical Activity of WO3-loaded
n-Si Nanowires: New Design Rules for Photoelectrodes
Yihui Zhao, Shashank Balasubramanyam, Ageeth A. Bol, Anja Bieberle-Hütter
(preparing for submission).

6 Conclusions and Outlook
This work provides the fundamental understanding of the impact of functional film quality
and film/substrate heterojunction on the PEC activity using the model system WO3. It
establishes the relation between the geometry of nano-/microstructures and PEC performance,
which guides towards designing high performing photoelectrodes.
In particular, the impact of physical and chemical defects in WO3 thin film on PEC water
splitting properties was studied. The physical defects were evaluated by comparing the
properties of ALD and sputtered thin films. Physical defects, like micro-holes and cracks
formed during the deposition process, increased the electron transit time and also resulted in a
higher recombination rate at the physical defects which inhibited the photocurrent generation.
Hence, for PEC electrode fabrication, it is important to reduce the physical defects in the thin
film and make perfect connection between the functional layer and the electron collection layer.
The chemical defects were evaluated by different annealing atmospheres (air, N2 and O2).
Chemical defects, like oxygen vacancies, can generate more adsorbed OH on the surface of the
film and also serve as shallow electron donor to enhance the PEC efficiency. On the other hand,
excess amount of chemical defects can act as recombination centres which inhibit the electron
transfer, thus, decreasing the photocurrent generation. The oxygen vacancy concentration in the
WO3 films changed according to the annealing atmosphere: N2 > Air > O2. The best
performance was obtained from films annealed in air indicated an appropriate content of
chemical defects. According to these results, it is worth to relate the annealing conditions to the
content of chemical defects. It can be concluded that the selection of the thin film deposition
process as well as the processing conditions, such as the annealing atmosphere, have significant
impact on the performance of the thin films towards water splitting activity.
For the WO3/n-Si heterojunction, separate monochromatic UV and IR illumination prove
experimentally that the photogenerated charge carriers generated in the n-Si substrate contribute
indirectly to the PEC water oxidation. Measuring the photovoltage under chopped
monochromatic illumination reveals that the Si provides a photovoltage which drives the charge
carriers for the PEC water splitting process. Equilibration of the Fermi levels in WO3 and n-Si
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induces band bendings in the semiconductors. These generate an internal electric field that is
instrumental in separating the photogenerated charge carriers and setting up the photovoltage.
The WO3/Ag/n-Si with an inserted Ag layer, which facilitates charge transport, however, shows
a lower PEC activity than WO3/n-Si. This can be attributed to a decrease of the photovoltage,
which is caused by a reduction of the band bending in the n-Si due to the Ag layer. This
discovery breaks through the existing design idea, which focused on facilitating charge
transport via interface layers within the Z-scheme, but ignored the resulting changes in the
potential profiles, the band bending in particular. In addition, we evaluated the effect of the
native SiO2 layer on the n-Si. It reveals that the existence of midgap states at the clean, SiO2free Ag/n-Si interface leads to an increased recombination of photogenerated electrons and
holes. The SiO2 layer, hence, passivates these states and should therefore be retained for
metal/Si based photoelectrodes. The high work-function metal Pt is supposed to enlarge the
band bending in n-Si, which increases the internal electric field, and therefore the charge carrier
separation and the photovoltage. Compared to WO3/n-Si, these WO3/Pt/n-Si photoelectrodes
achieve indeed a two times enhancement of photocurrent density at 1.23 V vs RHE and a ten
times enhancement at 1.6 V vs RHE.
WO3/n-Si and WO3/pn-Si micropillar arrays were designed in order to systematically study
the impact of geometry on the PEC activity of heterostructures. The PEC activity is found not
to be in proportion to the increased surface area, i.e. increased pillars length or reduced pillars
pitch. This can be related to shadowing effects under illumination. Optical simulations of the
intensity distribution resulting from illumination at various incident angles reveal that a smaller
pillar pitch, i.e. having the pillars closer together, decreases the fraction of highly illuminated
area. Any surface area with low light intensity, i.e. shadowed area, reduces the activity of the
WO3 for the PEC reaction. This can be a reason for the relatively small increase in photocurrent
density compared to the large increase in total surface area in WO3/n-Si micropillar arrays.
Based on the results, we propose a promising micro-cone array structured photoelectrode.
Optical simulations demonstrate that this structure can reduce the shadowing effects under
illumination. In the case of pn-Si based micropillar arrays, the photocurrent density increases
first and then even decreases, when the pillars pitch is reduced. By measuring the open circuit
potential under chopped monochromatic IR illumination, it is proven that the photocurrent
density enhancement in WO3/pn-Si micropillar arrays is dominated by the photovoltage created
at the p-n junction. However, with reduced pillar pitch, the increased surface area also causes
increased dead layer, i.e. heavily p-doped Si surface, which reduces the created photovoltage
by the p-n junction, and therefore causes a smaller enhancement on the photocurrent density.
Based on all results on WO3/n-Si and WO3/pn-Si micropillar arrays, we conclude that, for the
optimization of the photoelectrode design, much performance can be gained by tailoring the
design of the 3D micro-/nanostructure.
To further study the relation of nanostructure geometry and PEC activity, WO3/Si nanowire
array photoanodes with different nanowire length and WO3 thickness are fabricated using
chemical wet etched Si and thin film deposition of WO3 by ALD. Based on these different
geometries, we analyse the relation between the nanowires length, the top surface area and the
PEC activity. With increasing Si etching time, the PEC performance should be enhanced due
to longer nanowires resulting in an enlarged total surface area. However, the photocurrent
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density first increases and then even decreases with increasing nanowire length. This can be
attributed to multiple reasons: First, the longer nanowires cause more recombination of the
photogenerated carriers due to more defects caused by longer etching time and the higher
recombination rate at the surface than in the bulk of the Si. Second, due to the grown structure
of the nanowires, shadowing causes lower PEC activity for the WO3 located at the lower part
than the top part of the nanowires. Long time Si etching results in a increased total surface area
but also a loss of top part surface area of the nanowire arrays. The increased surface area, i.e.
from the lower part of the nanowires, has relatively lower activity, which cannot compensate
for the loss of the top surface area with relatively higher activity, and thus results in a decrease
of photocurrent density. These results reveal a trade-off between the top surface area and the
length of the nanowires. This study contributes to a better understanding on the relation between
the geometry of nanostructure and the performance of PEC electrode, which provides
guidelines for designing high performing photoelectrodes.
The three research objectives originally proposed in Section 4.4 (Part A) were therefore all
successfully answered by this thesis. Regarding the future outlook, further effort is still required
for the following research aspects:
i) Electrodes should be designed and processed in order to minimize physical defects
inside the functional films and at the interface between functional layer and electron
conduction layer. This demands for deposition techniques to deposit high quality, defect
free thin films and interfaces. In addition, chemical defects should be well tailored, since
they can impact the performance in different ways. The obtained results should be
transferred from plain thin films to nanostructured thin films in order to fabricate
photoelectrodes with significant higher performance in the future.
ii) For the Si based photoelectrodes, the band bending in Si can be enlarged by inserting
thin metal films with relatively high work function between the Si and the metal oxide.
However, this high work function layer can form a Schottky barrier with the metal oxide
layer. To make further progress, the metal/metal oxide interfaces should be modified to
an ohmic contact by doping or inserting suitable conductive layers to enhance the charge
transport.
iii) For nano-/microstructure photoelectrodes design, instead of pursuing high aspect
ratio, the light active area and the 3D geometry should be enlarged by advanced designs.
Moreover, the variety of nano-/microstructures results in difference diffusion distance
for minority carriers, which affects the separation and transfer of photogenerated
carriers. Therefore, the relation between the charge transport and the geometry of the
photoelectrode requires further specific research.
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Publications

Chapter 1
Physical and Chemical Defects in WO3 Thin Films and Their
Impact on Photoelectrochemical Water Splitting*

Abstract
We evaluate the impact of defects in WO3 thin films on the photoelectrochemical (PEC)
properties during water splitting. We study physical defects, such as micro holes or
cracks, by two different deposition techniques: sputtering and atomic layer deposition
(ALD). Chemical defects, such as oxygen vacancies, are tailored by different annealing
atmospheres, i.e. air, N2, and O2. The results show that the physical defects inside the
film increase the resistance for the charge transfer and also result in a higher
recombination rate which inhibits the photocurrent generation. Chemical defects yield
in an increased adsorption of OH groups on the film surface and enhance the PEC
efficiency. Excess amount of chemical defects can also inhibit the electron transfer, thus
decreasing the photocurrent generation. In this study, the highest performance was
obtained for WO3 films deposited by ALD and annealed in air, which have the least
physical defects and an appropriate amount of oxygen vacancies.

*Modified from publication: Yihui Zhao, Shashank Balasubramanyam, Rochan Sinha, Reinoud Lavrijsen, Marcel.
A. Verheijen, Ageeth A. Bol, Anja Bieberle-Hütter, ACS Appl. Energy Mater. 2018, 1, 5887−5895.
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1 Introduction
Converting sunlight into chemical fuels is a promising pathway for the utilization of
renewable energy, which could potentially ease the dependence on fossil fuels and contribute
to resolving global warming1–3. Hydrogen production from photoelectrochemical (PEC) water
splitting using semiconductor photoelectrodes has been widely studied since the first discovery
in 19724. During the past decades, great effort has been devoted towards exploiting efficient
and robust photoelectrode materials5–9. As a photoanode material, tungsten oxide (WO3) has
been strongly investigated due to its high electron mobility (~12 cm2V-1s-1 at RT), suitable
band-gap (2.6-2.9 eV), and good chemical stability10–13.
Despite these promising features, the conversion efficiency of the reported WO3
photoanodes is still far below the theoretical maximum conversion efficiency of 6.3%14–18. This
is attributed to its low light harvesting efficiency and high electron-hole recombination rate.
Several studies have focused on overcoming these issues, such as selective doping of metal
and non-metal semiconductors19,20, adding of co-catalysts, like CoOx or Co-Pi, to improve the
water oxidation kinetics21,22, forming a heterojunction via introduction of another
semiconductor layer, like BiVO4, Bi2S3, Cu2O, to enhance the electron transport properties23-25,
or using nano/micro-structured substrates26,27. Various thin film deposition techniques have
been used to achieve improved film structures, including hydrothermal method28, sputtering29,
pulsed laser deposition (PLD)30, and atomic layer deposition (ALD)14.
Another important aspect that has not been paid enough attention yet is that the quality of
the thin film can significantly affect the PEC properties. During PEC water splitting, the photoexcited holes are transferred from the bulk to the surface of the WO3 film for water oxidation,
while the electrons are transferred to the external circuit through the functional thin film. Thus,
physical defects, such as micro holes or cracks in the film can impact the photocatalytic activity
and charge transfer efficiency11,14. It is known in PEC water splitting that open porosity can
increase the conversion efficiency by increasing the specific surface area11,31,32. However, the
physical defects inside the film and the interface between the functional layer and the electron
collecting layer can also impede electron transport which is often not considered. Chemical
defects, such as oxygen vacancies, play a sensitive role in photocatalysis as well33–35. Oxygen
vacancies in WO3 films can act for example as electron donor to enhance the PEC efficiency12,36.
In recent density functional theory (DFT) studies on the electrochemical activity of WO3 and
Fe2O3, oxygen vacancies were found to strongly impact the overpotential37,38. A reduction of
the overpotential of 0.2 V was found for Fe2O3 (110) in38 depending on the density of oxygen
vacancies. The overpotential is a measure for the electrochemical activity and has therefore
direct impact on the performance. Hence, the performance can be tailored by the chemical
defects. Systematic, experimental studies on the impact of oxygen vacancies related to the
electrode processing have not been done so far. It is therefore important to relate the physical
and chemical defects of the WO3 film to the PEC properties and from this to conclude about
how to design and fabricate high performing electrodes for PEC water splitting.
To this aim, we systematically evaluate the impact of defects in WO3 thin films on the PEC
properties during water splitting. We study the physical defects by comparing the properties of
WO3 thin films deposited by sputtering and ALD, respectively. The chemical defects are
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evaluated by different annealing atmospheres (air, N2 and O2). By this, systematic insight into
the relation between film quality and PEC performance of thin film photoelectrodes is gained
which will guide towards design rules for high performing photoelectrodes

2 Experimental section
2.1 WO3 films deposition
WO3 thin films were deposited by reactive radio frequency (RF) sputtering and by plasmaenhanced ALD on commercial fluorine-doped tinoxide (FTO) (about 400 nm) coated 1 mm
thick glass substrates (FTO15, Pilkington). Before the deposition, the substrates were cleaned
following the procedure described in Malviya et al39. Sputtered WO3 films were deposited by a
RF sputtering tool from Kurt J. Lesker using a 2 in. metallic tungsten target with a targetsubstrate distance of 95 mm. The main deposition parameters are listed in Table 1.
A FlexAL ALD reactor from Oxford Instruments, equipped with an inductively coupled
plasma (ICP) source, was used to deposit WO3. The metalorganic precursor (tBuN)2(Me2N)2W
(99% purity, Sigma Aldrich) was used as the tungsten source and O2 plasma was used as the
co-reactant. The main parameters of the ALD process are listed in Table 2. The plasma
enhanced ALD process is described in detail in40.
Table 1: Sputtering process parameters for WO3 deposition.
Parameter

Value

Target power

100 W

Base pressure

<10-8 mbar

Deposition pressure

10-2 mbar

Substrate temperature

Room temperature

O2 flow rate

10 sccm

Ar flow rate

40 sccm
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Table 2: ALD process parameters for WO3 deposition.
Parameter

Value

Base pressure

<10-6
mbar

Table temperature

300℃

O2 plasma power

250 W

Precursor dosing

3s

Coreactant O2 plasma exposure

3s

2.2 Annealing
All WO3 films were annealed at 450℃ for 1 h with a ramping rate of 5℃/min using a
tubular furnace with quartz tube (Carbolite Gero). Different annealing atmospheres were used
by tuning the gas flow rate: pure N2 (15 sccm), and pure O2 (15 sccm) and air (12 sccm N2
mixed with 3 sccm O2). The gas flow was started 30 min prior to the annealing to guarantee a
stable gas atmosphere.

2.3 Thin film characterization
The morphologies of the films were investigated by a field emission scanning electron
microscope (SEM) (Zeiss Sigma, Germany) with an in-lens detector and 5 kV accelerating
voltage and a probe corrected JEOL ARM200F transmission electron microscope (TEM)
operated at 200 kV in high angle annular dark field (HAADF) scanning TEM (STEM) mode.
Cross-sectional TEM sample preparation was performed using a focused ion beam (FIB) (FEI,
the Netherlands) using a standard lift-out procedure. The crystalline phase of the thin films was
characterized by a Bruker D8 Eco X-ray diffractometer (XRD) with a Cu Kα (λ = 1.5406 Å)
source and a Lynx-eye detector in a grazing incidence configuration at an incident angle of 3°
and in the 2θ range from 20° to 60°. The elemental compositions and the valence states of
elements were analysed using a Thermo Scientific Kα X-ray photoelectron spectroscopy (XPS)
setup with an Al Kα source (hν = 1486.6 eV). The binding energy was calibrated according to
the signal of adventitious carbon (binding energy = 284.8 eV). The light transmittance and
absorbance of the films were investigated using a Perkin Elmer 1050 UV/Vis/NIR
Spectrophotometer in the wavelength range of 250 nm to 800 nm with a step of 5 nm.

2.4 Photo-electrochemical characterization
The PEC performance was measured using a three-electrode PEC cell with a quartz window
at room temperature. Illumination was provided by an AM 1.5 class A solar simulator (LCS 100,
Oriel Instruments) using a 100 W Xe lamp with a calibrated illumination intensity of
100 mW cm-2 at the sample position. The light sources was calibrated with a calibrated
reference cell and meter (Newport, model 91150V). The WO3 thin films on FTO glass
substrates (working electrodes) were encapsulated in epoxy (Loctite EA 9492) resulting in an
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exposed active area of about 0.3 cm2. Calibrated digital images and ImageJ were used to
determine the exact geometrical area of the exposed electrode surface. A coiled Pt wire (0.8
mm in thickness) and an Ag/AgCl/Sat. KCl electrode (XR 300, Radiometer Analytical) were
used as the counter and reference electrode, respectively. An aqueous solution of 0.5 M H2SO4
(pH ~0.3) was used as electrolyte. The potential of the electrode was controlled with a BioLogic
SP-150 potentiostat. All potentials reported in this study are given versus reversible hydrogen
electrode (RHE) through the relation41
Φ

Φ

/

Φ

⁄

0.059

𝑝𝐻

(1)

with ΦºAg/AgCl is 0.197 V versus RHE at 25°C. Linear sweep voltammetry (LSV) measurements
were performed at potentials between 0.4 V and 1.6 V versus RHE at a scan rate of 10 mV s-1
under chopped incident light with an externally controlled shutter with a rate of 0.5 s-1.
Electrochemical impedance spectroscopy (EIS) was carried out in the frequency range between
0.01 Hz and 10 kHz with an AC bias signal of 10 mV at a single constant potential (1.0 V vs.
RHE) under simulated sun light irradiation. Intensity modulated photocurrent spectroscopy
(IMPS) measurements were conducted using a Modulab Xm PhotoEchem potentiostat
(Solartron Analytical) in the same cell and electrolyte as previously mentioned. Modulated
illumination was provided by a high intensity light emitting diode (λLED = 405 nm) controlled
by a LED driver (Thorlabs) that allowed the superimposition of sinusoidal modulation (~ 10%)
on a DC illumination. The density of DC illumination was adjusted to 40 mW cm−2. The bias
potential was maintained at 1.23 V vs. RHE during the IMPS measurements.

