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Summary

Energy is an eternal research topic concerning the continuous development of
our society and daily life. Finding a sustainable, green and efficient way to harvest,
store and use the energy is highly demanded. This thesis is part of my research efforts
for developing efficient and low cost material systems for energy conversion and

storage.

With the inspiration from my undergraduate experiences in quantum dots
synthesis, I have decided to choose the sensitization of TiO, with short band gap
semiconductors for photoelectrochemical (PEC) hydrogen generation as my research
topic. This thesis contains mainly three parts, chapter 1, chapters 2-4 and chapter 5.
Chapter 1 is a general introduction, focusing on three parts: an overview of the energy
demands and challenges, an introduction of the basic principles and working
mechanisms of the PEC cell, and a short review of the recent advancement of using
TiO, for PEC hydrogen generation. Chapter 2-4 are the main body of the thesis,
which describes the experiments and strategies I have carried out and developed to
improve the efficiency of hydrogen generation. In specific, chapter 2 is focused on the
study of different kinds of sensitizers, their optical properties, band edge positions,
electron injection efficiencies and stability for PEC hydrogen generation. Studying
these properties provides a physical background for the design of efficient PEC
system. Chapter 3 is focused on improving the surface area of TiO,. TiO, inverse opal

has attracts wide attention in the application of dye sensitized solar cell and
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semiconductor sensitized solar cell due to its unique three-dimensional structure.
However, its surface area is still low, thus the efficiency is low compared to the
conventional TiO, nanoparticles. In this chapter, we try to improve the surface area of
Ti0O; inverse opal by further growth of ZnO nanowires inside. The higher surface area
would result in higher amount of sensitizer loading and more active sites for water
splitting reactions. Thus the CdS sensitized hierarchical structure shows nearly double
photocurrent of the pristine TiO; inverse opal with CdS sensitization. In chapter 4, a
new sensitization method ALDIER based on atomic layer deposition (ALD) and ion
exchange reaction (IER) has been developed. Deep penetration of the sensitizers into
the complex nanostructures has been a challenge for a long time in improving the
efficiency of short band gap semiconductor sensitized device. This is mainly due to
the large size of the sensitizer and the high aspect ratio of the complex nanostructure
for sensitization. ALD is a powerful thin film deposition technique, which could
provide homogeneous coating on high aspect ratio nanostructures with excellent step
coverage. However, direct deposition of the sensitizers by ALD is limited by the toxic
precursors and complex processes. An indirect way by IER with the well-developed
ZnO by ALD provides a great versatility for choosing different sensitizers. The newly
developed ALDIER method in this chapter by combining the two powerful techniques
together shows more than double the performance of the conventional successive
ionic layer adsorption and reaction (SILAR) method, which solves the penetration
challenge for sensitization. Chapter 5 concludes the whole thesis in a general way

with the comments of the problems existed in the current material systems, as well as
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the recommendations for the future efforts in overcoming the challenges and

improving the efficiency of PEC cell for hydrogen generation.

In summary, this thesis studies the basic physical properties of the materials
regarding the efficiency for PEC hydrogen generation first, and then provides two
practical strategies to improve the efficiency by tailoring the TiO; nanostructures and
improving the sensitizer deposition method, respectively. I hope this thesis could

provide some useful information and ideas for the other researchers.
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CHAPTER 1 Background and Literature Survey

Chapter 1

Background and Literature Survey
1.1 Energy demands and challenges

The prosperity of the economy and human life depends on the continuous
energy supply from various resources, which can be mainly divided into two
categories, non-renewable and renewable energies. The non-renewable energies
mainly include fossil fuels and original chemicals or minerals, which are the
resources that can’t renew at a sufficient rate for sustainable economic
extraction in meaningful human timeframes. Renewable energies are the
energies that are inexhaustible or could replenish at a rate comparable to their
utilization, such as solar, wind, geothermal, hydropower and biomass. It is
anticipated by the U.S. Energy Information Administration that the total world

Histo Projections
1,000 L d

800 1

600

Non-OECD
400
200

QECD

1990 2000 2010 2020 2030 2040

o

Figure 1.1 World energy consumption, 1990-2040 (quadrillion Btu). OECD stands
for the countries in the Organization for Economic Cooperation and
Development.[2]
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CHAPTER 1 Background and Literature Survey

energy consumption will rise from 524 quadrillion British thermal units (Btu) in
2010 to 630 Btu in 2020 and to 820 quadrillion Btu in 2040, as shown in Figure
1.1.[2] To meet such a huge energy demand, it is important to explore the new

energy resources and increase the efficiencies of the current technologies.

Though the renewable energy and nuclear power play the fastest growing
role in energy supply, fossil fuels will continue to supply 80% of the world

energy consumption by 2040 as shown in Figure 1.2.[2] The major concern of

250 History 2010 Projections

Liquids
200
Coal
-

Natural gas

100

Renewables
Nuclear
0 r T

1990 2000 2010 2020 2030 2040

50

Figure 1.2 World energy consumption by fuel type, 1990-2040 (quadrillion
Btu). 2]

the fossil fuels is that they are non-renewable energy resources, which means
that sooner or later they will run out, and it is just a matter of time. Based on the
current proved reserves and consumption rate, it is estimated that oil, coal and
gas will be depleted in 35, 107 and 37 years, respectively.[9] Though nuclear
energy could reduce the consumption of fossil fuels, it is still a non-renewable
energy source and has a lot of other issues, such as the radioactive waste and

the terrible risk of accident. The recent Fukushima nuclear disaster prompts the
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CHAPTER 1 Background and Literature Survey

rethinking of building nuclear power stations all over the world.[10] Besides the
finite nature of the fossil fuels, there are other concerns, such as the
environmental pollution and global warming. Combustion of the fossil fuels
will emit sulfur dioxide, nitrogen oxides, particulate matters, carbon monoxide,
carbon dioxide and a number of other pollutants. There is statistic data showing
that more than 57% of greenhouse gas emissions on earth come from the
combustion of fossil fuels.[11] In addition, the unrest of political situation in the
fossil fuel supply countries and the risk of shutdown of the transportation
pathway make the energy supply unsecure for most of the countries. The recent
nuclear issue in Iran and the Arab Spring revolution blurs the energy supply of
fossil fuels in the near future. Thus it is highly demanded to develop renewable

energy resources.

Among various renewable energy resources, solar energy is by far the
largest exploitable resource, providing more energy in 1 hour to the earth than
all of the energy consumed by humans in an entire year.[12] There are mainly
three strategies to harvest the solar energy, namely solar water heater,
concentrated solar power and photovoltaic.[13] The solar water heater as a
supplementary supply of hot water now stands on the roofs of most of the
buildings in China and merges into people’s daily life. However, its highly
dependent property inhibits its large scale utilization for producing electricity.
Concentrated solar power and photovoltaic harvest the solar energy and convert

it into electricity. Concentrated solar power uses mirrors or lens to concentrate

12
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Figure 1.3 Contribution of key drivers toward all-in module cost reduction,
best-in-class China producer, Q4 2012-Q4 2017E.[1]

the solar energy to heat working fluids which drive an engine to produce
electricity. The advantage of the concentrated solar power is that the
conventional generators and infrastructures used for thermal electricity can also
be used here. Besides, the concentrated solar power systems could introduce a
kind of molten salts which could store the heat generated in the daytime and use
it to continue generating electricity in the night. The typical example is the
Andasol-1 concentrating solar power project in Spain, which has a production
capacity of 50 MW and could continue to run 7.5 hours without sunshine.[14]
This is one of the promising ways of harvesting the solar energy. However, the
high manufacture cost, the stringent requirement of the land and the delicate
design and engineering of the systems inhibit the wide spread installation.
Photovoltaic, based on the photoelectric effect, is a direct way to covert solar
energy into electricity. Though the price of the electricity made from the
photovoltaic is far more expensive than the conventional methods, the cost is

decreasing as the production is made into large scale. According to the data of
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GTM research, the price of the best in class crystalline silicon solar panel made
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by Chinese manufactures has reached $0.50/W in 2012, and this will decrease
further to 36 Cents per Watt in 2017, Figure 1.3.[1] Now the most efficient Si
solar cell has reached an efficiency of 28%, which nearly approaches the
Shockley-Queisser limit.[1] Other recent developed solar technologies, such as
the thin film CIGS and CdTe solar cells also reach the efficiency of around
20%.[1] And the emerging low cost dye sensitized solar cell and polymer solar
cell also overcome the 10% efficiency benchmark for commercialization.[1]
Most recently, the provskite sensitized solar cell has reached an efficiency of
more than 15%.[15, 16] Figure 1.4 shows a summary of the efficiency
development steps for various solar cells. The innovation and development
around the globe will make the way of harvesting solar energy much cheaper in

the future.

