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ABSTRACT OF THE DISSERTATION

Photoelectrodes Using Low Cost and Earth Abundant Materials for Practical
Photoelectrochemical (PEC) Water Splitting
by

Sun Young Noh

Doctor of Philosophy in Materials Science and Engineering

University of California, San Diego, 2014

Professor Deli Wang, Chair

Professor Sungho Jin, Co-Chair

It is believed that the solar energy is the ultimate clean energy source to meet
global human energy consumption demand. However, the harvesting of solar energy in a
clean and sustainable fashion and the storage and transport of the electricity could be
challenges precluding practical scaling up of solar energy applications.

Photoelectrochemical (PEC) water splitting using semiconducting materials is the most

XVii



attractive approach of the solar energy applications because it efficiently converts solar
energy, with high efficacy, to storable and transportable hydrogen fuel through an
environmentally benign process (reaction with water and with hydrocarbon and oxygen
as by-products). However, the good chemical and electrochemical stability and high
overall energy conversion efficiency, in addition to low cost, are current challenges for
the use of large scale PEC for practical and sustainable solar fuel production.

The focus of this thesis is to develop economically competitive and efficient PEC
water splitting cells by selecting low cost and earth abundant semiconductors and
developing cheap and facile scalable processing for photoelectrode fabrication. Two
systems, three dimensional branched nanowire heterostructures and metal coating
enabled planar Si structures, are studied in details.

This dissertation is structured in the following: after a briefly introduction of the
principle of photoelectrochemical (PEC) water splitting cells in chapter 1, TiO2
nanowires and TiO,/Si branched nanostructures are discussed in chapters 2 and 3. As a
low cost material, TiO, nanowire structure is prepared by a hydrothermal method and
further modified by different post growth treatments to improve light absorption and
kinetic properties and investigated their effects on PEC water splitting performances. The
results show that types and sequences of post growth treatments should be carefully
considered to improve the properties and performances of TiO, NWSs. Also,
hierarchically heterogeneous integrated TiO,/Si nanostructures such as core/shell and
multibranched nanowire structures are fabricated by a combination of nanoimprint
lithography, reactive ion etch, and hydrothermal reactions. The structures have increased

surface area for enhanced light absorption and more reaction sites and short diffusion

Xviii



length of minority carriers for higher reaction rate. Their PEC performances and the
associated charge transfer at heterojunction interface are studied showing that photo
current of TiO,/Si heterojunction structure is limited by the recombination at the TiO,/Si
junctions or the properties of TiOs.

In chapter 4, metal-Si (MS) and metal-insulator-Si (MIS) structures, which have
been studied in photovoltaic cells, are employed to developed cost-effective and efficient
Si-based photoelectrodes. Earth abundant Ni film is selected as an oxygen evolution
electrocatlayst for PEC photoanode, which can provide a junction voltage and protect Si
surface, and applied to MS and MIS structures to compare their PEC performances and
investigate the effects of insulating layer. Furthermore, MS and MIS structures are used
to fabricate PEC photocathode with bimetal layer and the study is discussed in chapter 5.
Bimetal layer can decouple catalytic reaction part from photovoltaic part. We design
different patterned bimetal layers to improve the amount of light absorption of Si
substrate and investigate the effects of MS or MIS contact, differently prepared insulator
and bimetal thickness ratio on PEC water splitting performances.

Finally, a summary on the major accomplishments and perspectives on future

improvements are presented in Chapter 6.
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CHAPTER 1: Introduction

1.1 Principles of Photoelectrochemical (PEC) Water Splitting Cells

Currently most of the electricity is produced from fossil fuels. However, the fossil
fuels not only have the cost issues due limited reserve but also contribute the largest
amount of greenhouse gas and air pollution. Therefore, numerous organizations have
been conducting advanced researches in the field of renewable energy. Among renewable
energy resources, solar energy is by far the largest exploitable natural resource because
the solar energy irradiating the surface of the Earth (1.3 x 10° TW) exceeds the current
global human energy consumption (1.6 x 10* TW in 2010) *. However, to use the sun
sustainably as the primary energy source, energy storage and transportation can be
challenging isuues. One of the most attractive approaches is the photoelectrochemical
(PEC) water splitting process, which efficiently converts solar energy to storable and
transportable hydrogen fuel, due to its potential high efficiency, up to >30 % in principle,
low cost, and environmental friendliness. 2 In addition, hydrogen can be readily
converted into electricity with fuel cells and electrolyzers. Since the first practical
demonstration of PEC water splitting using a TiO-based photocatalyst in the early 1970s
® photocatalytic (PC) and PEC water splitting on semiconducting materials has been
studied extensively “2. In this section, a brief introduction to PEC water splitting cells
will be given, including the PEC cell apparatus, PEC performance measurements setup,
working mechanism, and photoelectrode requirements for efficient cell

performances.



1.1.1 PEC water splitting cells and performance measurement setup

A basic PEC water splitting cell consists of a working electrode (p type
semiconductor as photocathode, or n type semiconductor as photoanode), a counter
electrode, a water-based electrolyte, and a reference electrode as shown in Figure 1.1.
The PEC cell should have an optically transparent window (a quartz window) which
allows the working electrode to be illuminated because normal glass shows a
transmission cut-off below ~350 nm. Usually, electrical contact to the working electrode
(sample) is made with a thin copper wire that is glued to the sample with silver paste. The
backside and edges of the sample were protected using epoxy and the copper wire was
sealed in plastic tubes to prevent electrical shorts to the electrolyte such that only the
sample front side was in contact with the electrolyte. For the counter electrode, a
common materials choice is Pt because of good chemical stability and a very small over-
potential for hydrogen evolution (~0.1 V) to avoid performance limitations °. The surface
area of the counter electrode should be preferably at least two times larger than the
working electrode area, and both electrodes should face each other symmetrically to
avoid inhomogeneous current densities at the working electrode. However, the latter
requirement is less strict due to the modest voltage drop across the electrolyte solution
with high electrolyte concentrations (typically >0.5 M). For the water-based electrolyte,
supporting ions must be added so that the desired current flow can be attained because
pure water is weakly conducting. The concentration of supporting ions should be
sufficiently high to avoid large Ohmic voltage losses across the electrolyte. These Ohmic
losses have to be compensated by increasing the applied bias potential, which adversely

affects the overall efficiency of the photoelectrode. Also, the electrolyte should be



constantly purged with an inert gas such as argon or nitrogen and stirred with a magnetic
stir bar to remove the evolved hydrogen and oxygen from the electrolyte solution then
prevent the back-reaction of dissolved hydrogen and oxygen to water. In order to study
the properties of the working electrode, a reference electrode is definitely necessary so
that any change in the applied potential reflects a change in the working electrode alone
because the overpotential at the counter electrode/electrolyte interface varies with the
amount of current flowing through the cell. Applied potentials are nowadays usually
reported against the RHE scale for water splitting studies because zero volt on the RHE
scale reflects the H'/H, redox potential in the actual solution, irrespective of the pH and a
potential measured with respect to different reference electrodes can be easily converted
to the RHE scale. Ag/AgCI chloride electrodes are most commonly used as reference
electrodes but it is not stable under a basic condition (high pH). Therefore we should
choose a suitable reference electrode depending on measurement conditions. Note that all

reference electrodes are delicate then it should be well-maintained.
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Figure 1.1 Schematic of a basic PEC water splitting cell.

The properties and PEC performance of the working electrodes are mainly
investigated by two techniques such as current density vs potential (J-V) measurements
and incident photon to charge carrier efficiency (IPCE) measurements. To provide a light
source with the same intensity and spectral distribution, a solar simulator is employed and
its intensity of 200mW/cm? corresponding to 1 sun at AM 1.5G should be verified at the
sample position by a calibrated photodiode to compare device performances. Figure 1.2

shows solar irradiance and photon flux density spectrums of AM 1.5G.
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Figure 1.2 Solar irradiance and photon flux density spectrums.

J-V measurements are the most important technique to determine the performance
characteristics of photoanodes or photocathodes for water splitting. J-V curves of the
working electrode can be measured by a potentiostat which controls the potential of the
photoelectrode and measures the current with three leads which are connected to the
working, counter, and reference electrodes, respectively. From the J-V curve, anodic or
cathodic current values can be distinguished through the sign of the photocurrent while a
flatband potential or photocurrent onset potential can be obtained from a potential value
which enables the separation of photogenerated electrons and holes leading to developing
a photocurrent. However, a difference between flatband potential and onset potential is
regularly several tenths of a volt due to recombination in the space charge layer,
electron/hole trapping at surface defects, or electron/hole accumulation at the surface due
to poor charge transfer kinetics °. Therefore, we generally use photocurrent onset

potential for the potential value from the J-V curve. Also, the J-V curve can be recorded



under a chopped light, switching the light on and off with a shutter. This technique can
help to accurately determine the photocurrent onset potential because it easily shows very
small difference between dark current and photocurrent. Also, it can help to check if there
is recombination of the photogenerated charge carriers via photocurrent transients under a
chopped light. When the light is switched on and off, the photocurrent immediately
rises/drops to its peak value and decays/increases to a steady-state value as part of the
photogenerated charge carriers recombine due to accumulation or trapping of electrons or
holes at surface states. Moreover, from the J-V curve, the solar-to-hydrogen conversion
efficiency can be calculated as a function of applied potential with an assumption that
100% of the photocurrent is used to actually split water. However, many samples require
an external bias (or overpotential) in order to drive water electrolysis due to unsuitable
band edge positions or low overpotentials/slow catalysis of some samples. Therefore,
applied bias photon-to-current efficiency (ABPE) can be employed for such samples and
it is defined as % °.
ABCE= Jip(Vredox— Vapp)/Pin

where Jmp, Vredoxs, Vapp, Pin are the measured photocurrent density (mA/cm?), the
theoretical water-electrolysis voltage (1.23 V), the applied voltage (V), and the intensity
of the incident light (100 mW/cm?), respectively. Note that in the case of ABPE, the
faradaic efficiency which corresponds to the ratio of the current contributing to water
splitting into hydrogen and oxygen to the observed current is not considered explicitly.

The IPCE measurement is another important technique to investigate the spectral
response of a photoelectrode, in which the photocurrent is recorded as a function of the

wavelength at a constant applied potential. The intensity of the incident light as a



function of wavelength usually should be recorded using a calibrated photodiode and due
to very much lower value of the intensity, the measured currents are relatively small and
the dark current cannot be negligible. Therefore, the photocurrent for IPCE measurement
always has to be reported as the difference between the current values under illumination
and dark. IPCE value is defined by the number of electrons generated by light in the
external circuit divided by the number of incident photons 2 1°:

IPCE(%)=1240 Jphototy/ A Pin
where A, Jphoon), Pin are the wavelength of the incident light (nm), the photocurrent
density (LA/cm?), and the intensity of the incident light (UW/cm?), respectively. The
number 1240 is the unit conversion factor (eVnm) from the product of the Plank constant
and the speed of light. From the IPCE spectrum, an estimate of the total photocurrent
under AML1.5 illumination can be obtained by integration over all the IPCE values for
each wavelength through an important underlying assumption that there is a linear
relationship between the monochromatic photocurrent and the light intensity. However,
the presence of surface traps or slow surface reaction kinetics may cause large deviations
between the predicted solar photocurrent and the measured photocurrent under AM1.5

conditions.

1.1.2 Working mechanism of PEC water splitting cells

An overview of the working principle is described on the basis of
thermodynamics and kinetics of PEC water splitting process in this section. There are
several options for the arrangement of photoelectrodes in PEC water splitting cells.

However, this section will be limited to a basic cell configuration, two electrodes system,



consisting of a photoanode (n-type semiconductor) and a Pt counter electrode (Figure
1.3).
There are three important steps necessary for overall PEC water splitting process:

(1) First step: absorption of light near the surface of the n-type semiconductor creates
electron—hole pairs and they are spatially separated from each other due to the
presence of an electric field at the semiconductor and electrolyte junction which
will be discussed in detail later.

(2) Second step: holes as minority carriers drift to the surface of the semiconductor
then the semiconductor/electrolyte interface where they oxidize water to produce
oXxygen gas.

(3) Final step: electrons as majority carrier are conducted via an external wire toward
a Pt counter electrode where they combine with H* ions in the electrolyte solution
to generate hydrogen gas. Transport of H* from the photoanode to the counter
electrode through the electrolyte completes the electrochemical circuit.

Following is the overall reaction * '°:

2hv + H,0 > H; (g) + % 0, (g) (1.23 eV, AG’ = -nFAE = +237 kJ/mol)
where AG’ is the Gibbs free energy change for the overall water splitting reaction, n is
the number of electrons transferred in above reaction, F is the Faraday constant, and AE
are the electric potential of the reaction at standard conditions (298 K, 1 mol/L, 1 bar),
respectively. This value of +237 kJ/mol, which corresponds to AE® = 1.23 V per electron
transferred according to the Nernst equation, shows that the water-splitting reaction is
thermodynamically uphill. However, there are losses during the electron-transfer

processes at semiconductor/electrolyte junctions due to the concentration and Kinetic



overpotentials required to drive the hydrogen evolution reaction and oxygen evolution
reaction. Therefore, in order to generate the Voc required to split water, a semiconductor

should have a band gap energy (Eg) witha 1.6 to 2.4 eV.

E; H*
p=HO0| 123ev
/M - 0,
VB
h+
n-semiconductor Electrolyte Metal

Figure 1.3 Energy diagrams of photocatalytic water splitting based on an n-type
semiconductor photoanode and metal counter electrode (one-step excitation).

To design an efficient PEC water splitting cell, it is critical to understand the
properties of semiconductor and semiconductor/electrolyte interface such as the band
positions and the amount of band bending, which can be easily understood by energy
diagram for a PEC cell. Figure 1.4 depicts the energy diagram of an n-type
semiconductor/liquid contact®. When the semiconductor is immersed in an electrolyte
solution at open circuit, the Fermi level of semiconductor is higher than the redox
potential of the electrolyte and this difference between them is called the barrier height
(Figure 1.4a). Consequently, electron transfer takes place between the semiconductor and

the electrolyte solution so that the Fermi level of semiconductor is equilibrated with the
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redox potential of electrolyte solution. The electron transfer leads to the positive charge
associated with the space charge layer (also referred to as a depletion layer) causing an
upward bending of the band edges as the majority charge carrier is removed from this
region. The space charge layer results in an interfacial electric field whose electrostatic
potential balances the initial difference in electrochemical potentials between the
electrolyte solution and semiconductor (Figure 1.4b). The electric field plays an
important role in charge separation of photogenerated charge carriers. Under illumination,
non- equilibrium electron and hole pairs are created particularly in the space charge layer,
the Fermi level increases with an internal photovoltage and the electron quasi-Fermi level
and the hole quasi-Fermi level are formed (Figure 1.4c). The internal photovoltage which
is referred to the open circuit voltage, V., is given by the difference between the quasi-
Fermi levels of electron and hole, that is, by the free energy difference between the
majority carriers and the photoexcited minority carriers. The V. determines the
photoelectrochemical reactions that can be driven by that system. It is well known that
the redox potentials for water oxidation and reduction are pH dependent:
E°(O./H,0) = 1.23 V - 0.059 V X pH (vs NHE)

Despite pH dependence of the redox couple, shifting the band edge of the semiconductor
by a pH-dependent surface dipole (i.e., ~60 mV per pH unit) makes the relative

interfacial energetics of a semiconductor/electrolyte junction pH independent.
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Figure 1.4 Energy diagram of an n-type semiconductor/liquid contact in three cases: (a)
before equilibration between the two phases; (b) after equilibration, but in the dark; and
(c) in quasi-static equilibrium under steady state illumination® (copy right American
Chemical Society).