3 Results and Discussion
3.1 Structural and optical properties
The GIXRD spectra of the ALD and sputtered films after annealing in air at 450℃ for 1 h
are shown in Figure 1. The diffraction peaks of the films agree well with monoclinic WO3
corresponding to JCPDS No. 83-0950, indicating that monoclinic WO3 was obtained from both
ALD and sputtered WO3 film after annealing. The ALD WO3 film, however, has a preferred
orientation in the [002] direction, while the sputtered WO3 film is randomly oriented. The
average vertical diameter d of the grains was calculated from the XRD line width using the
Scherrer equation, d = 0.9 λ/(βcosθ), where λ is the X-ray wavelength, β is the full width at
half-maximum (FWHM) of the diffraction peak, and θ is the diffraction angle. Values of d were
calculated from the FWHM of the [002] peaks for sputtered and ALD WO3 resulting in similar
average vertical diameters of 28.2 nm and 30.4 nm, respectively.
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Figure 1. GIXRD spectra of ALD (black) and sputtered (red) WO3 thin films after annealing in air. The
brown diamonds and the blue dots are monoclinic WO3 (JCPDS No. 83-0950) and FTO (JCPDS No.
83-0950), respectively.

The optical properties of the WO3 thin films were investigated by UV-vis
spectrophotometry. Figure 2a shows the transmittance spectra of the ALD and the sputtered
WO3 thin films. It is found that the optical transmittance of the ALD film is slightly lower than
that of the sputtered film. This can be attributed to the more compactly arranged WO3 grains in
the ALD film, since the film thicknesses were similar. There should be not much difference in
the light scattering for these two electrodes, because their surface structures mostly depend on
the morphology of the FTO substrate which is rather rough. The optical indirect band gap of
the WO3 thin films was obtained by Tauc analysis42 from the transmittance spectra according
to the following equation:
𝛼ℎ𝑣

/

𝐶 ℎ𝑣

𝐸𝑔

(2)

where α is the optical absorption coefficient (-[1/d]ln[T/100]), d is the film thickness, T is the
optical transmittance, hv is the incident photon energy, C is a constant, and Eg is the optical
indirect band gap energy. The optical indirect band gap of ALD and sputtered WO3 thin films
were obtained by extrapolation to the abscissa of the plot of (αhv) ½ against hv. As shown in
Figure 2b, the optical indirect band gap of the ALD and the sputtered WO3 film were both close
to 3.0 eV. The band gap values correspond to the reported band gap range for bulk material in
the literature (2.5 – 3.1 eV)40,42–44.
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Figure 2. (a) Transmittance spectra of ALD (black) and sputtered (red) WO3 thin films annealed in air.
(b) Tauc plots of the same films.

3.2 Physical defects
Physical defects, like micro-cracks, micro-holes, or disrupted structure, affect the quality of
the functional thin films, especially on their application in photocatalysis45–47. In the following,
we evaluate the physical defects by comparing the properties of ALD and sputtered WO3 thin
films.
The microstructures of the ALD and sputtered WO3 thin films after anealing in air is shown
in Figure 3. The surface morphologies of ALD and sputtered WO3 films are shown in Figure
3a and Figure 3b, respectively. The WO3 grains of the ALD thin film have a rounded shape
with a size of around 100 nm in diameter. The grains are more homogeneous and compactly
arranged than the grains in sputtered WO3 films. The shapes of the sputtered grains are sharp
which is similar to the FTO grains (Figure S1). Many micro-holes are visible around the grains.
No significant difference in the surface roughness between ALD and sputtered films was found,
as proven by Atomic Force Microscope (AFM) images in Figure S2. The surface roughnesses
were Ra = 3.4 nm and Ra = 4.9 nm for the ALD and the sputtered films, respectively. Figure 3c
and 3d show the STEM images of the cross-sections (lower magnification images in Figure S3).
The thicknesses are around 50 nm for both ALD and sputtering films. Both ALD and sputtered
films show continuous layer coated on the FTO grains. However, for sputtered WO3, nano-size
holes are distributed inside the film and the interface between WO3 and FTO layer, as shown
as the dark spots in Figure 3d. While for ALD WO3 film, no obvious micro holes or the other
physical defects were observed. Schematic sketches are shown in Figure 3e and Figure 3f to
illustrate the different structures formed by ALD and sputtering, respectively.
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Figure 3. Top view SEM images of WO3 thin film after annealing in air deposited by (a) ALD and by
(b) sputtering; cross-section HAADF-STEM images of (c) ALD and (d) sputtered WO3 thin films after
annealing in air; schematic sketches of the cross sections of (e) ALD and (f) sputtered WO3 thin films.

The PEC activity of the ALD and sputtered WO3 thin films were compared by measuring
the photocurrent as a function of the applied potential (0.4 - 1.6 V vs. RHE) in 0.5 M H2SO4
under chopped AM 1.5 illumination. A photocurrent density of 0.10 mA/cm2 at 1.23 V vs. RHE
was obtained from the ALD WO3 thin film (Figure 4a). This is significantly higher than the
photocurrent density of 0.06 mA/cm2 at 1.23 V vs. RHE for the sputtered film. As shown in
Figure 4a, the dark current obtained from the sputtered WO3 film begins to rise at 1.35 V vs.
RHE, while for the ALD film the dark current remains negligible in the entire range of applied
potentials. The reason can be due to the micro holes inside the film, which resulted in that the
FTO was exposed to the electrolyte during the PEC measurement.
In the literature, the highest photocurrent reported was about 1.5 mA/cm2 at 1.23 V vs. RHE
for 180 nm thick films in 1M KCL electrolyte (with HCl added to adjust the pH from 2 to 7)
deposited by ALD14. This higher performance is attributed to the considerably thicker films29
and the different electrolyte. WO3 has a large hole diffusion length (ca. 150 nm)48. Therefore,
within a certain range, thicker films can harvest more light without causing a significantly
increase in charge recombination rate29. For sputtered WO3 films reported from the literature,
the photocurrent densities of flat WO3 in the literature scattered between 0.03 mA/cm2 and
0.1 mA/cm2 at 1.23 V vs. RHE, which were measured by the same method with film thicknesses
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between 100 nm and 500 nm29,49. Hence, our sputtered WO3 thin films with a thickness of only
50 nm are higher quality than those mentioned in current literature.
The higher photocurrents obtained from ALD WO3 films in this study can be attributed to
three factors: The first and the main factor is that due to its self-limiting nature, the ALD films
have a more perfect interface with the FTO and less physical defects inside the film (refer to
Figure 3). Physical defects can act as obstacles for the photo-generated charge carrier transfer.
This is confirmed by the impedance measurements at a single constant potential (1.0 V vs. RHE)
under continuous light illumination (under dark condition in Figure S4). As shown in Figure
4b, the plots represent the experimental data and the solid lines represent the fitting results. The
data was fitted with an equivalent circuit consisting of a resistance (Rseries) and two RC elements
(RSCCBulk and RCTCH) in series (inset in Figure 4b). The EIS spectra at the high frequency
(RSCCBulk) is assigned to the electronic processes occurring in the WO3 bulk49. The low
frequency part of the spectrum (RCTCH) is assigned to the phenomena occurring at the
WO3/electrolyte interface50. The fitting values of the overall resistance (Rseries + RSC + RCT) of
the ALD WO3 photoelectrode is 18 kΩ which is lower than that of sputtered WO3 being 28 kΩ.
The second factor is related to the preferred (002) orientation of the ALD film (Figure 1).
It is reported that the (002) facets of monoclinic WO3 remarkably enhance the electron mobility
by reducing the recombination of electron-hole pairs51–53, which was attributed to its lower free
energy changing in the electron transfer15,54. Third, the slightly higher light harvesting
efficiency of the ALD thin film found from the absorbance spectra (Figure 2a) related to its
compactly arranged WO3 grains, might also have enhanced the photocurrent.
A more detailed look at the voltammogram under chopped light at 0.8 - 1.2 V vs. RHE is
shown in Figure 4c and 4d. Once the light is switched on, the photocurrent rapidly increases for
both ALD and sputtered films. For ALD film, the current follows a plateau-like behaviour
(Figure 4c), while for the sputtered film, distinct spikes are seen (Figure 4d). The spikes imply
that fast recombination of the photo-generated carriers occurs55. To confirm this,
photoluminescence (PL) measurements were carried out to investigate the recombination of
photo-generated charge carriers. Figure S5 shows the PL spectra of the ALD film, the sputtered
film, and the blank FTO. The emission peaks at 415 nm can be attributed to the recombination
of the photo-generated electron-hole pairs in the WO3 film56. This is in accordance with the
bandgap value 3.0 eV obtained by the Tauc plots (Figure 2b). The PL intensity of the ALD
WO3 film is lower than that of the sputtered film, indicating a lower recombination rate of
photo-generated electron-hole pairs.
To further understand this process, Intensity Modulated Photocurrent Spectroscopy (IMPS)
was carried out to study the charge transport properties. Figure 4e shows a complex plane plot
of the IMPS spectrum for both ALD and sputtered WO3 thin films. The response appears in
two quadrants of the complex plane. Accordingly, the frequency at the apex of the semicircle
is related to the time constant of the charge transfer process23. The average time photogenerated
electrons need to reach the back contact, the electron transit time, τD, can be estimated from the
following equation57:
𝜏

2𝜋𝑓

(3)
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where fmin is the frequency at which the minimum in the IMPS plot occurs. The fmin of the ALD
and sputtered WO3 are 10 kHz and 5 kHz, respectively. τD of the ALD and sputtered WO3 films
are τD (ALD) = 1.6×10-2 ms and τD (sputtering) = 3.2×10-2 ms, respectively. These τD values
are lower than that those reported in the literatures, which are around 1 - 20 ms23,58, which were
measured with similar methods and same light sources. The main reason for this difference
might be related to the single and much thinner WO3 layer of 50 nm in this work compared to
the literature (1 - 2 μm). The electron transit in the ALD WO3 film is about two times faster
than that in the sputtered film. Fast electron transfer can improve charge-collection efficiency
and thus increase photocurrent density which corresponds to the better performance obtained
from the ALD WO3 film. Moreover, a smaller semicircle in the low frequency region (first
quadrant) obtained from ALD film, as shown in the inset of Figure 4e, indicates a lower
recombination rate of the photogenerated electrons and holes during the PEC water splitting;
this corresponds to the analysis of the voltammograms (Figure 4c and d).
To evaluate the stability of the ALD and sputtered WO3 film electrodes, photocurrent as
function of time (Figure S6) was measured at a single constant potential (1.23 V vs. RHE). The
results show that no significant degradation of the current density was found for both ALD and
sputtered films during 2 h.
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Figure 4. PEC characterization of ALD (black) and sputtered (red) WO3 thin films: (a) Photocurrent
density vs. applied potential curves under chopped light illumination (2 s light on and off, respectively).
(b) Nyquist plots of the measured (dots) and fitted (line) impedance spectra at an applied potential of
1 V vs. RHE in the frequency range of 10-1 to 3×105 Hz; insets are the equivalent circuit model and the
fitting values of Rseries, RSC and RCT; (c) and (d) are enlargements of the light-on part of the curves in (a)
at 0.8 V to 1.2 V vs. RHE; (e) IMPS data at an applied potential of 1.23 V vs. RHE in the frequency
range of 10-1 to 105 Hz (insets: enlargement of the plot in the first quadrant).

In summary, a higher performance was found for the ALD deposited films compared to the
sputtered film. The main reason for the better performance of the ALD film is attributed to less
physical defects inside the film and at the interface between the film and the FTO layer.
Therefore, electrons transfer is not hindered and electron-hole recombination rate is low.

3.3 Chemical defects
Chemical states and chemical defects, such as the oxidation state and oxygen vacancies,
play a sensitive role in the properties of WO312,59,60. The strong impact of oxygen vacancies on
the electrochemical activity of WO3 was recently also demonstrated in recent DFT studies37. In
the following study, we annealed the as-deposited WO3 thin films in different atmospheres,
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namely N2, O2, and air (synthetic air, N2 mixed with O2 in the ratio of 4:1), to evaluate the
impact of the chemical defects on the PEC performance.
It was found that the grains in ALD films were more homogeneous and compactly arranged
than those in the sputtered WO3 after annealing in the three different atmospheres (Figure S7)
corresponding to the comparison in Figure 1. There are no significant differences in the surface
morphology among the films annealed in the three different atmospheres. Likewise, the UVvis spectrophotometry measurements show almost overlapping light absorbance spectra, as
shown in Figure S8. The results indicate similar light harvesting properties of the WO3 films
annealed in air, N2 and O2, respectively.
The GIXRD analyses (Figure S9) reveal that all the films annealed in different atmospheres
show the monoclinic WO3 diffraction peaks (JCPDS No. 83-0950). No phase separation or
impurity phases were observed in the annealed samples, implying little influence on the crystal
structures of the three different annealing atmospheres.
To gain more insight into the chemical defects in the WO3 films inherited by the different
annealing atmospheres, the chemical states of O and W were investigated by XPS (Figure S10).
The relative content of each component was characterized by the fitted peak areas of the XPS
pattern. It can be seen that the content of lattice O (OL, centered at 530.5 eV) increases and the
content of absorbed O (OA, centered at 532.0 eV) decreases with the annealing atmosphere in
the order: N2, air and O2, as shown in Figure 5a and 5b. This indicates that the concentration of
hydroxyl and oxygen vacancies in the films decreased with the increasing O2 partial pressure
of the annealing atmosphere. In addition, the amount of W6+ (centered at 37.8 and 35.7 eV)
increases and the amount of W5+ (centered at 36.8 and 34.7 eV) decreases with the annealing
atmosphere in the order: N2, air, and O2 (Figure 5c and 5d) corresponding to the increasing
content of OL for maintaining the charge balance. These XPS results suggest that the
concentration of oxygen vacancies decreased in the WO3 film with increasing O2 partial
pressure of annealing atmosphere.
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Figure 5. Content histogram from the fitted XPS results of (a) lattice O (OL), (b) absorbed O (OA), (c)
W6+, and (d) W5+ of WO3 films after annealing in differenct atmospheres: O2, air, N2.

The PEC results of the WO3 thin films annealed in different atmospheres are illustrated in
Figure 6. Both ALD and sputtered WO3 thin films annealed in air show the highest
photocurrent density of 0.10 mA/cm2 and 0.06 mA/cm2 at 1.23 V vs. RHE, respectively, and
the films annealed in N2 show the lowest photocurrent density of 0.08 mA/cm2 and 0.04
mA/cm2 at 1.23 V vs. RHE, respectively. The highest PEC conversion efficiency obtained from
the WO3 thin films annealed in air can be due to the synergistic effect of high concentration of
hydroxyl (Figure 5) and appropriate amount of oxygen vacancies on the surface of the films.
The enhancement from the oxygen vacancies is believed to be due to its role as shallow electron
donor for WO3 in the band gap61. The WO3 films annealed in N2, with the highest concentration
of oxygen vacancies (as shown in XPS results) show, however, the lowest photocurrent
densities. This can be explained by the fact that a very high amount of oxygen vacancies act as
electron “traps” to inhibits the electron transfer, thus, decreasing the photocurrent generation36.
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Figure 6. Photocurrent density vs. applied potential of (a) ALD and (b) sputtered WO3 films annealed
in different atmospheres (chopped light measurements with t = 2s).

To confirm this explanation, the charge transfer properties of the ALD films annealed in
different atmospheres were evaluated by IMPS. As shown in Figure 7, the fmin of the ALD WO3
films annealed in air, O2 and N2 are 10 kHz, 6.3 kHz and 5 kHz, respectively. This corresponds
to electron transit times of τD = 1.6×10-2 ms, 2.5×10-2 ms, 3.2×10-2 ms, respectively. Hence, the
electron transit time is the lowest in the WO3 film annealed in N2 and, thus, results in the lowest
photocurrent density.

Figure 7. IMPS data of ALD WO3 films annealed in different atmospheres (applied potential: 1.23 V
vs. RHE; frequency range: 10-1 to 105 Hz).

A comparison of the PEC performance between films annealed in ambient air and in
synthetic air is carried out in order to make sure that the origin of the gases (gas bottle vs.
ambient air) is not dominating the results and interpretations. It is found that the photocurrents
are rather similar. A slightly higher photocurrent density was measured for the films annealed
in ambient air compared to the films annealed in synthetic air (both for ALD and sputtered films)
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(Figure S11). This can be related to the content of CO2 and H2O in the ambient air which could
form C-O or H-O groups on the surface during annealing. These groups can enhance the surface
activity during the PEC conversion5.

4 Conclusion
The impact of physical and chemical defects in WO3 thin film on PEC water splitting
properties were studied.
The physical defects were evaluated by comparing the properties of ALD and sputtered thin
films. Physical defects, like micro-holes and cracks formed during the deposition process,
increased the electron transit time and also resulted in a higher recombination rate at the
physical defects which inhibited the photocurrent generation. Hence, for PEC electrode
fabrication, it is important to reduce the physical defects in the thin film and make perfect
connection between the functional layer and the electron collection layer.
The chemical defects were evaluated by different annealing atmospheres (air, N2 and O2).
Chemical defects, like oxygen vacancies, can generate more adsorbed OH on the surface of the
film and also serve as shallow electron donor to enhance the PEC efficiency. On the other hand,
excess amount of chemical defects can act as recombination centres which inhibit the electron
transfer, thus, decreasing the photocurrent generation. The oxygen vacancy concentration in the
WO3 films changed according to the annealing atmosphere: N2 > Air > O2. The best
performance was obtained from films annealed in air indicated an appropriate content of
chemical defects. According to these results, it is worth to relate the annealing conditions to the
content of chemical defects.
We can conclude that the selection of the thin film deposition process as well as the
processing conditions, such as the annealing atmosphere, have significant impact on the
performance of the thin films towards water splitting activity. Electrodes should be designed
and processed in order to minimize physical defects inside the functional films and at the
interface between functional layer and electron conduction layer. This demands for deposition
techniques to deposit high quality, defect free thin films and interfaces. In addition, chemical
defects should be well tailored, since they can impact the performance in different ways. The
obtained results should be transferred from plain thin films to nanostructured thin films in order
to fabricate photoelectrodes with significant higher performance in the future.
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Chapter 2
Boosting the Performance of WO3/n-Si Heterostructures for
Photo-electrochemical Water Splitting: from the Role of Si to
Interface Engineering*

Abstract
Metal oxide/Si heterostructures make up an exciting design route to high performance
electrodes for photo-electrochemical (PEC) water splitting. By monochromatic light
sources, contributions of the individual layers in WO3/n-Si heterostructures are
untangled. It shows that band bending near the WO3/n-Si interface is instrumental in
charge separation and transport, and in generating a photovoltage that drives the PEC
process. A thin metal layer inserted at the WO3/n-Si interface helps establishing the
relation among the band bending depth, the photovoltage, and the PEC activity. This
discovery breaks with the dominant Z-scheme design idea, which focusses on increasing
the conductivity of an interface layer to facilitate charge transport, but did not consider
the potential profile around the interface. Based on the analysis, a high work function
metal is predicted to provide the best interface layer in WO3/n-Si heterojunctions.
Indeed, the fabricated WO3/Pt/n-Si photoelectrodes exhibit a 2 times higher
photocurrent density at 1.23 V vs RHE and a 10 times enhancement at 1.6 V vs RHE
compared to WO3/n-Si. Here, it is essential that the native SiO2 layer at the interface
between Si and the metal is kept in order to prevent Fermi level pinning in the Schottky
contact between the Si and the metal.