Due to the daily and seasonable variability of the weather conditions,
providing a stable and constant energy supply through photovoltaic is a
challenge. To overcome the intermittent effect of photovoltaic, it is necessary to
develop the energy storage technologies to store the energy produced in the day
time and use it in the night. The most straightforward way to store the energy is
to use a battery. A small system connecting the solar panels to the battery is
enough to power the LED or lighten the road. However, the large scale storage
for the solar farm with battery is quite expensive and challenging. The high cost
of the battery technologies hinders the grid scale power storage. Scientists are

trying to develop next generation battery technology for low cost and high
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efficiency storage, such as lithium ion and redox flow batteries.[17-19] The
lithium ion batteries now dominate the electronic devices market and keep on
growing in the electric vehicles market, and the small scale grid energy storage
for the industrial and business parks. As a new concept of energy storage, redox
flow battery has the great advantages for large scale grid energy storage. It can
have almost unlimited storage capacity just by using larger and larger storage
tanks, and it can be left completely discharged for long periods with no ill
effects, which offers a great opportunity for the energy storage in solar farm and

wind turbine power station.

Another route for the solar energy storage is to directly convert the solar
energy into fuel, which could directly replace the currently used gasoline for the
public transportation and coal for thermal power generation. In nature, the
green plants make photosynthesis every day, harvesting the energy from
sunlight and splitting water into hydrogen and oxygen. Then hydrogen is
bonded with carbon dioxide to form carbohydrates, such as glucose, which is a
kind of chemical fuel storage for the solar energy.[20] If we could mimic the
nature, and make a device that could harvest the sunlight and split water into
hydrogen and oxygen, we are going to be able to have hydrogen as a fuel, and
the only by product after combustion of it is water, which could provide a green
and sustainable energy resource for the future. Thus, hydrogen generation from
water via sunlight is considered as the “Holy Grail” of solar energy conversion

and storage.[21] The brute way to split water with solar energy is to combine
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the photovoltaic with an electrolyser. Robert E. Blankenship et. Al. have
compared the photosynthetic efficiency in nature with the production of
hydrogen by combing the photovoltaic with an electrolyser.[22] They
calculated that based on a normal 18% single junction Si solar cell, with 95%
solar illumination due to the changing of the solar zenith angle, combined with
the 80% efficient modern electrolyser, the solar water spitting efficiency is
around 14% (0.18%0.95*0.8). Taking account of the efficiency loss of 20% to
30% due to the voltage mismatch between the photovoltaic and the voltage
needed for electrolysis, the current technology for water splitting efficiency is
around 10% to 11%. Though the efficiency has met the 10% requirement given
by the department of energy of US for the commercialization, the high cost
associated with the fabrication of the components and the integration of such a
system inhibits the real application. A direct solar water splitting or artificial
photosynthesis device involves fewer transduction steps, which could reduce
the loss between the photovoltaic and the electrolyser and reduce the system
cost. However, it is still a dream in the near term. No systems have been
demonstrated to be efficient, low cost, and robust for the real application. To

fulfill this green dream, there is still a long way to go.
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1.2 PEC cells for hydrogen generation
1.2.1 Thermodynamics of water electrolysis

The PEC cell for hydrogen generation evolves from the water electrolysis
cell, which combines the hydrogen evolution at the cathode and oxygen
evolution at the anode. The following equation depicts the water decomposition
reaction. 1mol of H,O will release 1 mol of H, and 0.5 mol of O,, and results in
a standard Gibbs free energy change of 273 kJ mol”. The positive value
indicates that the water splitting reaction is thermodynamically uphill, thus
energy is needed to make the reaction happen. The standard Gibbs free energy
corresponds to a reversible potential of 1.23 V, which is the minimum potential

needed for water electrolysis.[23, 24]

1
H,0 (1) » Hy(g) + 502 9

AG = +273 k] mol™t

AG
Erey = — =123V

Due to the low ionic conductivity of water, which is typically less than 0.05 S
m’, electrolysis of pure water is very difficult. Thus, in commercial electrolyser,
strong acidic or alkaline solution is used as the electrolyte to increase the
conductivity.[24] In alkaline condition, the two half reactions can be written as

follows:
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Cathode reaction (reduction):
4H,0 + 4e~ ' - 2H, + 40H™!
E’,=—0.83V vs.NHE
Anode reaction (oxidation):
40H™ ' + 4h* > 2H,0 + 0,

E, = +0.40 V vs. NHE

In acidic condition, the two half reactions can be written as follows:

Cathode reaction (reduction):
4H* + 4e71 - 2H,

E%,; =0.00V vs.NHE

Anode reaction (oxidation):
2H,0 + 4h* - 4H* + 0,

ES, = +1.23V vs.NHE

Thermodynamically, a potential of 1.23 V is just enough to drive the water

splitting reaction. However, due to multiple effects (polarization effects,

kinetics and mass transport) associated with the reactions at both anode and

cathode, ohmic loss due to the resistance of the electrolyte and the contact, and

the systematic loss, overpotentials are needed to drive the actual reaction. The

real operational potential needed can be written as follow:

Eop =Erey + Mg + 1 + 1o + Nsys
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where E,., is the standard reversible potential, 1, and 7. are the anodic and
cathodic overpotentials, 1q is the ohmic loss, and 7, is the systematic loss.
In order to achieve a reasonable H, and O, generation rate, the potential

employed in commercial electrolyser is around 1.6 V to 1.9 V.[25, 26]

1.2.2 Introduction of PEC cell

An electrical water splitting cell uses the electrical energy to split water. In
contrast, the PEC cell harvests the energy from sunlight, and generates electron
and hole pairs. Electrons will reduce water into hydrogen at the cathode, and
holes will oxidize water into oxygen at the anode. The main component of the
PEC cell is the semiconductor. The n-type semiconductor acts as photoanode,
and the p-type semiconductor acts photocathode. A PEC cell can be either a
photoanode system which combines of a photoanode and a metal counter
electrode or a photocathode system which combines of a photocathode and a
metal counter electrode, or both with the photoanode and photocathode
connected together. Figure 1.5 shows the possible PEC configurations under

light illumination.

Similar to the conventional solar cell, in order to have a highly efficient
PEC cell, there are several steps that need to be optimized. First is the light
absorption, in order to harvest more sunlight, the band gap of the
semiconductors should be low. However, it should be larger than the standard

reversible potential 1.23 V for water splitting. Besides this, there are more
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stringent requirements of the band edge positions for the semiconductors. The

Photo-anode Electrolyte Metal Metal

p-n junction

— Photo-  Ejlectrolyte ' Metal p-njunction — cathode  Electrolyte ' Metal
Ohmic anode B
contact contact

n-type
Photo-anode Electrolyte Photo-cathode semi- Photo- Electrolyte Metal
conductor anode

Figure 1.5 Examples of possible PEC configurations under illumination. Top
row: Standard single semiconductor devices based on a photoanode (a) or
photocathode (b) with a metal counter electrode. Middle row: Monolithic
devices based on a photoanode (c) or photocathode (d) biased with an
integrated p—n junction. Bottom row: p—n junction photoelectrochemical
device (e), and an n—n heterojunction PEC device based on a photoanode
deposited on top of a second n-type semiconductor that “boosts” the energy of
the electrons (f)[3]

conduction band edge should be more negative compared to the water reduction
potential, and the valence band edge positions should be more positive than the
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water oxidation potential. More precisely, they should be at the qusi-electron
and hole levels. Second is the charge separation and transport. Sunlight
illumination generates electron and hole pairs inside the semiconductors, and
the separation of the electron and hole pairs and the transportation of them to
the opposite electrodes become the next priority. In order to have enough time
for the separation and transportation, the semiconductor should have long a
charge carrier lifetime. Unlike the conventional solid state solar cells, the
charges can be separated by the built in electric field and transport to the respect
electrodes. PEC cell depends on the rectifying junction between the
semiconductor and the electrolyte, which will be discussed in detail in the
following paragraph. The charge transport inside the semiconductor mainly
depends on the diffusion. Thus the semiconductor should have longer carrier
diffusion length. Third is the electrochemical reactions induced by the electrons
and holes. Specifically, they are the hydrogen generation at the cathode and the
oxygen evolution at the anode. Due to various factors, such as the low activity
of the electrode, the poor mass transport of the electrolyte, and the slow charge
transport, the electrodes need a higher overpotential to drive the reaction, which
will result in a low efficiency. To solve this problem, the electrodes can be
coated with catalyst to improve the reaction kinetics. Last but not the least, the
semiconductor must be stable in the electrolyte, and this point contains two
aspects. On one hand, the semiconductor has to be compatible with the

electrolyte. Specifically, the semiconductor should not be soluble in the
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electrolyte or react with the electrolyte. On the other hand, upon sunlight
illumination, the semiconductor should not decompose. If the oxidation or
reduction potential of the semiconductor itself is more favorable compared to
the water oxidation and reduction potential respectively, the charge carriers
generated by the illumination will decompose the semiconductor itself. Usually,
such kind of decomposition is caused by the minority carriers. Thus, for n-type
semiconductor, the hole quasi-Fermi level should be more negative than the
anodic decomposition potential, and for p-type semiconductor, the electron
quasi-Fermi level should be more positive than the cathodic decomposition
potential. Overall, the decomposition potentials of the semiconductor should

not lie within the bandgap.