Even though a semiconductor meets the thermodynamic requirements with the
appropriate band-edge positions to straddle the water oxidation and reduction levels,
water splitting is not possible without any external bias unless recombination is
sufficiently suppressed so that the Vo, exceeds 1.23 V. Therefore, to achieve efficient
PEC performances of the semiconductor, we need also to understand the kinetics of the
charge transfer from the semiconductor surface to the electrolyte solution, which is
influenced by both on the number of charge carriers at the semiconductor surface and on
the energetics of the semiconductor band edges. The useful current is produced by two
main processes such as electron collection by the back contact and hole collection by the
redox couple, which contribute positively to device efficiency. However, there are several

recombination processes of photogenerated carriers at open circuit to generate

unfavorable current; radiative or non-radiative recombination in the bulk of the
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semiconductor, recombination in depletion-region of the semiconductor, surface
recombination by surface defects or tunneling, recombination of majority carriers passing
through the interfacial barrier. Under the dark, only few minority carrier holes are
present, which allows their contribution to the rate to be neglected while the majority-
carrier electron-transfer process is a source of detrimental recombination current. The
applied potential to the semiconductor affects a change in the charge-transfer rate by
changing the electron concentration at the semiconductor surface. Therefore, it should be
minimized by introduction of a large electrostatic barrier at the semiconductor surface.
Meanwhile, under illuminations, the charge transfer rate of minority carrier holes is very
important to produce valuable current, which is related to the surface hole concentration
described by the energy difference between the hole quasi-Fermi level and the valence
band edge. The hole transfer is independent of the light intensity or the applied potential
provided that the semiconductor remains in depletion. However, it is influenced by the
energy difference between the valence band edge and the redox potential of electrolyte
which is called a “built-in” overpotential for driving a given water oxidation/reduction

reactions.

1.1.3 Photoelectrode materials requirements

The most critical aspect for the design of a PEC water splitting cell is to choose
appropriate photoanode and/or photocathode materials. There are a number of the
materials requirements for ideal PEC water splitting cell although some of them appear to

be contradictory. This section will explain the semiconductor requirements for high
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performance cells and will present numerous research efforts/strategies to meet those
materials demands.

The band gap of semiconductor determines a wavelength region in which the
material absorbs light; the smaller band gap a material has, the more light it absorbs.
However, not only to drive the hydrogen evolution reaction and oxygen evolution
reaction using electrons/holes generated under illumination but also to maintain the
stability of the PEC cell, the conduction and valence band edge energies of the
semiconductor should straddle the electrochemical potentials of electrolyte. Also, to split
water without any external bias, materials need a band gap (1.6 ~ 2.4 eV) large enough
to split water considering the thermodynamic losses °. Moreover, the charge transfer from
the surface of the semiconductor to the solution must be selective for water splitting
rather than corrosion then the materials should exhibit long-term stability in aqueous
electrolytes. ~ Furthermore, the  semiconductors need  efficient  charge
separation/transfer/transport to obtain high PEC performances while the fabrication cost
should be low for practical use. To date, no cost-effective material satisfies all of the
technical requirements listed above. Hence, various attempts have been made in order to
develop materials with bulk and interfacial characteristics to meet these criteria.

Narrow band gap materials such as Si, CuO, Cu,0, and CdS show superior light
absorption properties but they are not appropriate to drive oxidation or reduction of water
because they have unfavorable band edge positions or very poor photochemical stabilities
which leads to a huge overpotential for water splitting or decomposing/oxidizing the
material itself in the water-based electrolyte ***°. To solve these issues, such materials

have been combined with other materials which can produce internal photovoltage for



14

zero bias or low overpotential or improve photochemical stability. Si was functionalized
with ultrathin and highly transparent NiOy layer prepared by sol-gel process and the
Si/NiOy presented a negative-shifted onset potential and higher PEC performances in
comparison with those of ITO or TiO;, coated Si photoanode because the NiOx film
served as both a protection layer and an oxygen evolution catalyst and further provided
internal photovoltage by the formation of pn junction at the interface with Si (Figure 1.5)
12 Similarly, Cu,O was modified by 10nm thick NiO layer and in contrast with the fast
photodegradation of the unmodified electrode, Cu,O /NiOx exhibited the enhanced
photochemical stability and catalysis (Figure 1.6) *’. Also, TiO, nanoparticles were used
to improve the photo-efficiency and photostability of CdS and the composites revealed
higher photocatalytic activity than only CdS photoelectrode because of an efficient
charge separation by fast diffusion of photoelectrons generated from CdS nanowires

toward surrounding TiO, nanoparticles (Figure 1.7) .

Figure 1.5 NiOx-functionalized Si photoanode'® (copy right The Royal Society of
Chemistry).
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Figure 1.6 NiOx-modified Cu,O photochathode'’ (copy right The Royal Society of
Chemistry).

]
8 B 8 &

-
o

of hydrogen evolution (umol)
&
\\

o

Surface area lm’Igl The amount

o

30 6 9% 120 15 180
Time (min)

o

CdSNW

Figure 1.7 TiO,-coated CdS photoanode™ (copy right Elsevier).

Besides, structure engineering such as fabrications of textured, nano or branched
structures can enhance PEC performances by not only the reduced reflectance which
further improves light absorption but also the increased high surface-to-volume ratios
18-20

(high surface area) or junction area which facilitates carrier separation and collection

Although it has a narrow band gap and favorable band edge position, InP requires surface
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texturing due to its low surface-recombination velocity '®. Compared to the planar
controls, the InP nanopillar arrays exhibited drastically improved solar driven hydrogen
generation because surface nanotexturing resulted in higher current densities, more
favorable onset potentials Furthermore, and further fast desorption of H, bubbles from
the InP nanopillar surface through the lowered surface energy (Figure 1.8). Another
example to indicate the effect of large junction areas is a paper about CdTe/TiO,
electrodes constructed using highly ordered TiO, nanotube arrays *°. The p-type CdTe
nanoparticles with band gap of 1.5 eV were deposited on n-type TiO, nanotube arrays
with band gap of 3.2 eV by two different methods; one is a typical electrochemical
deposition method to deposit a thick CdTe nanoparticles layer on top of the TiO,
nanotube pores and the other is their newly developed dipping and deposition technique
to effectively deposit CdTe nanoparticles within the TiO, nanotubes enabling formation
of a more intimate and conformal CdTe/TiO; junction (Figure 1.9). The second method
significantly enhanced CdTe/TiO, junction areas which can facilitate the separation of
electrons and holes at the junction, thus reducing electron-hole recombination in the
CdTe. Therefore CdTe/TiO, with more intimate and conformal junctions showed the
improved the photocurrent generation and photostability of the CdTe layer because of a
longer path length for light in the CdTe layer as well as increased CdTe/TiO, and
CdTe/electrolyte junction areas (Figure 1.9). In the same way, the branched TiO,
nanorods exhibited the improved PEC water splitting efficiency compared to
nanoparticles and nanorods because the several-fold increased surface area, which was
created by branched structures, enhanced light absorption and improved charge

separation and transport and also simultaneously offered a large contact area with the
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electrolyte which facilitates the hole transfer at the TiO,/electrolyte interface (Figure
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Figure 1.8 p-Type InP Nanopillar Photocathodes™® (copy right Wiley)
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Figure 1.9 CdTe/TiO, electrodes with highly ordered TiO, nanotube arrays® (copy right
American Chemical Society).

o e B-NRs
§ 104
< B
E 084 :
= g
E 06
é 044
é 0.2:
00

L] 1 § V. 9N IR AR I
0002040608102 14158
Potential (V vs. RHE)

Figure 1.10 n-type branched TiO, nanorods electrodes®® (copy right American Chemical
Society).
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The integration of electrocatalysts with light absorbing semiconductors is also a
functional approach to develop high efficient PEC water splitting cells %, The
introduction of RuO; cocatalysts onto the TaON surface resulted in observable O,
evolution and remarked increase in photocurrent while only TaON electrode showed little
photocatalytic activity, indicating that water oxidation on the loaded RuO; nanoparticles
occurs more efficiently than on the TaON surface (Figure 1.11) %. Also, the PEC water
oxidation performances of BiVO, electrode with different kinds of co-catalysts such as
Co0Oy, CoPi, IrO4, MnOy, RuOx were investigated and among the co-catalyst tested, CoPi
revealed the highest photocurrent density demonstrating the most efficient co-catalyst for
0, evolution (Figure 1.12) %, Moreover, deposition of Ni, Ni-Mo, and Pt catalysts onto
Si microwire arrays enhanced the apparent catalytic activities and both Ni and Ni—Mo
alloy showed sufficient catalytic activity on the microwire arrays to make it a promising
nonnoble alternative to Pt (Figure 1.13) ?°. Like these examples, an electrocatalyst
deposited on the semiconductor surface influences not only the rate of electron transfer to
and from the solution but also the equilibrium and non-equilibrium interface energetic,
which is able to suppresses electron-hole recombination or to advance charge separation
and photoelectrode performance . Some electrocatalysts such as Pt or dense crystalline
IrO,, are metallic and thus the interface between semiconductor and electrocatalyst is
expected to behave according to the well-developed theory of semiconductor/metal
Schottky contacts %. The efficient electrocatalysts should catalyze desired reactions with
relatively low overvoltages, to have high catalytic rates and have stability for long-term

application. Noble metals and metal oxides like Pt, Pd, RuOy, IrOy, etc. meet most of the
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requirements but they are very expensive, thus numerous efforts have been performed to

develop cost-effective electrocatalysts.
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Figure 1.11 TaON photoelectrode with RuO, cocatalyst ** (copy right American

Chemical Society).
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Figure 1.12 BiVO, photoelectrode with Co-Pi electrocatalyst®* (copy right American
Chemical Society).
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Above and beyond these strategies, there are the integration of a photovoltaic
(PV) cell with catalysts or in series with the PEC photoelectrode materials to provide

additional voltage (Figure 1.14a) %%

, the addition of plasmonic metal nanoparticles on
semiconductors to enhance optoelectronic properties of semiconductors by plasmon
resonance energy transfer, hot electron production, and scattering and anti-reflection

effects (Figure 1.14b) %2 metal/cation/anion doping in semiconductors to improve light

absorption properties or electric conductivities (Figure 1.14c) ***°, and so on.
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(copy right American Chemical Society).
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1.2 Thesis objectives

Solar energy conversion into storable and transportable chemical energy via PEC
water splitting cell to generate hydrogen is an attractive scientific and technological goal
to address the increasing worldwide demand for energy and to reduce the impact of
energy production on climate change. As mentioned above, the key criteria for suitable
water-splitting photoelectrode materials include good light absorption (visible range),
proper band edge positions, superior chemical stability, low overpotentials for
reduction/oxidation of water, efficient charge separation/transfer/transport in
semiconductor, and low cost.

In order to fabricate economically competitive and highly efficient PEC water
splitting cells, it is essential to choose appropriate photoelectrode materials by
considering band gap energy, photo or chemical stability and electrical properties. Also,
it is necessary to engineer and optimize the electrode structures by taking into account
materials/electrolyte junction effects, dimensions, and optical properties such as
scattering or reflectance. Finally, it is important to develop well-designed and cost

effective fabrication methods.
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1.3 Overview of the dissertation

Chapter 1 provides a brief introduction to principles of photoelectrochemical
(PEC) water splitting cells and our research objectives.

Chapter 2 describes the preparation and characterizations of as-grown and post
growth treated TiO, nanowires and explains the effects of different post growth
treatments on PEC water splitting performances.

Chapter 3 illustrates the fabrication of TiO,/Si core-shell nanowires and 3D
branched TiO,/Si nanowires and compares their PEC water splitting performances.

Chapter 4 describes the design of metal-silicon (MS) or metal-insulator-silicon
(MIS) structures as PEC water splitting photoanodes and investigates the effects of metal
thickness and differently prepared insulator on PEC water splitting performances.

Chapter 5 depicts the patterning of metal layer in metal-silicon (MS) or metal-
insulator-silicon (MIS) structures as PEC water splitting photocathodes and investigates
the effects of differently prepared insulator, bimetal thickness and ratio on PEC water
splitting performances.

Chapter 6 summarized the dissertation and describes potential future directions.
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CHAPTER 2: Photoelectrochemical Water Splitting Performance of

Post growth treated TiO, Nanowires

2.1 Introduction

Photoelectrochemical (PEC) water splitting via various semiconducting materials
and structures has been extensively studied because it is one of the most attractive
approaches to efficiently produce hydrogen fuel as a transportable alternative energy™®.
In particular, titanium dioxide (TiO,) has been comprehensively explored as a
photoanode material due to its superior chemical stability as well as photochemical and
photocatalytic properties®™*. Also, their one-dimensional (1D) nanostructures such as
nanowires (NWSs) or nanotubes (NTs) can be easily fabricated by relatively low cost
process such as hydrothermal growth or anodization method™ ***'. Such 1D
nanostructures offer a unique combination of the large surface areas/reaction sites,
increased optical path lengths, direct electronic carrier transport pathways, and short
lateral diffusion length for efficient light harvesting, high quantum efficiency and
enhanced PEC water splitting reactions™® *°. However, TiO, has a wide band gap, leading
to a limited light absorption in the visible region of solar spectrum, low electron mobility
and short minority carrier diffusion length®® 2. To overcome these disadvantages of TiO,
and improve its PEC water splitting performance, various investigations have been
performed on ion doping, dye/quantum dot sensitization, metal co-catalyst,

heterojunction structures®2*.
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Recently, black TiO, nanomaterials have received attention for PEC water
splitting because of the improved light utilization with maintained stability and band
alignment. Black TiO, can be obtained by an uncomplicated method, for example

annealing under hydrogen atmosphere®?’

, In vacuum, and doping with metal anion with
and without other cations. It has been reported that black anatase TiO, nanocrystals,
which were prepared by hydrogenation in a 20.0-bar pure H, atmosphere at about 200°C
for 5 days, had a reduced band gap due to the introduced defects states in the partially
filled d-band, which results in notable photocatalytic decomposition activity in the visible
region and thus PEC water splitting efficiency. They explained that highly disordered
surfaces and crystalline cores were produced during the hydrogenation process, then
caused an increased density of states which effectively shifted the valence band edge
leading to a lower band gap®. Meanwhile, the hydrogen treated rutile TiO, NWs, which
were prepared by annealing at 350 °C for 30 min under a pure hydrogen atmosphere, also
significantly enhanced PEC water splitting performance (quantum efficiency from <1%
to 98% at wavelength 300~370nm; conversion efficiency increased from 0.24 to 1.63%
after H, treatment). However, they explained mainly due to the increased donor density
of TiO, NWs by creating a high density of oxygen vacancies without introducing
noticeable change in its energy band gap®. Besides, they further investigated the
underlying mechanisms on highly efficient PEC water splitting performances of those
oxygen-deficient rutile TiO, NWSs via transient absorption mechanistic study in
collaboration with other group.?’. Therefore, they verified that the improved electrical
properties of oxygen-deficient TiO, NWs resulted in much efficient spatial separation of

electron—hole pairs at moderate applied bias and almost completely suppressed the
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recombination losses leading to an improved PEC water splitting performance?’.
Although both research groups used pure hydrogen gas to synthesis black TiO,
nanomaterials, they utilized different H, pressure and temperature and then they obtained
different hydrogenation effects like the valence band shift from highly disordered
surfaces or Fermi level shift from oxygen vacancies. Therefore, it should be noted that
hydrogenation process conditions are very important.

On the other hand, it is very important to passivate surface states in nanostructures
for high charge collection efficiency’® #. Atomic layer deposition (ALD) is a coating
technique for passivating surface states and it allows highly conformal coating on
nanostructures®. Very recently, a quantitative study was conducted on the dependence of
PEC water splitting performance on the length of rutile TiO, NWs and they demonstrated
that the photocatalytic activity of rutile TiO, NWSs can be noticeably improved by ALD
coating of additional rutile TiO, layer on the surface of TiO, NWs due to the passivation
of surface states and an increase in surface area®’.

Both hydrogenation and ALD coating are straightforward post growth-treatment
methods to improve PEC water splitting performance of TiO, NWSs. However, they
differently influence on the electrical properties of TiO, NWs. So far, it has not been
investigated synergistic effects of hydrogenation and ALD coating as co-treatments of
TiO, NWs. Here, we employ Hy/N, mixing gas (forming gas treatment) for
hydrogenation or ALD coating or both to improve PEC performance of TiO, NWs via
such simple post growth-treatments. To understand the effects of the post growth-
treatments on surface morphologies/crystal structures, we have employed scanning

electron microscope (SEM), high resolution transmission electron microscope (HRTEM),
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X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). Also, we have
measured their dark- and photo-current density-voltage properties and incident photon to

current conversion efficiencies to explore their PEC water splitting properties.