*Modified from publication: Yihui Zhao, Geert Brocks, Han Genuit, Reinoud Lavrijsen, Marcel. A. Verheijen,
Anja Bieberle-Hütter, Adv. Energy Mater., 2019.
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1 Introduction
Hydrogen production from photoelectrochemical (PEC) water splitting provides a
promising pathway for converting solar energy to chemical fuels1–4. A key element of any PEC
system is the semiconductor material, which transforms absorbed solar photons into excited
electronic states5. Among all the semiconductor materials, metal oxides, such as TiO2, WO3,
Fe2O3, and BiVO4, have been studied elaborately as the functional layer for catalyzing PEC
water splitting reactions because of their chemical stability and low cost6–14. To supply
sufficient energy (including overpotential) for splitting water, the band gaps of metal oxides
tend to be substantial (≥ 1.9) 3, which limits their absorption of solar light, however.
Silicon (Si) is a widely available commercial semiconductor; it is easily structured, has a
controllable electrical conductivity, and is suitable as substrate for functional films15. In
addition, Si has a moderate band gap (1.1 eV), and a light absorption that matches the solar
spectrum reasonably well16. On the down side, Si has a poor chemical stability, because it is
rapidly oxidized in aqueous solution under solar illumination or under anodic bias17. Covering
a Si substrate with a metal oxide film improves the chemical stability and offers a promising
model for PEC electrode design. Indeed, recent research has produced several studies on metal
oxide/Si heterojunction photoelectrodes for PEC water splitting, such as TiO2/Si18, Fe2O3/Si19
and WO3/Si20,21. These studies have concentrated on the absorption of the visible part of the
sunlight by Si, and the contribution to the PEC process of the subsequent photogenerated
charges in Si.
To further improve the PEC performance of such photoelectrodes, light harvesting and
surface reactions can be enhanced through nano-/microstructuring, in the form of nanowire
(NW) or micro-pillar structures, coated with metal oxide films 6,15,22–28. TiO2/NWs Si showed
a 2.5 times higher photocurrent density than planar TiO2/Si6. Fe2O3/NWs Si exhibited a current
density of about 0.9 mA/cm2 at 1.23 V vs RHE, which was 2.5 times higher than that of planar
Fe2O3/FTO (FTO, fluorine doped tin oxide)23. Moreover, to improve water oxidation kinetics,
co-catalysts such as CoOx, Co-Pi or Ir, were introduced on the surface of metal oxide/Si
photoelectrodes16,18,29.
Besides considering such nano-/microstructures or co-catalysts, it is important to
understand the more fundamental issue by how much the Si contributes to the PEC process.
Whereas the holes photogenerated in the metal oxide layer are used in the water oxidation
reaction at the anode, their electron partners have to move from the metal oxide layer to the Si
and from there to the counter electrode for the water reduction reaction. For TiO2/n-Si, Fe2O3/nSi, and WO3/n-Si, a Z scheme mechanism was invoked to describe the charge transfer at the
metal oxide-Si interface, where the electrons from the oxide layer recombine with holes
photogenerated in Si. Note that this mechanism should also reduce the electron-hole
recombination within the metal-oxide layer6,21,23,30.
The Z scheme provides a general framework, but the exact roles of the metal-oxide layer
and the Si substrate in its functioning have not investigated so far. In order to further improve
the efficiency of the metal oxide/Si photoelectrodes, it is important to understand the
contributions of the individual layers in the heterojunction to the PEC water splitting. To this
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aim, we evaluate in this study the decoupled contributions of the metal-oxide layer and Si
substrate experimentally. In particular, we elucidate how the Si contributes to the overall
process. We select WO3 as the metal-oxide layer because of its high electron mobility
(~12 cm2V-1s-1 at RT) and because its band-gap (2.6-2.9 eV)12,31 is significantly higher than that
of Si (~ 1.1 eV)29. This difference in band gaps allows us to use IR light to selectively excite Si,
whereas UV light can be used to excite WO3. In particular, to study the relation between the
heterojunction band structure and the PEC activity, chopped monochromatic light illumination
is used to measure the change of the open circuit voltage (VOC), which reflects the generated
photovoltage during PEC water splitting.
Within the Z scheme one can insert a thin metal layer at the heterojunction, which is
believed to promote the electron transfer between the two semiconductors. We study the impact
of such metal layers in WO3/n-Si heterojunction photoelectrodes on the PEC water splitting,
using a metal with a moderate work function (Ag) and one with a high work function (Pt) as
examples. In particular, we study the role of the native SiO2 layer on preventing unwanted
Fermi level pinning at the metal-Si Schottky contact. We gain a systematic insight into the role
of Si in WO3/Si heterojunctions, which guides towards design rules for high performance
photoelectrodes.

2 Experimental Section
2.1 Fabrication of WO3/FTO, WO3/n-Si, and WO3/X/n-Si (X = Ag, Pt)
The FTO used in this work is about 400 nm thick and coated on 1 mm thick glass (FTO15,
Pilkington). The procedure described by Malviya et al32 was followed for the cleaning of the
FTO substrates. The n-Si substrates (n-doped, <100> orientation, resistivity 1-10 Ω cm,
280 μm-thick, single side polished, University Wafer) were cleaned sequentially in an
ultrasonic bath of isopropanol and distilled (DI) water for 20 min.
WO3 films were deposited by reactive RF sputtering in a 40/10 sccm Ar/O2 mixture, where
the O2 was inserted at the sample position and the Ar at the W target. A Bestec GmBH sputter
tool was used with a 2 inch metallic tungsten target at a target−substrate distance of ∼100 mm.
The main deposition parameters are listed in Table S1.
For WO3/Ag/n-Si and WO3/Pt/WO3 devices, the Ag and Pt films were both deposited by
DC sputtering (50 sccm Ar) using the same tool. The metal depositions were carried out directly
before the WO3 deposition without breaking the vacuum. As discussed in ref. 33–35, the Ag film
should not be oxidized during the later reactive RF sputtering WO3 at room temperature.
To study the role of the native SiO2 layer, WO3/Ag/n-Si photoelectrodes without native
SiO2 layer were fabricated. In order to remove the native oxide layer on n-Si, the n-Si was
treated by ion beam milling (IBM) by a Kaufman source at 1 kV for 2 min in the same vacuum
system as the sputtering chamber. Figure S2-1 shows the flow diagram of deposition.
All WO3/substrate samples were annealed at 450°C in Ar for 1 h with a ramping rate of
5°C/min using a tubular furnace with a quartz tube (Carbolite Gero). The Ar gas flow was
started 30 min prior to annealing to guarantee a stable gas atmosphere.
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2.2 Characterization
The surface and cross-sectional morphologies of the WO3/n-Si and WO3/FTO devices were
investigated by a field emission scanning electron microscope (SEM) (Zeiss Sigma, Germany)
with an in-lens detector and 5 kV accelerating voltage. A 10 nm Cr layer is coated on the top
of the WO3/n-Si and WO3/FTO to enhance the conductivity before SEM analysis. A probe
corrected JEOL ARM200F transmission electron microscope (TEM) is used to evaluate the
cross-sectional morphologies of the WO3/n-Si, WO3/FTO and WO3/Pt/n-Si devices. Crosssectional TEM sample preparation was performed using a focused ion beam (FIB) (FEI, the
Netherlands) using a standard lift-out procedure. The valence state of Si before IBM treatment
was analyzed using a Thermo Scientific Kα X-ray photoelectron spectroscopy (XPS) setup with
an Al Kα source (hν = 1486.6 eV). After IBM treatment, the valence state of the Si was checked
again using an in-situ XPS setup (Al Kα source, hν = 1486.6 eV), which is connected to the
IBM chamber and sputtering chamber and in the same vacuum system. The binding energy was
calibrated according to the signal of adventitious carbon (binding energy = 284.8 eV).

2.3 Photoelectrochemical measurements
A three-electrode PEC cell with a quartz window was used to measure the PEC performance
at room temperature. Sunlight illumination was simulated using an AM 1.5 class A solar
simulator (LCS 100, Oriel Instruments), which uses a 100 W Xe lamp with a calibrated
illumination intensity of 100 mW cm−2 at the sample position. The light source was calibrated
with a calibrated reference cell and meter (Newport, model 91150 V). Chopped simulated
sunlight illumination was performed with an externally controlled shutter at a rate of 0.5 s-1.
Monochromatic light illumination was realized using a separately controlled UV lamp (λ =
365 nm, 9 mW) and an IR laser (λ = 960 nm, cw, 200 mW) as light sources. A long-pass
dichroic mirror (cut-off wavelength 600 nm, Thorlabs) was used to combine the UV and the IR
beams to one beam. The WO3/substrate working electrodes were encapsulated in epoxy
(Loctite EA 9492), resulting in an exposed active area of about 0.25 cm2. The exact geometrical
area of the exposed electrode surface was determined by calibrated digital images and ImageJ.
A coiled Pt wire (0.8 mm in thickness) and an Ag/AgCl/Sat. KCl electrode (XR 300,
Radiometer Analytical) were used as the counter electrode and the reference electrode,
respectively. An aqueous solution of 0.5 M H2SO4 (pH ~0.3) was used as electrolyte. The
potential of the electrode was controlled with a BioLogic SP-150 potentiostat. All potentials
reported in the PEC results in this study are given with respect to the reversible hydrogen
electrode (RHE) through the relation36
Φ

Φ

/

Φ

⁄

0.059

𝑝𝐻

(1)

where ΦºAg/AgCl is 0.197 V versus RHE at 25°C. Linear sweep voltammetry (LSV)
measurements were performed at potentials between 0.4 V and 1.6 V versus RHE at a scan rate
of 10 mV s-1.
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3 Results and Discussion
3.1 WO3/n-Si heterojunctions
SEM images of the surface morphologies and the cross-sections of WO3/n-Si and WO3/FTO
after annealing in Ar, are shown in Figure 1. The surface of WO3/n-Si is homogeneous with
some micro-cracks (Figure 1a). In contrast, the surface morphology of WO3/FTO shows a
grainy structure with holes between the grains (Figure 1b). This is because the WO3 film is
coated on the FTO grains and thus reproduces the morphology of the FTO. The surface
roughnesses of WO3/n-Si and WO3/FTO are Ra = 2.2 nm and Ra = 7.1 nm, respectively, which
were measured by Atomic Force Microscope (AFM) (Figure S2-2). Hence, the WO3/FTO
photoelectrodes have a higher specific surface area, which has been proven to be beneficial to
the PEC activity31,37. From the cross section images (Figure 1c and 1d), it can be seen that the
WO3 films are well adhered to the substrates for both WO3/n-Si and WO3/FTO. The thicknesses
of the WO3 layers are around 200 nm. High-resolution TEM images (Figure 1e and 1f) show
that both WO3/n-Si and WO3/FTO have an intimate contact between the WO3 film and the
substrate (HAADF-STEM in Figure S2-3). Typically, a ~4 nm native SiO2 layer is detected at
the interface between WO3 and n-Si. According to Figure S2-4, the diffraction peaks of the
films on all substrates agree well with monoclinic WO3 (JCPDS No. 83-0950), indicating that
monoclinic WO3 is obtained for both electrodes after annealing.
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Figure 1. Scanning Electron Microscopy (SEM) images of surface morphology of (a) WO3/n-Si and (b)
WO3/FTO. SEM cross-sections of (c) WO3/n-Si and (d) WO3/FTO. Interface cross-sectional highresolution TEM images of (e) WO3/n-Si and (f) WO3/FTO.

The photocurrents as a function of the applied potential (0.4 - 1.6 V vs RHE) were measured
in 0.5 M H2SO4 under chopped AM 1.5 illumination. As shown in Figure 2, the WO3/n-Si
photoelectrode has a photocurrent density of 0.12 mA/cm2 at 1.23 V vs RHE. This is about
double the photocurrent density of 0.06 mA/cm2 at 1.23 V vs RHE obtained for the WO3/FTO
electrode, even though the latter has a larger specific surface area (Figure S2-2). Moreover, the
WO3/n-Si electrode exhibits a photocurrent onset potential as low as 0.4 V vs RHE, which is
significantly lower than the 0.75 V vs RHE found for the WO3/FTO electrode. In the literature,
photocurrent densities between 0.03 mA/cm2 and 0.1 mA/cm2 at 1.23 V vs RHE have been
observed for sputtered WO3/FTO electrodes, with onset potentials of 0.7-0.75 V vs RHE38,39.
A more detailed look at the voltammogram under chopped light at 0.4 - 0.7 V vs RHE is
given in the inset in Figure 2. With the WO3/n-Si electrode, the photocurrent increases rapidly
when the light is switched on, and then shows a transient decay. This process has been described
in Peter et al.40: When the light is switched on, photogenerated electrons and holes in Si and
WO3 charge the space charge capacitance at the interface. Under continued illumination during
the ‘on’ period, the concentration of free (or surface-trapped) holes builds up until a steadystate concentration is reached at which the rate of arriving holes is balanced by interfacial
transfer and recombination. This build-up of holes induces a recombination flux of electrons
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corresponding to a current of opposite sign to the hole current, which is according to this
transient decay. At high applied potential, there is no significant transient decay because the
charge carriers are transported more efficiently due to the high bias. Such transient currents at
low applied potential are not observed with the WO3/FTO electrode. We conclude that the n-Si
in WO3/n-Si electrodes absorbs light that penetrates through the WO3 film and contributes
photogenerated carriers to the circuit during PEC water splitting.

Figure 2. Photocurrent density vs. applied potential curves under chopped simulated sun light
illumination (light intensity: 100 mW cm−2; cycles of 2s light on and 2s light off; electrolyte: 0.5 M
H2SO4) for WO3/n-Si (black) and WO3/FTO (red). (Inset: enlargement of the curves at 0.4 – 0.7 V vs.
RHE).

3.2 PEC measurements under monochromatic light
In order to decouple the contribution of the n-Si from WO3, we carried out PEC
measurements with monochromatic light illumination. The idea is that due to the different
bandgaps of n-Si (~ 1.1 eV29) and WO3 (~3.0 eV from our previous work41) one or the other
materials can be excited selectively by a light source. A UV lamp with λ = 365 nm and an IR
laser with λ = 980 nm were chosen to excite the WO3 and the n-Si, respectively. Figure 3a
shows a schematic sketch of the set-up. A long-pass dichroic mirror (cut-off wavelength 600 nm)
was used to make sure that the UV and the IR beams can be combined to illuminate the same
spot on the electrode.
Figure 3b shows the photocurrent densities as a function of the applied potential for three
different illuminations: UV, IR, and UV+IR. The photocurrent density under UV illumination
(pink curve) is 9.2 μA/cm2 at 1.23 V vs. RHE. The photocurrent density under IR illumination
(red curve) is close to the dark current indicating that photogenerated charge carriers in Si are
not used directly in the water splitting process. When a combined UV and IR beam illuminates
the electrode (blue curve), the photocurrent density is 18.1 μA/cm2 at 1.23 V vs. RHE. This is
about two times higher than the photocurrent density under UV illumination alone. From these
three different illuminations, we conclude that photogenerated charge carriers in Si contribute
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to the water oxidation, but indirectly, meaning that the holes generated in Si are not transferred
to participate in the electrochemical reactions at the WO3/electrolyte interface.
The charge transport in WO3/n-Si during the PEC process is best discussed using the energy
band diagrams shown in Figure 3c and d. Both Si and WO3 are n-type semiconductors, where
the work function of WO3 is approximately 1 eV higher than that of Si (Figure S2-5). Therefore,
to achieve equilibrium (in the dark) between the chemical potentials of Si and WO3, the bands
bend upwards going across the Si/WO3 interface (Figure 3c). The H2O/O2 oxidation potential
lies below the chemical potential of WO3 (Figure S2-5), which means that to obtain equilibrium,
the WO3 bands bend upwards at the WO3/electrolyte interface going from the metal oxide to
the electrolyte (Figure 3c).
Under combined UV+IR illumination (Figure 3d), electrons and holes are generated both
in Si and in WO3. The photogenerated holes in WO3 move towards the WO3/electrolyte
interface, while the electrons move towards the WO3/n-Si interface, each of them following the
built-in field as represented by the band bending in Figure 3c. Meanwhile, the photogenerated
holes in n-Si move towards the WO3/n-Si interface and partially recombine with the electrons
from the WO3. To complete the circuit, the photogenerated electrons in n-Si move to the counter
electrode for the water reduction reaction. The overall charge transport process just described
is called a Z scheme and has already been discussed for TiO2/n-Si6 and Fe2O3/n-Si23
photoelectrodes. The Z scheme reduces the recombination of the photogenerated electrons and
holes inside the metal oxide layer, which was considered to be the crucial reason for the
enhancement of the PEC activity. However, the Z scheme also promotes a charge separation
between holes in the metal oxide and electrons in the Si. Hence, it also creates a photovoltage
across the metal oxide/Si junction. This contributes to the driving force and increases the
photocurrent. The decoupled contribution of the two materials at the heterojunction to this
photovoltage and to the PEC activity has not been sufficiently explored.
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Figure 3. (a) Schematic drawing of the set-up for monochromatic light illumination of WO3/n-Si. (b)
Photocurrent density vs. applied potential under monochromatic light illumination of WO3/n-Si. (c)
Schematic energy band diagram in the dark under equilibrium. (d) Energy band diagram under
illumination. (Diagrams are not drawn in scale.)