1.2.3 Physics of the semiconductor electrolyte interface

According to the quantum mechanics, each single isolated atom has
defined atomic orbitals filled with electrons of different energy levels. When
the atoms are brought together forming molecules, the orbitals of different
atoms will interact with each other and form molecular orbitals. As the number
of the atoms increasing, the molecule orbitals become larger and larger and the
energy levels become finer and finer. Finally, when large quantities of atoms
form into a solid, the energy levels of the solid will be so close that they can be
considered as a continuum which can be called as a band.[27] The highest

occupied energy band is valence band, and the lowest unoccupied band is
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conduction band. Correspondingly, the upper edge of the valence band is called
valence band edge (Evg), and the lower edge of the conduction band is called
conduction band edge (Ecg). And their energy difference is called band gap
(Egg). The semiconductor can be thermally or photochemically excited, with
the electrons jumped to the conduction band, leaving the holes in the valence

band.

The electrochemical potential of the electrons in semiconductor can be
described by the Fermi level (Er), which is defined as the energy level at which
the probability of occupation by the electrons is 50%. The Fermi level in
semiconductor physics is usually referenced to the vacuum level. The Fermi

level energy can be calculated by the following equation, [24]

Nis
)
CB

1 1
EF = E (EVB + ECB) + E (len

where k is the Boltzmann constant, T is temperature, Nyzand Ngg are the
density of energy states in the valence band and conduction band respectively.
For intrinsic semiconductor, the Fermi level lies in the middle of the band gap,
and for highly doped n-type and p-type semiconductors the Fermi levels lie just
below the conduction band or above the valence band respectively. In
electrochemistry, the electrochemical potential of the electrons in electrolyte is
called redox potential, which is usually with reference to the standard hydrogen

electrode (SHE).[28] The redox potential is defined by the concentrations of the
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oxidized and reduced species in the electrolyte, which can be calculated by the
following equation,

COX

EF,redox = Egedox + kTin( )

red
where k is the Boltzmann constant, T is temperature, and C,, and C,.; are
the concentrations of the oxidized and reduced species in the electrolyte,
respectively. When semiconductor is immersed into the electrolyte, the
semiconductor electrolyte interface will be formed. In order to explain the
charge transfer process across the interface and reconcile the different
terminologies between physicist and chemists, the redox potential of the

electrolyte can be considered as the Fermi level of the electrolyte. [28, 29]

For an n-type semiconductor, usually its Fermi level is higher than the
electrolyte. Thus, when an n-type semiconductor is immersed in electrolyte,
free electrons in the semiconductor will flow to the solid electrolyte interface,
leaving the positive charges behind and negative charges in solution. The
negative charges in the electrolyte will induce a thin Helmholtz layer, usually in
the range of a few nm. In contrast, the positive charges in the semiconductor not
only exist on the surface but also spread to the bulk of the solid typically for
several pum, and the region is called space charge layer.[30] The
inhomogeneous charge distribution in the semiconductor will induce an
inhomogeneous electric field across the semiconductor electrolyte interface,

which can be revealed by the band bending. For the n-type semiconductor
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electrolyte interface, when the semiconductor is photoexcited, majority
electrons will migrate to the semiconductor and minority holes will move to the
electrolyte to drive the water oxidation reaction. Due to this, the PEC cells are

minority carrier device.

Under illumination, excess electron and hole pairs will be generated, new

A. Before equilibrium B. After equilibrium C. llluminated
»
E E(b /
= E sssssnsnsnsnnnnns E‘h
F
........ — V.
= £ ey apy E,, 2 |~
m ch =Wy ‘.
!g ......... | ATELETTPCETTTETEN CORTTE E. ...............
& -gE(A/A") -qE(A/A) o | -qE(A/A)
Euh _/
Eub
Y E\'b
N-type R ) N-type R B N-type R
semiconductor liquid semiconductor liquid semiconductor liquid

Figure 1.6 The band energetics of a semiconductor/liquid contact are shown
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. In panel B, qy is known as the barrier height, and
its magnitude determines the theoretical maximum energy that can be
extracted from a separated electron-hole pair at the semiconductor/liquid
junction. In panel C, where steady-state illumination yields nonequilibrium
electron and hole populations, Er,, is the electron quasi-Fermi level and Er),
is the hole quasi-Fermi level. The voltage generated by the junction under
illumination is given by the difference between Er, and - gE(A/A’).[8]

equilibrium will be reached. For n-type semiconductor, electrons are majority
carries which are barely changed by the illumination. The concentration of the
minority holes will increase significantly. At this time, the Fermi level of the
semiconductor cannot be described by a single level. Instead, it is in a dynamic
state, which can be considered as two levels now, the electron
quasi-Fermi-level and the hole quasi-Fermi-level respectively. The split of the
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Fermi level is mainly due to the shift of the hole quasi-Fermi-level. The energy
separation between the two levels determines the energy that can be extracted,
which is correlated to the open circuit voltage. In order to split water without
any given bias, the electron quasi-Fermi-level must be sufficiently higher than
the hydrogen evolution potential and the hole quasi-Fermi-level must be
sufficiently lower than the water oxidation potential at the same time. This is
the stringent way to describe the requirement to split water rather than the band

gap of the semiconductor should straddle the water splitting potentials.

The band energetics of the semiconductor electrolyte interface in different

conditions can be summarized in Figure 1.6. [8]

1.2.4 Flat band potential

Except the light illumination, applying external bias potential will also
change the band bending condition of the semiconductor electrolyte interface.
At certain potential, there is no band bending for the semiconductor, and this
potential is called Flat band potential.[28] For an n-type semiconductor, giving
a bias more positive than the flat band potential will cause a deep depletion in
the semiconductor, and the reverse potential will cause the accumulation in the

semiconductor.

At the flat band potential, there is no current even under illumination, as
the charge transfer process depends on the electric field caused by the depletion

or inversion. In order to know the capability of the semiconductor for water
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splitting, it is important to test its flat band potential.[31] There are mainly three
different ways to test it.[31, 32] The first method is to measure the open circuit
potential at different illumination intensity; the second method is to measure the
onset potential of the photocurrent; and the third one is to measure the
capacitance of the space charge area and use the Mott-Schottky equation to
determine the flat band potential. The easiest method is to measure the onset
potential of the photocurrent, which is the potential where photocurrent starts.
In specific, it is the potential where the dark current and the photocurrent
intercept. In the illuminated open circuit potential method, the light illumination
will generate electron and hole pairs, for the n-type semiconductor, the holes
will move to the electrolyte, and electrons will be left behind and generate an
opposing electric field. Under sufficient illumination condition, the band of the
semiconductor will become flat, and the open circuit potential at this time
reaches maximum and approaches flat band potential. Thus, measuring the open
circuit potential at different light illumination condition will give a curve, and
the plateau of the curve can be considered as the flat band potential. The most
complicated way to measure the flat band potential is to use the Mott-Schottky
relationship, which is an electrochemical impedance spectroscopy (EIS)
technique. [33]The Mott-Schottky equation is as follow,[33]

1 VoV kT
C2  ee,A%eNp ( b e )
where C,. is the space charge layer capacitance, ¢ is the dielectric constant of

the semiconductor, &, is the permittivity of the free space, A is the interfacial
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area, Np is the donor density of the semiconductor, V is the applied potential,
Vep is the flat band potential, k is Boltzmann constant, and T is the
temperature. For the capacitance, there are two here. One is the space charge
layer capacitance, and the other is the double layer capacitance. These two
capacitances are in series. As the latter one is much smaller than the former one,
the contribution to the total capacitance is nearly negligible. According to the
Mott-Sheottky equation, the plot of 1/C2 versus electrode potential (V) will
be linear, and the intercept at zero potential is V¢, + kT /e, thus the flat band

potential can be derived.