2.2 Experimental

2.2.1 Fabrication TiO, NWs and post growth treated TiO, NWs

TiO, NWs were prepared by a hydrothermal method®. For a growth solution, 1
ml of titanium n-butoxide (Alfa Aesar) was added drop-wise to a 1:1 mixture of DI water
and concentrated hydrochloric acid (EMD chemicals) and stirred to obtain a clear
transparent solution. A cleaned fluorine-doped tin oxide (FTO) glass was placed in the
growth solution in a stainless steel autoclave with a Teflon liner (Parr instrument), and
then sealed and maintained at 150 °C for 3hrs. After the hydrothermal reaction, the
sample was removed from the solution, rinsed with ethanol, and dried with nitrogen gas,
and followed by annealing at 450 °C for 2hrs in air. TiO, NWs grown on the FTO glass
were obtained. For further modification of as-grown TiO, NWs, we employed different
approaches such as forming gas (FG) treatment or atomic layer deposition (ALD). For
FG TiO, NWs, as-grown TiO, NWSs were treated in 10% H,/90% N, mixed gas
atmosphere at different temperatures (400, 450, 500, and 550 °C) for 2 hrs. For ALD
TiO, NWs, we coated as-grown TiO, NWSs with additional protecting TiO, layer by ALD
method. Also, we used both processes with different sequences to obtain synergistic
effects. For FG-ALD TiO, NWs, FG TiO, NWs were followed by ALD method and for

ALD-FG TiO,; NWs, ALD TiO, NWs were further treated by FG atmosphere.
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2.2.2 Materials characterization and PEC performance measurements

To investigate the morphology of the TiO, NWs and differently post growth-
treated TiO, NWs, a high-resolution SEM (FEI XL30-SFEG) was employed. The atomic
scale structural analyses were performed using high-resolution transmission electron
microscopy (HRTEM, JEOL JEM3100F) operated at 300 kV. For the TEM
measurements, the TiO, NWs were scraped off from the FTO substrate onto a holey-
carbon TEM grid. Also, the TiO, NWs with and without post growth-treatment were
further characterized by both XPS (AXIS ULTRA equipped with Al Ka source line at
1486.6 eV) and XRD (Rigaku Multiflex X-ray diffractometer with Cu-Ka radiation (A =
1.54 A)).

PEC performance measurements were carried out in a 0.25 M Na,SO, electrolyte
(pH = 7.2) buffered with phosphate buffered saline (PBS). A three-electrode
configuration was employed, where the unmodified and modified TiO, NW samples were
used as photoanodes, a platinum coil as the counter electrode, and Ag/AgCI (with 1 M
KCI) as the reference electrode?® *. The photoanodes were illuminated by a solar
simulator (Newport) equipped with a 150 W Xe lamp and an AM 1.5 filter (100
mW/cm?) for light condition measurement. Both dark- and photo-current density-voltage
(J-V) measurements were performed using a potentiostat (Digi-ivy Inc., DY2300) and all
data were recorded using software DY2300. Photocurrent spectrum responses of the TiO,
NWs and different post growth-treated TiO, NWs under a constant bias (1.23 V vs. RHE)
were collected using a potentiostat (Digi-ivy Inc., DY2300) in conjugation with a
monochromator (Horiba Jobin Yvon, iHR 550). Prior to the measurements, the intensity

of the monochromated light was calibrated using a Si photodetector (Newport). To obtain



33

a steady-state photocurrent as well as dark current, a sufficiently low frequency of light
chopping was used to allow the system to stabilize. The average steady-state current
values were then used to calculate the incident photon to current conversion efficiencies

(IPCEs)** *.

2.3 Results and discussion

2.3.1 Morphologies and structures of TiO, NWs and post growth-treated TiO, NWSs
Figure 2.1 indicates SEM images of typical TiO, NWs and differently post
growth-treated TiO, NWSs. Regardless of whether post growth-treatments were conducted
or what kinds of them were employed, all NWs samples show high density and good
vertical orientation with tetragonal top facets. Without any further modification, each
TiO, NW with ~80nm of diameter had a bundle shape of secondary much thinner NWs
(few nm) leading to a rough surface (Figure 2.1a’). These as-grown TiO, NWs samples
on FTO glasses appeared semi-transparent after growth. Interestingly, additional TiO,
ALD layer caused much smoother surface of TiO, NW by completely covering the
secondary thinner NWs in each TiO, NW (Figure 2.1b”). Also, ALD TiO, NWSs sample
looked not semi-transparent but white color because additional TiO, layer made each
TiO, NW thicker and then more reflection of TiO, NW surface occurred. However, FG
treatment did not change the morphology of as-grown TiO, NWs but the color of FG
treated samples was changed from grey to black as FG temperature increased from 400
°C to 550 °C. These color changes are similar to the results reported in previous literature
even though they employed pure hydrogen gas with short time for hydrogenation. They

explained the color changes are ascribed to the formation of impurity/defect states in the
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band gap of TiO, NWs during hydrogen treatment®. This will be discussed more in XPS
study. As shown in Figure 2.1f, the color of ALD - 450 °C FG TiO, NWs exhibit dark
grey because additional TiO, ALD layer before FG treatment presumably acted as a
blocking layer which prevents the secondary thinner NWs in each TiO, NW from
reacting with forming gas in the next step, FG treatment. However, Figure 2.1g shows
bright grey color of 450 °C FG - ALD TiO, NWs because oxygen vacancies formed by
FG treatment might be reduced by additional TiO, ALD layer in the last step. This is not

clear at this point, which is currently under investigation.

Figure 2.1 SEM images and optical images of typical TiO, NWs (a, a’), ALD TiO, NWs
(b, b’), FG TiO, NWs treated at different temperatures of 400 °C (c), 450 °C (d), and 500
°C (e), ALD - 450 °C FG TiO, NWs (f), and 450 °C FG - ALD TiO, NWs (g). Scale bar
is 500 nm except for 200 nm in (a’) and (b’).

Figure 2.2 shows TEM images, HRTEM images, and corresponding diffraction
patterns of typical TiO, NWs and different post growth-treated TiO, NWSs. The
unmodified TiO, NWs have an edge with rough and jagged surface by secondary thinner
NWs as we expected from SEM images while ALD-treated samples show a smooth

surface. However, all TiO, NWs samples with and without post growth-treatments have
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clearly visible lattice planes with spacing of 3.2+0.1 A and 2.8+0.1 A corresponding to
the interplanar distance of the (110) and (001) planes of rutile TiO,, respectively?* 3.
Also, with zone axis [110], the diffraction patterns of them axis indicates that the TiO,
NWs grew along the [002] direction.

XPS and XRD spectra of the unmodified and modified TiO, NWs were shown in
Figure 2.3. Figure 2.3a—2.3c shows the high resolution XPS spectra of Ti 2p region (452—
468 eV), O 1s region (527-535 eV), and valence band region (0-6 eV). For unmodified
TiO, NWs, two sharp symmetric Ti 2p peaks appeared with binding energies centered at
458.5 eV and 464.2 eV which correspond to typical Ti 2pa2 and Ti2py; peaks of Ti*" in
TiO,, respectively®* **. Also, a sharp peak in O 1s region (O 1s peak A) was observed at
529.8 eV attributed to the lattice oxygen ions O*", which are associated with Ti** in TiO,.
A broad peak (O 1s peak B) also exhibited at higher binding energy (531.8 eV) which

can be ascribed to the hydroxyl groups or chemisorbed oxygen on the surface®® *

or
which can be attributed to adventitious carbon contamination on the TiO, surface during
sample preparation and subsequent XPS measurement®® *. Note that TiO, has
hydrophilic surface which can easily absorb water molecules in the air leading to the
hydroxyl groups (O 1s peak B) on the surface. Regardless of difference in post growth-
treatments, all of modified TiO, NWs indicate the peaks at identical positions in both Ti
2p. However, very small horizontal shift toward lower binding energy and peak
narrowing of both Ti 2p peaks in 450 ‘C FG TiO, NWs were observed (Figure 2.3a).
These can be explained by the reduced oxidation state of Ti ion from hydrogenation. In

other words, hydrogenation can cause the increase oxygen vacancies and donor density in

TiO, NWs because electronegativity of hydrogen is smaller than oxygen®® **. However,
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the peak shift was very small probably due to small amount of hydrogen gas used in our
FG treatment compared to pure hydrogen gas or long time annealing in previous reports.
Thus maybe the defects caused by the oxygen vacancy do not have significant density
states that can be identified by the XPS. On the other hand, O 1s peak A was located at
the same position in all samples irrespective of post growth-treatments. However,
interestingly, O 1s peak B was differently shifted depending on post growth-treatment
type and sequences (Figure 2.3b and 2.4). For example, compared to peaks of as-grown
TiO, NWs, both ALD TiO; NWs and 450 °C FG-ALD TiO,; NWs had the O 1s peak B at
531.0 eV which was not much separated from O 1s peak A. This implies that ALD layer
can remove/reduce hydroxyl groups, chemisorbed oxygen, or organic contaminations on
the TiO, surface. Meanwhile, both 450 °C FG TiO, NWs and ALD-450 °C FG TiO, NWs
showed the O 1s peak B at 531.4 eV which was also closer to O 1s peak A but
distinguishable from O 1s peak A, unlike that of ALD treated samples, suggesting TiO,
surface hydration®. Moreover, both ALD and FG treatments did barely influence valence
band maximum position (Figure 2.3c). Although it has been reported that the black color
of hydrogenated TiO, nanoparticles resulted from surface disorder confirmed by a

considerable shift of valence band position® “

, ho shift of the valence band edge of
hydrogen treated TiO, NWs has been also reported,”® which is in good agreement with
our results. From the XPS study, the dark color from hydrogenation is probably attributed
to the formation of oxygen vacancies and surface hydroxyl groups on TiO,. However, the
energy states of surface hydroxyl groups below the valence band should not lead to

visible light absorption due to their energetic stability”®. Therefore, the oxygen vacancies

below TiO, conduction band created by hydrogenation can cause the visible light
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absorption of TiO, NWs and thereby the dark color of the samples®® #’. Furthermore, in
Figure 2.3d, the unmodified TiO, NWSs show an excellent agreement with the
characteristic XRD patterns for the standard rutile structured TiO, (ICSD No. 064987,
P42/mnm, a = b = 4.5845 A and ¢=2.9537 A). ALD TiO, NWs had obviously higher
rutile TiO, peaks than those in as-grown and other post growth-treated TiO, NWs,
confirming increased crystallinity. Also, there are new peaks (X, marked in Figure 2.3d)
which can be peaks of anatase phase TiO, or FTO peaks. However, TEM study
confirmed that all of samples are rutile TiO,, which can confirm that the marked X peaks
are from the FTO substrate. The other modified TiO, NWs also show almost same XRD
peaks confirming that any post growth-treatments did not significantly change TiO,
crystal structure. Therefore we concluded that FG treatment changed the color of TiO;
NWs to dark (grey up to black) due to the formation of oxygen vacancies and surface
hydroxyl groups on TiO, without any significantly changes of morphologies and crystal
structures while ALD protected the surface of TiO, NWs by additional of TiO, layer,
which can prevent/hinder the formation of oxygen vacancies and surface hydroxyl groups

leading to whitening TiO, NWSs with or without pre/post growth FG treatment.
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Figure 2.2 TEM images, diffraction patterns and HRTEM images of typical TiO, NWs
(a, a’), ALD TiO2 NWs (b, b’), ALD-450 °C FG TiO2 NWs (c, ¢’) and 450 °C FG-ALD
TiO, NWs (d, d”). Scale bar is 100nm.
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Figure 2.3 Ti 2p XPS peaks (a), O 1s XPS peaks (b), valence band XPS peaks (c) and
XRD patterns (d) of typical TiO, NWs, ALD TiO, NWs, ALD-450 °C FG TiO, NWs and
450 °C FG-ALD TiO; NWs.
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Figure 2.4 XPS O1s peaks of typical TiO, NWs, ALD TiO, NWSs, ALD-450 °C FG TiO,
NWs and 450 °C FG-ALD TiO, NWs.
2.3.2 PEC performances of different temperature FG treated TiO, NWs

We then investigated the effect of various FG treatment temperatures (from 400
°C to 550 °C) on PEC water splitting performance to optimize FG treatment conditions.
The photocurrent-voltage (JV) and efficiency curves of the samples are shown in Figure
2.5. In this study, the PEC performance parameters are defined as flows. Js IS a current
density value of each sample at 1.23 V vs RHE (the Nernst potential for water oxidation,
E°H20/02) and V. Is a voltage difference between E°y20/02 and photo onset potential (Vos).

The TiO, NWs exhibited 0.17 % of efficiency with 0.37 mA/cm? of Js. and 1.08 V
of Voc.. When TiO, NWs were treated under FG atmosphere, Js significantly increased
leading to higher efficiency although V. remained almost same and FF decreased in
comparison with the performance parameters of as-grown TiO, NWs. V. is mainly

determined by the over-potential of the oxidation reaction and the flat band potential®,
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which were not influenced by FG treatment. Especially, at a low potential window (Vs to
0.6 V vs RHE) in Figure 2.5a, 400 °C and 450 ‘C FG TiO, NWs show a dramatically
increased current density, which means that the charge separation and transportation in
those samples are more efficient, compared to the as-grown TiO, NWs and 500 °C FG
TiO, NWs. We observed FG treatment over 450 °C notably increased the resistance of
FTO substrate leading to remarkably reduced FF. Thus 550 °C FG TiO, NWs sample
indicated very low photo-current density which was almost same as its dark current
density (not shown here). That is, photo-induced charges from 550 °C FG TiO, NWSs
cannot be collected via FTO substrate which became an insulating substrate. Note that the
maximum power of FG TiO, NWs was obtained at a higher bias than that of as-grown
TiO, NWs and the bias increased according to FG treatment temperature up to 500 °C.
This confirms that as the sheet resistance of FTO substrate increased with FG
temperature, higher bias was required for efficient charge collection via FTO layer to Cu
wire. The best FG TiO, NWs, which prepared at 450 °C under forming gas, show 2.6
times higher efficiency (0.45 %) mainly due to much higher Js. (1.15 mA/cm?). These
results prove that FG treatment is a straightforward and effective method to improve the
PEC performance of TiO, NWSs. We will discuss FG treatment effects on the PEC

performance more with the data of dark current density and IPCE below.
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Figure 2.5 JV curves (a) and efficiency (b) of typical TiO, NWs and FG TiO, NWs
treated at different temperatures.
2.3.3 PEC performances and Photocurrent spectrum responses of TiO, NWs and post
growth-treated TiO, NWs

The PEC performances of different post growth-treated samples were compared
to explore their each or synergetic effects. Figure 2.6 shows J-V curves, efficiency and
IPCE data of as-grown TiO, NWs, ALD TiO, NWs, 450 °C FG TiO, NWs, ALD-450 °C
FG TiO, NWs and 450 °C FG-ALD TiO, NWs. Although ALD treatment increased Jg
by about 1.6 times, ALD TiO, NWs exhibited similar efficiency (0.18%) due to very low
FF. There are two possible reasons for low FF. One is due to the defect/impurities in TiO,
NWs which cause the fast recombination losses between photo induced electrons and
holes**. However, from XPS data (Figure 2.3), ALD treated samples did not show
broadening both Ti 2p peaks, confirming there were no defects/impurities and XRD
shows better crystallinity. Also, in general, the defects/impurities in materials cause
higher dark current density®. However, in Figure 2.7, unlike TiO, NWs, ALD treated

samples showed very low dark current which further decreased as the applied bias
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increased confirming no defects in TiO, NWs of ALD treated samples. Note that the dark
current value for all samples is few pA/cm? showing good quality of NWs. Another
possible reason for low FF is the smaller surface area/roughness from the smoother
surface of ALD TiO, NWs. We observed that TiO, NWs have rough surface and higher
surface area, consisting of secondary ultrathin NWs in each TiO, bundle (Figure 2.1a’).
However, ALD TiO, NWs have no secondary NWs exposed to electrolyte (Figure 2.1b”)
and they need high bias as a driving force for charge separation in bulk. Therefore, ALD
TiO, NWs had higher Tafel slope (167 mV/decade) than TiO, NW (134 mV/decade) in
Figure 2.8. Also, in comparison with TiO, NWs, smaller photocurrent density was
obtained at lower bias and the maximum power also exhibited at higher bias.
Nevertheless, as the bias increased, photocurrent density dramatically increased and in
Figure 2.6c, IPCE value of ALD TiO, NWs was also much enhanced in the UV region,
compared to that of TiO, NWs. It has been reported that despite efficient light absorption
at the shorter wavelengths due to a larger absorption coefficient of TiO,, the IPCE value
of TiO, generally decreases at the shorter wavelengths like our IPCE data of as-grown
TiO, NWs because a fraction of the photo-induced majority carriers in the depletion
region can diffuse to the electrolyte interface against the electric field leading to the
recombination with holes®. These electron diffusion losses are significant when the
majority carrier's mobility is low and there is a high density of surface/interface states
which creates a large recombination velocity. Note that the improvement of IPCE value
in ALD TiO, NWs occurred particularly at the short wavelength as well as the dark
current density was very low and further decreased as the applied bias increased. ALD

TiO, NWs have no the exposed ultrathin secondary NWs of TiO, NWSs which can be
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charge trapping sites at their interfaces. This implies that ALD layer acted as a protecting

layer to passivate defect sites of TiO, NWs surface leading to increased charge collection

efficiency.
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Figure 2.6 JV curves (a), efficiency (b) and IPCE data (c) of typical TiO, NWs, ALD
TiO, NWs, 450 °C FG TiO, NWs, ALD-450 °C FG TiO,; NWs, and 450 °C FG-ALD
TiO; NWs,
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Figure 2.8 Tafel plots (a) and the scale-up IPCE data (b, c) of typical TiO, NWs and
different post growth treated TiO, NWs. (b) and (c) indicate the scale-up IPCE data in the
wavelength range of 300~500 nm and 400~800 nm, respectively.