3.3 Photovoltage under chopped monochromatic light
The photovoltage created in the circuit can be determined by the change of the open circuit
potential (VOC) under illumination. We measure the VOC of the WO3/n-Si heterostructure under
separate monochromatic chopped UV and IR illumination (Figure 4a). Under chopped UV
illumination, the VOC shows a cathodic shift of 0.05 V, from 0.54 to 0.49 V vs RHE (purple
curve in Figure 4a), when the UV light is switched on. Under chopped IR illumination, the VOC
shows a cathodic shift of 0.11 V, from 0.54 to 0.43 V vs RHE (red curve in Figure 4a), when
the IR is switched on. The VOC shift under chopped IR illumination is double as large as that
under chopped UV illumination. If the chopped UV is combined with a continuous IR
illumination, the VOC shows an additional cathodic shift of ~0.007 V only (blue curve in Figure
4a), when the UV is switched on. This is significantly smaller than that under chopped UV
illumination only (purple curve).
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The change of the VOC under chopped illumination is illustrated by the band diagrams in
Figures 4b and c. When the UV is switched on (Figure 4b), electron-hole pairs are generated in
the WO3 layer. The built-in field resulting from the space charges drives the holes towards the
electrolyte, and the electrons towards the WO3/n-Si interface. The electrons are then partly
injected into the Si and recombine with available holes there. The charge separation just
described shifts the Fermi levels EF (dashed thick lines in Figure 4b) of the WO3 and n-Si
upward. Therefore, when the UV light is switched on, the VOC of the WO3/n-Si photoanode
shows a cathodic shift (Figure 4a). Under IR illumination (Figure 4c), electron-hole pairs are
generated in Si only. The holes migrate in the build-in field towards the interface with WO3 and
partly recombine with available electrons in WO3. Therefore, the Fermi level EF in n-Si shifts
upward and that in WO3 shifts downward, which results in a more cathodic VOC.
If a chopped UV light is added on a continuous IR illumination, the two processes for charge
generation and separation as discussed in the previous paragraph (Figures 4b and 4c) are both
active. The Fermi level in Si is, however, predominantly determined by the continuous IR
illumination. When UV light is switched on additionally, more electrons, photogenerated in
WO3, inject into Si, but this does not increase the Fermi level in Si much further. Therefore, the
VOC shift is then comparable to that under IR illumination only, and much larger than under
UV illumination only.
The results above indicate that, under illumination, the Fermi level shift in n-Si makes an
important contribution to the photovoltage created in the WO3/n-Si system. The photovoltage
can be added to the circuit voltage. It thus enhances the thermodynamic driving force on the
charge transport in a PEC cell36 and increases the overall photocurrent.
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Figure 4. (a) Open circuit potential (VOC) versus elapsed time for WO3/n-Si under chopped UV
illumination (purple), chopped IR illumination (red), and chopped UV with a continuous IR illumination
(blue). Schematic energy band diagrams and ΔVOC of WO3/n-Si under UV (b) and under IR (c)
illumination. (Diagrams are not drawn in scale.)

3.4 Ag interface layer
A thin metal layer is inserted between the two semiconductor layers within the Z scheme
with the aim to function as an electron transport layer. It is reported that Ag acts as a Z scheme
bridge in charge carrier migration to enhance the photocatalytic efficiency in the photocatalyst
systems Ag3PO4/Ag/WO3-x42, AgBr/Ag/TiO243 and AgBr/Ag/BiOBr44. However, a metal layer
does not only affect charge carrier migration through enhancing the conductivity, but also sets
up Schottky barriers with the surrounding semiconductors and impacts the band bending in
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those semiconductors. Such alterations in the potential profile have substantial effects on charge
separation, on the photovoltage, and, hence, on the PEC activity.26,45
To test this, we have inserted an ultra-thin Ag layer (~5 nm) between the WO3 layer and the
n-Si. The relative energy bands and Fermi levels of n-Si, Ag, and WO3 are shown in Figure
S2-5. The work function of Ag is 4.5 ± 0.12 eV vs vacuum level46, which is between the work
functions of n-Si (4.25 ± 0.1 eV) and of WO3 (5.25 ± 0.1 eV). Conductive atomic force
microscopy of cross sections of the Ag/n-Si interface show that the Ag crystallites formed at
the interface, have a low contact resistivity in the range of 10-7 Ω cm2 with the Si emitter 47.
Hence, it is possible in principle that the Ag layer works as an electron mediator to enhance the
Z scheme charge transport process. The Ag layer also sets up a Schottky barrier contact with
respect to the n-Si. The difference in work functions of the two materials before contact
determines the size of the band bending in n-Si after contact. Therefore, the band bending in nSi in the WO3/Ag/n-Si system should be substantially smaller than in the WO3/n-Si system, see
Figure 5a. It should be noted that the native SiO2 layer was not removed before deposition of
Ag onto n-Si in order to prevent Fermi level pinning. We will come back to this point later.
As the potential profile induced by band bending is instrumental in charge separation and
in setting up a photovoltage, this strongly suggests that the photovoltage created in WO3/Ag/nSi should be smaller than that in WO3/n-Si. This is confirmed by the result of the VOC
measurement of WO3/Ag/n-Si under chopped monochromatic IR illumination, as shown in
Figure 5b. When the IR is switched on, the VOC shifts negatively with 0.06 V, which is about
half the value found for WO3/n-Si (ΔVOC = 0.11 V, red part in Figure 4a).
The Ag layer in WO3/Ag/n-Si then potentially has two opposing effects on the PEC water
splitting. A decrease of the photovoltage should decrease the PEC activity, whereas the
enhancement of the Z scheme charge migration should increase it. To identify which factor
plays the dominant role, Figure 5c shows a comparison of the photocurrent density vs potential
for WO3/Ag/n-Si and WO3/n-Si under chopped simulated sunlight illumination. For WO3/Ag/nSi, the photocurrent density is 0.05 mA/cm2 at 1.23 V vs RHE, which is significantly lower
than that of WO3/n-Si. This result indicates that, instead of the Z scheme argument, the
dominant role is played by the induced photovoltage, determined by the band bending in n-Si.
In addition, a detailed look at the curves at lower applied potential indicates that higher
transient spikes are seen for WO3/Ag/n-Si compared with WO3/n-Si, which implies a higher
recombination rate of photogenerated carriers. It supports the conclusion that the higher
photovoltage created in WO3/n-Si provides a stronger driving force for the separation of
photogenerated charge carriers and thus enhances the PEC water splitting performance.
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Figure 5. (a) Schematic band diagram of WO3/Ag/n-Si in equilibrium in the dark; the dotted band lines
indicate the band bending of Si in WO3/n-Si, i.e., without the Ag interface layer. (b) Open circuit
potential (VOC) versus elapsed time for WO3/Ag/n-Si under chopped IR illumination. (c) Photocurrent
density vs. applied potential curves under chopped simulated sun light illumination (cycles of 2s light
on and 2s light off) for WO3/Ag/n-Si (blue) compared with WO3/n-Si (black).

3.5 Interface states
When studying metal oxide/n-Si interfaces, one needs to consider that an ultrathin, native
SiO2 layer on Si is always present. It is known that this SiO2 layer on Si may work as a
passivation layer. SiO2 layers can passivate surface states caused by the dangling bonds of Si,
which cause Fermi level pinning in the Schottky barrier formation with metal contacts48. Here,
we design experiments to study the effect of the native SiO2 in WO3/metal/n-Si electrode for
PEC water splitting. We compare interfaces with and without native SiO2 layer.
An ion beam milling (IBM) system was used to prepare substrates without SiO2 layer
(Figure S2-1). As the IBM system is directly connected to the sputter chamber, we do not have
to break the vacuum and the metal layer can be deposited so that no oxide layer develops. Insitu X-ray photoelectron spectroscopy (XPS) was used to check the valence state of the Si after
IBM treatment. Figure 6a shows the Si2p spectrum of the original n-Si. The peak of 99.5 eV is

66

WO3/n-Si heterostructures for PEC water splitting

assigned to elemental Si and the peak of 103.1 is assigned to SiO249,50. Only a single elemental
Si peak at 99.5 eV was detected for IBM treated n-Si (Figure 6b) which confirms that the SiO2
layer was removed by the IBM treatment. The WO3/Ag/n-Si photoelectrode without SiO2 layer,
is called WO3/Ag/(IBM)n-Si in the following.
Figure 6c shows the band structure of Ag/(IBM)n-Si equilibrium in dark. When the Ag gets
in contact with the clean Si surface, the Fermi level is pinned by midgap interface states. The
resulting band bending in n-Si is actually comparable to that in the Ag/SiO2/n-Si contact
discussed above. This is confirmed by the result of the VOC measurement of WO3/Ag/(IBM)nSi under chopped monochromatic IR illumination (Figure 6d). When the IR is switched on, the
VOC shifts negatively by 0.05 V, which is comparable to that of WO3/Ag/n-Si (0.06 V, Figure
5b). However, comparing Figure 6d (WO3/Ag/(IBM)n-Si) with Figure 5b (WO3/Ag/n-Si), the
IR light-on part of the curve shows more distinct transient spikes for WO3/Ag/(IBM)n-Si
(Figure 6d), which reveals a higher recombination of photogenerated electrons and holes; we
attribute these to the presence of midgap states at the Ag/n-Si interface51,52. Figure 6e shows
the comparison of the photocurrent density vs potential for WO3/Ag/(IBM)n-Si and
WO3/Ag/n-Si under chopped simulated sunlight illumination. The photocurrent density in
WO3/Ag/n-Si is significantly higher than that in WO3/Ag/(IBM)n-Si. Based on ref.53, we
suggest that the native SiO2 works as a passivation layer, which reduces the recombination rate
of photogenerated electrons and holes at the interface of Ag and n-Si in WO3/Ag/n-Si. We
conclude therefore that, the native oxide SiO2 should be retained for the fabrication of metal
oxide/metal/Si photoelectrodes.
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Figure 6. (a) (b) Si2p XPS spectra of n-Si: (a) original; (b) after ion beam milling (IBM). (c) Schematic
Ag/(IBM)n-Si band diagram in equilibrium in the dark. (d) Open circuit potential (VOC) versus elapsed
time for WO3/Ag/(IBM)n-Si under chopped IR illumination. (e) Photocurrent density vs. applied
potential curves under chopped simulated sun light illumination (cycles of 2s light on and 2S light off)
for WO3/Ag/(IBM)n-Si (orange) compared with WO3/Ag/n-Si (blue).

3.6 Pt interface layer
Based on the results discussed above, the native SiO2 layer on the n-Si needs to be kept as
a passivation layer. However, the Ag layer should be replaced by another metal with a higher
work function to increase the extent of the n-Si band bending and thus enhance the PEC
performance of WO3/n-Si. Following this rule, we select Pt as the metal layer between the WO3
and Si. Figure 7a shows a cross-section HAADF-STEM image of WO3/Pt/n-Si. Pt is well
bonded to the WO3 and to the native SiO2 layer, where some holes can be detected in the Pt
layer. In addition, there is a thin PtSix layer detected below the SiO2 layer. Apparently, some of
the Pt has diffused through pinholes in the SiO2 layer, and has reacted with Si during the
annealing process to form PtSix 54. Pt readily forms a silicide, unlike Ag, for instance. PtSix is
a (semi)metal over a wide range of stoichiometries, with a high work function of ~5.0 eV55.
PtSix forms contacts to p-Si with very low barriers, meaning that the Fermi level in the contact
region is very close to the top of the Si valence band. Figure 7b shows a diagram of the relative
energy levels of n-Si, PtSix and Pt, and Figure 7c shows the energy band diagram in dark of
WO3/Pt/n-Si in equilibrium. The band bending in n-Si originating from the PtSix/n-Si contact,
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is larger than for the Ag/n-Si contact, compare Figure 5. This results in a higher photovoltage
under illumination as compared to the WO3/Ag/n-Si.
The increase of the photovoltage is confirmed by the VOC measurement of WO3/Pt/n-Si
under chopped monochromatic light illumination as shown in Figure 7d. Under chopped IR
illumination (red curve in Figure 7d), the VOC shifts by 0.32 V, which is about five times higher
than in WO3/Ag/n-Si (0.06 V, red curve in Figure 5b) and three times higher than in WO3/n-Si
(0.11 V, red curve in Figure 4a). Arc-shaped VOC curves (purple curve in Figure 7d) are
observed in WO3/Pt/n-Si under chopped UV illumination, which implies a delay to the steadystate. This can be due to a Schottky barrier 𝛷 that is generated at the interface of WO3 and Pt
(Figure 7c), which hinders the flow of photogenerated electrons from WO3 to Pt. We conclude
therefore that, whereas inserting a Pt layer promotes the separation of photogenerated charge
carriers in n-Si, it hinders the same in WO3. Nevertheless, the first effect is dominant over the
latter, so overall the insertion of a Pt layer is beneficial.
Figure 7e shows the PEC performance measured under chopped simulated sunlight. The
photocurrent density of WO3/Pt/n-Si is 0.19 mA/cm2 at 1.23 V vs RHE, which is almost two
times larger than that in WO3/n-Si. Moreover, upon further increasing the applied potential, the
photocurrent density of WO3/Pt/n-Si increases steeply. It is 1.38 mA/cm2 at 1.6 V vs RHE,
which is about ten times higher than that in WO3/n-Si. This rapid increase of the photocurrent
in WO3/Pt/n-Si is possibly related to the fact that the Schottky barrier at the interface of WO3/Pt
is overcome with a higher applied potential, which results in an easier transport of the
photogenerated charge carriers.
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Figure 7. (a) Cross-section HAADF-STEM image of WO3/Pt/n-Si. (b) Diagram of relative energy levels
of n-Si, PtSiX and Pt. (c) Schematic band diagram of WO3/Pt/n-Si in equilibrium in the dark. (d) Open
circuit potential (VOC) versus elapsed time for WO3/Pt/n-Si under chopped UV illumination (purple),
chopped IR illumination (red), and chopped UV with a continuous IR illumination (blue). (e)
Photocurrent density vs. applied potential curves under chopped simulated sun light illumination (cycles
of 2s light on and 2s light off) for WO3/Pt/n-Si (purple) compared with WO3/n-Si (black) (Inset:
enlargement of the curves at 1.1 – 1.4 V vs. RHE).
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4 Conclusion
In summary, we apply separate monochromatic UV and IR illumination on a WO3/n-Si
heterostructure and prove experimentally that the photogenerated charge carriers generated in
the n-Si substrate contribute indirectly to the PEC water oxidation. By measuring the
photovoltage under chopped monochromatic illumination, we find that the Si provides a
photovoltage which drives the charge carriers for the PEC water splitting process.
Equilibration of the Fermi levels in WO3 and n-Si induces band bendings in the
semiconductors. These generate an internal electric field that is instrumental in separating the
photogenerated charge carriers and setting up the photovoltage. To further study the relation
between the heterojunction band structure and the PEC activity, we fabricate WO3/Ag/n-Si
heterostructures with a metal Ag interface layer between the semiconductors. Within the Z
scheme, such an interface layer is predicted to enhance the PEC activity, because it facilitates
charge transport. However, we measure a PEC activity in WO3/Ag/n-Si that is lower than that
in WO3/n-Si. We attribute this to a decrease of the photovoltage, which is caused by a reduction
of the band bending in the n-Si due to the Ag layer. This discovery breaks through the existing
design ideas, which focused on facilitating charge transport via interface layers within the Zscheme, but did not consider the resulting changes in the potential profiles, the band bending in
particular.
We evaluate what the effect is of the native SiO2 layer, which covers the n-Si. To this end,
we remove the SiO2 by in-situ ion beam milling (IBM), before sputtering the Ag layer. We find
actually that these WO3/Ag/(IBM)n-Si devices have a worse PEC activity than the original
WO3/Ag/n-Si devices, which have a thin SiO2 layer between Ag and n-Si. We attribute this to
the existence of midgap states at the Ag/n-Si interface, which lead to an increase the
recombination of photogenerated electrons and holes. The SiO2 layer passivates these states
and should therefore be retained for metal/Si based photoelectrodes.
Based on all these findings, we fabricate WO3/Pt/n-Si photoelectrodes, using native
oxidized n-Si as substrate. The high work-function metal Pt is supposed to enlarge the band
bending in n-Si, which increases the internal electric field, and therefore the charge carrier
separation and the photovoltage. Compared to WO3/n-Si, these WO3/Pt/n-Si photoelectrodes
achieve indeed a two times enhancement of photocurrent density at 1.23 V vs RHE and a ten
times enhancement at 1.6 V vs RHE. One slight drawback of the Pt layer is the emergence of a
Schottky barrier with the WO3 that partially hinders the charge transport.
The latter points out a promising direction in the design of metal oxide/n-Si photoanodes
for PEC applications. The band bending in Si can be enlarged by inserting thin metal films with
relatively high work function between the Si and the metal oxide. To make further progress the
metal/metal oxide interfaces should be modified to an ohmic contact to enhance the charge
transport.
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Chapter 3
From Geometry to Activity: A Quantitative Analysis of WO3/Si
Micropillar Arrays for Photoelectrochemical Water Splitting *

Abstract
The photoelectrochemical (PEC) activity of microstructured electrodes is still low
despite the highly enlarged surface area and enhanced light harvesting. To obtain a
deeper understanding of the effect of 3D geometry on the PEC performance, welldefined WO3/n-Si and WO3/pn-Si micropillar arrays are fabricated and subjected to a
quantitative analysis of the relation between the geometry of the micropillars (length,
pitch) and their PEC activity. For WO3/n-Si micropillars, it is found that the
photocurrent increases for WO3/n-Si pillars, but not in proportion to the increase of
surface area that results from increased pillar length or reduced pillar pitch. Optical
simulations show that a reduced pillar pitch results in areas of low light intensity due to
shadowing effect. For WO3/pn-Si micropillar photoelectrodes, the p-n junction
enhances the photocurrent density up to a factor of 4 at low applied bias potential (0.8 V
vs RHE) compared to the WO3/n-Si. However, the enhancement in photocurrent density
increases first and then decreases with reduced pillar pitch, which scales with the
photovoltage generated by the p-n junction. This is related to an increased dead layer of
the p-n junction Si surface, which results in a decreased photovoltage even though the
total surface area increases.