1.2.5 Efficiency of PEC cell for water splitting

The efficiency of the water splitting cell is determined by the amount of
the chemical energy stored in hydrogen over the light energy shining on the
device.[3, 31] Each step in the water splitting process has an impact on the
efficiency. There are mainly three steps that determine the efficiency. The first
step is the light absorption by the semiconductor, the second step is the
conversion of the photons to electric charges, and the third step is the
electrochemical reactions for water splitting induced by the charges. Thus, the

overall efficiency can be written as

1N = Nabs X Ncon X Nrea

where 7 is the overall efficiency, n,s 1s the absorption efficiency, 7.0, 1S

the exiton generation efficiency, and 7,., is the electrochemical reaction
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efficiency. However, experimentally, it is hard to separate the three steps and
measure the individual efficiency. Assuming all the electrons and holes
generated by the illumination are used to drive the water splitting reaction,
which means 7,.., 1s 100%, and two electrons are correlated with one H;
molecule, the Gibbs free energy stored in H, per area can be written as
1.23 x J, ] 1is the photocurrent density. The total conversion efficiency can be

written as

123 %]
P

U]
where P is the light illumination intensity. In all the known materials, only
very few semiconductors with large band gaps can have unassisted water
splitting, and for the rest it is necessary to apply an external bias to drive the
water splitting reaction. To calculate the efficiency at this condition, the energy

contributed by the external bias has to be reduced, and the efficiency can be

written as

— (1-23 - Ebias) X]
P

where Ep;.s 1s the external bias applied. In the characterization of the water
splitting device, the PEC measurements are usually done in three electrode
configuration. However, the bias in the equation above is only applied to the
two electrode configuration, which is the bias between the working and counter

electrode.[31]
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The incident photon to current efficiency (IPCE) is another important
parameter to characterize the efficiency. It represents the efficiency of the first
two processes of light absorption and charge conversion together, and it is also
called as quantum efficiency. It is a function of wavelength, and can be
calculated by measuring the photocurrent under a particular wavelength of light

illumination with a known intensity.[3, 31] The equation is

1peE® =7 (53) = 1924 (5 3)

where | is the photocurrent density, P(A) is the power density of the light at
wavelength A. If the IPCE at all wavelength range is known, the total
photocurrent can be calculated by integrating the IPCE with the power density
of the illumination light. Another parameter to characterize the quantum
efficiency is the absorbed photon to current efficiency (APCE), which depicts
the efficiency in the second step process. The APCE reduces the loss of

reflection and transmission for the IPCE, which can be written as follow,

IPCE(Y) _ IPCE(})
A 1—R-T

APCE(Q) =

where A is the absorption of the semiconductor, R is the reflection and T is the
transmission. Note that A is the absorption, which is different form the
commonly used absorbance a tested by the UV-visible spectroscopy. The

relation between the twois A =1 — 1074,
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Photocurrent is the indirect way to characterize efficiency, but it is the
most frequently used parameter in water splitting device. Assuming Faradic
efficiency is 100%, the photocurrent can be directly correlated with the amount
of hydrogen generated. For a given semiconductor, assuming all the photons
exceeding the band gap can be absorbed and used to generate the electron and
hole pairs, and all these pairs are converted to the photocurrent, the maximum

photocurrent attainable by the semiconductor can be calculated. Figure 1.7

Theoretical photocurrent density under one-sun illumination
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Figure 1.7 Theoretical photocurrent densities for semiconductors under
one-sun illumination. The blue curve is the integrated photon flux at different
cutoff energies, based on the AMI1.5G solar spectrum (ASTM G173-03
reference). The theoretical photocurrent is calculated assuming that all incident
photons above the semiconductor band gap contribute to the photocurrent.
Several of the semiconductors used in solar-to-fuel conversion are also listed,
along with their reported band gaps in bulk phases. The arrows at the bottom
indicate the regions of ultraviolet (UV) (below 400nm), visible (400 — 750 nm),
and infrared (IR) spectra.[6]
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shows the theoretical photocurrent densities of the semiconductors for a single
junction water splitting device as a function of the wavelength and band gap
under one-sun illumination, and the photocurrent of some commonly studied

electrode is directly pointed out. [6]

In order to harvest more sunlight, two or more kinds of materials can be
combined together to work as a multi-junction cell or tandem cell. [7]In this
kind of cell, the sunlight passes through one material first and gets absorbed
partially, and the filtered light will be absorbed by the second material. Thus, a
larger part of the sunlight can be harvested. The photovoltage will be sum of the
two cells, and the current will be equal to the smaller one of the two. In terms of
the device configuration, the most direct way is to combine the photoanode and
photocathode together. Combining the materials together to work as just
photoanode or photocathode is also common. Though the photocurrent of the
tandem cell is lower than that of the single junction cell, the overall efficiency
can be significantly higher. Theoretically, the two junction configuration could
extend the solar to hydrogen conversion efficiency to 30%.[7, 34] Based on the
tandem cell with two absorbers, assuming that each semiconductor absorbs all
photons with energy hv > E; and transmits all photons with energy hv < Ej
without reflection or scattering losses. The maximum expected nsry as a
function of the chosen band gap energies, E;; and Eg, can be predicted
considering the distribution of photons in the standard solar illumination (AM

1.5G 1000 Wm ?) as shown in Figure 1.8.[7]
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Figure 1.8 (a) Contour plot (thick gray lines) showing the maximum predicted Nery
with AM 1.5G incident radiation (1000 W m ) and a total loss, Uy, set at 2.0 eV as
it depends on the chosen semiconductor band gap energies, Eq;, i = 1, 2 (with Eq; >
Ey). (b) The benefits of the tandem cell approach are shown through the AM 1.5G
solar photon flux as a function of wavelength and photon energy. The shaded area of
the spectrum represents the photos that could be harvested using a single
semiconductor absorber (vellow) and a dual absorber tandem approach (light brown

and purple).[7]

1.2.6 PEC measurements

In order to measure the PEC performance of the electrodes, the first thing
to do is to build a suitable PEC cell setup. The most common setup is the three
electrodes cell configuration, with a compartment to store the electrolyte and

three electrodes for test. Usually, the samples serve as the working electrode. In
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order to transport current, a suitable counter electrode is needed. Besides, a
reference electrode is needed to accurately adjust the potential of the working
electrode. Sometimes, it is required to process the samples before the test.[31]
For example, for the samples without a good contact, wire bonding is needed to
increase the conductivity. Copper wire can be used, and silver paste could be
utilized as the glue. In order not to shunt the circuit from the active material, the
exposed conductive part needs passivation. The non-transparent epoxy or black
nail polish could be a good choice, which can not only passivate the material

but also help to define the active area of the sample.

The choice of the counter electrodes depends on the samples that need to
be tested. For the n-type semiconductor, Pt foil or mesh can be used as the
counter electrode, as Pt is a good catalyst for hydrogen evolution. With same
principle, the counter electrode for the p-type electrode should be a good
oxygen evolution catalyst. Anyhow, in order not to limit the reaction kinetics of
the working electrode, the size of the counter electrode is usually double or

more times of the working electrode.

Reference electrode could control the potential of the working electrode on
an electrochemical scale by using well defined redox systems. There are various
kinds of reference electrodes, and the choice of suitable reference electrode
depends on the electrolyte used. The normal hydrogen electrode is a standard
for the electrochemical potential, and is considered as the zero potential.

However, it is hard to construct in real experiment condition, which needs a
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platinum electrode surrounded with the solution containinglM H' ions and H,
gas bubble through at 1 atm pressure. As the Pt/electrolyte interface is
irreproducible, a theoretical condition is assumed to define the zero potential as
the standard hydrogen electrode potential. In real experiments, the most
commonly used electrodes are saturated calomel electrode (SCE) and saturated
Ag/AgCl electrode, and they can be used in wide pH ranges. For long time
experiments in strong H,SOy acid or alkaline solutions, Ag/AgSO4 and Hg/HgO

reference electrodes can be used respectively.