As mentioned earlier, 450 °C FG TiO, NWs had low FF due to increased
resistance of FTO substrate by FG treatment. Also, the dark current density of FG TiO,

NWs further increased along with more positively applied bias (Figure 2.7) but the value

was lower than that of TiO, NWs. However, despite low FF, 450 °C FG TiO, NWs
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exhibited 0.45 % of efficiency mainly due to much higher Jsc which is about three times
higher than that of TiO, NWs and two times higher than that of ALD TiO, NWSs as
shown in Figure 2.6. Also, Tafel slope of 450 ‘C FG TiO, NWs (124 mV/decade) was
lower than that of TiO, NW in Figure 2.8 showing higher electrical conductivity for
efficient charge separation and transportation. Moreover, they indicated much improved
IPCE value in the whole UV region (~60 % of the maximum value at 300nm) which
mainly contributed to much higher J, and exhibited few % even in visible light range
where TiO, NWs and ALD TiO, NWs did not show any IPCE value (Figure 2.6¢ and
2.8). The enhancement of IPCE value in the entire UV region, especially at shorter
wavelength, confirmed that FG treatment increased the mobility of photo-induced
majority carrier by suppression of recombination loss thereby improved short wavelength
absorption, which was also verified by the IPCE data of both ALD-FG TiO, NWs and
FG-ALD TiO, NWs. It was reported that both TiO, NWSs and hydrogen treated TiO,
NWs have similar nature of the trap states but under a positive applied bias, hydrogen
treated TiO, NWs dramatically decreases the width of the space charge layer due to
higher donor density, which leads to large band bending and effective spatial charge
separation thereby high initial charge carrier yields ?’. With dark color of the sample and
XPS data, IPCE values of FG TiO, NWs in visible light range support that FG treatments
created a high density of oxygen vacancies below the conduction band edge to make TiO,
NWs visible light responsive?.

Interestingly, both processes-treated samples with different sequence, ALD - 450
°C FG TiO, NWs and 450 °‘C FG - ALD TiO, NWs, indicated different PEC water

oxidation performance (Figure 2.6). They similarly exhibited very low dark current
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which further decreased with the increased applied bias like ALD TiO, NWs (Figure 2.7).
However, although they indicated much better PEC water oxidation performance than as-
grown TiO, NWs and ALD TiO, NWs, both samples showed lower efficiency than 450
°C FG TiO; NWs. Mainly due to smaller Js, ALD - 450 °C FG TiO, NWs had smaller
efficiency as we expected. This is because ALD - 450 °C FG TiO, NWSs have no thinner
NWs to expose to forming gas leading to insufficient FG treatment effects. Nonetheless,
compared to ALD TiO, NWs, ALD - 450 °C FG TiO, NWs exhibited not only superior
efficiency due to increased Ji and FF but also improved IPCE value at shorter
wavelength with visible light response. These results imply that FG treatment enhanced
the electrical conductivity even if its effect was insufficient in ALD - 450 °C FG TiO;
NWs. On the other hand, 450 °C FG - ALD TiO, NWs had improved Js than that of 450
°C FG TiO, NWs but they had poorer efficiency due to much low FF possibly because
ALD layer blocked black thinner NWs in each TiO, bundle to expose to electrolyte for
water oxidation reactions. Like ALD TiO, NWs, they also need high bias as a driving
force for charge separation in bulk. Therefore, in comparison with 450 °C FG TiO; NWs,
450 °C FG - ALD TiO, NWs had higher Tafel slope (160 mV/decade) in Figure S3 and
smaller photocurrent density at lower bias. Also, the maximum power exhibited at higher
bias. However, FG-ALD TiO, NWs show a minute amount of increase in IPCE value
compared to FG TiO, NWs. As mentioned above, this also suggests that FG treatment
can enhance the short wavelength absorption typically due to reduced recombination,
which is also proved by the ALD then FG treatment sample. In our study, FG treatment
effect was more efficient than ALD coating effect. FG treatment and ALD coating can

improve IPCE value at the shorter wavelength by different means. ALD layer acts as a
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protecting layer to passivate defect sites of TiO, NWs surface leading to increased charge
collection efficiency by completely covering ultrathin secondary NWs of TiO, NWs
which can be charge trapping sites at their interfaces. On the other hand, FG treatment
increases donor density by generating oxygen vacancies below the conduction band edge
leading to large band bending and effective spatial charge separation thereby high initial
charge carrier yields in the whole UV region. Also, FG treatment makes TiO, NWSs

visible light responsive.

2.4 Conclusion

To improve PEC water splitting performances of hydrothermally grown rutile
TiO, NWs, we have further modified TiO, NWs with ALD coating or FG treatment or
both post growth treatment processes and investigated their effects. FG treatment
increases donor density in TiO, NWs by the formation of oxygen vacancies, which gives
rise to more efficient charge separation and transportation leading to much higher IPCE
value and Js.. On the other hand, the additional ALD layer indicates two opposite effects
on PEC performances of TiO, NWs. One is playing a protecting layer that passivates
defect sites of TiO, NWs surface leading to increased charge collection efficiency. The
other is acting a blocking layer that prevents secondary thinner NWs in each TiO, bundle
from reacting with water-based electrolyte during PEC performance test or reacting with
FG gas in second FG treatment. Therefore, TiO, NWs and FG TiO, NWs with ALD layer
exhibited similar or smaller efficiency due to very low FF despite improved Js. and IPCE
value. Therefore both types and sequences of post growth treatments should be carefully

considered to improve the properties and performances of TiO, NWs.
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2.5 Note

This chapter, in full, is currently being prepared for submission for publication of the
Journal of Physical Chemistry C. Sun Young Noh, Ke Sun, Shaohua Shen, Sung J. Kim,
Xiaoging Pan, Sungho Jin, and Deli Wang. The dissertation author was the primary

researcher and the first author of this paper.
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CHAPTER 3: Branched TiO,/Si Nanostructures for Enhanced

Photoelectrochemical Water Splitting

3.1 Introduction

Since the first practical demonstration of photoelectrochemical (PEC) water
splitting using a TiO,-based photocatalyst !, research efforts have been focused on
various semiconducting materials and structures for efficient light harvesting, high
qguantum efficiency, enhanced PEC water splitting performance, as well as practical

durability and low cost manufacturing >°

. In particular, photoelectrodes based on
dimension-controllable and highly ordered metal oxide nanostructure array * % ***** have
attracted much attention for PEC applications. Such nanostructures offer a unique
combination of the large surface areas/reaction sites, increased optical path lengths and
thus low reflection, direct electronic carrier transport pathways, and short lateral diffusion
length due to their one-dimensional (1D) nanostructures.

Additional advantages such as superior chemical stability, ease of fabrication, and
relative low cost inherited from oxide materials have also been noted. However, most
metal oxides such as TiO,, ZnO, and WO3 have wide bandgaps, leading to a limited light
absorption in the visible region of solar spectrum, unfavorable band positions with
respect to the water oxidation and reduction levels, low electron mobility, and rapid
electron-hole pair recombination °. To resolve these issues of metal oxide
photoelectrodes, various investigations have been performed on metal/cation/anion

doping, dye/quantum dot sensitization, metal ion-implantation, and heterojuction ***’.

54
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Among the aforementioned techniques, the heterojunction electrode approach utilizes two
different semiconductors that form a hetero-junction allowing enhanced light absorption
and charge collection efficiency, which can also take advantage of electrochemically
robust materials to improve photoelectrochemical corrosion stability®%.

Si is the most important and broadly used semiconductor in electronic and
optoelectronic devices, which is also abundant and generally of low cost. Si is a desirable
photoelectrode material for PEC applications because it has a narrow band gap, absorbs
light efficiently, and has easily controllable electrical conductivity * ?* %, However, Si
has poor chemical stability because it is rapidly oxidized in aqueous solution under solar
illumination or under anodic bias %°. On the other hand, TiO- has been extensively studied
as photoanode material due to its superior chemical stability as well as photochemical
and photocatalytic properties 2" 2%, However, it absorbs sunlight only in the UV region
and collects less than 5% of the total energy available in the solar spectrum > *? and thus
offers a limited PEC performance. Therefore, a heterogeneous integration of Si and TiO,
could combine their advantageous properties for PEC with good chemical stability and
efficient light absorption.

Compared to a planar structure, a vertically oriented nanowire (NW) array
exhibits a significant advantage of enhanced light absorption and energy conversion

efficiency due to the following reasons * 2%

. First, vertically oriented NW array
provides a reduced reflection and thus enhanced sunlight absorption due to their light
trapping properties. Second, the aligned NWs can orthogonalize the light absorption and
the carrier collection processes due to the reduced competition between photon

absorption and carrier collection, and short diffusion length of minority carriers. Third,
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the NWs also provide a larger internal surface area and reaction sites to improve the
charge transfer and PEC reaction kinetics. In this regard, the core/shell NW (cs-NW) and
three-dimensional (3D) branched NW (b-NW) heterostructures are very attractive
photoelectrodes. Such structures offer combined advantages of heterojunction and 1D
nanostructures ' ¥ % The 3D b-NW heterostructures could offer greatly increased
surface area and more enhanced light absorption in NW branches compared to the cs-NW
heterostructures.

In this article, we report a successful fabrication of three-dimensional (3D)
TiO,/Si based branched NW arrays by a combination of nanoimprint lithography (NIL),
reactive ion etching (RIE), and hydrothermal reactions. The b-NW structures were
characterized using scanning electron microscopy (SEM), high-resolution transmission
electron microscopy (HR-TEM), and X-ray diffraction (XRD). The TiO,/Si b-NW arrays,
in comparison with TiO,/Si cs-NW arrays, with various Si NW lengths were studied as
photoanodes for PEC water splitting. A working mechanism based on charge transfer and

recombination at the n-n TiO,/Si heterojunction is proposed.

3.2 Experiments

3.2.1 Preparation of vertical Si nanowire (NW) arrays

N-type (100) polished silicon wafers (University Wafer, phosphorus doped,
0.3~0.5 Q-cm resistivity) were cleaned by 10% nitric acid, acetone, isopropanol alcohol
(IPA), deionized (DI) water, and blow-dried by nitrogen gas. Vertical Si NW arrays were
fabricated by combining nanoimprint lithography (NIL) and reactive ion etching (RIE)

35-37

processes Specifically, a polymethylmethacrylate (PMMA, Micro Resist
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Technology, mr-135k PMMA 300) layer was spin-coated and baked. The NIL was carried
out at 175 C using an ANT-2 nano-imprinter machine using a mould consisting of

islands having 500 nm diameter and 500 nm spacing. After imprinting, the residual
imprint polymer was removed by RIE (Oxford instrument, Plasmalab 80 RIE system). An
array of Ni dots, later to be used as RIE etch masks, were defined by a deposition of 40-
nm Ni thin film on the nanoimprinted PMMA/Si substrate by an E-beam evaporator
(Temescal, BJD 1800 E-beam Evaporator) and subsequently lift-off processed using
acetone. Si NW arrays with different lengths were fabricated by RIE (Oxford instrument,
Plasmalab 100 RIE/ICP system) using different etching time. In order to achieve vertical
un-isotropic etching, sulfur hexafluoride (SFg) was used as etchant while
octafluorocyclobutane (C4Fg) was added to passivate the sidewalls and suppress lateral
etching of the silicon NWs. The nickel etch mask was chemically removed after RIE
using a Ni etchant solution. Prior to the TiO; coating, the surface of Si NW arrays was

cleaned - the Si NW array were annealed in oxygen at 600 C for 1 h, etched in HF

solution, and cleaned using the standard RCA procedure.

3.2.2 Fabrication of core/shell and branched TiO,/Si NWs arrays

To fabricate a TiO, thin film-coated Si NW (core/shell TiO2/Si NW, cs-NW)
array, a thin layer of TiO, was deposited on the vertical Si NWs using RF magnetron
sputtering (Denton Discovery, 18 Sputter System) at 400 W under 15 mTorr in an argon
environment, and annealed at 400 C for 30 min in nitrogen atmosphere. The TiO; thin
film coating on Si NW surface serves as shells and also as a seeding layer for the growth

of 3D branched TiO,/Si NWs.
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Branched TiO,/Si NW (or TiO,/Si b-NW) arrays were prepared by a
hydrothermal reaction *. For hydrothermal processing solution, 1 ml of titanium n-
butoxide (Alfa Aesar), the titanium precursor, was added drop-wise to a 1:1 mixture of
DI water and concentrated hydrochloric acid (EMD chemicals) and stirred to obtain a
clear transparent solution. The core/shell TiO,/Si NW arrays were placed in the growth
solution in a stainless steel autoclave with Teflon liner (Parr instrument), and then sealed
and maintained at 155 C for the growth of TiO, branches for various time periods. After
the hydrothermal reaction, the samples were removed from the solution, rinsed with
ethanol, and dried with nitrogen gas, and followed by annealing at 400 C for 30min in
nitrogen atmosphere. Figure 3.1 shows a schematic diagram outlining the fabrication

process of vertical Si NW arrays, core/shell and branched TiO2/Si NW arrays.
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Figure 3.1 Schematic of the fabrication process of TiO, thin film-coated Si NWs array
and 3D branched TiO,/Si NWs array.
3.2.3 Materials characterization and PEC performance measurements

A high-resolution scanning electron microscope (SEM, FEI XL30-SFEG) was
employed to examine the NW morphology. The crystalline structures of TiO, NWSs
hydrothermally grown on Si substrate were further characterized by X-ray diffraction
(XRD, Rigaku Multiflex X-ray diffractometer) with Cu-Ko radiation (A = 1.54 A)
scanning at a rate of 0.05° s™. Transmission electron microscopy (TEM, FEI Tecnai G2
F20 S-Twin) was carried out with 200 kV accelerating voltage (SINANO, China). For the
TEM measurements, the TiO,/Si b-NWs were scraped off from the substrate and
dispersed in IPA using sonication, and a drop of the resulting suspension was then

applied on a nickel TEM grid.
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The optical transmittance of hydrothermally grown TiO, NWs on sapphire
substrate was measured by using a monochromator (Horiba Jobin Yvon, iHR 550)
equipped with a 150 W Xenon lamp as an illumination source, from which the optical
band gap was extrapolated. A lock-in amplifier (Stanford Research, SR530) was used to
isolate the signal component specifically from the incident illumination. A pre-amp
(Ithaco 1211 current preamplifier) with various gains depending on the current levels was
also used. The transmitted light spectrum of the monochromatic illumination was
calibrated using a Si p-i-n photodiode (Newport, 818-UV).

PEC performance measurements were carried out in a 0.25 M Na,SO, electrolyte
(pH = 7.2) buffered with phosphate buffered saline (PBS) in a three-electrode
configuration *°, where the TiO,/Si cs-NW or b-NW array based photoanode serves as the
working electrode, a platinum mesh as the counter electrode, and Ag/AgCl (with 1 M
KCI) as the reference electrode. All three electrodes were in a glass apparatus with a
quartz window, through which the photoanodes were illuminated by a solar simulator
(Newport) equipped with a 150 W Xe lamp and an AM 1.5 filter (100 mW/cm?). During
the measurement, the electrolyte solution is saturated with nitrogen gas to remove the
dissolved oxygen and carbon dioxide. Steady-state current density-voltage (J-V)
measurements were performed using a potentiostat (Digi-ivy Inc., DY2300) with a sweep
rate of 10 mV/s and all data were recorded using software DY 2300.