*Preparing for submission as: Yihui Zhao, Pieter Westerik, Rudi Santbergen, Erwin Zoethout, Han Gardeniers,
Anja Bieberle-Hütter
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1 Introduction
Hydrogen production from photoelectrochemical (PEC) water splitting using
semiconductor photoelectrodes is a promising pathway towards the utilization of renewable
energy for solar fuel applications1–3. For PEC water splitting, the oxygen evolution reaction
(OER), which occurs at the photoanode, is more complex because it requires multiple bond
rearrangements that involve the removal of four electrons and two protons from two H2O
molecules.2,4,5 In recent years, metal oxide films, such as TiO2, WO3, Fe2O3, and BiVO4, have
been studied as the photoanode for catalysing PEC water oxidation reactions due to their
suitable band gap, chemical stability and low cost6–14. However, the narrow spectral light
absorption band and poor charge transport properties of these materials are certainly key factors
in limiting the PEC efficiency15–17. Compared to these metal oxides, silicon (Si) has
controllable electrical conductivity and a smaller band gap (1.1 eV), which can addresses the
deficiencies of metal oxides functional films18,19. Nevertheless, Si has poor chemical stability
because it is rapidly oxidized in aqueous solution under solar illumination or under anodic bias20.
In this sense, metal oxide films combined with Si substrates show a complementary relation
and offer a promising model for PEC electrode design.
Furthermore, nano-/microstructured Si could concurrently reduce light reflection by
trapping light inside the structures and provide more catalytic sites by increasing surface area.
Based on this, research has been focused on nano-/microstructured Si coated with metal oxide
films for PEC water splitting electrodes18,21,22. TiO2 coated Si nanowires showed 2.5 times
higher photocurrent density on the projected area than the corresponding planar TiO2/Si6 at
1.23 V vs RHE. Fe2O3 on Si nanowires exhibited a current density of about 0.9 mA/cm2 at
1.23 V vs RHE, which was 2.5 times higher on the projected area than that of planar Fe2O3/FTO
(FTO, fluorine doped tin oxide)23. Based on micropillar arrays, a porous structure of WO3 was
built on the surface of Si micropillars. This increased the surface area and light harvesting of
the micropillar arrays, achieving a 3 times increase in photocurrent density at 1.5 V vs Ag/AgCl
compared to smooth WO3 coated micropillar arrays24. In all cases the authors attribute the
increased performance to the increased surface area and the enhanced light absorption.
Summarizing all studies on nano-/microstructured electrodes, it is found that the
photocurrent enhancement is quite low regarding the highly enlarged surface area and enhanced
light harvesting. For nanostructured photoelectrodes, which are closed to the scale of the
wavelength of light, nanophotonic effects have been studied to intensify light in the
photocatalytic24–27. While for microstructured photoelectrodes, which are different with
nanostructure, they behave very much like the ray optics case. It is still required to make clear
how much surface is really active during the PEC reaction, and how this active surface area is
related to the geometry of the microstructured electrodes. Aiming at these questions, and in
order to be able to design highly efficient photoelectrodes in the future, we focus this study on
well-defined micropillar array structures coated with PEC active material. We select WO3 as
the functional layer due to its high electron mobility (~12 cm2V-1s-1 at room temperature) and
suitable band-gap (2.6-2.9 eV)12,28. We fabricate n-type Si and radial p-n junction Si micropillar
arrays with various pillar heights (10 μm and 40 μm) and various pillar pitches (6 μm, 10 μm,
15 μm and 20 μm) as substrates to prepare WO3/n-Si and WO3/pn-Si micropillar array
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photoelectrodes. These well-defined geometries allow for a quantitative study of the relation
between surface area and PEC activity. Optical simulations are performed to evaluate the
relation between the intensity distribution of light incident on the surface and the geometry of
the photoelectrode.
This research establishes a relation between the geometry of photoelectrodes and the PEC
performance and provides guidelines for designing high performance photoelectrodes.

2 Experiments
2.1 Fabrication of n-Si and pn-Si micropillar arrays
The n-type Si (n-Si) and p-n junction Si (pn-Si) micropillar arrays were fabricated as
previously reported29,30 and the fabrication process is shown schematically in Figure 1. In
summary, n-type Si {100} (1–10 Ω cm, 100 mm diameter, 375 μm thickness, single side
polished, Cz-grown, Okmetic Finland) were cleaned and covered with 100 nm silicon-rich
silicon nitride (SiNx) via low-pressure chemical vapor deposition (LPCVD). On the polished
side, the SiNx was removed by reactive ion etching (RIE, Adixen AMS100DE) and cleaned by
means of oxygen plasma (30 min) and piranha (mixture of sulfuric acid and 30% aqueous
hydrogen peroxide, 3:1 (v/v), 20 min). By means of standard photolithography (Olin 907-17
photoresist), the substrate was patterned with arrays of hexagonally packed dots (4 μm diameter,
6 μm, 10 μm, 15 μm and 20 μm pitch, 0.5 × 0.5 cm2 squares on a specimen of 2 cm × 2 cm).
This pattern was transferred into the silicon by deep reactive ion etching (CF-chemistry, Adixen
AMS100SE). The height of the pillar arrays was controlled by the etching time, where the
etching rate of silicon was about 3.2 μm min−1. The substrates were cleaned subsequently in
oxygen plasma (30 min) and piranha (20 min) to remove the photoresist and fluorocarbon
residues.
The radial np junction was formed by a solid source doping of boron. The wafers were
cleaned in room temperature 99% nitric acid, 95℃ 69% nitric acid and 1% aqueous HF solution
subsequently, rinsed thoroughly in DI water between each step, and finally dried. They were
then placed in a furnace with the top side of the wafer facing (but not touching) a boron nitride
wafer which served as a source of boron. A layer of boron oxide was grown on the wafers at
900℃ in an atmosphere of 2 standard liters per minute (SLM) N2 and 2 SLM O2 for 15 min,
and the atmosphere was changed to only N2 (4 SLM) and the temperature of the furnace was
further increased to 1050℃. It remained in that condition for 15 min to diffuse the boron from
the boron oxide into the silicon, and then it was cooled down again and removed from the
furnace. After the thermal diffusion step, the boron oxide was removed by immersion in BHF
(NH 4 F-buffered aqueous HF) for 10 min, and the silicon nitride from the backside of the
substrate was stripped in 50% aqueous HF (30 min).
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Figure 1. Schematic fabrication process of n-Si and pn-Si micropillar arrays. (A) Removal of topside
silicon nitride (SiNx) followed by photolithography. (B) Deep reactive ion etching of Si. (C) Removal
of photoresist and SiNx. (D) Boron oxide deposited from solid source. (E) Formation of the radial
junction, by a drive-in step at 1050 °C for 15 min. (F) Removal of SiNx.

2.2 WO3 films
The Si micropillar arrays were cleaned sequentially in an ultrasonic bath of isopropanol and
distilled (DI) water each for 20 min before WO3 deposition. WO3 films were deposited by
reactive RF sputtering with a Bestec GmbH sputter tool using a 2 in. metallic tungsten target
(Karl Jesko, purity 99.95%) with a target−substrate distance of ∼100 mm. The gas mixture was
40/10 sccm Ar/O2, where the O2 is inserted at the sample position and the Ar at the W target.
The main deposition parameters are listed in Table 1.
Table 1: Sputtering process parameters for WO3 deposition.
Parameter

Value

Target power

100 W

Base pressure

<10‐8 mbar

Deposition pressure

10‐2 mbar

Substrate temperature

Room temperature

O2 flow rate

10 sccm

Ar flow rate

40 sccm

After deposition, all samples were annealed at 450°C in Ar for 1 h with a ramping rate of
5°C/min using a tubular furnace with a quartz tube (Carbolite Gero). The Ar gas flow was
started 30 min prior to annealing to guarantee a stable gas atmosphere.

Experiments

79

2.3 Characterizations
The morphologies of the micropillar array electrodes were investigated by a field emission
scanning electron microscope (SEM) (Zeiss Sigma, Germany) with an in-lens detector and 5 kV
accelerating voltage. Cross-sectional SEM sample preparation and imaging was performed
using a focused ion beam (FIB) and the scanning electron microscope of the FIB/SEM
Dualbeam (FEI, The Netherlands). A focused beam of 30 kV Ga-ions is used to cut a crater at
normal angle of incidence into a surface. The crater wall is imaged with the SEM at 10 kV x
0.5 nA at an angle. For this setup the sample table is tilted to 52° to allow normal incidence for
the ion beam. The scale bar corrects for the tilt in the SEM image to allow for correct dimensions
on the crater wall. For cutting the micropillars no protection layer was used since the top was
already protected with WO3 layer of several hundred nanometers.

2.4 PEC measurements
A three-electrode PEC cell with a quartz window was used to measure the PEC
performance at room temperature. Simulated sunlight illumination was performed by an
AM 1.5 class A solar simulator (LCS 100, Oriel Instruments) using a 100 W Xe lamp with a
calibrated illumination intensity of 100 mW cm−2 at the sample position. The light source was
calibrated with a calibrated reference cell and meter (Newport, model 91150 V). The
monochromatic light illumination was carried out using an IR laser (λ = 960 nm, cw, 200 mW)
as light source. The micropillar array electrodes (working electrodes) were encapsulated in
epoxy (Loctite EA 9492) resulting in exposed micropillar array areas of about 0.2 cm2. The
exact geometrical area of the exposed electrode surface was determined by calibrated digital
images and ImageJ software. For ohmic contact to the n-Si (backside of the electrodes), a drop
of Ga/In eutectic (Sigma Aldrich) was used to contact the Si and a copper wire. A coiled Pt
wire (0.8 mm diameter) and an Ag/AgCl/Sat. KCl electrode (XR 300, Radiometer Analytical)
were used as the counter and reference electrode, respectively. An aqueous solution of 0.5 M
H2SO4 (pH ~0.3) was used as electrolyte. The potential of the electrode was controlled with a
BioLogic SP-150 potentiostat. All potentials reported in PEC results in this study are given
versus reversible hydrogen electrode (RHE) through the relation4
Φ

Φ

/

Φ

⁄

0.059

𝑝𝐻

(1)

with ΦºAg/AgCl is 0.197 V versus RHE at 25°C. Linear sweep voltammetry (LSV) measurements
were performed at potentials between 0.4 V and 1.6 V versus RHE at a scan rate of 10 mV s-1.

2.5 Optical simulation
Optical simulations are performed to determine the intensity distribution of light on the
micropillar arrays. The ray-tracing software LUX (developed at TU Delft) is used, which makes
use of periodic boundary conditions. This allows for efficient three-dimensional simulation of
an infinite array of pillars, taking into account all optical interactions, such as reflections and
shading between all neighbouring pillars. It does so by considering one unit cell, containing a
single pillar on a square base with periodic boundary conditions applied to the four side walls
of the unit cell. The pillar and base are discretized into approximately 4000 surface elements.
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The top of the domain acts as the light source from which 105 parallel rays are emitted. The
paths of all rays are traced efficiently using a parallelization algorithm. A ray hitting a surface
element is partly absorbed and partly reflected. The reflected light is given as a cosine-squared
angular distribution. A ray can undergo multiple reflections until it is either fully absorbed or
escapes the simulation domain at the top. After all rays have been traced, the intensity absorbed
in each of the surface elements is obtained and normalized by dividing it by the intensity of the
incident beam. A statistical analysis of these results reveals the number of surface elements and
the corresponding surface area per unit cell that is illuminated (i.e. not shadowed).

3 Results and Discussion
Figure 2 shows the scanning electron microscopy (SEM) images of Si micropillar arrays
coated with WO3 after annealing in Ar. Well-defined and homogeneous micropillar arrays with
different pillar length, 10 μm (Figure 2a) and 40 μm (Figure 2b) are fabricated. As shown in
Figure 2c, the diameter of each single pillar is 4 μm. A detailed look at the wall of the pillars
shows a pancake morphology (Figure 2c), which is due to the Si reactive ion etching process.
Figure 2d and 2e show FIB cross-sectional SEM images from the top to the bottom of a single
pillar. The bright and the dark part correspond to the WO3 and the Si respectively. The pillars
are fully covered by WO3 from top (Figure 2d) to bottom (Figure 2e). The crystalline structure
of the WO3 was determined by Grazing Incidence X-ray diffraction (GIXRD). As shown in
Figure S3-1, the diffraction peaks of the WO3 agree well with monoclinic WO3 (JCPDS No.
83-0950), indicating that monoclinic WO3 is obtained after annealing in Ar. These results
confirm that well-defined WO3/n-Si micropillar array photoanodes are fabricated, allowing a
quantitative analysis on the relation of PEC activity and the electrode geometry.

a

c

b

d

e

Figure 2. Scanning Electron Microscopy (SEM) images of micropillar arrays coated with WO3 (a) 10
μm in height, 6 μm pitch, (b) 40 μm in height, 6 μm pitch (c) close view of single pillar, (d) and (e)
cross-sectional FIB cut from the top (d) and the bottom (e) of a single pillar.
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3.1 The PEC activity of WO3/n-Si micropillar arrays
The PEC activity of the WO3/n-Si micropillar array electrodes is evaluated by the
photocurrents as a function of the applied potential (0.4 - 1.6 V vs RHE), which were measured
in 0.5 M H2SO4 under continuous AM 1.5 illumination. The photocurrent density is defined as
the measured photocurrent divided by the projected surface area. The photocurrent densities
obtained from two micropillar array electrodes with different pillar height are shown in Figure
3a. The 10 μm height micropillar array electrode shows a photocurrent density of 0.13 mA/cm2
at 1.23 V vs RHE (blue curve). This is more than twice as high as the photocurrent density of
0.06 mA/cm2 at 1.23 V vs RHE obtained for the planar electrode (purple curve). In the literature,
the photocurrent densities vary between 0.03 mA/cm2 and 0.1 mA/cm2 at 1.23 V vs RHE for
planar sputtered WO3 films without co-catalyst 31,32. When the pillar height increases to 40 μm
(same pillar pitch), the photocurrent density increases to 0.17 mA at 1.23 V vs RHE. To further
investigate the relation between PEC activity and the geometry of the electrode, we fabricated
micropillar array electrodes with various pillar pitches (SEM images in Figure S3-2). Figure 3b
shows the PEC activity of the micropillar array electrodes with various pillar pitches. The
photocurrent density increases with the reduced pillar pitch: 0.08 mA/cm2 (20 μm pitch), 0.1
mA/cm2 (15 μm pitch), 0.13 mA/cm2 (10 μm pitch) and 0.17 mA/cm2 (6 μm pitch) at 1.23 V
vs RHE.
The enhancement of the photocurrent density from the microstructured electrodes is
attributed to two reasons. One is that microstructure enhances light harvesting by reducing the
light reflectance33–35. In the wavelength range below 400 nm, in which the light is absorbed by
the functional layer WO336, the reflectance of micropillar array electrodes, with 10 μm height
and 40 μm height, decreased around 10% and 15%, respectively, compared with the planar
electrode (Figure S3-2a). In addition, for micropillar arrays with different pillar pitch, the
reflectance slightly decreases as the pillar pitch reduces (Figure S3-2b). This is related to the
rough ground surface of the micropillar arrays which results in diffuse light reflection, and the
reflected light is absorbed by the pillars.
Another reason for the photocurrent density enhancement from the micropillar structure
compared to the planar is the increased number of catalytic sites due to the increased surface
area. Quantitative relation between photocurrent density and surface area of the microstructure
electrodes is so far not reported in the literature. It is, however, important to understand the
geometrical limitations in designing photoelectrodes.
In this work, the well-defined geometry of the WO3/n-Si micropillar arrays allows for a
quantitative analysis to relate the surface area of the electrode to the PEC activity. The total
surface area of the micropillar array electrode, STotal, can be calculated as
S

1

π

𝑆

(2)

where D is the diameter of the pillar, H is the height of the pillar, P is the pitch of the pillars,
and S is the planar surface area; (Figure 3c). Figure 3d shows the photocurrent density at 1.23 V
vs RHE (red curve) and the total surface area, ST, (blue curve) for WO3/n-Si micropillar arrays
as a function of pillar pitch. Since the surface area of the planar electrode is defined as S, the
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total surface area of the micropillar array electrodes with different pillar pitch, 20 μm, 15 μm,
10 μm, and 6 μm, can be calculated according to Eq. (2) as 2.3 S, 3.2 S, 6.0 S and 15.0 S,
respectively. Comparing the two curves in Figure 3d reveals that the increase in photocurrent
density is less than the increase in total surface area, in particular when the pillar pitch reduces
from 10 μm to 6 μm. This means that the photocurrent does not increase proportional with the
total surface area. In other words, reducing pillar pitch, i.e. having the pillars closer together,
increases the surface area, but the additional surface area is not fully electrochemically active.

a

b

c

d

Figure 3. Photocurrent density vs applied potential curves under dark (black) and simulated sun light
illumination (light intensity: 100 mW cm−2; electrolyte: 0.5 M H2SO4) for WO3/n-Si micropillar array
electrodes with (a) different pillar height, 40 μm and 10 μm, and (b) different pillar pitch, 6 μm, 10 μm,
15 μm and 20 μm. (c) Dimensional sketch for surface area calculation. (d) Photocurrent densities at 1.23
V vs RHE (red) and total surface area, ST, (blue) of micropillar arrays as a function of pillar pitch. The
error bars denote the standard deviation of two different repetitive measurements in two different
samples.