As the electrochemical potentials of the water splitting reactions and the
band edge positions of the semiconductor change with the pH values, thus it is
necessary to define an electrode whose potential doesn’t change with the pH
values, and the reversible hydrogen electrode (RHE) fulfills this goal. As a
result, it is more convenient to use than SHE. To compare the PEC performance
of different electrodes, it is necessary to convert the electrochemical potentials
measured with different reference electrodes to RHE. For the most frequently

used Ag/AgCl electrode, it can be converted by the following equation,
Erne = Eagjager + Eﬁg/Aga + 0.059 X pH

where Ejg/agc1 18 the potential measured with respect to the Ag/AgCl
electrode, E Xg /agct 18 the potential of Ag/AgCl electrode referred to SHE. For

saturated KCl filled Ag/AgCl, iti1s 0.1976 V.
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The current-potential profile is one of the most important characteristics of
the PEC electrodes, and it can be described by the Gartner model.[3, 35]
Gartner uses an equation to derive the photocurrent in a semiconductor under

external bias,

-aWw

Lo _c
Je =Jo +ed(1 1+aLp)

Jo 1s the saturation current density, @ is the incident light flux, a is the
absorption coefficient, W is the depletion layer width, and L, is the hole

diffusion length.
1.2.7  Recent advances in using TiO; for water splitting

Ever since Fujishima and Honda had demonstrated the photoelectrolysis of
water with TiO,,[36] TiO;, has received a wide attention in water splitting,
photocatalysis, and solar cell.[8, 37, 38] Though TiO; is cheap, nontoxic and
has high photoactivity, its large bandgap limits the absorption in the UV range,
and results in low efficiency. In order to improve its performance for water
splitting, extensive research has been done in the past several decades, which

can be summarized into three categories as following.

The first approach is to dope or introduce deficiencies into TiO; to
enhance the visible light absorption. In 1994, Choi et al had systematically
studied the doping of TiO, with different metal ions, and found that doping

could change the photoactivity and charge transfer rate of TiO,.[39] Later on,
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Anpo et al found that doping of TiO, with the Cr ions could broaden the
absorption range of TiO, toward the visible part, and the extent can be tuned by
varying the concentration of the dopants.[40] Since then, various metal ions
doped TiO; have been studied.[41-45] The mechanism of visible light response
by the cations doping can be explained by the defect states created in the band

gap of TiO,.[41] Recently, Liu et al have developed the solution method to
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Figure 1.9 Transition metal doped TiO; nanowires with controllable

overpotential.[5]

synthesize transition metal doped TiO, nanowires with controllable
overpotentials, as shown in Figure 1.9. [5] \Even the light response range is
broadened by the transition metal doping, there are no great improvements
achieved for the performance of the samples due to the recombination centers
and reduced carrier mobility. Most detrimentally, some cation doping will shift

the conduction band edge of TiO, downward, making it less sufficient for water
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reduction reaction.[46] Thus, in terms of the performance in water splitting,
there is no obvious enhancement through cation doping and sometime even
worse. Besides cation doping, anion doping can also improve the visible light
response of TiO,. Early in 1986, Sato had reported the NOx doped TiO,.[47]
However, the anion doping has only received a wide attention since the work
reported by Asahi et al.[48] They had calculated the doping effect of various
anions for TiO,, (such as C, N, F, P, and S) and concluded that N was the most

effective dopant. By sputtering TiO; in the N, and Ar gas mixture followed by
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Figure 1.10 (A) Schematic illustration of the density of states of
disorder-engineered TiO, nanocrystals as compared to that of unmodified TiO;
nanocrystals. The background is part of a disorder-engineered TiO;
nanocrystal. Photos of disorder-engineered (black) and unmodified (white)
TiO; nanocrystals are also shown. (B) Cycling measurements of hydrogen gas
generation  through  direct  photocatalytic =~ water  splitting — with
disorder-engineered black TiO; nanocrystals under simulated solar light.[49,

50]

annealing at 550°C in N, gas, the authors had improved the activity of TiO, in
photocatalyst application. Later on, Khan et al had developed C modified TiO,
by the flame method, and demonstrated its superiority over pure TiO; in water

splitting.[51] Not only the external cations or anions can cause doping, the
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oxygen deficiency in the TiO, can create Ti’" sites, which can be called as
self-doping.[52] TiO, can be reduced by annealing at high temperature in
vacuum or hydrogen atmosphere, this reduction is usually accompanied with
the broadening of the absorption spectrum.[53] The most common color of the
TiO, with oxygen vacancy is blue.[54] Recently, black TiO, has also been

developed by surface hydrogenation, as shown in Figure 1.10. [50]

The hydrogenation will cause disorder on the surface of TiO, and introduce
the defect states inside the bandgap, which are continuum. The black TiO; has
demonstrated a great improvement in photocatalysis compared to the pristine
white samples. For the efforts by doping, no matter whether cations or inions
are used, the dopant concentration is always a very important parameter that
needs to be well controlled. Insufficient doping will not be able to have effect in
performance, while excess doping will cause a high rate of recombination.[46]
In order not to increase the recombination rate during doping, a co-doping
method has been proposed.[46] By introducing the cations as donors and anions
as acceptors at the same time, the recombination centers by doping can be
reduced. Theoretically, various combinations have been proposed.[46, 55, 56]
However, they are difficult to realize due to the limitations of the experiment
conditions and methods. Recently, Zheng et al had employed a new flame
method to co-dope TiO, with W and C.[57] Due to the reduced charge
recombination, co-doped samples exhibit superior performance compared to the

mono-doped ones. Though doping could improve the performance of TiO; to
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some extent, the improvement could never be significant or revolutionary due
to the defects induced by the doping. Thus, it is highly demanded to search for

other methods to improve the performance.

The second approach is to make TiO, nanostructures. Compared to the
bulk electrodes, nanostuctures have many advantages, which can address the
limitation of the materials.[3, 49, 58, 59] The most significant effect of
nanostructure is the increment of the surface area. As water splitting reactions
take place on the surface, more surface area will create more reaction sites and
improve the charge transfer kinetics at the interface. The second advantage is
the shortening of the charge carrier transport length. For the bulk electrode, the
charge carriers have to travel across the whole electrode to reach the surface to
induce water splitting reactions. In contrast, for the nanowire electrode, the
carriers only need to transport the length of half the diameter of the nanowire to
reach the surface. The third advantage is the enhancement of the light
absorption. In order to harvest more light, the electrode needs to be thick
enough to the reach the absorption depth. As nanostructures could promote light
scattering on the electrode surface and increase the light transport path inside
the electrode, the strong light absorption and efficient charge transfer can be
achieved at the same time. Furthermore, since the different surfaces of the
material may exhibit different activities toward the water splitting reactions,
precise nanostructure engineering could expose more active surfaces and

increase the reaction rates. Due to the advantages discussed above, various TiO,
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nanostructures have been extensively studied and  successfully
synthesized.[60-64] The most common type is nanoparticles, because they have
a high surface area. Another attraction of making nanoparticles is the quantum
confinement effect. When the charge carriers are confined to a volume that is
less than their De Broglie wavelength, quantum confinement effect will be
induced, and the band gap of the material will be changed.[65] However, this
effect is very difficult to induce for TiO,, mainly due to the large electron and
hole masses.[66, 67] Theoretical calculations prove that different facets of TiO,
have different reactivity.[68-73] For example, due to the high densities of
under-coordinated Ti atoms and very large Ti—O-Ti bond angles at the surface,
(001) facet is predicted to be more active than the thermodynamically stable
(101) facet. Synthesizing the TiO, nanocrystals with high percentage of (001)
facets becomes a fever at a time, and the representing work is done by Yang et
al.[74-76] By using the hydrofluoric acid as a morphology controlling agent,
they have synthesized uniform anatase TiO, single crystals with 47% of (001)
facets. Though the TiO, nanoparticles are very efficient in photocatalytic water
splitting when suspended in the solution, the efficiency is nearly negligible
when casted as a film. Directly grown TiO; nanostructures on conductive
substrates is favorable in PEC water splitting. Grimes et al had demonstrated
the TiO, nanotubes on Ti foil for water splitting by electrochemical
anodization.[77] Due to the efficient charge carrier transport, they have

achieved a high efficiency. Later on TiO; nanorod arrays directly grown on

42



CHAPTER 1 Background and Literature Survey

_.
(%]
i

1.0
0.8 :'
0.6
0.4
0.2 :'
0.0

Current density [mMcmz}

| L] | L L L L
0002040608101214186
Potential (V vs. RHE)

Figure 1.11 Branched TiO; nanostructures for water splitting. [4]