Photocurrent spectrum responses of the TiO,/Si b-NW array under a constant bias
(2.0 V vs. RHE) were collected using a potentiostat (Digi-ivy Inc., DY2300) in
conjugation with a monochromator (Horiba Jobin Yvon, iHR 550) equipped with a 150

W xenon lamp for the short wavelength range of 300-500 nm, while a 100 W halogen
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lamp was utilized for the longer wavelength range of 500-1100 nm. Prior to the
measurements, the intensity of the monochromated light was calibrated using a Si
photodetector (Newport) in the wavelength range utilized. To obtain a steady-state
photocurrent as well as dark current, a sufficiently low frequency of light chopping was
used to allow the system to stabilize. The average steady-state current values were then

used to calculate the incident photon to current conversion efficiencies (IPCEs).

3.3 Results and Discussion

3.3.1 Morphologies of vertical Si NW arrays and TiO,/Si cs-NW arrays

Figure 3.2 shows the cross-sectional SEM images of vertical Si NW arrays of
different lengths as well as the corresponding TiO,/Si cs-NWSs. The morphology of the Si
NW array depends on both the nanoimprint mold dimension and the RIE conditions such
as the type and flow rate of the gases employed and RIE etching time *. In this study, we
only varied the RIE etching time to effectively control the length of the Si NWSs. As
shown in Figures 1a-1c, cylindrical Si NWs with length of ~1.2 um, ~2.5 pm, and ~5 pm
were obtained by 5 min, 10 min, and 20 min etching, respectively. Figures 1d-1f show
the higher magnification SEM images. After 5 min and 10 min RIE etching, the Si NWs
showed a quite uniform cylindrical shape with a smooth sidewall surface (no scalloping)
with typical dimensions of ~330 nm in diameter and ~670 nm in spacing (Figures 1d and
1e). On the other hand, Si NWs obtained by a longer time 20 min RIE under the same
conditions exhibited a flower-vase shape nanowires with tapered sidewall geometry
(~210 nm in diameter at the top and ~330 nm at the bottom) (Figures 1c and 1f). The

tapered Si NWs resulted from the longer RIE time can actually enhance the light
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absorption, due to the smoother transition of refractive index difference along the
nanowire length between air and silicon, resulting in a broad anti-reflective window 2.
An investigation of the effect of such a tapered TiO,-coated Si nanowire structure on
light absorption behavior is beyond the scope of this particular study, and will be studied
in a separate investigation.

It is critical to have a uniform TiO, coating with well-controlled thickness and
quality for preparation of both TiO2/Si cs-NW and TiO,/Si b-NWs. First of all, a dense,
uniform, and pin-hole free TiO, coating on the entire Si NW surfaces is necessary > * to
prevent direct contact of Si to electrolyte, which can cause photo-oxidation of Si and
formation of an insulating SiO, layer. The thickness of the TiO, seeding layer also plays
an important role for the hydrothermal reaction because of the lattice mismatch between
Si and TiO, **. When the TiO, seeding layer is thin (<30 nm), no TiO, NWs were
successfully grown. Formation of uniform coating with full coverage on a high-aspect-
ratio pillar array feature is very challenging, such as the high-density vertical NW arrays
produced in this study. TiO, shell layers were coated by RF sputtering in our
experiments, which presents additional difficulties. To obtain a successful coating on
vertical NWs, the RF power and the gas pressure are very important factors that influence
the sputtering rate and the film coating quality **. In general, the kinetic energy of the
ionized atoms increases as the RF power increases, and thus the ions undergo enhanced
back sputtering on the deposited film while traveling through NW length, leading to an
increased coating uniformity. However, at low gas flow rates, the incident atoms are
preferentially deposited near the top of the NWs due to the diffusion limited process and

somewhat line-of-sight limited deposition. Indeed, we have found that a high power of
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400 W combined with a high gas flow rate of 15 mTorr produces a denser and more
uniform TiO; coating, particularly on long Si NWs. As shown in Figures 1g-1i (for the
three different nanowire lengthes/heights), a TiO, layer with a uniform thickness of
35~40 nm was deposited on the surface of Si NWs as well as on the bottom surface of the
flat Si substrate (the space between the neighboring Si pillars). On the other hand, when a
high RF power (400 W) is used but at a low gas flow rate (5 mTorr), substantially
different diameters were observed on the top vs bottom part of the TiO2/Si cs-NWs,
which is caused by the difference in the thickness of TiO, shell coating (pictures not

shown).

Figure 3.2 Cross-sectional SEM images of Si NW arrays and TiO,/Si cs-NW arrays with
NW lengths of ~1.2um (a, d, g), ~2.5 um (b, e, h), and ~5 um (c, f, i), respectively. g) - i)
on the right side of each figure show zoom-in higher magnification views. Scale bars are
200m for all the SEM images, and 500 nm for the zoom-in micrographs.
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3.3.2 Morphologies and structures of the TiO,/Si b-NW arrays

Using the vertical Si NWs with uniform TiO, seeding layers (Figure 3.29-3.2i) as
the basis, branched TiO, NWs were then grown by hydrothermal reaction. Figure 3.3
shows the top, tilted, and cross-sectional SEM images of the TiO,/Si b-NWs arrays with
different Si NW lengths and TiO, NW dimensions. The TiO, nanowire dimension was
controlled by the reaction time, as well as the precursor concentration, volume, and
temperature of reaction solution “**°. To fabricate the high-density TiO, NWs on Si NWs
of different lengths, the reaction time was varied with other growth parameters kept
constant. Figures 3.3a-3.3c show the top view of the TiO,/Si b-NW arrays where the
TiO, branches were grown for 50 min, 60 min, and 70 min on Si NWs with length of
~1.2 ym, ~2.5 um, and ~5 pum, respectively. Figures 3.3d-3.3f and 3.3g-3.3i show the
tilted and cross-sectional views. The images at different locations and magnifications
reveal that the entire surface of the Si NWs is covered very uniformly with TiO, NWs
with their orientation nearly perpendicular to the Si NW surfaces as a radial growth. The
insets in Figures 3.3¢g-3.3i indicate that the TiO, NWs grown on Si NWSs are crystals
having a tetragonal wire shape with square top facets. The average diameters of TiO, NW
branches are in the range of 30~32 nm and almost independent to Si NW lengths (See
Figure 4). It was reported that during a hydrothermal reaction the diameter of a newly
formed nucleus grows quickly and remains constant for a period of time, while the length
increases with time due to the preferential absorption of precursor molecules on the high
energy polar surfaces and thus the preferential growth of the length ****”. Figure 4 shows

statistics and the reaction time dependence of the diameters and lengths of TiO, NWs
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grown on Si NWs. The TiO, branches have an average length of about 280 and 300 nm
for 60 min (on ~2.5 [Jm Si NWs) and 70 min (on ~5 [Im Si NWs) growth, respectively,
while much longer (~350 nm) branches are obtained for 50 min growth (on ~1.2 pm Si
NWs), which is also shown in Figures 3.3a and 3.3g. The longer branches on shorter Si
NWs are probably due to the easy access of reactant species to the nucleation sites and
the relatively high reactant concentration with respect to both Si NW surface and the
number of nucleation sites compared to the longer Si NWSs. The use of different branch
growth time was to compensate for the limited access to the reactant species and limited
diffusion for the case of longer nanowire array configuration, with the hope of growth of
similar length of TiO, NW branches on Si NWs with different length. In the case of ~5
um long Si NWs, no significant difference at the top and bottom of the TiO2/Si b-NW
array are observed because the tapered Si NW core geometry is more likely to allow
easier access to the reactant solution along the length of the Si NWs (Figures 3.3f and
3.3i).

The structures of the TiO2/Si b-NWs were further characterized by XRD and
TEM. Figure 3.5 shows XRD data of a typical TiO, NWs on Si sample, showing an
excellent agreement with the diffraction peaks for the standard rutile structured TiO;
(ICSD No. 064987, P4,/mnm, a = b = 4.5845 A and ¢=2.9537 A). Figure 3.6 shows a
TEM image of the TiO,/Si b-NWs and HRTEM image of a single TiO, NW branch.
Lattice planes with spacing of 3.3 A are distinctly visible, corresponding to the

interplanar distance of the (110) planes of rutile TiO2, which is consistent with XRD data.

FFT diffraction pattern of a single TiO, NW branch with [iil] being the zone axis

indicates that the TiO, NWs grew along the [112] direction.
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Figure 3.3 SEM images of TiO,/Si b-NW arrays with Si NWs lengths of a)-c) ~1.2 um
(@ d, g, ~25 um (b, e, h), and ~5 um (c, f, i), respectively. Insets are higher
magnification SEM images and scale bars are 100 nm.
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Figure 3.4 Statistics and the reaction time dependence of the diameters and lengths of
TiO, NWs grown on Si NWs.

Intensity (a.u.)

Si

R(110)

= TiOg NWs on Si
—— Standard rutile TiOy
Si

R(101) i
R(111)

R(220)

25

30 35 40 45 50 55

20(A=1544A)

Figure 3.5 XRD pattern of hydrothermally grown TiO, NWSs on Si substrates, which is
compared to that of the standard rutile TiO..
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Figure 3.6 LRTEM image of the TiO,/Si b-NWs and HRTEM image of a TiO, NW
branch. Inset is FFT diffraction pattern from HRTEM image of a TiO, NW branch.
3.3.3 Optical properties of TiO, NW arrays grown on Si substrate

The optical properties of TiO, NWs were tested on the sample with NWs
hydrothermally grown on optically transparent sapphire substrates. Figure 3.7 shows the
optical transmittance spectra and Tauc plot of the sample. A noticeable loss of
transmittance across the visible region, particularly <600 nm wavelength, was observed.
This might come from the surface defect states of TiO, NWs indicating the presence of
additional energy states within the band gap of TiO, *®. However, the transmittance loss
is primarily due to scattering and reflection events, which are two intrinsic optical
properties of dense 1D NW arrays 2°. Recent work reported that the reflectance of TiO,
NWs, hydrothermally grown on FTO substrate, is 20-30% in visible region ( >420 nm)
while it is almost zero in UV region “°. From the Tauc plot, the optical bandgap of the
TiO, NWs are estimated to be about 3.0 eV, which is consist with the reported value for
rutile TiO, NWs " *. Figure 3.8 shows the band energy diagram and proposed charge

transfer pathway at the TiO,/Si heterojunction at zero bias under light illumination, with a



69

band bending considered at the TiO,/electrolyte interface. The proposed band diagram
applies to both the core/shell and branched NWs at the TiO,/Si heterojunction, while the
band diagram in the TiO, material away from the junction interface when the TiO,
branches are long will have symmetric band bending from TiO, NW surface to TiO, NW

center.

1.0

0.8}

0.6

0.4}

Transmittance (a.u.)

0.2}

0_0 i 1 1 i 1 A 1 i 1 i
320 400 480 560 640 720 800
Wavelength (nm)

w
T

(chv)’ (eVem?)

=y

D 'l L 'l L 'l L 'l
25 26 27 28 29 30 31 32 33
Photon energy (eV)

Figure 3.7 The optical transmittance and Tauc plot of TiO, NWs hydrothermally grown
on sapphire substrate.
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Figure 3.8 Schematics of energy band diagram and charge transfer at the TiO,/Si
heterojunction interface at zero bias under solar illumination.

3.3.4 PEC performances and working mechanism of TiO,/Si cs-NW and b-NW arrays
Figure 3.9 shows the photocurrent density versus the bias potential characteristics
of TiO,/Si cs-NW and b-NW arrays of different Si NW lengths. The dark current
densities of the TiO,/Si b-NW arrays are higher than that of the corresponding core/shell
NW arrays; however, all the samples show a small dark current density of less than 1.2
nA/cm? (not shown), indicating high surface quality of both TiO, thin layer and TiO.
NWs on Si NWs. The photocurrent versus bias potential curves of all samples show two
regions: increasing photocurrent density region at bias potentials ranging from the onset
potential (TiO,/Si cs-NW arrays: ~ 0.2 V; TiO,/Si NWs b-arrays: ~ 0.3 V) to 1.26 V vs.
RHE, and plateau at a more positive bias potential (>1.26 V vs. RHE), where the
photocurrent is limited by the photogenerated holes in TiO,. Similarly, the planar TiO,/Si
heterojunction photoelectrodes with same oxide thickness prepared using RF sputtering

and tested under identical conditions also show the photocurrent density increasing and



71

plateau regions, except the plateau occurs at lower positive bias potential of >0.98 V vs.
RHE (Figure 3.10). From the increasing photocurrent density region, the
photoelectrocatalytic performance of TiO,/Si cs-NW and b-NW arrays can be further
investigated using a Tafel plot (Figure 3.11). The Tafel slope increased from 387 and 334
mV/decade to 846 and 703 mV/decade for cs-NW and b-NW samples, respectively as the
length of Si NW backbone increased from ~1.2 um to 5 um. In other words, the longer Si
NW sample required a higher overpotential to attain a given anodic current. In addition,
the Tafel slope of b-NW arrays was smaller compared to the core-shell counterparts with
an identical Si NW length, exhibiting a better photoelectrocatalytic performance.
However, the Tafel slope remains large presumably due to the interface between n-Si and
n-TiO,, ohmic loss of TiO,, as well as the mesoporous nature of the TiO, film.

The photocurrent characteristics can be understood using the band diagram in
Figure 3.8. At zero bias and under light illumination, TiO, and Si absorb UV light and
visible to near IR light and thus generate electron/hole pairs. On TiO; surface or at the
TiO,/electrolyte interface, band bending occurs due to the initial difference in
electrochemical potentials, which drives the photogenerated holes in TiO, (NW of shell
coating) to move toward electrolyte and thus oxidize water to oxygen, while the
photogenerated electrons in TiO, tunnel through the energy barrier due to band offset and
recombine with the holes from Si NW core at the junction interface (Figure 3.8). The
electrons generated in Si NW travel from the NW top to bottom, to the Si substrates, and
to the counter electrode. In other words, the photocurrent is limited by the recombination
at the TiO/Si junction. As the biasing voltage increases, the energy barriers at the

TiOy/electrolyte interface as well as at TiO,/Si interface are reduced and thus the current
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increases. However, because the holes generated in the Si NWs are blocked by the large
energy barrier due to valance band offset, the photocurrent is limited by the light
absorption and photogenerated holes in TiO,, and thus a photocurrent plateau is reached
at higher bias. This is true for the TiO,/Si photoelectrodes with planar, cs-NW, as well as
the b-NW structures.

Figure 3.9a also reveals that the photocurrent density of TiO,/Si cs-NW arrays
decreased with increasing Si NW backbone length, while the onset potential was nearly
constant. The TiO,/Si cs-NW array with Si NWs of ~1.2 um in length produced the
photocurrent density of 0.27 mA/cm? at 2 Volts vs. RHE, which was twice and three
times of that produced by the samples with ~2.5 um long Si NWs and ~5 um long Si
NWs, respectively. The decrease in photocurrent vs Si NW length is probably due to the
increased electron/hole recombination in TiO, by its short hole diffusion length, which
reduce the number of electrons participating in the water oxidation reaction at the
TiO,/electrolyte interface. Previous studies showed that depending on the diameter,
length, and quality of Si NWs, the carrier generation rate can be different along the
vertical Si NW axis via waveguiding and light trapping effect, which influences the
diffusion length of both majority and minority carriers leading to either effective or

50, 51

ineffective carrier collection . In addition, longer Si NWs increase the diffusion

length of photogenerated carriers before they are collected leading to the increased

electron/hole recombination 2

. It can also be due to the fact that the lower part of Si
NWs are often coated with somewhat less TiO, material, and thus less light absorption
and low photogenerated carrier density occur when NWs gets longer. Moreover, for the

longer NWs, the reaction rate can be reduced due to limited diffusion.



73

Figure 3.9b shows the photocurrent characteristics of the 3D TiO2/Si b-NW array
electrodes. In general, the b-NW array electrodes exhibited higher photocurrent densities
compared to the core-shell counterparts with identical Si NW length, which is expected
by the charge transfer mechanism (Figure 3.8) because the overall photocurrent should be
limited by the lowest performing component, TiO,. Therefore, the enhanced light
absorption in TiO, NWs by band gap engineering and intentionally increased surface area
led to the increased photocatalyzed water splitting efficiency of the b-NW array
electrodes 3* % %3 The TiO./Si b-NW arrays with ~2.5 pum long Si NW backbones
indicated the highest photocurrent density of ~0.36 mA/cm? at 2 V vs. RHE, which is 2.8
times higher than that of TiO,/Si c¢s-NW arrays without branch TiO, nanowires with
identical lengths. While the TiO,/Si b-NW arrays with ~1.2 um long Si NW showed
similar photocurrent compared to the TiO,/Si cs-NWs array electrodes with the same Si
NW length, the photocurrent density of ~5 um long TiO2/Si b-NW photoelectrodes
increased noticeably by twofold compared to the core-shell counterpart. The fact that
there is only a small photocurrent increase for the b-NW photoelectrode with ~2.5 um
long Si NW backbones compared to the electrodes with ~1.2 um (more than doubled
amount of light absorption) may be explained, albeit somewhat speculative. The similar
argument for the cs-NW electrodes applies to the b-NWS due to the (i) non-uniform light
absorption along the NW axis, (ii) the potential non-uniform growing of TiO, branches
along the NW axis and reduced light absorption, and (iii) possibly reduced overall
reaction rates due to diffusion limits. Note that the increased surface area could possibly

25, 32

have negative effect due to the surface recombination (see Figure 3.12) , as the
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interface states and surface states density are also recognized as the major loss of the

photovoltage and photocurrent **.
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Figure 3.10 Photocurrent density of planar Si substrate with sputtered TiO, thin film.
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Figure 3.12 Effect of Si NW length on surface area and photocurrent density.