3.2 The PEC activity of WO3/pn-Si micropillar arrays
To further improve the PEC activity, the n-Si micropillar array was doped with boron to
form a radial p-n Si junction array. The sketch of the fabricated WO3/pn-Si micropillar array
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photoelectrode is shown in Figure 4a. It should be noted that the WO3/n-Si heterojunction can
create a photovoltage due to the different Fermi levels of n-Si and WO3.37 In addition, the Fermi
level of highly doped p-Si layer is between the Fermi levels of n-Si and WO3. Theoretically,
the created photovoltage from the WO3/pn-Si should be the same as from the WO3/n-Si.
However, the WO3/n-Si heterojunction causes more recombinations of photogenerated carriers
due to defects at the interface of between Si and WO3, which can result in a lower photovoltage
than a homojunction, i.e. p-n junction in Si. Moreover, the introduced tandem p-n junction in
Si can more efficiently utilize the light penetrated from the WO3. The created photovoltage can
provide driving force for the charge transport during PEC water splitting. Figure 4b shows the
working schematic of the p-n junction micropillar arrays under illumination during PEC process.
The Si absorbs the light that is not absorbed by the WO3 layer (band gap 3.0 eV36), but is
penetrating through the WO3. This light generates electrons and holes in the n- and the p-Si.
The photogenerated electrons and holes in the Si and the WO3 migrate in a so-called Zscheme6,23 to the interface of p-Si and WO3. The introduced p-n junction in Si creates a
photovoltage (ΔVpn-Si, Figure 4b) during PEC water splitting. This photovoltage can provide a
driving force for the photogenerated carrier transport in the Z scheme system and thus enhances
the PEC water splitting performance.33,37 The photocurrent densities of the WO3/pn-Si
micropillar array electrodes with different pillar pitch are shown in Figure 4c. Compared with
WO3/n-Si (Figure 3), the WO3/pn-Si junction reduces the onset potential, which is lower than
0.2 V vs RHE. In addition, the photocurrent densities of WO3/pn-Si are significantly higher
than those of WO3/n-Si at low applied potential (0.2-1.2 V vs RHE). This improvement is due
to the photovoltage created by the p-n junction in Si. While at higher applied potential, the
photocurrent densities are similar for WO3/pn-Si and WO3/n-Si micropillar arrays. This is
because the higher applied potential compensates for the lack of the driving force for electron
transport in the WO3/n-Si. In other word, at high applied potential, the limitation of the PEC
performance is the amount of photogenerated charges instead of the charge transport. Therefore,
the improvement of the photocurrent density in going from WO3/n-Si to WO3/pn-Si is smaller.
Particularly, when the applied potential increases to 1.6 V vs RHE, the photocurrent of WO3/pnSi structures with small pillar pitch (i.e. 6 μm) is even lower than that of the WO3/n-Si structures
without p-n junction. This can be attributed to the dead layer arising from the heavily p-doped
surface of Si,38 which causes increased recombination of the photogenerated carriers.
To further quantitatively evaluate the effect of the microstructure geometry on the
photocurrent enhancement of the WO3/pn-Si micropillar arrays, Figure 4d illustrates the
relation between the photocurrent densities at a lower applied potential (0.8 V vs RHE) and the
total surface area as a function of the pillar pitch. The photocurrent densities of WO3/pn-Si
micropillar array electrodes increase first and then decrease as the pillar pitch decreases. As
shown in the Figure 4d (red curve with open symbol), the photocurrent density increases from
0.14 mA/cm2 to 0.16 mA/cm2, when the pillar pitch reduces from 20 μm to 15 μm. However,
when the pillar pitch further reduces to 10 μm, and 6 μm, the photocurrent density decreases to
0.13 mA/cm2, and 0.12 mA/cm2, respectively. This trend is different for the WO3/n-Si (red
curve with filled symbol), which keeps increasing as the pillar pitch decreases, albeit at much
slower increasing rate than the increased total surface area (blue curve). The photocurrent
enhancements from the p-n junction for the WO3/pn-Si micropillar arrays with different pillar
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pitch are 0.11 mA/cm2 (20 μm), 0.12 mA/cm2 (15 μm), 0.07 mA/cm2 (10 μm) and 0.05 mA/cm2
(6 μm). The enhancement at this relatively low applied potential (0.8 V vs RHE) benefits from
the generated photovoltage by the p-n junction. Therefore, these results indicate that the
photovoltage created by the p-n junction varies with the pillar pitch. This can be due to the dead
layer caused by the heavily p-doped surface of the Si. When the pillar pitch is reduced to
increase the surface area, the dead layer is increased and locks more absorbed photons. As a
result, the function of the p-n junction below the dead layer in the Si is limited by the lack of
photons.

a

c

b

d

Figure 4. (a) Sketch of the WO3/pn-Si micropillar array photoelectrodes. (b) Schematic illustration of
the band diagrams of WO3/pn-Si micropillar array photoelectrodes under illumination. (c) Photocurrent
density vs. applied potential curves of WO3/pn-Si micropillar arrays with 40 μm pillar height, and
different pillar pitch, 6 μm, 10 μm, 15 μm and 20 μm. (d) Photocurrent densities at 0.8 V vs RHE (red)
and total surface area (blue) of WO3/n-Si and WO3/pn-Si micropillar arrays with different pillar pitch.
The error bars denote the standard deviation of two different repetitive measurements in two different
samples.

To evaluate the relation between the photovoltage and the pillar pitch, we carried out VOC
measurements for the WO3/pn-Si micropillar arrays under chopped monochromatic IR
illumination. The idea is that due to the different bandgaps of Si (~1.1 eV19) and WO3 (~3.0 eV
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from our previous work36), the Si can be excited selectively by IR illumination (wavelength,
980 nm), which allows obtaining the decoupled photovoltage from the pn-Si only. Under IR
illumination, electron–hole pairs are generated in Si only. The holes migrate toward the
interface with WO3 in the built-in field and partly recombine with available electrons in the
WO3. Therefore, the Fermi level (EF) in n-Si shifts upwards and in WO3 shifts downwards,
resulting in a more cathodic VOC. The photovoltage created in the circuit can be determined by
the change of the open circuit potential (VOC) under illumination.37 As shown in Figure 5, under
chopped IR illumination, the VOC shows a cathodic shift of 0.47 V, 0.50 V, 0.6 V and 0.57 V,
for the WO3/pn-Si micropillar arrays with pillar pitch of 6 μm, 10 μm, 15 μm, and 20 μm,
respectively. The amounts of the created photovoltage are according to the amounts of the
photocurrent enhancements for the WO3/pn-Si micropillar arrays with different pillar pitch
(Figure 4d). These results also support that the reduced pillar pitch increases the dead layer
which leads to a reduced photovoltage created by the p-n junction.

Figure 5. Open circuit potential (VOC) versus elapsed time for WO3/pn-Si micropillar arrays with
different pillar pitch under chopped IR (λ = 980 nm) illumination (electrolyte: 0.5 M H2SO4).

3.3 Optical simulations
The activity of the WO3 on the micropillars is also influenced by the accepted light intensity
under illumination, which is related to the 3D geometry of the microstructure. Unlike
nanostructured photoelectrodes, in which the nanophotonic effects come into play24–27, the
microstructured photoelectrodes behave mostly like the ray optics case. Under experimental
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conditions, the light incident angle is usually not exactly 0°. Therefore, shadowing effects can
result in surface area with lower light intensity under illumination, as shown in Figure 6. It
should be pointed out that the light penetration depth in Si is a function of light wavelength,
which is 100 nm for the light below ~400 nm.39 As a results, with a band gap of ~3.0 eV, the
WO3 located at the shadowed area cannot be excited by the light penetrated through the Si.
Therefore, the PEC activity of the WO3/Si micropillar array electrodes are influenced by the
incident light fallen on the WO3 surface area (including the reflected light).

Figure 6. Sketch of the WO3/Si micropillar under illumination.

To evaluate the relation between the light incident surface area and the geometry of the
micropillar electrodes, we carried out optical simulations using the ray-tracing software LUX
(developed at TU Delft), which can determine the intensity distribution of the light illuminated
on the surface of micropillar arrays (including the reflected light). The details of the simulation
methods are described in experimental section 2.5. Figure 7a shows the relative incident
intensity distribution map of light illuminated on simulated “metallic-like”, i.e. no light
transmission, micropillar arrays with different pillar pitch using a small incident angle of 1°. It
can be seen that the flat area including the pillars top and the floor are illuminated with a higher
light intensity. The wall surface of the pillars, on the other hand, is illuminated with a lower
light intensity. In addition, the shadowing of the pillars appears on the floor, and the shadowing
area increases as the pillar density increases, i.e. as the pillar pitch is reduced. Particularly, when
the pillars pitch is reduced to 6 μm, the shadowing of the pillars is even casted on the adjacent
pillars, not only on the floor. Figure 7b demonstrates the relation between the light illuminated
area and the pillar pitch for different incident angles. Note that we consider an area to be
‘illuminated’ when it receives an irradiance that is at least 0.2 of the incident beam normal
irradiance (in W/m2). It shows that the high intensity light illuminated area decreases with the
reduced pillar pitch. This decrease becomes larger when the incident angle increases from 1° to
10°. The optical simulation results confirm that the reduced pillar pitch increases the total
surface area of the photoelectrode, but at the same time decreases the factional area that is
actually illuminated. The correspondingly larger shadowed area means that a larger fraction of
the surface is inactive for the PEC reaction. This could explain that the photocurrent density
increases much slower than the total surface area with reduced pillar pitch of the WO3/n-Si
micropillar arrays (Figure 3d).

Pitch 10 μm

Relative incident intensity

Pitch 6 μm

Pitch 20 μm
Relative incident intensity

Pitch 15 μm

Relative incident intensity

a
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Figure 7. (a) Optical simulations of the intensity distribution map of light illuminated on “metallic”
micropillar arrays with different pillar pitch, 6 μm, 10 μm, 15 μm, and 20 μm. (Pillar height 40 μm; light
incident angle 1°). (b) Optical simulation results of the total surface area with area of light intensity >0.2
under different incident angle (red curve), and the total surface area (blue curve) for micropillar arrays
with different pillar pitch.

Based on the discussion above, instead of just increasing the total surface area by pursuing
high aspect ratio, the geometry needs to specifically enlarge the illuminated area for the 3D
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microstructure photoelectrode design. Here, to reduce the shadowing effects, we suggest a
micro-cone design for high performance microstructured photoelectrodes for water splitting, as
shown in Figure 7a. Optical simulations are carried out to demonstrate the light density under
illumination of the micro-cone array structure. Figure 7b illustrates the light intensity map of
the micro-cone arrays under illumination at an incident angle of 1°. Compared to the micropillar
arrays (Figure 6a), there are no obvious shadowing areas on the ground or on the wall surface
of the cone-shapes. In addition, the light density on the wall surface of the micro-cones is higher
than that for the micropillar array structure.

Figure 7. (a) A promising cone-shape micro structure with p-n junction. (b) Optical simulation of the
light intensity map of the cone-shape micro structure under illumination (light incident angle 1°).

4 Summary and Conclusion
Well-defined Si micropillar arrays are prepared on Si wafers using photolithography and
deep reactive ion etching. The fabricated WO3/n-Si micropillar array electrodes show up to 3
times enhancement of the photocurrent density at an applied potential of 1.23 V vs RHE in PEC
water splitting. In order to further increase the performance at low applied potential, a radial pn junction is introduced using boron doping of the n-Si micropillar arrays; the p-n junction can
provide a photovoltage that benefits the electron transport. Indeed, an up to 4 times higher
photocurrent density was achieved at low potential (0.8 V vs RHE) for the WO3/pn-Si
micropillar array electrodes compared to the WO3/n-Si electrodes.
The well-defined micro-structure allows for quantitative study of the relation between the
PEC performance and the electrode geometry. The results reveal that the PEC activity does not
show a linear relation with the increased surface area resulting from an increased pillar length
or a reduced pillar pitch. Optical simulations of the intensity distribution resulting from
illumination at various incident angles reveal that the reduced pillar pitch, i.e. having the pillars
closer together, decreases the fraction of highly illuminated area. Any area with low light
intensity, i.e. shadowed area, is inactive surface area for the PEC reaction. This can be a reason
for the small increase in photocurrent density compared to the large increase in total surface
area in WO3/n-Si micropillar arrays. Based on the results, we propose a promising micro-cone
array structured photoelectrode. Optical simulations demonstrate that this structure can reduce
the shadowing effects under illumination.
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In the case of WO3/pn-Si micropillar arrays, the photocurrent density increases first and
then decreases, when the pillar density is increased. By measuring the open circuit potential
under chopped monochromatic IR illumination, it is proven that the photocurrent density
enhancement in WO3/pn-Si micropillar arrays is dominated by the photovoltage created at the
p-n junction. However, with reduced pillar pitch, the increased surface area also causes
increased dead layer, i.e. the heavily p-doped Si surface, which reduces the created
photovoltage by the p-n junction, and therefore causes a decreased enhancement on the
photocurrent density.
We conclude that, for the optimization of the photoelectrode design, much performance can
be gained by research efforts into tailored design of the 3D nano-/microstructure.
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Chapter 4
Relating 3D Geometry and Photoelectrochemical Activity of
WO3-loaded n-Si Nanowires: New Design Rules for
Photoelectrodes*

Abstract
Nanostructured electrodes for photoelectrochemical (PEC) applications, such as water
splitting, have rather low photocurrent density regarding their highly enlarged surface
area compared to plain electrodes. This demands for further understanding of the
relation between the 3D geometry and the PEC activity. To this end, we fabricate
WO3/Si nanowire array photoanodes with various nanowire lengths (1.3 µm, 2.7 µm,
3.2 µm and 3.8 µm) and different WO3 thicknesses (10 nm, 30 nm and 50 nm) using
wet chemical etching for nanostructuring of Si and atomic layer deposition for the
deposition of WO3. It is found that by increasing the etching time, the nanowires become
longer and the top surface area decreases. The photocurrent density first increases and
then decreases with increasing Si etching time. This behaviour can be explained by
different and opposite effects regarding absorption, geometry and materials specific
properties. Particularly, the decrease of the photocurrent density can be due to: First, the
longer the nanowires the heavier the recombination of the photogenerated carriers.
Second, the long-time Si etching results in a loss of top part of the nanowire arrays.
Because of shadowing, the WO3 located at the top part of the nanowires is more effective
than the that at the bottom part for the WO3/Si nanowire arrays and therefore the
photocurrent is decreased. It reveals a trade-off between the top part surface area and
the length of the nanowires. This study contributes to a better understand of the relation
between the geometry of nanostructures and the performance of PEC electrodes.

*Preparing for submission as: Yihui Zhao, Shashank Balasubramanyam, Ageeth A. Bol, Anja Bieberle-Hütter
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1 Introduction
Growing environmental concerns and an increasing energy demand drive the search for new,
sustainable sources of energy. Converting solar energy to chemical fuels is considered as a
potential pathway for renewable energy utilization1–3. Hydrogen production from photoelectrochemical (PEC) water splitting has received continually attention since the first
discovery by Fujishima and Honda4. PEC water splitting process involves two half-cell
reactions, the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER).
OER, which occurs at the photoanode, is more complex because it requires multiple bond
rearrangements that involve the removal of four electrons and two protons from two H2O
molecules5,6. Among all the photoanode materials, metal oxides, such as TiO2, WO3, Fe2O3,
and BiVO4, have been studied elaborately for catalyzing OER reactions in PEC water splitting
because of their suitable band edges positions and chemical stability7–12. To supply sufficient
energy (including overpotential) for splitting water, the band gaps of metal oxides tend to be
substantial ( 1.9), which limits their absorption of solar light13, however.
To achieve more efficient use of the capable light, the nanostructured photoelectrodes with
porous morphology are used to enhance the light absorption by decreasing light reflection and
increasing transmission path of light13–16. In addition, compared with the film and bulk
counterparts, nanostructured materials have much larger electrode/electrolyte interface area and
shorter diffusion distance for minority carriers, which promote the separation and transfer of
photogenerated carriers17,18. According to these reasons, various nanostructured metal oxide
photoanodes have been designed and synthesized to enhance the PEC performance, like TiO2
nanotubes19,20, WO3 nanoneedles21, nanoflowers22 and Fe2O3 nanoflakes23,24, etc.
Besides, n-Si nanowires have been used as substrates for metal oxide films to create a
tandem structure PEC device. The optimum band structures of Si addresses the deficiencies of
these metal oxides functional films in light harvesting25. Moreover, the metal oxide/n-Si
heterojunction works as a Z-scheme and creates photovoltage to enhance the charge transport
property26–28. As reported in the literature, TiO2/n-Si nanowires showed a photocurrent density
of ~0.25 mA/cm2, which is about 2.5 times enhanced than planar TiO2/n-Si14. From Mayer et
al, the fabricated Fe2O3/n-Si exhibited a current density of ~ 0.9 mA/cm2 at 1.23 V vs RHE,
which was 5 times higher than the according planar electrode28. A hierarchically nanostructure
WO3/Si achieved up to 0.14 mA at 1.23 V vs RHE, which is three time enhancement from the
planar electrode29. Moreover, when the spacing size of the nanostructures of a photoelectrode
is on the wavelength scale, photonic effects should be taken into consideration. Studies aiming
at optimizing the overall light absorption have demonstrated the importance of a joint
optimization of the nanostructure size, shape, and filling ratio.30–32
However, besides the studies mentioned above, the metal oxide/Si nanowires PEC
electrodes also address another question, which is the spatial and functional decoupling of the
geometry and catalytic activity. Aiming at this, we fabricate Si nanowires by chemical etching
and prepare WO3/Si nanowires photoanodes by atomic layer deposition (ALD) WO3 film to
evaluate the effects of the nanostructure geometry on the PEC performance. WO3 is selected
as the functional layer due to its high electron mobility (~12 cm2V-1s-1 at RT) and suitable bandgap (2.6-2.9 eV)33,34. The geometries of WO3/Si nanowires arrays are varied on the nanowires
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length, total surface area and top surface area by controlling the Si chemical etching time
(20 min, 30 min, 40 min, 50 min).
This research establishes the relation between the geometry of nanostructure electrodes and
PEC performance, which guides towards designing high performing nanostructure
photoelectrodes.

2 Experimental section
2.1 Fabrication of Si nanowires array
The Si wafers (n-doped, <100> orientation, resistivity 1-10 Ω cm, 280 μm-thick, single
side polished, University Wafer) were cleaned sequentially in an ultrasonic bath of isopropanol
and distilled (DI) water each for 20 min. Then the Si nanowires arrays were fabricated by
chemical etching, and the method is modified from the procedure described in Peng et al.35
Briefly, after cleaning, the wafer was immersed in a mixed solution of 4.4 M HF and 0.02 M
AgNO3 at room temperature for etching. The etching time determines the length of the
nanowires. In this work, we used different etching time (20 min, 30 min, 40 min and 50 min)
to obtain varied lengths of the nanowires (1.3 μm, 2.7 μm, 3.2 μm and 3.8 μm, accordingly).
After the etching step, the wafer was rinsed with DI water and then immersed in concentrated
HNO3 for 15 min to remove Ag nanoparticle residue. Finally, the wafer was rinsed with DI
water and dried by N2 blowing.