FTO have been developed.[61, 64] And Hwang et al have studied the length
and surface passivation effects by ALD for water splitting in detail.[78] Though
TiO, nanorod film shows a favorable charge transport pathway compared to the
nanoparticle flim, the surface area is greatly reduced. Thus in the conventional
photocatalyst and solar cell application, TiO, nanoparticles still outperform the
TiO, nanorods.[64, 79] In order to increase the surface area, the tree-like
branched structure is proposed.[80, 81] Zheng et al have demonstrated
enhanced water splitting by using the branched TiO, nanostructure and
achieved greatly improved performance compared to pristine TiO, nanorods,
Figure 1.11.[4] Nanostructured TiO, is indeed more active compared to bulk
TiO, due to the improved charge transport. However, even the charge transport
is 100% efficient, the maximum photocurrent of anatase and rutile TiO; can
reach is 1.1 mA/cm® and 1.8 mA/cm? respectively under AM 1.5 G solar
illumination, as nanostructure can’t make TiO, absorb more light beyond its

own bandgap.
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The band gap limitation of the TiO, makes it inefficient for water splitting.
By making composites or heterostructures with the other materials, this
limitation can be complemented, and this strategy can be counted as the third
approach to improve the performance of TiO;. TiO; has three different phases
in nature, anatase, rutile and brookite.[82] Due to different crystal structures,
their electronic structure, carrier diffusion length and redox potentials are
different. Thus they have different performance towards water splitting.
Anatase is proved to be the most efficient among the three, and some claim that
it is mainly due to the higher conduction band edge, which could have a higher
overpotential for hydrogen reduction.[83, 84] To make composite or
hetero-structures, the first thing can be started with is using different phases of
TiO,. In fact, the mixture of any two of the three did show higher efficiency
than the individual.[85-89] The famous Degussa P25 TiO, nanoparticles are
composed of anatase and rutile together, which have a wide application in
photocatalysis and solar cell.[90] And higher efficiency of water splitting has
been proved by using anatase and rutile junction.[76] Except forming a
homo-junction by mixing different phases, there are several other ways to
improve the performance of TiO, by making composite nanostuctures, such as
decorating TiO, with noble metals, organic dyes and short band gap
semiconductors.[37, 38, 84, 91, 92] There is no consensus on the role of noble
metals yet. In the early stage, it was proposed that the electron transfer from

TiO; to the metal enhanced the charge separation. As the metal usually have a
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lower Fermi level compared to TiO,, so when they are deposited onto the TiO,
surface, the electrons generated from TiO, will transfer to the metal, resulting in
enhanced the charge carrier separation.[37] Several reports have supported this
mechanism.[93-97] Later on, researchers proposed that the enhancement is
actually through the plasma effect.[98, 99] Regarding this point, there are still
two different views. Some claim that the light excitation will cause surface
plasma in the noble metal, and the decay of these plasmas will create electron
and hole pairs inside the metal like the semiconductors. Most of the excited
electrons in the metals are hot electrons, which are energetic enough to transfer
to TiO,. The noble metals here serve as the photosensitizer, which is similar to
the sensitization by using the organic dye or the semiconductors discussed
later.[99, 100] While, the others claim that this is impossible, as the electron
hole pairs is not realistic in metals due to the lack of highest occupied molecular
orbital-lowest unoccupied molecular orbital (HOMO-LUMO) energy separation
or analogous valence band-conduction band energy separation in a plasmon
excitation, and the band alignment between the metal and TiO, makes it
energetically unfavorable for the electron transfer to TiO,.[98] And they claim
that the enhancement is due to the enhancement of the local electric field near
the TiO, surface by the plasmon resonance rather than electron transfer.[98] For
the sensitization method, both the functions of the organic dye and short band
gap semiconductor on TiO; are to enhance the light absorption, [101, 102] and

the idea for water splitting cell is evolved from the conventional dye sensitized
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solar cell and quantum dot sensitized solar cell. The difference between water
splitting cell and the sensitized solar cell is that there are no regenerative agents
in the electrolyte, thus the water splitting cell is also called as photosynthetic
cell. Youngblood et al have demonstrated the overall water splitting by using
the organic dye [Ru(bpy)s]*" as the sensitizer capped by the IrO, nH,O particles,

which function as the water oxidation catalyst, as shown in Figure 1.12.[103]
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Figure 1.12 (top) Schematic diagram of a water-splitting dye-sensitized solar
cell. The inset illustrates a sensitizer-capped IrO,nH,0 catalyst particle in the
mesopores of the TiO, electrode film. (bottom left) Current transient obtained
under visible light illumination. (bottom right) Energy level diagram showing
the rates of forward and back electron transfer from and to the sensitizer
molecule.[8]

However, most of the dyes degrade quickly under water oxidation, thus this
concept faces a great challenge in real application.[91] Alternatively, the
utilization of short band gap semiconductors as the sensitizers has been
proposed, as they are relatively more stable, and it is also the focus of this thesis.

Sensitization of TiO, with short band gap semiconductors has been extensively
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studies for quantum dots sensitized solar cell in the past decade. [102, 104] In
However, less attention has been devoted to solar fuel generation. As the
concepts and ideas for quantum dots sensitized solar cell can also be used here,
a brief overview is provided here. In the initial stage, researchers have been
focused on the developing the sensitization method, mainly pre-synthesized
route or direct growth.[92, 105] Per-synthesis method provides great control of
the size and optical properties of the quantum dots. However, the loading of the
quantum dots is low, which results in low efficiency. Thus, various other
methods have been developed, such as chemical bath deposition, [106, 107]
successive ionic layer adsorption and reaction (SILAR),[108-110]
electrochemical deposition,[111] chemical vapour deposition[112] and
electrophoretic deposition.[113] The most common TiO, scaffold used for
sensitization is TiO, particles as the concept is evolved from dye sensitized
solar cell. Unlike dye molecules, the size of semiconductor quantum dots is
much larger than, resulting in much lower pore filling ability into the TiO,
particle film. Thus, other structured TiO, film with more open area have been
developed and used. One-dimensional nanostructures such as nanowires and
nanotubes offer superior electron transport path ways and improved light
scattering have been used. However, they suffer from very low surface area,
resulting in  low  photoelectrochemical  performance.[114, 115]

Three-dimensional inverse opal (IO) nanostructures, with larger surface area
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than TiO, nanowries and nanotubes and higher level of porosity than TiO,

particle film have been proposed to enhance the performance. [116-124]

Though advancement of the sensitization of TiO, in different aspects
have been made in the past decade, issues and challenges remain, such as no
systematic study of the effect of different sensitizers have been discussed in a
single article, the surface area of invers opal is still low, and the sensitization of
high aspect ratio TiO, nanostructure is still a challenge. And these issues and
challenges are the foucs of this thesis. In specific, chapter 2 is focused on the
study of different kinds of sensitizers, their optical properties, band edge
positions, electron injection efficiencies and stability for PEC hydrogen
generation; chapter 3 is focused on improving the surface area of TiO; inverse
opal; and chapter 4 is focusing on developing a new and highly sensitization

method.
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Chapter 2

TiO,/(CdS, CdSe, CdSeS) Nanorod
Heterostructures and Photoelectrochemical

Properties

Understanding the physical properties of different sensitizers is the
foundation for the design of highly efficient hydrogen generation device and the
focus of this chapter. Here, we choose hydrothermally grown TiO, nanorod
arrays as the model electrode to study and use the chemical vapor deposition
method for the deposition of sensitizers. This chapter has been reproduced with
permission from J Luo, L Ma, T He, CF Ng, S Wang, H Sun, HJ Fan. The
Journal of Physical Chemistry C 2012, 116, 11956-11963. Copyright:

American Chemical Society.

2.1 Introduction

Solar light driven water splitting by photoelectrochemical (PEC) cells
offers an ideal route for H, generation due to the sustainable solar energy and
abundant water resources.[12, 125] Since the first report on the electrochemical
photolysis of H,O with TiO, as photoanode by Fujishima and Honda,[36] the
research on water splitting has received increasing attentions. TiO; has been
one of the most attractive materials for this application because of its high
photoactivity and low cost as well as excellent chemical stability.[126]

However, because of its large bandgap (~ 3.2 eV), TiO; can only harvest the
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UV light which takes only 5% of the sunlight, resulting in low energy
conversion efficiency. Tremendous efforts have been made to enhance its
visible light harvesting ability. Typically, the methods can be summarized into
two categories: One way 1is through bandgap narrowing by element
doping,[127][48][128] or introducing defect states within the forbidden
band.[50] Another strategy is sensitizing TiO, with narrow band gap
semiconductors such as CdS,[106, 129-131] CdSe[132, 133] and PbS,[134, 135]
that is widely employed in quantum-dot sensitized solar cells (QDSSCs).
Among various chalcogenides compounds, CdS and CdSe are the most
commonly studied sensitizers due to their small band gap of 2.4 and 1.7 eV,
respectively, and the synergistic effect of co-sensitization.[136]

Various methods have been developed for the sensitization, mainly in two
approaches, post-synthesis assembly and direct growth. In the first method,
pre-synthesized quantum dots (QDs) are bind to TiO, through organic molecule
linkers.[137] The latter method (direct growth) includes chemical bath
deposition,[106, 107] successive ionic layer adsorption and reaction
(SILAR),[133] electrochemical deposition,[129] and chemical vapor deposition
(CVD).[131, 138] The solution-based deposition is most commonly used for
sensitizing TiO,-based PEC anodes. However, the loading of the sensitizer by
solution method is generally low, and the charge transfer from sensitizer to
TiO; could be negatively affected due to the chemical species at the interface of

the sensitizer and TiO,. Direct growth of the sensitizer on TiO, by CVD
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provides a compact physical contact to favour the charge transfer, a feasible
way to increase the loading of the sensitizer, and high crystalline structure.