3.3.5 Photocurrent spectrum responses of the TiO,/Si b-NW arrays

Figure 3.13 shows the IPCE data of the TiO,/Si b-NWs array photoelectrode with
~2.5 um Si NWs under 2 V bias. A large photoresponse with close to 50% IPCE in the
UV region was observed, which indicates that one electron is generated by two UV
photons absorbed by both Si and TiO, after recombination at interface, performing a
redox reaction with water molecules. On the other hand, under visible light illumination,
the IPCE value is less than 1% (see Figure 3.13 inset), meaning that the photogenerated
carriers only in Si NWs do not contribute to photocurrent. This can be easily understood
from the band diagram that the photogenerated holes in Si are blocked by the energy
barrier and there is no carrier generation in wide band gap TiO,. The small photocurrent
can be from the high-energy holes from Si that tunneled through the barrier or from the
photogenerated carriers in TiO, due to defect absorption. To prove this charge transfer

mechanism at the TiO,/Si heterojunction, the photochemical activity was further
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investigated by applying a 550 nm long wavelength pass filter to the solar simulator in
Figure 3.14. The 550 nm filter only allowed light with a wavelength ranging from 560 nm
to 1100 nm to pass while the light with wavelength below 550 nm = 5nm was cut off.
The light in this experiment was only absorbed by the Si NWs present underneath. Figure
3.14 shows the photocurrent density versus the bias potential characteristics of TiO/Si b-
NW array with ~2.5 um long Si backbone (the best sample) under dark, full solar
illumination, and filtered illumination. However, when the 550 nm filter was applied, the
photocurrent density was significantly reduced to ~3 pA/cm? at 2 V vs. RHE, which is
four times higher than that under dark but three orders of magnitudes lower than that
under unfiltered illumination (see Figure 3.14 inset). Note that the light intensity of solar
spectrum in the wavelength over 560 nm was very slightly changed by the 550 nm filter
in Figure 3.15. Therefore, the appreciable photocurrent reduction with the 550 nm filter
confirmed that TiO, and Si can be independently excited by photons in the solar spectrum
having different energies and two-photon-one-electron process (photocurrent) develops
only when TiO, and Si are excited in a synergistic manner. Therefore, the PEC
performance of this TiO,/Si b-NW structure can be improved by optimizing the
dimensions and densities of both the Si and TiO, NWs or by doping TiO, with foreign

elements to improve the TiO; properties.
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Figure 3.13 IPCE of TiO,/Si b-NW array photoelectrode (with ~2.5 pum Si NW
backbones) measured at an applied bias of 2 V. Inset indicates the zoom in IPCE data in
the wavelength range of 500~1100 nm.
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Figure 3.15 Comparison of light intensity of solar simulator (AM 1.5, 100 mW/cm?) and
when a 550 nm long wave pass filter was applied.

3.4 Conclusion

In summary, we reported a successful fabrication of novel, 3D branched TiO,/Si
NW arrays and their photoelectrochemical performance as a photoanode. The
hierarchical structured photoelectrodes with various Si NW lengths were fabricated by a
combination of nanoimprint lithography, reactive ion etch, and hydrothermal reactions.
The TiO,/Si b-NWs arrays noticeably improved the PEC performance compared to TiO;
thin film-coated Si NW (cs-NW) arrays. IPCE value of about 50% is obtained under UV
illumination indicating an operation of a two-photon-one-electron process model. The
PEC performance of this b-NW photoelectrodes can be further improved by optimizing
the dimensions and densities of both the Si and TiO, NWs. These studies of
hierarchically integrated nanostructures and the associated understanding of charge
transfer at heterojunction interface can lead to improved nanoscale devices for renewable

energy applications.
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3.5 Note

This chapter, in full, is a reprint of the material as it appears in Nano Energy, Volume 2,
2013. Sun Young Noh, Ke Sun, Chulmin Choi, Mutong Niu, Ke Xu, Muchuan Yang,
Sungho Jin, and Deli Wang. The dissertation author was the primary investigator and

author of this paper.
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CHAPTER 4: Metal-enabled Efficient  Photoelectrochemical

Photoanodes for Solar Water Oxidation

4.1 Introduction

Since the usage of fossil fuels not only causes environmental problems such as
climate change and but also has cost issues from their limited amount, numerous
researches in the field of renewable energy have been vigorously performed to develop
alternative energy resources’. Photoelectrochemical (PEC) water splitting process of
semiconducting materials is one of the most attractive approaches, which efficiently
converts solar energy with water to storable and transportable hydrogen fuel, because of
its potential high efficiency, up to >30 % in principle, low cost, and environmental
friendliness? .

Although it is an attractive photovoltaic material for efficient solar energy
harvesting due to a narrow band gap (~1.1 eV), Si is not an appropriate photoelectrode
material for PEC cells because it is easily oxidized/decomposed in the electrolyte due to
its unfavourable band edge positions and poor photochemical stability and it also needs a
huge overpotential for water splitting owing to its poor kinetics* °. To solve these issues
and develop efficient Si based photoelectrodes, Si has been combined with other
materials. Stable photocatalyst materials such as ZnO and TiO, were coated or grown on
the Si surface mainly to improve light absorption as well as protect photochemical
corrosion®®. Also, electrocatalyst materials such as NiO, Pt, and Ir were integrated with

Si to reduce overpotential because the electrocatlyst can increase charge separation and

87



88

reduce charge recombination by accelerating the water oxidation/reduction kinetics> % **.

Besides, when a stable metal layer is employed as the electrocatalyst, we can further use
junction effects not only to provide a potential for water electrolysis of the electocatalyst
but also to protect Si surface. A metal-silicon (MS) structure offers Schottky junction at
the interface which causes to increase band bending then further reduce charge
recombination. In addition, a metal-insulator-silicon (MIS) structure can be fabricated
by adding a sufficiently thin insulating layer in which the minority charge carriers can
flow by quantum mechanical tunneling whereas the majority carriers are blocked™. Thus,
efficient charge separation and transfer occur in the MIS structure leading to less
overpotential required for water splitting'® . In MIS structures, however, the insulating
layer must be very thin (less than 2 nm) and uniform layer with high quality so that
tunneling currents are large enough for applications'®*’. Note that in both MS and MIS
structures, the thickness of a metal electrocatlyst layer should be a compromise between
transparency and voltage drop caused by series resistance.

In this study, to develop cost-effective and efficient Si-based photoelectrodes, we
chose Ni layer as a metal electrocatalyst due to its earth abundance and good catalyst
properties. With Ni electrocatalyst, we fabricated both MS and MIS structures to
investigate the effects of structure/interfacial junction type on PEC performance
parameters. Also, two different insulating layers such as native silicon oxide layer or
artificial silicon oxide layer were used for MIS structures and we compared their
properties in PEC water splitting cells. Moreover, we examined the metal thickness
effects of the Ni electrocatalyst for the absorbed light amount of Si as well as

electrocatalytic reactions.
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4.2 Experiments

4.2.1 Fabrication MS and MIS photoanodes

Phosphorus doped n-type silicon wafers (University Wafer, single side polished,
0.3~0.5 Q-cm reesistivity) were cut into sample size (half inch x half inch) and were
cleaned by 10% nitric acid solution, acetone, isopropanol alcohol, deionized water, and
then blow-dried by nitrogen gas. Ni metal layers with different thickness x (x: 2, 5, 10,
and 20 nm) were directly deposited on the cleaned Si samples by e-beam evaporation
method (Temescal BJD 1800 Ebeam Evaporator). These were designated by MIS-native
structures (or x nm/native SiO,/Si), which have native oxide layer. On the other hand, for
other sample structures, the native oxide layer was intentionally removed by immersing
in buffered HF etchant (BOE) then rinsing with deionized water before Ni deposition.
MS structures (or x nm/Si) were prepared by coating Ni layers on the oxide-removed Si
samples by the same way as above, whereas MIS-HWO structures (or x nm/HWO
Si0,/Si) were fabricated by hot water oxidation (HWOQ) (80 °C for 1 min) of the oxide-
removed Si samples following Ni deposition. The energy-dispersive X-ray spectroscopy
(EDS) and its elemental mapping analyses confirmed that Ni layer was deposited
uniformly on the Si surface (Figure 4.1). Also, the absorption properties of MS and MIS
were simulated by the transfer matrix method (TMM). The refractive indices of nickel
and silicon are taken from the experimental data reported in a book'® and the refractive
index of silicon dioxide is set to be 1.5. As shown in figure 4.2, the illumination is a
normally incident plane wave. There are no differences of absorption values between MS

and MIS photoanodes which have identical thickness of Ni layer. At 650 nm of
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wavelength, the absorption values of photoanodes with no metal, 2nm, 5nm, 10nm and

20nm Ni are 0.65, 0.58, 0.48, 0.35, and 0.19, respectively.

Element | Weight% Atomic%

| 1206 |

Figure 4.1 EDS mapping image and elements analysis of Ni layer deposited on n-Si
substrate.
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Figure 4.2 Schematic and simulated absorption of MS and MIS samples
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4.2.2 PEC performance measurement of MS and MIS photoanodes

PEC performance measurements™ ® were carried out in a 1 M KOH electrolyte
solution (pH = 14) in a three-electrode configuration, where the MS, MIS-HWO, or MIS-
native structured photoanode serves as the working electrode, a platinum coil as the
counter electrode, and Hg/HgO electrode (1 M NaOH) as the reference electrode. All
three electrodes were in a glass apparatus with a quartz window, through which the
photoanodes were illuminated by a solar simulator (Newport) equipped with a 150 W Xe
lamp and an AM 1.5 filter (100 mW/cm?). During the measurement, the electrolyte
solution is saturated with nitrogen gas to remove the dissolved oxygen and hydrogen.
Steady-state current density-voltage (J-V) measurements were performed using a
potentiostat (Digi-ivy Inc., DY2300) with a sweep rate of 10 mV/s and all data were

recorded using software DY2300.

4.3 Results and Discussion

4.3.1 PEC water splitting mechanism of MS and MIS structures with Ni reduction
reactions

Regardless of the type of structures such as MS or MIS, the surface of Ni layer is
electrochemically oxidized to Ni(ll) oxide (Ni(OH),) in high pH solution and the Ni(ll)
oxide is further transformed to Ni (I1I) oxide (NiOOH) on the anodic sweep leading to
oxygen evolution'®?°. These redox reaction peaks of Ni can be clearly seen in figure 4.3
and the peaks were shifted under illumination representing the photovoltage was
generated in the structure. Since the reduction of Ni(OH), or NiOOH back to metallic Ni

cannot occur in the voltage range used here, Ni layer in all samples became a layer
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consisting of Ni, NiOyx and Ni(OH),/NiOOH during JV measurements in electrolyte. The
relatively large anodic current of redox reaction peaks of Ni is related to further oxide
growth as well as the change in Ni oxidation state from Ni (11) to Ni (111)%. It is plausible
that very thin Ni layer (<5nm) became to non-metallic NiOy layer. However, the
formation of NiOy layer does not need to be detrimental to the overall OER process since
NiO is known to be conductive and hence will not necessarily impair hole transport from

the Si absorber?.
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Figure 4.3 Current density of MIS-native with 20nm Ni layer under dark and
illumination.

Figure 4.4 shows the band energy diagram of both MS and MIS structures. Under
illumination, photogenerated electrons in Si are blocked by a high Schottky barrier at the
junction between Si and Ni and flow to the back-contact. Meanwhile, photogenerated

holes in Si drift across the junction by the built-in potential in MS or by both the built-in
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potential and tunneling in MIS and participate directly in water oxidation reaction at
potentials significantly lower than that under dark. Interstitial O and higher state Ni ions
(1) exist in Ni layer and they act as acceptors leading to the p-type conductivity as well

as oxygen evolution reaction catalytic centers®.
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Figure 4.4 Energy band diagrams of both MS (a) and MIS structures (b).

4.3.2 PEC performances of MS and MIS structures

For both MS and MIS structures, the amount of light transmitted on the
underlying Si absorber via Ni layer is a key factor to influence the PEC performances,
especially current density. The simulation results for absorption properties of MS and
MIS samples showed no differences between them (Figure 4.2). Figure 4.5 and 4.6
indicate J-V curves of the MS (a), MIS-HWO (b), and MIS-native (c) structures under
dark and illumination, respectively. The important PEC performance parameters such as
dark current density (Jgark), Saturated photocurrent density (Jsx), photocurrent on-set
potential (Vos), and Tafel slope were obtained from the J-V curves and figure 4.7 exhibits

the parameters vs Ni thickness for each structure.
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Figure 4.5 Jgark-V curves of MS (a), MIS-HWO (b) and MIS-native (c) structures.
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4.3.2.1 Dark current density

As shown in figure 4.5 and 4.7 (a), the trends of Jgar as a function of Ni thickness
are not significantly different among all three structures. In general, Jgark increased along
with Ni thickness because of intrinsic electrocatalytic activity of Ni and further grown
NiOy layers for oxygen evolution reactions as mentioned above. Even though identical Ni
layers were deposited, the values of Jg« Were totally different depending on the type of
structures (Figure 4.7 (a)). Compared to MS structures, MIS-native samples indicate
much lower Jgk (< 1.2 mA/cm? at ~ 2.5 V vs. RHE). It has been reported that in
photovoltaic cells, MIS structure has lower Jgak than MS structure without decreasing
photocurrent density (Jphoto) because the insulator lowers thermionic emission which
influences not Jpnoto but Jaan?2. But even with an insulating layer, MIS-HWO structures
show the highest Jqark Values. Jgark Can be created by the intrinsic catalytic activity of Ni or
produced holes from inherent surface/interface states of Si. Also, in this study,
moderately doped n-Si wafers were used for both dark and photo conditions and identical
Ni layers were employed in all structures. Therefore, in comparison with that of MIS-
native structure, higher peaks for Ni redox reactions as well as higher Jgark values of MIS-
HWO samples at identical Ni thickness might result from uneven surface or interface

states produced during HWO process or too thin oxide layer formed by HWO process.
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Figure 4.7 PEC performance parameters such as Jgark (2), Jsat (b), Vos (C), and Tafel slope
(d) as a function of Ni thickness of MS, MIS-HWO and MIS-native structures.

4.3.2.2 Photocurrent density and photocurrent on-set potential

Figure 4.6 shows J-V curves of MS (a), MIS-HWO (b) and MIS-native (c)
structures under illumination. Independently from the structure type, Jsit Values of the
samples decreased as the thickness of Ni layer increased owing to the reduced amount of
light transmitted through metal layer onto Si absorber (Figure 4.7 (b)). It should be noted
that all samples with 2nm Ni layer have a significant hysteresis between forward and
reverse direction scans in J-V curves. In case of MS and MIS-native samples with 2nm

layer, in spite of the considerable hysteresis, the Jynoto Values were not significantly
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changed during stability test as shown in figure 4.10. Thus, the hysteresis can be
explained by charging/discharging of surface/interface trap states, and electrocatalysts.
Considering that the samples with thick metal layer (> 5 nm) have no hysteresis and their
2nm samples show superior stability, it is possible that 2 nm metal layer is fully oxidized
and the hysteresis is a character of ultrathin stable nickel oxide electrocatalyst. On the
other hand, MIS-HWO sample with 2 nm Ni layer exhibited that Jpoto Value suddenly
dropped in figure 4.10 (a) due to corrosion and surface damage which can be responsible
for hysteresis?®. The inferior stability of the 2 nm MIS-HWO sample might be because
very thin Ni layer did not perfectly cover the surface of Si due to inhomogeneous
interfacial properties resulted from too thin and uneven HWO layer.