2.2 WO3 film deposition
A FlexAL atomic layer deposition (ALD) reactor from Oxford Instruments, equipped with
an inductively coupled plasma (ICP) source, was used to deposit WO3. The metalorganic
precursor (tBuN)2(Me2N)2W (99% purity, Sigma Aldrich) was used as the tungsten source and
O2 plasma was used as the co-reactant. The deposition rate is 0.025 Å/s. The thickness of the
WO3 films were controlled by number of ALD cycles. In this work, WO3 films with three
different thicknesses (10 nm, 30 nm, 50 nm) were prepared. The main parameters of the ALD
process are listed in Table 1. The details of the plasma enhanced ALD process is described in
detail in ref.36.
Table 1: ALD process parameters for WO3 deposition.
Parameter

Value

Base pressure

<10-6 mbar

Table temperature

300℃

O2 plasma power

250 W

Precursor dosing

3s

Coreactant O2 plasma exposure

3s
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After deposition, all samples were annealed at 450°C in Ar for 1 h with a ramping rate of
5°C/min using a tubular furnace with a quartz tube (Carbolite Gero). The Ar gas flow was
started 30 min prior to annealing to guarantee a complete Ar atmosphere.

2.3 Characterizations
The morphologies of the micropillar arrays electrodes were investigated by a field emission
scanning electron microscope (SEM) (Zeiss Sigma, Germany) with an in-lens detector and 5 kV
accelerating voltage. Cross-sectional SEM sample preparation was performed using a focused
ion beam (FIB) (FEI, The Netherlands).

2.4 PEC measurements
A three-electrode PEC cell with a quartz window was used to measure the PEC performance
at room temperature. Simulated sunlight illumination was performed by an AM 1.5 class A
solar simulator (LCS 100, Oriel Instruments) using a 100 W Xe lamp with a calibrated
illumination intensity of 100 mW cm−2 at the sample position. The light source was calibrated
with a calibrated reference cell and meter (Newport, model 91150 V). For the assembly of the
WO3/n-Si nanowires array photoanodes (working electrodes), a small area of fresh Si was
exposed on the NW array surface by scraping away the NWs with a blade and roughing the Si
with a diamond pen. For ohmic contact to the n-Si (backside of the electrodes), a drop of Ga/In
eutectic (Sigma Aldrich) was used for contact between the Si and a copper wire. Then, the
devices were encapsulated in epoxy (Loctite EA 9492) resulting in an exposed micropillar
arrays area of about 0.2 cm2. The exact geometrical area of the exposed electrode surface was
determined by calibrated digital images and ImageJ. A coiled Pt wire (0.8 mm in thickness)
was used as the counter electrode, and an Ag/AgCl/Sat. KCl electrode (XR 300, Radiometer
Analytical) was used as reference electrode. An aqueous solution of 0.5 M H2SO4 (pH ~0.3)
was used as electrolyte. The potential of the electrode was controlled with a BioLogic SP-150
potentiostat. All potentials reported in PEC results in this study are given versus reversible
hydrogen electrode (RHE) through the relation2
Φ

Φ

/

Φ

⁄

0.059

𝑝𝐻

(1)

with ΦºAg/AgCl is 0.197 V versus RHE at 25°C. Linear sweep voltammetry (LSV) measurements
were performed at potentials between 0.3 V and 1.7 V versus RHE at a scan rate of 10 mV s-1.

3 Results
3.1 Morphology and structure
Figure 1 shows the morphology of the Si nanowires and ALD WO3 coated Si nanowires.
As shown in the optical images (Figure 1a), the Si wafer changes from mirror-like to black after
chemical etching. This is because the created nanowires structure minimizes the light reflection
by trapping light inside the surface channels37. Figure 1b and c show the SEM images of the
Si nanowires fabricated by chemical etching for 50 min. The bright clusters in the top view
image (Figure 1b) illustrate the top surface of the Si nanowires. The cross-sectional views
(Figure 1c) show that the nanowire arrays are in a vertical direction and have a homogenous
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length of about 3.7 μm. Figure S4-1 shows the SEM images of Si nanowire arrays fabricated
by chemical etching for different times, namely 20 min, 30 min, and 40 min. From the top view,
it can be seen that the density of the bright cluster decreases with increasing etching time, which
reflects a decreased top surface area. The length of the nanowire arrays increases with
increasing etching time. For different etching times, the nanowires are 1.3 μm (20 min), 2.7 μm
(30 min), and 3.2 μm (40 min) long. Figure 1 c, d and e show the morphology of the Si
nanowires coated with ALD WO3. Comparing with the Si nanowires, the WO3/Si nanowire
arrays show more rounded cluster structure from the top view (Figure 1d) and the diameters of
the nanowires also increase (Figure 1e). The FIB-cut cross-section of the WO3/Si nanowire
arrays in Figure 1f demonstrates that the Si nanowires are fully covered by the ALD WO3 film
(bright layer in Figure 1f). Figure S4-2 shows the SEM images of WO3/Si nanowires fabricated
with different Si etching time and different WO3 thickness. The top surface area of WO3/Si
nanowires increases with the WO3 thickness and decreases with the increasing Si etching time.
Figure S4-3 shows the grazing incidence X-ray diffraction (GIXRD) spectra of WO3/Si
nanowire arrays. The diffraction peaks of the WO3 agree well with monoclinic WO3 (JCPDS
No. 83-0950) indicating that monoclinic WO3 crystalline strucuture is obtained after annealing
in Ar.
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a
Chemical
etching

d

b

c

e

f

Figure 1. (a) Optical photographs of Si wafer before (left) and after (right) chemical etching. (b-f)
Scanning electron microscope (SEM) images of (b) top view of Si nanowires (50 min etching), (c) crosssection of Si nanowires (50 min etching), (d) top view of ALD 50 nm WO3 coated Si (WO3/Si)
nanowires (50 min etching Si), (e) FIB-cut of WO3/Si nanowires, (f) enlargement of dotted box in (d).

3.2 Photo-electrochemistry
The PEC activity of the WO3/Si nanowire arrays electrodes are evaluated by the
photocurrents as a function of the applied potential (0.3 - 1.7 V vs RHE), which were measured
in 0.5 M H2SO4 under continuous AM 1.5 illumination. Figure 2 shows the photocurrent
densities obtained from the WO3/Si nanowires with varying Si etching time and different
thickness of ALD WO3 films. Among all the electrodes, the highest photocurrent density is
obtained from the WO3/Si nanowire arrays with 40 min Si etching and 50 nm WO3 coating. A
photocurrent density of about 0.41 mA/cm2 at 1.23 V vs RHE was achieved which is about 4

Results

99

times higher than that for planar WO3/Si electrodes. This is comparable to the values obtained
for the WO3 nanowires and microwires photoanodes reported previously38,39.
Comparing the WO3/Si electrodes with different WO3 thickness (Figure 2 a-c), it is found
that the photocurrent density increases with increased WO3 films thickness, which is due to
more photons harvested by the WO3, and therefore more photogenerated carriers contributing
to the PEC reactions. Besides, with thicker WO3 films, the difference in photocurrent density
become more significant for electrodes with different Si etching time. In addition, for each
thickness of WO3 film, the PEC performance does not keep increasing as the Si etching time
increased, even though the longer etching time resulted in an increased nanowires length. To
clarify the tendency of the changing photocurrent densities, Figure 2d summarizes the
photocurrent densities at 1.23 V vs RHE of all electrodes from Figure 2a-c. It shows that, for
each thickness of WO3 film, the photocurrent density at 1.23 V vs RHE increases first and then
decreases as the Si etching time increases. Besides, the highest photocurrent density obtained
from each WO3 thickness falls at different Si etching time. Respectively, for 10 nm WO3, the
highest photocurrent is from 20 min etching Si; for 30 nm WO3, the highest photocurrent is
from 30 min etching Si; for 50 nm WO3, the highest photocurrent is from 40 min etching Si
(green dash circles in Figure 2d). This variation indicates a coupling effect of the amount of the
catalyst and the spatial structure of the nanowire arrays.
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a

b

c

d

Figure 2. Photocurrent density vs applied potential curves of WO3/Si nanowires with different etching
time of the Si nanowires and different thickness of WO3 films: (a) 10 nm, (b) 30 nm and (c) 50 nm (light
intensity: 100 mW cm−2; electrolyte: 0.5 M H2SO4, the dark current curves are all overlapping). (d)
Photocurrent densities at 1.23 V vs RHE of WO3/Si nanowires with different etching time Si nanowires
and different thickness of WO3 films. The error bars denote the standard deviation of two different
repetitive measurements in two different samples.

To clarify the effect of spatial structure on the activity, we carry out a quantitative analysis
on the relation between photocurrent densities and 3D geometry of the WO3/Si nanowire arrays.
We define several parameters to describe the geometry of the nanowire arrays as shown in
Figure 3: the top surface area, ST, the wall surface area, SW, the length of the contour of the top
surface, LC, and the length of the nanowires, LW. ST and LC are determined from the SEM
images using the commercial software (Gwyddion) for scanning images analysis. If the
according planar surface area is assumed to be S, then the total surface area of the WO3/Si
nanowire arrays can be calculated by the following formula:
𝑆

𝑆

𝑆

𝐿

𝐿

𝑆

(1)

Figure 4 a-c illustrate the relation between the photocurrent density and the total surface area
of the WO3/Si nanowire arrays. Due to the increased nanowires length LW, the total surface
areas (blue curves) increase with the Si etching time for all three different thicknesses of WO3
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films. However, the photocurrent density (black curves) does not show a consistent increase as
the increasing total surface area. For three different thicknesses of WO3 films, the photocurrent
densities first increases and then decreases with increasing Si etching time. Particularly,
inflection points of the photocurrent density curves are different for three different WO3
thickness.

Figure 3. Sketch of the geometry of the WO3/Si nanowires (ST: top surface area; LC: length of the
contour of the top surface; LW: length of the nanowires; SW: wall surface area.)

a

10 nm WO3

b

30 nm WO3

c

50 nm WO3

Figure 4. The total surface areas (blue) and photocurrent densities at 1.23 V vs RHE (black) of WO3/Si
nanowires electrodes with different Si nanowires etching time (0 min, 20 min, 30 min, 40 min, 50 min)
and different WO3 thickness: (a) 10 nm, (b) 30 nm and (c) 50 nm. The error bars denote the standard
deviation of two different repetitive measurements in two different samples.

4 Discussion
Necessary conditions for PEC reactions to take place are an active photoelectrode with a lof
of catalytic sites and optimal light illumination and management. For the nanowires WO3/Si
photoelectrodes, the larger surface area of WO3 due to the nanostructure and conformal ALD
deposition provide more catalytic sites than the plannar electrode. The reduced reflectance,
which is due to internal reflection and absorption in the structure, causes higher light harvesting
property than the plannar ectrode (Figure S4-4). Moreover, the spacing size of the
nanostructures is on the wavelength scale, hence photonic-crystal effects could also enhance
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the light harvesting30–32. These factors can explain the increasing part of photocurrent density
as the Si etching time increases (Figure 4). However, longer Si etching time can also result in
negative effects: First, due to a higher recombination rate of photogenerated carriers at the
surface compared to in the bulk of Si, the enlarged surface area can result in more
recombinations. Second, more defects in Si due to longer etching time can also cause more
recombinations of photogenerated carriers. These factors result in a slower increase of the
photocurrent density as a function of the Si etching time. Furthermore, due to the grown
structure of the nanowire array, shadowing causes lower PEC activity for the WO3 located at
the lower part than the top part of the nanowires, as discussed in chapter 3. A sketch in Figure
5 illustrates the relation between the active surface area of the WO3/Si nanowire array and the
Si etching time. Longer etching time results in a loss of Si volume and surface area in the top
part of the nanowire array (Figure S 4-1), and therefore less WO3 at the top part (Figure S4-2).
When the etching time further increases, the increased lower part with lower activity can not
compensate for the loss of the top surface area with higher acivity, and thus results in a decrease
of photocurrent density. In brief, for WO3/Si nanowire arrays with longer Si etching time, a
lack of highly active WO3 at the top part limits the continous growth of the photocurrent
densities. This is corresponding with inflection points of the photocurrent density curves at
different thicknesses of WO3 (Figure 2d and Figure 4). The thicker WO3 film delays the
inflection point of the photocurrent density as the function of Si etching time.

Figure 5. Sketch of the active surface area of WO3/Si nanowire array with shorter and longer Si
etching time.

To guide towards design rules for high performing nanowire arrays photoelectrodes, we
summarize the effect of the top surface area and length of the WO3/Si nanowires array on the
PEC activity, photocurrent densities of all elelctrodes at 1.23 V vs RHE, as shown in the contour
plot in Figure 6. To obtain optimal PEC performance, a trade-off has to be made between the
top surface area and the length of the nanowires. At the upper of the contour plot according to
the large top surface area, the photocurrent density is limited by the higher light reflection,
which has been proven by the optical results of the WO3/Si nanowire arrays (Figure S4-4). On
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the contrary, the longer nanowires can reduce the light reflection, but if the top surface area is
lower (lower right corner of Figure 6), the photocurrent density is still limited, which is due to
the loss of high active top surface area. Therefore, the best PEC perpormance is obtained by the
WO3/Si electrodes with relative long nanowires and also the most large top surface area possible.

Figure 6. Contour plot of current density at 1.23 V vs RHE as a function of top surface area and
nanowire length of WO3/Si nanowire photoelectrodes.

5 Conclusion
WO3/Si nanowire array photoanodes with various nanowire lengths (1.3 µm, 2.7 µm, 3.2
µm and 3.8 µm) and different WO3 thicknesses (10 nm, 30 nm and 50 nm) are fabricated using
wet chemical etching for nanostructuring of Si and atomic layer deposition for the deposition
of WO3. The best performance is obtained by the WO3/Si nanowire array with 40 min chemical
etching coated with 50 nm ALD WO3 film, and it demonstrated a photocurrent density of 0.41
mA/cm2 at 1.23 V vs RHE, which is 4 times enhancement than a comparable planar WO3/Si
electrode. However, with a longer Si etching time, it is predicted to enhance the PEC
performance, because it resulted in an extended nanowire length, i.e. an enlarged total surface
area. However, the photocurrent density decreases with the increasing nanowire length instead
of a consistent increase. This can be attributed to multiple reasons: First, the longer nanowires
cause more recombination of the photogenerated carriers. Second, due to the grown structure
of the nanowires, shadowing causes lower PEC activity for the WO3 located at the lower part
than the top part of the nanowires. Long time Si etching results in an increased total surface
area but also a loss of top surface area of the nanowire arrays. The increased surface area, i.e.
from the lower part of the nanowires, has relatively lower activity, which cannot compensate
for the loss of the top surface area with relatively higher activity, and thus results in a decrease
of photocurrent density. These results reveal a trade-off between the top surface area and the
length of the nanowires.
This study contributes to a better understanding on the relation between the geometry of
nanostructure and the performance of PEC electrode, which provides guidelines for designing
high performing photoelectrodes.
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Supporting Information for Chapter 1
Surface Mophology
Figure S1-1 shows an SEM top view image of the commercial glass-FTO substrate used in
this paper. The surface appears like pyramid-shaped, sharp grains with rather uniform size.

Figure S1-1: Scanning Electron Microscopy (SEM) top view image of the glass substrate with FTO thin
film.

Atomic Force Microscopy (AFM) was carried out to study the surface morphology and the
surface roughness. Figure S1-2 shows the AFM images of WO3 coated FTO-glass after
annealing in air. The grain sizes on both ALD and sputtered films are similar and are
corresponding to the FTO grain sizes shown in Figure S1-1. The grains in the AFM images are
less sharp than in the SEM image because the AFM images were taken after WO3 film
deposition and annealing whereas the plain glass-FTO substrate is seen in Figure S1-1. ALD
and sputtered WO3 films show similar roughness (RRMS), which are 4.5 nm and 6.2 nm,
respectively.
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Sputtering

RRMS = 4.5 nm

RRMS = 6.2 nm
Figure S1-2: Atomic Force Microscopy (AFM) images of the ALD and sputtered WO3 films on FTOglass substrate after annealing in air.

STEM Images of the Cross-sections
Figure S1-3 shows the STEM images of the cross-section of the ALD and the sputterd WO3
films. The thicknesses are around 50 nm for both ALD and sputtering films. Both ALD and
sputtered films show continuous layer coated on the FTO grains. However, for sputtered WO3,
micro holes are distributed inside the film and the interface between WO3 and FTO layer, as
shown as the dark spots in Figure S1-3b. While for ALD WO3 film, no obvious micro holes or
the other physical defects were observed.
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Figure S1-3: Cross-section HAADF-STEM images of (a) ALD and (b) sputtered WO3 films after
annealing in air.

EIS Measurement under Dark Condition
Figure S1-4 shows Nyquist diagrams obtained at an applied potential of 1.0 V vs. RHE
under dark condition for ALD and sputtered WO3 films; the same experimental conditions as
mentioned in the full paper are used. The results show a smaller curve radius for the ALD WO3
film. It can be indicated that the overall resistance of the ALD WO3 thin film electrode is lower
than that of the sputtered WO3 electrode.

Figure S1-4: Electrochemical impedance spectroscopy data in the dark at an applied potential of 1 V
vs. RHE in the frequency range of 10-1 to 3×105 Hz.

Photoluminescence (PL) Spectra
Figure S1-5 shows the Photoluminescence (PL) of the ALD and sputtered WO3 films. The
emission peaks at 450 nm and 575 nm can be ascribed to the FTO substrate. The emission peaks
at 415 nm can be attributed to the recombination of the photo-generated electron-hole pairs in
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the WO3 film1. This is in accordance with the band-gap value 3.0 eV obtained by the Tauc plots
(Figure 2b). The PL intensity of ALD WO3 film is lower than that of sputtered film, indicating
a lower recombination rate of photo-generated electron-hole pairs.