Albeit a large number of publications on CdS and CdSe sensitized TiO,
PEC photoelectrodes,[ 106, 136, 139] little attention[140] has been paid to the
effect of the morphology of sensitizer on the PEC performance and comparison
of the stability and charge transfer dynamics of different Cd-based
semiconductor sensitizers. In contrast to nanoparticles, nanorods possess
several advantages, including higher surface areas, easier electron-hole charge
separation and thus efficient electron injections, and larger optical absorption
cross section.[136, 141, 142] All of these are beneficial to the PEC performance.
Furthermore, cadmium chalcogenides differ from each other in terms of band
gap, energy level, and chemical stability, and therefore their photosensitizing
effect in PEC electrode. A comprehensive investigation of these differences is
desirable.

In this chapter, we first deal with the shape effect of the CdS on
quasi-aligned TiO; nanorod arrays by comparing three different nanostructures.
It is found that nanorods have superior sensitizing effect to nanoparticles. We
then fabricate CdSe and CdSeS alloy nanorods heterostructured with TiO,
nanorods array electrodes. Through systematic PEC and optical
characterizations, insights on the advantages and drawbacks of these cadmium
chalcogenides nanorods in terms of chemical stability and interface electron

injection efficiency are obtained. Our results provide useful information on the
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structure design and rational selection of suitable photosensitizers on TiO,

nanorod array-based electrodes towards efficient solar fuel cells.

2.2 Experimental methods

2.2.1 Preparation of TiO; nanorod array

The TiO, nanorod arrays on transparent conductive fluorine-doped tin
oxide (FTO) were synthesized by a hydrothermal growth method according to
the literature.[143] In a typical process, the FTO substrates were first cleaned
with acetone, ethanol and deionized water for 5 min, respectively, and then
dried by N, stream. The precursor was prepared by adding 0.45 ml titanium
butoxide to a well-mixed solution containing 15 ml of HCI and 15 ml H,O, and
then the whole mixture was stirred for another 10 min till the solution became
clear. After that, the precursor was poured into a Teflon-liner stainless steel
autoclave with the FTO substrates placed at an angle against the wall with the
conductive side facing down. The hydrothermal growth was conducted at 150
°C for 12 h in an electric oven. After that, the FTO substrates were rinsed with

deionized water and dried in ambient air.

2.2.2 CVD deposition of CdS, CdSe and CdSeS

The deposition of CdS, CdSe and CdSeS on TiO; nanorod arrays was
conducted by CVD based on a vapour-solid process without using metal

catalyst.[144] The powder of CdS and CdSe precursor was put into a quartz
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boat loaded into the center of a one-inch diameter quartz tube placed in a
horizontal tube furnace. For the CdSeS alloy sample, considering the lower
melting point of CdSe than CdS, CdSe powder was positioned at the upstream
inside the quartz-tube furnace to make sure that the CdSe can vaporize with the
CdS at a similar speed. FTO substrates grown with the TiO, nanorod arrays
were put a few cm away from the source. Hydrogen diluted with argon (volume
ratio 2%) served as the carrier gas with a flow rate of 10 sccm. The pressure
was kept at 10 mbar. The precursor was heated to 700 °C at a rate of 25 °C per
min, and kept at the peak temperature for 10 min, 30 min and 50 min for

different samples before cooling down naturally to room temperature.

2.2.3 Structural and optical characterization

The morphology of the samples was characterized using a JEOL
JSM-6700F field emission scanning electron microscope (SEM). The X-ray
diffraction (XRD) patterns were recorded by the Bruker D8 Advanced
diffractmeter with the Cu Ka as the radiation source. The UV-visible absorption
spectra were recorded by the Cary 100 UV-Vis spectrophotometer. The
diffused reflectance spectra were recorded by the Zolix Solar Cell QE/IPCE
measurement system equipped with the integrated sphere and a Si diode. For
steady state photoluminescence (PL) measurement, the 325 nm line from a
He-Cd laser was wused as the excitation source. Time-resolved

photoluminescence spectra (TRPL) measurements were carried using the
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time-correlated single photon counting (TCSPC) technique with a resolution of
10 ps (Pico-Quant PicoHarp 300). The second harmonic of Titanium sapphire
laser (Chameleon, Coherent Inc.) at 450 nm (100 fs, 80 MHz) was used as the
excitation source. The signal was measured at the wavelength of the correlated
steady state PL peak. XPS measurements were performed in a VG ESCALAB
220i-XL system using a monochromatic Al K,; source (1486.6 e¢V). All XPS
spectra were obtained in the constant pass energy (CPA) mode. The pass energy
of the analyzer was set to be 10 eV in order to have high measurement accuracy.
The binding energy scale was calibrated with pure Au, Ag and Cu by setting the
Au 4f7, Ag 3ds;, and Cu 2p;,; at binding energy of 83.98, 368.26, and 932.67

eV, respectively.

2.2.4 Photoelectrochemical measurements

The photoelectrochemical measurements were carried out in a
three-electrode configuration with the as-prepared sample as the working
electrode, Pt foil as the counter electrode, and saturated Ag/AgCl as the
reference electrode. A mixture of 0.35 M Na,SOs and 0.25 M Na,S (pH=12.4
tested by the Sartorious PB-11 pH-meter) aqueous solution was used as the
electrolyte and sacrificial reagent to maintain the stability of CdS and
CdSe.[136] Before experiment, the solution was purged by argon to remove the
dissolved oxygen. A 150 W Xe lamp (Sciencetech SS 150 Solar Simulator)

equipped with an AM 1.5G filter was used as the light source. The intensity of
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the incident light was calibrated with a standard Si solar cell and controlled at
100 mW/cm?. Current density versus potential (J-V) curve of the working
electrode was carried out by the linear seep voltammograms with a potentiostat
(CHI760D CH Instruments) at a scan rate of 10 mV/s. The photoresponses of
the different samples were carried out by potentiostatic (current vs time, I-t)
measurements under intermittent illumination at a bias of 0 V versus Ag/AgCl
electrode. The incident photon to current efficiency (IPCE) was measured using
a Zolix Solar Cell QE/IPCE measurement system with a standard silicon solar
cell as reference in three-electrode configuration at 0 V versus Ag/AgCl

electrode.

2.3 Results and discussions

2.3.1 Optimizing the structure of CdS on TiO; nanorod array

The TiO, nanorod arrays on FTO were fabricated by the hydrothermal
growth, during which a low precursor concentration was used in order to obtain
relatively low density nanorod array (higher precursor concentration would
result in severe bundling of the nanorods). The nanorods are quasi-aligned and
have diameters of about 100 nm and lengths of about 1.5 um as revealed by the
SEM images in Figure 2.1(a), and the tips of the nanorods are rougher
compared to their side faces due to the axial growth. For the subsequent

deposition of CdS, the source temperature was maintained at 700 °C, and the
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FTO substrates with TiO, nanorod arrays were put at the outlet of the furnace

with a temperature around 500 °C.

Figure 2.1 SEM images of the nanostructures. (a) TiO, nanorod array grown
on FTO. (b) After CVD of CdS for 10 min. The TiO, nanorods are covered by
CdS nanoparticles on their tops due to preferential nucleation at the rough tips
of the TiO; nanorods. (c) After CVD of CdS for 30 min. The CdS nanoparticles
grow into short nanorods. (d) After CVD of CdS for 50 min with the
coalescence of the short rods. The scale bars are 300 nm.