One of the benefit in MIS structure is decoupling of the electrochemical reaction
sites (electrocatalyst) from the photovoltaic material (the Si substrate) by the insulating
layer'!. Figure 4.7 (b) shows that compared to MS samples, both MIS-HWO and MIS-
native samples have much higher Js;: values even with the same amount of light
absorption of Si. Provided that all three structures have the same amount of
photogenerated carriers at identical Ni thickness, it is understandable that both MIS
structures have better charge separation and transfer due to the additional insulating layer.
In other words, the insulating layer blocks majority carriers injected into metal layer and
thereby suppresses the recombination process leading to better Jonoto then Jsa values™.
Also, regardless of Ni thickness, MS samples indicated higher Vs values in comparison
with both MIS structures as shown in Figure 4.7 (c). Vs, the photocurrent on-set
potential, in this study is defined by the potential value necessary to obtain 0.1 mA/cm?

of Jphoto. Thus higher Vs values of MS samples at all Ni thickness confirmed that less
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built-in potential is formed and more overpotential required to separate photogenerated
electrons and holes in MS structures compared to the MIS structures.

Interestingly, MIS-HWO samples indicated much superior Js values than MIS-
native samples at all Ni thickness (Figure 4.7 (b)) implying improved charge
transportation with reduced recombination. However, despite higher Js; values, in terms
of Johoto at low or moderate overpotential as well as Vs values, MIS-HWO samples
exhibited inferior values than MIS-native ones as shown in figure 4.6 and 4.7 (c). As
mentioned earlier, too thin oxide layer could be created during HWO process leading to
inhomogeneous interfacial properties which can obstruct charge separation of
photogenerated carriers thereby promote back reactions such as their recombination rates.
Therefore, MIS-HWO structures required more overpotential to separate photocarriers
leading to higher Vs values, which are similar to those of MS samples, and lower Jpnoto
values at low or moderate overpotential in MIS-HWO structures. However, with huge
overpotential, the back reactions of separated carriers were alleviated but the
transportation/transfer were accelerated and consequently, MIS-HWO samples indicated
larger Jsi than that of MIS-native samples at all Ni thickness (Figure 4.5 (b)) implying
better charge transportation. As shown in figure 4.7 (d) and 4.9, compared to MIS-native
ones, much lower Tafel slope values of MIS-HWO samples stood for the enhanced
charge transportation possibly due to better interfacial conductivity in HWO insulating

layer.
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Figure 4.8 Tafel plots of MS (a), MIS-HWO (b) and MIS-native (c) structures.

Independent from the thickness of Ni metal layer, steady Vs values as well as

Tafel slopes of MS samples (Figure 4.7 (c) and (d)) means a constant recombination rate

of separated photo-carriers during charge transportation in Ni layer with different
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thickness. This confirmed not only that the oxidized Ni layer is pretty electrically
conductive like metal Ni layer but also that Ni thickness doesn’t affect built-in potential
in MS structures. However, despite the constant recombination rate of separated photo-
carriers leading to nearly constant Tafel slopes at all Ni thickness due to conductive metal
and metal oxide layer, Vs values in case of MIS samples increased in company with the
Ni thickness. This confirmed that Ni thickness influences Schottky barrier height in MIS
structures probably because the potential drop inside the metal layer can develop over
interface states in a Schottky contact leading to metal thickness—dependent screening

charges at semiconductor/insulator/metal interfaces®* 2.

4.3.2.3 Stability and chopped light responses

Figure 4.10 shows Jsx-t curves of MS (black), MIS-HWO (red), and MIS-native
(blue) structures with Ni layer of 2 nm (a), Snm (b), 10 nm (¢, ¢’), and 20 nm (d, d’) to
display the stability properties of them. As stated earlier, the poor stability of the 2nm
MIS-HWO sample is probably because of inhomogeneous interfacial properties caused
by unevenly formed too thin HWO oxide layer. Except for the unstable 2nm MIS-HWO
sample, J values of all samples initially dropped to a certain degree but they became very
constant. As expected, regardless of structure types, the samples with thick Ni metal layer
had better stability since Si surface or uneven insulating layer were perfectly covered.
Compared to those of MIS-native and MS structures, J values of MIS-HWO samples
dropped more quickly at the beginning but stabilized J values were the highest among
them as shown in figure 4.10. Particularly in case of thick metal layer (> 10 nm) (Figure

4.10 (c) and (d)), all samples show less than 1% reduction from 500s to 1800s
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demonstrating very stable photoelectrodes. Figure 4.11 shows J-V cures of the best
samples in each structure type under chopped light. The best samples such as 5nm MS (a),
5nm MIS-HWO (b) and 2nm MIS-native (c) samples were chosen by considering
comprehensive PEC performance parameters, namely photoelectrodes with higher Js,
lower Vo and Tafel slope, and superior stability. In all best samples, J values were
quickly stabilized under chopped light indicating rapid charge separation of

photogenerated carriers particularly at more positive potentials.
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Figure 4.9 Je-t curves of of MS, MIS-HWO and MIS-native structures with different Ni
thickness (2nm (a), 5nm (b), 10nm (¢, ¢’), and 20nm (d, d’).
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4.4 Conclusions

We developed cost-effective and efficient Si-based photoelectrodes employing
MS and MIS structures with earth abundant and superior Ni electrocatalyst. During PEC
performance tests, the oxidized Ni layer was formed but it didn’t deteriorate PEC
performances due to its excellent conductivity and oxygen evolution catalytic properties.
Compared to MS structures, both MIS-native and MIS-HWO structures show much
better PEC performances like high photocurrent density, low on-set potential and
outstanding stability because the insulator lowers thermionic emission of the extra
majority-carrier current path and also it blocked injection of majority carriers into metal
layer, suppressed surface recombination by tunneling of electron transfer. Although MIS-
native structures exhibit much lower dark current density and exceptional stability, MIS-
HWO structures, except 2nm samples, indicate the best performances in terms of
saturated current density values after stability test. Therefore, we concluded that HWO
insulating layer have better interfacial conductivity/quality than native silicon oxide layer.
The performances of MIS samples can be further enhanced by optimizing the quality of

insulating layer such as Si3N4 and Al,O3 or introducing nanoscale metal patterning design.

4.5 Note
This chapter, in full, is currently being prepared for submission for publication of Energy
& Environmental Science. Sun Young Noh, Chulmin Choi, Yuanyuan Chen, Sungho Jin,

and Deli Wang. The dissertation author was the primary researcher and first author of this

paper.
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Chapter 5: Systematic Study of Metal Enabled Si Photocathodes for

Efficient Photoelectrochemical Water Reduction

5.1 Introduction

In order to sustainably use sun as a alternative energy, energy storage
technologies for a future solar energy infrastructure should be developed although only
solar energy can satisfy the current global human energy consumption among various
renewable energy resources’. Photoelectrochemical (PEC) water splitting process of
semiconducting materials can be one of the storage technologies because PEC process
efficiently converts solar energy with water to storable and transportable hydrogen fuel® 3,
Si with a narrow band gap (~1.1 eV) is an attractive material for efficient solar energy
harvesting but it is not an suitable photoelectrode material for PEC cells due to its
inappropriate band edge positions and poor photochemical stability as well as its poor
kinetics a huge overpotential® °. To solve these issues and develop efficient Si based
photoelectrodes, Si has been integrated with other materials which can produce internal
photovoltage for zero bias or low overpotential or improve photochemical stability®”.

It has been reported that metal-silicon (MS) structure or metal-insulator-silicon
(MIS) in photovoltaic cells offers Schottky junction at the interface which causes to
increase band bending then further reduce charge recombination®. In addition, MIS
structure provides quantum mechanical tunneling process for better transportation rate of
minority charge carriers by blocking the majority carriers transfer at the junctions®. Thus,

efficient charge separation and transfer occur in the MIS structure leading to less

109
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overpotential required for water splitting” *° provided that the MIS structures have less
than 2 nm thick and uniform insulating layer with high quality™" *2. Note that in both MS
and MIS structures, the thickness of a metal electrocatalyst layer should be a compromise
between transparency and voltage drop caused by series resistance.

Even though it has exceptional hydrogen evolution catalytic properties
particularly in an acidic electrolyte and considerably lowers the overpotential of p-type Si
required to evolve H,, Pt causes low photovoltages owing to a high work function® ® 3.
Also, the high cost of Pt limits the economic viability of PEC water splitting cells. For p-
type Si, a low work function metal catalyst produces a rectifying contact to enhance
photovoltages*®. Therefore, for Si-based photoelectrodes, a bimetal layer design can
satisfy advanced catalytic and photovoltaic properties by consisting of Pt as an
outstanding electrocatalyst for hydrogen evolution and Ti as a Schottky contact metal.
Besides, Ti is a cost-effective material and serves as a good adhesion layer for the top Pt
layer'® 3,

Therefore, in order to develop cost-effective and high efficient Si-based
photoelectrodes, we chose MS and MIS structures with bimetal layer (Pt/Ti) to
investigate the effects of structure/interfacial junction type on PEC performance
parameters. Firstly, to choose the best oxide layer for MIS structures, three different
insulating layers were compared by PEC performance test. Also, we fabricated MS and
MIS samples with three different bimetal layer designs which have various covering or

opening for better light absorption of Si and examined the effects of junction types as

well as metal pattering types on PEC performance parameters. Moreover, we further
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explored the influences of different Pt/Ti thickness ratio in MIS contacts with the three

designs.

5.2 Experiments

5.2.1 Fabrication MS and MIS photocathodes with different bimetal designs

Boron doped p-type silicon wafers (University Wafer, single side polished,
0.3~0.5 Q-cm resistivity) were cut into sample size (half inch x half inch) and were
cleaned by 10% nitric acid solution, acetone, isopropanol alcohol, deionized water, and
then blow-dried by nitrogen gas. Before metal deposition, we pre-treated Si to prepare
MS or MIS structures. Except for MIS-native structure, the native oxide layer in Si was
intentionally removed by immersing in buffered HF etchant (BOE) then rinsing with
deionized water. The oxide removed Si was directly used for MS structure samples while
it was oxidized by hot water oxidation (HWO) (80 °C for 1 min) or rapid thermal
oxidation method™® (950 °C in 8% O,/N, 1,000 °C in a pure N, then 10% H,/N, ) for
MIS-HWO samples and MIS-T samples, respectively.

For MS or MIS with planar bimetal layer (or pl), PU/Ti bimetal layers with
different thickness (typical 5nm Pt and 8nm Ti) were directly deposited on the pre-treated
Si samples by RF magnetron sputtering (Denton Discovery, 18 Sputter System) at 400 W
under 3 mTorr in an argon environment in order of Ti and Pt. Meanwhile, patterned (or
pt) and reversed patterned (or rpt) were fabricated by a photolithography process with the
pre-treated Si samples using a mask consisting of rectangular opening (450 pum length x
300 pum width) and grid (45 um row x 15 um column). Specifically, a photoresist (NR9-

3000 for rpt or S1813 for pt) was spin-coated on the pre-treated Si. After baking at 100
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°C for 1min, the photolithography was carried out using an UV exposure machine (Karl
Suss MA6 Mask Aligner). In case of NR9-3000, post-curing was performed. The UV
exposed samples were developed in RD6 for NR9-3000 or MIF-319 for S1813. After RF
magnetron sputtering of Pt/Ti bimetal layer, they were subsequently lift-off processed
using acetone and rinsed with deionized water. A scanning electron microscope (SEM,
Phillips XL30 ESEM), energy-dispersive X-ray spectroscopy (EDS), and its elemental
mapping analyses confirmed that Pt/Ti bimetal layer was deposited uniformly on the
surface of differently patterned Si samples like pl, pt, and rpt (Figure 5.1 and 5.2). Also,
the absorption properties of MS and MIS with different bimetal designs and various Pt/Ti
thickness ratios were simulated by the transfer matrix method (TMM). The refractive
indices of platinum, titanium and silicon are taken from the experimental data reported in

1516 and the refractive index of silicon dioxide is set to be 1.5.

a book and previous paper
As shown in figure 5.3, there are no differences of Si absorption values with and without
Si0,, 0.65 at 650 nm wavelength, indicating that MS and MIS photoanodes have same
absorption properties at identical metal design and thickness. As expected, the absorption
values of small metal opening samples like pl and pt decreased as total metal thickness

increased while large opening samples (rpt) have similar absorption values despite having

different metal thickness.
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Figure 5.1 SEM images and EDX analysis of BOE treated Si (a), HWO treated Si (b),
MS-pl with 5 nm Pt/8nm Ti (c) and 20 nm Pt/30nm Ti (d).

(a)

Figure 5.2 SEM images and EDX mappings of pt (a) and rpt (b) metal layer designs
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Figure 5.3 Simulated absorption properties of MS and MIS photocathodes with different
bimetal designs and various Pt/Ti thickness ratios.

5.2.2 PEC performance measurements of MS and MIS photocathodes with different
bimetal designs

PEC performance measurements™ *’

were carried out in a 0.5 M H,SO, electrolyte
solution (pH = 0) in a three-electrode configuration, where the different patterned and
structured photoanode serves as the working electrode, a platinum coil as the counter

electrode, and Ag/AgCl electrode (1 M NaOH) as the reference electrode. All three

electrodes were in a glass apparatus with a quartz window, through which the
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photoanodes were illuminated by a solar simulator (Newport) equipped with a 150 W Xe
lamp and an AM 1.5 filter (100 mW/cm?). During the measurement, the electrolyte
solution is saturated with nitrogen gas to remove the dissolved oxygen and hydrogen.
Steady-state current density-voltage (J-V) measurements were performed using a
potentiostat (Digi-ivy Inc., DY2300) with a sweep rate of 10 mV/s and all data were

recorded using software DY2300.

5.3 Results and Discussion

5.3.1 MIS structures with different insulating layer and metal layer design

In this study, three different types of metal layer patterning were employed to
investigate the light absorption properties of Si as shown in Figure 5.3 (a), including
planar bimetal layer (labeled as MS- or MIS-pl) samples without the lithography process,
samples with rectangular island shaped bimetal layer (450 pum length x 300 um width)
(labeled MS- or MIS-pt), and samples with grid shaped spacing (45 pm row X 15 pm
column) (labeled as MS- or MIS-rpt samples which have the reversed patterning of pt
samples).

The thickness and quality of an insulating layer determine the PEC performances,
specifically J in MIS structures to efficiently intercede minority carrier transport across
the MIS junction with minimal recombination*" *2. Particularly, the insulating layer in
patterned structures plays another critical role of simultaneous protection to the
semiconductor from the corrosive electrolyte. Thus, prior to study on the effects of
different metal ratio of Pt/Ti, all different patterned MIS samples with the fixed Pt/Ti

thickness (5nm Pt and 8nm Ti) but different oxide layer were prepared. The quality of
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each Si oxide layer was evaluated by J-V measurement to compare their effects on PEC
performances. Compared to other oxide layer, MIS-HWO samples exhibited the best
PEC performances for all patterned structures in terms of Jy= and Jy-o5 demonstrating
that the quality of HWO layer is the best (Figure 5.5). Figure 5.4 (a) show J-V curves of
MIS-HWO-pl (black), MIS-HWO-pt (red), and MIS-HWO-rpt (blue) samples measured
under dark (dot line) and illumination (straight line). Jgak Values result from intrinsic Pt
catalytic properties or interface states at Si/metal junctions. MIS-HWO-pl had the highest
Jaark Values because of the largest amount of Pt electrocatalyst. However, MIS-HWO-pt
with only 13.4 % opening showed almost zero dark current even with large amount of Pt
electrocatalyst. The carriers which were generated by catalytic reactions of Pt with the
electrolyte cannot be collected via Si to back contact by slipping through the opening in
the pt design leading to almost zero dark current. Similarly, MIS-HWO-rpt also had
nearly zero dark current. As expected, it showed the greatly improved Jy-.5 value
because huge opening of 86.6% allows Si to absorb much more light.

Interestingly, regarding the photocurrent on-set potential, Vs, which is defined
here by the potential at Jpnoro = 0.1 mA/cm?, MIS-HWO-pt has superior values than MIS-
HWO-rpt and thereby higher Jy-o value. This can be explained by the effect of the metal
covered area on the potential drop and band bending at the junction. At the MIS-contacts,
the electrons can transfer by tunneling through the oxide film at the conduction band edge
or via the occupied interface states. Upon light illumination, an interfacial excess of
charge occurs, which induces an increase of the potential drop in the oxide film causing a
decrease of the semiconductor band bending. It is probable that the concentration of

charged interface states in the metal covered parts of MIS structure is substantially lower
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than in the non-covered parts. Therefore, although p-Si has large diffusion lengths for
electrons in the range of several hundred pum which develops longer mutual distance of
the metal islands'®, bigger portion of the metal covered area in MIS-HWO-pt samples
results in smaller efficiency loss with lower charged interface states (Figure 5.4 (b))™.
Despite whole metal covering, MIS-HWO-pl samples had smaller Vs value than the

other samples due to large dark current.