Figure S1-5: Photoluminescence (PL) spectra of the ALD (black) and sputtered (red) WO3 films.

PEC Stability
Figure S1-6 shows the current density as a function of time measured in 0.5 M H2SO4 at
1.23 V vs. RHE under illumination intensity of 100 mW cm-2. There is no significant
degradation of the current density for both ALD and sputtered films measured for 2 h.

Figure S1-6: Photocurrent density-time curves of ALD and sputtered WO3 films measured under
illumination intensity of 100 mW cm-2 for 2 h.

Supporting information for chapter 1

111

SEM of WO3 Films after Annealing in Different Atmospheres
Figure S1-7 shows top view SEM images of the ALD and sputtered WO3 films after
annealing in three different atmospheres, i.e. O2, air, and N2, respectively. The grains in the
ALD films are more homogeneous and compactly arranged than those in the sputtered WO3
after annealing. There is no significant difference in the surface morphology of the films
annealed in the three different atmospheres.
Annealing in O2

Annealing in N2

Sputtering

ALD

Annealing in air

Figure S1-7: Top view SEM images of ALD (top row) and sputtered (bottom row) WO3 films after
annealing in air, O2 and N2, respectively.

Light Absorbance
The UV-vis spectrophotometry measurements show almost overlapping light absorbance
spectra for annealing in different atmospheres (Figure S1-8). The results indicate similar light
harvesting properties of the WO3 films annealed in air, N2 and O2, respectively.

a

b

Figure S1-8: Absorbance spectras of (a) ALD and (b) sputtered WO3 films annealed in air, O2 and N2,
respectively.
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Crystal Structures
The GIXRD patterns (Figure S1-9) display the crystal structures of WO3 thin films after
annealing in air, N2 and O2, respectively. It is found that all films annealed in different
atmospheres show the monoclinic WO3 diffraction peaks (JCPDS No. 83-0950). There are no
phase separations or impurity phases observed in the annealed samples. Hence, the different
annealing atmospheres have no impact on the formation of the final crystal structures.

a

b

Figure S1-9: GIXRD patterns of (a) ALD and (b) sputtered WO3 films annealed in air, O2 and N2,
respectively. The red and blue dots are monoclinic WO3 (JCPDS No. 83-0950) and FTO (JCPDS No.
83-0950), respectively.

Chemical States of O and W
The XPS spectra of WO3 films after annealing in different atmosphere are shown in Figure
S1-10. Figure S1-10a and S1-10b show the survey scans of the ALD and the sputtered WO3
films, respectively. The O1s spectra are shown in Figure S1-10c and S1-10d. The peak of
530.5 eV can be assigned to the lattice oxygen (OL) in the crystalline WO32,3. The additional
peak at 532.0 eV is attributed to adsorbed oxygen (OA)3,4. This can be caused by hydroxyl
groups or oxygen ions adsorbed in oxygen deficient regions for maintaining charge balance.
This suggests the existence of adsorbed hydroxyl groups or oxygen vacancies in WO35. The
relative content of each component can be characterized by the fitted peak areas of the XPS
pattern. In Figure S1-10e and S1-10f, the W4f peaks of the WO3 films annealed in different
atmospheres are shown. The W4f peak can be separated into two pairs of peaks, which can be
ascribed to W6+ (centered at 37.8 and 35.7 eV) and W5+ (centered at 36.8 and 34.7 eV)6–8,
respectively. The amount of W5+ decreased with the annealing atmosphere in the order N2, air,
and O2. This agrees with the increasing content of OL for maintaining the charge balance.
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c

d

e

f

Figure S1-10: XPS data of ALD and sputtered WO3 thin films after annealing in different atmospheres:
(a) and (b) survey scans, (c) and (d) O1s, and (e) and (f) W4f spectra of ALD and sputtered WO3,
respectively.
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Comparison of PEC Properties in Ambient Air and in Synthetic Air (N2
mixed with O2 by 4:1)
The PEC properties of films annealed in ambient air and in synthetic air were compared
(Figure S1-11). Both ALD and sputtered WO3 thin films annealed in ambient air show a slightly
higher photocurrent density than the films annealed in synthetic air (N2 mixed with O2 by 4:1).
This can be related to the content of CO2 and H2O in the ambient air which could form C-O or
H-O groups on the surface during annealing. These groups can enhance the surface activity
during the PEC conversion9.

a

b

Figure S1-11: Photocurrent density vs. applied potential curves of (a) ALD and (b) sputtered WO3 films
annealed in ambient air and in synthetic air (N2 mixed with O2 by 4:1).
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Films deposition
Table 2-1: Sputtering process parameters for WO3 deposition.
Parameter

Value

Target power

100 W

Base pressure

<10-8 mbar

Deposition pressure

10-2 mbar

Substrate temperature

Room temperature

O2 flow rate

10 sccm

Ar flow rate

40 sccm

Figure S2-1 shows the flow diagram of the thin film depositions.

Figure S2-1: Flow diagram of WO3/n-Si, WO3/Ag/n-Si, WO3/Ag/(IBM)n-Si (ion beam milling treated
n-Si) and WO3/Pt/n-Si deposition. The entire process is carried out without breaking the vacuum.
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Atomic Force Microscope (AFM) of WO3/n-Si and WO3/FTO
Figure S2-2 shows the surface roughnesses of WO3/n-Si and WO3/FTO, which were
measured by AFM. The surface roughnesses of WO3/n-Si and WO3/FTO are Ra = 2.2 nm and
Ra = 7.1 nm, respectively.

a

b

Ra = 7.1 nm

Ra = 2.2 nm

Figure S2-2: Atomic Force Microscope (AFM) of (a) WO3/n-Si and (b) WO3/FTO after annealing in
the Ar.

Cross-section HAADF-STEM of WO3/n-Si and WO3/FTO
Cross-section HAADF-STEM images confirm that an intimate contact is obtained for both
WO3/n-Si and WO3/FTO interfaces, as shown in Figure S2-3.

a

b

Figure S2-3: Cross-section HAADF-STEM images of (a) WO3/n-Si and (b) WO3/FTO.

GIXRD of WO3/n-Si and WO3/FTO
The GIXRD spectra of the WO3/n-Si and WO3/FTO after annealing in Ar at 450℃ for 1 h
are shown in Figure S2-4. The diffraction peaks agree well with monoclinic WO3 corresponding
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to JCPDS No. 83-0950 indicating that monoclinic WO3 was obtained for both electrodes after
annealing.

Figure S2-4: GIXRD spectra of WO3/n-Si (black) and WO3/FTO (red) after annealing in Ar. The brown
diamonds and the blue dots are monoclinic WO3 (JCPDS No. 83-0950) and FTO (JCPDS No. 83-0950),
respectively.

Relative energy band levels
Figure S2-5 shows the energy band diagrams of n-Si, WO3, Ag, Pt and H2O. The band gap
of n-Si is ~1.1 eV10 and the Fermi level is about -4.25 ± 0.1 eV vs vacuum level10–12. The band
gap of WO3 is about 2.8 - 3.0 eV and the Fermi level is about -5.25 ± 0.1 eV13–16. The work
functions of Ag and Pt are 4.5 ± 0.15 eV and 5.7 ± 0.1 eV vs vacuum level17.

Figure S2-5: Diagram of relative energy band levels of n-Si, WO3, Ag, Pt, and H2O. The diagram is
constructed from literature data10–17.
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Cystaline Structure of WO3
The crystalline phase of the WO3 film was characterized by a Bruker D8 Eco X-ray
diffractometer (XRD) with a Cu Kα (λ = 1.5406 Å) source and a Lynx-eye detector in a grazing
incidence configuration at an incident angle of 3° and in the 2θ range from 20° to 60°. Figrue
S3-1 shows the GIXRD spectra of the WO3/Si micropillar arrays elcectrode after annealing in
Ar at 450℃ for 1 h. The diffraction peaks agree well with monoclinic WO3 corresponding to
JCPDS No. 83-0950 indicating that monoclinic WO3 was obtained after annealing.

Figure S3-1: GIXRD spectra of Si micropilar arrays coated WO3 after annealing in Ar.

Light Reflectance
The light reflectance of WO3/Si micropillar array electrodes was investigated using a Perkin
Elmer 1050 UV/Vis/NIR spectrophotometer along with 150 mm integrating sphere in the
wavelength range of 300 nm to 850 nm with a step size of 5 nm. Figure S3-2 shows the
reflectance spectra of the WO3/Si micropillar arrays with different height and pitch of the pillars.
All reflectance curves show a meandering shape as a function of wavelength, which is related
to the interference of the light reflected from the WO3 surface and the WO3/Si interface. As
shown in Figure S3-2a, the micropillar array structures have lower light reflectance than the
planar electrode. As the pillars become longer, the light reflectance decreases. In the wavelength
range below 400 nm (inset in Figure S3-2a), in which the light is absorbed by the WO3, the
reflectance of micropillar array electrodes, with 10 μm height and 40 μm height, decreased
around 10% and 15%, respectively, compared with the planar electrode. For 40 μm long pillars,
the light reflectance slightly decrease with reduced pillars pitch (Figure S3-2b).
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Figure S3-2: Reflectance spectra of WO3/Si micropillar arrays with (a) different pillars height, and
(b) different pillars pitch.
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SEM of Si nanowires array with different chemical etching time and coated
with WO3 with different thickness

20 min etching

30 min etching

40 min etching

50 min etching

Figure S4-1: Scanning electron microscope (SEM) images of Si nanowires fabricated with different
etching time: 20 min, 30 min, 40 min and 50 min.

Si etching time
20 min

30 min

40 min

50 min

ALD WO3 thickness

10 nm

30 nm

50 nm

Figure S4-2: SEM images of WO3/Si nanowires fabricated with different Si etching time: 20 min, 30 min, 40 min and 50 min, and coated WO3 films with different thickness:
10 nm, 30 nm, 50 nm.
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GIXRD of WO3/Si Nanowires Array
The crystalline phase of the WO3 film was characterized by a Bruker D8 Eco X-ray
diffractometer (XRD) with a Cu Kα (λ = 1.5406 Å) source and a Lynx-eye detector in a grazing
incidence configuration at an incident angle of 3° and in the 2θ range from 20° to 60°. Figrue
S4-3 shows the GIXRD spectra of the WO3/Si nanowires array elcectrode after annealing in Ar
at 450℃ for 1 h. The diffraction peaks agree well with monoclinic WO3 corresponding to
JCPDS No. 83-0950 indicating that monoclinic WO3 was obtained after annealing.

Figure S4-3: GIXRD spectra of Si nanowires (50 min etching) coated WO3 (50 nm) after annealing in
Ar.(monoclinic WO3 corresponding to JCPDS No. 83-0950)

Light Reflectance
The light reflectance of WO3/Si nanowires arrays electrodes were investigated using a
Perkin Elmer 1050 UV/Vis/NIR Spectrophotometer in the wavelength range of 300 nm to 850
nm with a step of 5 nm. Figure S4-4 shows the reflectance spectra of the WO3/Si nanowires
arrays with different Si etching time and different WO3 thickness. As shown in Figure S4-4a,
comparing with the planar electrode, the nanowires arrays structures decrease light reflectance.
For 20 min etching Si with different WO3 thickness, the light reflectance increases with the
reduced WO3 film thickness (Figure S4-4b).
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Figure S4-4: UV-Vis reflectance spectra of (a) WO3/Si nanowires with different Si etching time (a) and
(b) WO3/Si nanowires with different WO3 film thickness.
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Summary
WO3 for Photoelectrochemical Water Splitting: from Plain Films
to 3D Architectures
Hydrogen production from photoelectrochemical (PEC) water splitting using
semiconductor photoelectrodes is a promising pathway for the utilization of renewable energy.
For PEC water splitting, the oxygen evolution reaction (OER), which occurs at the photoanode,
is more complex than the hydrogen evolution reaction (HER) because it requires multiple bond
rearrangements that involve the removal of four electrons and two protons from two H2O
molecules. As a photoanode material, WO3 has been strongly investigated due to its high
electron mobility, moderate hole diffusion length, suitable band-gap, and good chemical
stability. However, despite these promising properties, the conversion efficiency of the reported
WO3 photoanodes is still far below an economically viable solar-to-hydrogen (STH) energy
conversion efficiency (5%-10%) for solar hydrogen production. To further improve the PEC
efficiency of WO3, this thesis presents an experiment-based study and provides a fundamental
understanding of the relation between the PEC activity and the structure of the photoanode,
including the microstructure of the functional film, the structure of the functional film/substrate
heterojunction, and the geometry of the nano-/microstructure.
As a basic aspect, the impact of the WO3 film quality on the PEC properties during water
splitting is investigated. The physical defects, such as micro holes or cracks, are studied by two
different deposition techniques: sputtering and atomic layer deposition (ALD). Chemical
defects, such as oxygen vacancies, are tailored by different annealing atmospheres, i.e. air, N2,
and O2. The results show that the physical defects inside the film increase the resistance for
charge transfer and also result in a higher recombination rate which hampers the photocurrent
generation. Chemical defects yield in an increased adsorption of OH groups on the film surface
and enhance the PEC efficiency. Excess amount of chemical defects can, however, also inhibit
the electron transfer, thus decreasing the photocurrent generation. In this study, the highest
performance was obtained for WO3 films deposited by ALD and annealed in air, which have
the least physical defects and an appropriate amount of oxygen vacancies.
Next to the film quality, the film-substrate heterostructure affects the water splitting
performance. Si based structures are widely studied for PEC application due to industrial
maturity of Si processing, controllable electrical conductivity, and easily structuring. However,
the PEC performance of metal oxide/Si heterostructures is not satisfying yet and the role of Si
in the heterojunction needs to be understood better. In this work, we apply separate
monochromatic UV and IR illumination on a WO3/n-Si heterostructure and prove
experimentally that the WO3/n-Si works via “Z-scheme” mechanism during PEC water splitting.
To further study the relation between the heterojunction band structure and PEC activity,
chopped monochromatic light illumination is used to measure the change of the open circuit
voltage (VOC), which represents the generated internal photovoltage during PEC water splitting.
The results show that the band bending in the n-Si of the WO3/n-Si heterostructure dominantly
provides internal photovoltage, which acts as charge driving force in the water splitting process.
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The depth of band bending of n-Si determines the magnitude of the internal photovoltage
generated. Based on this, Pt, which has higher work function than the Fermi level of WO3, is
used as interlayer to enlarge the band bending of Si and thus increase the internal photovoltage.
These WO3/Pt/n-Si photoelectrodes achieve a 2 times enhancement of photocurrent density at
1.23 V vs RHE and a 10 times enhancement at 1.6 V vs RHE compared to WO3/n-Si. These
results demonstrate that interface design and engineering combined with the usage of multilayers can significantly improve the activity of binary metal oxide photoanode materials.
Knowing this, the performance can be further improved by increasing surface area and light
harvesting. The thus fabricated WO3/n-Si micropillar array electrodes show up to 3 times
enhancement of the photocurrent density at an applied potential of 1.23 V vs RHE in PEC water
splitting. In order to further increase the performance at low applied potential, a radial p-n
junction is introduced using boron doped n-Si micropillar arrays. The aim is to provide
additional photovoltage to enhance the electron transport. The quantitative study of the relation
between the PEC performance and the electrode geometry reveals that the PEC activity does
not show a linear relation with increasing surface area resulting from an increased pillar length
or a reduced pillar pitch. This is related to inactive surface area caused by shadowing effects
under illumination. Optical simulations of the intensity distribution resulting from illumination
at various incident angles reveal that the reduced pillar pitch, i.e. having the pillars closer
together, decreases the fraction of highly illuminated area. Any area with low light intensity,
i.e. shadowed area, is inactive surface area for the PEC reaction. This can be a reason for the
small increase in photocurrent density compared to the large increase in total surface area in
WO3/n-Si micropillar arrays. Based on the results, we propose a promising micro-cone array
structured photoelectrode. Optical simulations demonstrate that this structure can reduce the
shadowing under illumination. In the case of WO3/pn-Si micropillar arrays, the photocurrent
density increases first and then decreases, when the pillar density is increased. By measuring
the open circuit potential under chopped monochromatic IR illumination, it is proven that the
photocurrent density enhancement in WO3/pn-Si micropillar arrays is dominated by the
photovoltage created at the p-n junction. However, with reduced pillar pitch, the increased
surface area also causes increased dead layer, i.e. the heavily p-doped Si surface, which reduces
the created photovoltage by the p-n junction, and therefore causes a decreased enhancement on
the photocurrent density. In summary, for the optimization of the photoelectrode design, much
performance can be gained by research efforts into tailored design of the 3D nano/microstructure.
To establish the relation between the geometry of nanostructured photoelectrode and PEC
activity even further, nanowire structured WO3/n-Si photoanodes are fabricated via chemical
wet etching of Si, which is a facile and rapid method to get highly oriented Si nanowires. The
variations in the length and the surface area of the nanowires are achieved by variation of the
etching time of Si. The WO3 films are deposited by ALD. Up to 4 times increase in photocurrent
density compared to planar structure is found. However, with a further long Si etching time, it
is predicted to enhance the PEC performance, because it resulted in an extended nanowire
length, i.e. an enlarged total surface area. However, the photocurrent density decreases with the
increasing nanowire length instead of a consistent increase. This can be attributed to multiple
reasons: First, the longer nanowires cause more recombination of the photogenerated carriers.
Second, due to the grown structure of the nanowires, shadowing causes lower PEC activity for
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the WO3 located at the lower part than the top part of the nanowires. Long time Si etching
results in an increased total surface area but also in a loss of top part surface area of the nanowire
arrays. The incresed surface area, i.e. from the lower part of the nanowires, has relatively lower
activity, which cannot compensate for the loss of the top surface area with relatively higher
activity, and thus results in a decrease of photocurrent density. These results reveal a trade-off
between the top surface area and the length of the nanowires. This study contributes to a better
understanding on the relation between the geometry of nanostructure and the performance of
PEC electrode, which helps to design high performing photoelectrodes.
In summary, this dissertation provides the fundamental understanding of the impact of
functional film quality and film/substrate heterojunction on the PEC activity using the model
system WO3. It establishes the relation between the geometry of nano-/microstructures and PEC
performance, which guides towards designing high performing photoelectrodes.
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