(a (b) S

- -
Figure 5.4 J-V curves of MIS-HWO with pl, pt, and rpt metal designs under dark and
illuminations (a), and schematic side view of a MIS structures with pt and rpt designs (b).
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Figure 5.5 J-V curves of MIS structures with different types of insulating layer and metal
design under dark (inset) and illumination.

5.3.2 Comparative studies of MS and MIS structures with different metal layer designs
Figure 5.6 shows the comparative study on MS and MIS-HWO samples with
differently patterned bimetal layers. We will MIS, instead of MIS-HWO, because all of

MIS samples have HWO layer from here. Figure 5.6 (a) and (b) display energy band
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diagram of photo-induced reduction processes in MS and MIS contacts, respectively.
Under illumination, photogenerated electrons in Si drift across the junction by the built-in
potential in MS (figure 5.6 (a)) or by both the built-in potential and tunneling in MIS
((figure 5.6 (b)) to Pt electrocatalyst and the transferred electrons in Pt participate directly
in water oxidation reaction at potentials significantly higher than that under dark due to
developed photovoltage. Meanwhile, photogenerated holes in Si are blocked by a high
Schottky barrier at the junction between Si and Ti and flow to the back-contact. Figure
5.6 (d)-(f) exhibit Jpnoto-V curves of MS and MIS samples with pl, pt and rpt bimetal
layers, respectively and inset show their Jya-V curves while figure 5.6 (c) exhibits the
PEC performance parameters of MS and MIS samples as a function of bimetal layer
design. The pl samples in both MS and MIS structures had the highest Jgark Values while
pt and rpt samples indicated almost zero. As mentioned earlier, this is because the carriers
generated by catalytic reactions of Pt with the electrolyte can slip through the opening in
the pt and rpt designs resulting in almost zero dark current. However, even though
identical bimetal layers were deposited, Jgark Value of MS-pl sample was much bigger
than that of MIS-pl. It has been reported that MIS structure in photovoltaic cells has
lower Jgark than MS structure without decreasing Jpnoto Values because the insulator lowers
thermionic emission of the extra majority-carrier current path®®?! In both MS and MIS
contacts, Vs values of pt samples had superior than that of rpt design due to wider metal
covered area on the potential drop and band bending at the junctions. In spite of equal
bimetal layers used, Vs values of MIS samples were much improved than those of MS
samples and hence Jy=o values were also greatly enhanced. In comparison with MS, the

insulating layer in MIS blocked injection of majority carriers into metal layer, suppressed
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surface recombination by tunneling of electron transfer and hence produced higher
internal voltage (Vo) and much improved current flow at low or moderated applied bias®.
Also, the resistance of Si Schottky contacts can be considerably lowered by the thin
insulating layer leading to enhanced J values® 2,

However, at more negative bias, J values of MS samples were much higher than
that of MIS samples while as the opening in the bimetal layer designs increased, the
differences of Js;: between MS and MIS decreased and subsequently MIS samples in rpt
had higher Js;; value. There is a larger probability that photo induced carriers reach first
the space charge layer under the metal collectors than in the remaining non-covered
surface, where photo-induced electrons can recombine at interface states'®. Nonetheless,
compared to that of MS sample, higher Js value of MIS sample in rpt design
demonstrated good quality of the insulating layer in MIS samples. Also, the decreased
differences of Js;x between MS and MIS with opening of bimetal designs as well as
superior Js Value of MIS-rpt can be explained by the lateral transport of photogenerated
electrons at highly negative bias™. It is well known that recombination within the
inversion layer in MIS photovoltaic cells can be considerably suppressed® ?°. An
electrolyte-induced inversion layer can be formed near the SiO,/Si interface at highly
negative bias which results in long-distance lateral collection of photogenerated electrons
due to significantly reduced recombination within the inversion layer. Moreover, we
expected that pt design allowed higher Js values than in pl samples due to larger light
absorption of Si. Curiously, however, for both MS and MIS structures, pl samples
indicated better Js values. With very large overpotential, the back reactions of separated

carriers were alleviated but the transportation/transfer was accelerated. Consequently, for
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both MS and MIS contacts, pl samples indicated larger Js;: than that of pt samples
implying pl design produced extra carriers by thermionic emission at a high overpotential
as well as by catalytic reactions of Pt. Similarly, at an extremely overpotential, compared
to MIS, higher Js;: values of the MS samples in both pl and pt designs created by spare
carrier generations via thermionic emission showing very poor fill factor.

To compare stability properties of MS vs MIS contacts with different bimetal
designs like pl, pt, and rpt, we carried out J-t measurements at V = 0 V vs. RHE for
30min (Figure 5.6 (9)-(i)). In pl design, both MS and MIS samples show good stabilities
because whole metal covering can block Si exposure to electrolyte. However, the high
resistance of pl design causes cell performance degradation, particularly in MS structures
indicating more reduction of J. Meanwhile, as opening of bimetal designs increased from
pt to rpt, stabilities of both MS and MIS samples became worse implying that the
insulating layer in MIS was not perfect but good enough to work. Specially, MS-rpt
sample revealed 36.2 % reduction of J value, which is two times higher than MIS-rpt
demonstrating very thin insulating layer in MIS can protect Si from oxidation reactions
with electrolyte well. Interestingly, J value of MIS-pt sample first increased then
decreased thus after 30min test, overall a little bit higher J was obtained than initial value.
Further experiments are necessary to investigate the reason for the improvement of J in pt

design.
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Figure 5.6 Energy band diagrams of MS (a) and MIS (b) structures, J-V curves and
stability properties of both MS and MIS structures with pl (d, g), pt (e,h) and rpt (f, i) and
PEC performance parameters curves of MS and MIS samples as a function of different
metal designs.

5.3.3 Effects of different bimetal ratio (Pt/Ti) in MIS structures with different metal
layer designs

Pt has been shown to provide the highest electrochemical activity toward the HER
while it has a cost issue and low photovoltaic property due to high work function.
Therefore, it is important to reduce the thickness of Pt on the electrode and optimize

bimetal ratio to develop a cost-effective and high efficient photoelectrodes. We further
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investigated the effects of various metal ratio of electrolyte (Pt) and collector (Ti) in MIS
structures with three bimetal designs on PEC performances as shown in Figure 5.7.
Regardless of different metal ratio of Pt and Ti, Jqak values decreased as opening
portion of metal design increased due to less Pt amount for catalytic reactions as well as
reduced carriers to be collected to back contact by slipping through opening. Also, as the
total thickness of the bimetal layer increased, Jsi: values in pl and pt designs gradually
decreased but Js; values in rpt designs were independent from the metal thickness due to
large opening (86.6 %) implying that metal ratio is also an important factor in current
flow as well as photovoltage (Figure 5.7 (c)). When Ti layer was much thicker than Pt
layer, Vs values improved more for all bimetal design allowing Jy-o to be enhanced
because of low work function of Ti. However, at too thick bimetal layer like 20 nm Pt/30
nm Ti, the effects of low work function on PEC performance parameter such as Vs and
Jv=o values were offset by decreasing a large amount of light absorption of Si in pl and pt
designs. Interestingly, there were not significantly differences of Vo and Jy=o values in
rpt samples between 5 nm Pt/8 nm Ti and 20 nm Pt/30 nm Ti because the amount of light
absorption in Si was not much reduced due to large opening of rpt design, demonstrating
that both Vs and Jy=o values were deeply dependant on not only the amount of light

absorption but also metal ratio effects.
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Figure 5.7 J-V curves of MIS structures with different types of insulating layer and metal
design under dark (d-f) and illumination (a-c) and the trend of PEC parameters (g-i).

5.4 Conclusions

We developed cost-effective and high efficient Si-based photocathodes by

introduction of MS and MIS structures with bimetal layer (Pt/Ti) and investigated the

effects of structure/interfacial junction type on PEC performance parameters. Compared

to other oxide layer, MIS-HWO samples exhibited the best PEC performances for all

patterned structures in terms of Jy= and Jy=5 demonstrating that the quality of HWO

layer is the best. Compared to MS structures, MIS structures show much better PEC

performances like lower dark current density, high photocurrent density, low on-set
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potential and outstanding stability because the insulator lowers thermionic emission of
the extra majority-carrier current path and also it blocked injection of majority carriers
into metal layer, suppressed surface recombination by tunneling of electron transfer. In
both MS and MIS contacts, while pt and rpt indicated almost zero Jga« values due to the
opening which allows the carriers produced by Pt catalyst to escape toward electrolyte,
large amount of Pt in pl developed carriers via catalytic reactions leading to the highest
Jaark Values. Compared to rpt design, pt samples had wider metal covered area which
influences the potential drop and band bending at the junctions thereby superior Vs
values. The lateral transport of photogenerated electrons at highly negative bias caused
reduction of Jgy differences between MS and MIS as opening of bimetal designs
increased, hence MIS-rpt indicated superior Js: value. MIS structures with patterned
bimetal layer will be further optimized by control of metal covering and patterning

dimensions to enhance their PEC performances.

5.5 Note
This chapter, in full, is currently being prepared for submission for publication of Energy
& Environmental Science. Sun Young Noh, Namseok Park, Li Chen, Zhaowei Liu, and

Deli Wang. The dissertation author was the primary researcher and first author of this

paper.
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CHAPTER 6: Conclusions and Future Works

6.1 Summary

Solar energy conversion into storable and transportable chemical fuels via PEC
water splitting cell is an attractive scientific and technological goal to address the
increasing worldwide demand for energy and to reduce the impact of energy production
on climate change. In order to build up economically competitive and highly efficient
PEC water splitting cells, we selected suitable and cost-effective photoelectrodes,
electrocatalyst or co-catalyst materials, and engineered and developed well-designed
structures.

First, we prepared rutile TiO, NWs by hydrothermal method which is low cost
fabrication process and further modified them by straightforward post growth-treatment
methods like hydrogenation (forming gas (FG) treatment), atomic layer deposition (ALD),
or their co-treatments to improve PEC performances of rutile TiO, NWSs. FG treatment
increased donor density (oxygen vacancies) in TiO, NWs leading to much higher IPCE
value and Js. and visible response. On the other hand, the additional ALD layer indicated
two opposite effects like a protecting layer as well as a blocking layer. Consequently,
even though they had improved Js. and IPCE value, NW samples with ALD layer
exhibited similar or smaller efficiency than those without ALD due to very low FF.
Therefore, both types and sequences of post growth treatments should be carefully

considered to improve the properties and performances of TiO, NWs.
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Second, we fabricated core/shell nanowire (cs-NW) and three-dimensional
branched nanowire (b-NW) structures with two low cost materials, TiO, and Si, to
achieve increased surface area for enhanced light absorption and more reaction sites and
short diffusion length of minority carriers for higher reaction rate. The TiO,/Si b-NWs
arrays noticeably improved the PEC performance compared to cs-NW arrays. IPCE study
confirmed an operation of a two-photon-one-electron process model. Therefore, we
concluded that photo current of TiO,/Si heterojunction structure is limited by the
recombination at the TiO,/Si junctions or the properties of TiO,.

Third, we developed cost-effective and efficient Si-based photoelectrodes
employing MS and MIS structures with earth abundant and superior Ni electrocatalys.
During PEC performance tests, the oxidized Ni layer was formed but it didn’t deteriorate
PEC performances due to its excellent conductivity and oxygen evolution catalytic
properties. Compared to MS structures, both MIS-native and MIS-HWO structures
indicated much better PEC performances like high photocurrent density, low on-set
potential and outstanding stability because the insulator lowers thermionic emission of
the extra majority-carrier current path and also it blocked injection of majority carriers
into metal layer, suppressed surface recombination by tunneling of electron transfer.
Although MIS-native structures exhibit much low dark current density and exceptional
stability, MIS-HWO structures, except 2nm samples, indicate the best performances in
terms of saturated current density values after stability test. These excellent performances
of MIS samples can be further enhanced by optimized insulating layer quality.

Lastly, with bimetal layer (Pt/Ti), we also introduced MS and MIS structures for

PEC photocathodes and investigated the effects of metal designs (planar (pl), patterned
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(pt), reversely patterned (rpt)) and interfacial junction type on PEC performance
parameters. Similar to photoanodes study, MIS-HWO samples exhibited the best PEC
performances for all patterned structures in terms of Jy= and Jy=.o5 demonstrating that
the quality of HWO layer is the best in our system. Also, MIS structures had much better
PEC performances compared to MS structures because of insulating layer effects. In both
MS and MIS contacts, while pt and rpt indicated almost zero Jgq« Values, large resistance
of pl thermally developed carriers leading to the highest Jgak Values as well as poorer
stability due to thermal cell degradation. Compared to rpt design, pt samples had wider
metal covered area which influences the potential drop and band bending at the junctions
thereby superior Vs values. The lateral transport of photogenerated electrons at highly
negative bias caused reduction of Jg differences between MS and MIS as opening of
bimetal designs increased, hence MIS-rpt indicated superior Js; value. MIS structures
with patterned bimetal layer will be further optimized by control of metal covering and

patterning dimensions to enhance their PEC performances.

6.2 Future work

There are several possible approaches to improve the PEC performances of
photoelectrodes presented in each chapter, which are discussed in details below related to
each of the chapters.

As presented in chapter 2, we modified rutile TiO, NWs by coating with same
material by ALD method. Instead, coating with different materials like p-type NiO or
CuO can make a pn junction which provides an internal voltage leading to fast charge

separation thereby enhanced PEC performance of rutile TiO, NWs. Also, we can add co-
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catalysts or plasmonic nanoparticles on the hydrogenated TiO, NWs to improve their
PEC performances.

In chapter 3, we concluded that photo current of TiO,/Si heterojunction structure
is limited by the recombination at the TiO,/Si junctions, or TiO, properties. Therefore,
the post growth treated TiO, NWSs, which show the improved PEC performances, can be
applied to TiO,/Si heterojunction structure for further enhancement. Also, the dimensions
of Si NWs in multi-branched TiO,/Si NWs can be easily changed by using different mask
designs for the nanoimprinting process to prevent recombination possibility in such long
Si NWs or limitation of TiO, NW growth. Hence, optimized dimensions are required to
increase the PEC performances. Moreover, instead of n-Si, p-Si can be used to produce a
pn junction giving an extra voltage for better charge separations.

In chapter 4 and 5, MS and MIS were employed to contacts to provide
photovoltaic effects in PEC photoelectrodes. MIS junction properties can be further
improved by optimizing silicon oxide layer quality or by using superior insulating
materials like ultrathin SizN4 layers. Also, to further improve PEC performances of MS
and MIS structures, metal pattern dimensions should be optimized to suppress resistance
and increase light absorption of Si substrate. Moreover, we can apply same MS and MIS
junction into only Si NW or cs- TiO,/Si structures fabricated in chapter 2. In case of cs-
TiO,/Si structure, ultrathin TiO, layer, which can be prepared by ALD technique, can be
used as an insulating layer.

Furthermore, an embedded pn junction can be used for PEC photoelectrodes,
which is similar to the concept of MIS, in terms of the coupling of water-splitting

catalysts to silicon photovoltaics but possibly more practical and electrochemically stable.
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This is because the fabrication of ultrathin and highly qualified insulating layer in MIS is
challenging and pin holes of the thin oxide layer in MIS are possibly developed during
PEC operation. Using transparent conductive oxide glasses for photoanodes with a buried
pn junction has been demonstrated before® 2. However, a traditional n-type TCO like
FTO or ITO has a large hole effective mass and a low hole conductivity. Very recently,
we reported a Si photoanode with a buried junction which is protected by an improved
ITO layer with an intermediate metal, Au, and eventually catalyzed by an ultrathin NiO
catalyst®. A stable semi-transparent ITO/Au/ITO hole conducting oxide layer,
sandwiched between the NiOy catalyst and the Si photoanode, is used to protect the Si
from corrosion in an alkaline electrolyte, enhance the hole transportation, and provide a
preactivation contact to the NiOy catalyst. Although it is currently low, energy conversion
efficiency can be much more improved by using an optimized Si pn junction with higher
photovoltage and long wavelength response for device integration purpose. Also, instead
of NiOy catalyst, we can apply earth abundant transition metals, Mn, Fe, Co and Ni, for

electrocatalysts, which have been demonstrated a high activity in alkaline conditions.
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