Figure 2.1(b)—(d) show the morphology of CdS modified TiO, nanorod arrays
in different deposition time. With a deposition time of 10 min, small CdS
nanoparticles are formed on the top part of the TiO, nanorods due to

preferential nucleation. The nanoparticles grow into the short nanorod structure
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as the deposition time increasing to 30 min. Further increasing the deposition
time to 50 min causes the formation of large irregular-shaped aggregates of CdS
(for convenience, such aggregates are called nanostumps in the following text)
covering the entire TiO, tips. It is known that vapour-solid (VS) is a typical
nanorod growth mechanism occurring at high temperature deposition for
various materials including metal oxides.[145-148] The resulting morphology is
sensitively dependent on growth parameters such as the vapour pressure (a
higher partial pressure is generally required for a high supersaturation),
temperature (affect dynamics), and substrate features (e.g., a defect-rich surface
is more favourable for nucleation and deposition than flat ones). In our case, the
initial nucleation of CdS takes place preferentially at the tips of the TiO;
nanorods as assisted by their high roughness. These nanoparticles serve as the
seed for the next-stage anisotropic growth of short rods. VS growth of
rod-shape nanostructure is typical for wurtzite crystals including ZnO.[149] As
the deposition time increases, due to the increased overall surface roughness
and reduced available space, the VS deposition of CdS occurs preferentially at
the irregular sites which are the gaps between the short CdS nanorods, causing a
merged growth into a less anisotropic morphology similar to stump.

XRD was conducted to characterize the phase and crystallinity of both
pristine TiO, nanorod arrays and CdS decorated samples. The patterns are
illustrated in Figure 2.2 (a). The hydrothermally grown TiO; nanorod arrays

have a rutile structure (JCPDS card. No.21-1276) and the deposited CdS
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nanoparticle, nanorod and nanostump structures show identical hexagonal
wurtzite structure (JCPDS card. No.41-1049), which is in accordance with the
previous report.[129, 150] The intensity of the diffraction peaks of CdS
increases with increasing the deposition time, which indicates that the loading
of CdS could be tuned by varying the deposition time. UV-vis absorption
spectra were recorded to test the light harvesting capability of both the pristine
and CdS decorated TiO; nanorod arrays. Due to the wide band gap of TiO,, the

pristine nanorod array could only absorb up to 410 nm as shown in Figure 2.2
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Figure 2.2 (a) XRD patterns of the samples. The vertical lines are from
calculation. Green: wurtzite CdS. Black: rutile SnO,. Red: rutile TiO,. (b) The
UV-visible absorption spectra of the pristine TiO; nanorod array and the
CdS-sensitized TiO, nanorod arrays. Inset is the photograph of the
corresponding samples on FTO/glass.

After sensitization with CdS, the absorption range broadens up to 520 nm. In
addition, the UV-vis absorption spectra also show that as the CdS deposition
time increases, the light absorption ability also increases. The type II band
alignment between CdS and TiO, is favourable for the transfer of

photogenerated electrons from CdS to TiO,.[151] This is one of the reasons that

58



CHAPTER 2 TiO,/(CdS, CdSe, CdSeS) Nanorod Heterostructures and
Photoelectrochemical Properties

make the CdS, and other Cadmium Chalcogenides, suitable photosensitizers for
TiO, as PEC photoanodes. To characterize the ability of the samples for PEC
cells, linear sweep voltammograms were recorded both in the dark and with
simulated solar light illumination condition to show the J-V curves. As shown
in Figure 2.3, all electrodes show negligible current under dark condition. With
light illumination, pristine TiO, nanorod array has a current density of

0.13mA/cm® at 0 V versus Ag/AgCl. In comparison, the CdS nanorod
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Figure 2.3 J-V curves of the pristine TiO, nanorod array and the
CdS sensitized TiO, samples under dark condition and simulated
solar light illumination.

sensitized TiO, shows a current density of 5.8mA/cm?, which is nearly 45 times
higher than that of the pristine TiO, electrode. The great enhancement of the
photocurrent after CdS sensitization shows the advantage of the CVD compared
to the solution process which has a photocurrent of 5.1 mA/cm?.[136] For

pristine TiO,, the onset potential is only around -0.85 V. After CdS
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sensitization, this value shifted to around -1.25 V, which indicates a shift in
Fermi level to more negative potential as a result of the coupling between TiO;
and CdS in the composite system. Among the three types of CdS morphologies,
the CdS loading increases from nanoparticle, nanorod, to nanostump. Their
photocurrent densities follow the same trend, except that the nanostump
sensitized sample has only a slight increase in the current density compared to
the nanorod sensitized one. A higher photocurrent would correspond to a higher
efficiency of the PEC device for solar hydrogen generation, as the current is

related to the electrons needed to reduce the H' ions into H, at the Pt cathode.

For a high PEC performance, the loading of the sensitizer needs to balance
with the charge recombination loss. In general, a higher loading of the
photosensitizer will increase the density of carriers, leading to a higher
photocurrent density.[152] On the other hand, as previously reported, an
increased sensitizer loading is also accompanied with a higher internal
recombination rate within the sensitizer,[153] and a thicker coating of the
sensitizer would also reduce the surface area of the photoanode. [154] Both of
these two factors would lower the overall efficiency. In our experiment, though
the nanostump structure has an evidently higher CdS loading than the nanorods,
the increase of the photocurrent level is only marginal. This may be due to the
negative contribution of higher internal recombination rate as well as a
reduction of the surface area as mentioned above. Therefore, taking the cost of

CdS and thermal budget into consideration, further increase of the CdS loading
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by prolonged deposition was not attempted in our study; the nanorod structure
will be adopted for other Cadmium Chalcogenides sensitizers in the rest part of

this study.

2.3.2 Comparison between CdS, CdSe and CdSeS nanorod sensitizers

In this part we deal with other Cd-based narrow bandgap semiconductors
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Figure 2.4 SEM images of the CVD CdS, CdSe and CdSeS for 30 min on top of
the TiO; nanorod array and their corresponding XRD patterns. (a) TiO, /CdS,
(b) TiO,/CdSe, (c) TiO,/CdSeS, and (d) XRD patterns of the as prepared

samples. The scale bars are 300 nm.

as the photosensitizer of TiO,. CdSe is commonly used as a co-sensitizer
together with CdS because of its much narrower band gap (1.73 eV), albeit a

lower conduction band position than CdS.[155] Furthermore, CdSeS alloy
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semiconductor has a special advantage as the sensitizer that its band gap is
variable by tuning the composition.[138] Following the preceding part, nanorod
structures of CdSe and CdSeS alloy were deposited onto TiO, nanorod array
under the same condition as that for CdS. The SEM images in Figure 2.4 (a)-(c)
show that the morphology of the formed nanorods heterostructures is nearly the
same. According to the X-ray diffraction data in Figure 2.4 (d), the as deposited

CdSe nanorods have the same hexagonal wurtzite structure as CdS. The
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Figure 2.5 Diffuse reflectance spectra of the pristine TiO; nanorod array and
CdS, CdSe, CdSeS nanorod sensitized TiO, nanorod arrays. Inset:
photographs of the as prepared samples.
diffraction peaks of CdSeS lie between those of CdS and CdSe, which indicates
that the CdS and CdSe components are thermodynamically miscible to form the
alloy. Diffused reflectance spectra were recorded to reveal the light absorption
capability of all the photoelectrodes (see Figure 2.5). Clearly, the absorption

range is further increased to 720 nm by coating TiO, with CdSe as sensitizer.
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For the CdSeS alloy sample, the absorption cuts off at ~ 600 nm in the current
sample, between those of CdS and CdSe. The exact composition is unknown
but it is not of major concern for its application as photoelectrode. The
bandgaps of the different electrodes can be estimated by linear extrapolation of
the absorption peaks to the baselines, which are 3.03, 2.39, 1.73 and 2.07 eV for
the TiO,, TiO,/CdS, TiO,/CdSe and TiO,/CdSeS electrode, respectively.

The PEC properties of the above three photoanodes are compared. The
linear sweep voltammograms (J—V curve) are illustrated in Figure 2.6(a). The
CdSe sensitized electrode shows the highest photocurrent, around 9 mA/cm” at
0 bias versus Ag/AgCl. However, there is a peak appeared at the saturated
photocurrent plateau which could be due to photocorrosion, and will be
discussed later. The CdSeS alloy sensitized electrode with a photocurrent of 8
mA/cm” takes the second place compared to 6 mA/cm? of the CdS sample. One
can also see that the CdS and CdSeS sensitized samples have the same onset
potential of —1.3 V vs Ag/AgCl. In contrast, the onset potential of the CdSe
sensitized electrode is around —1.1 V, which can be ascribed to the lower
conduction band edge of CdSe compared to CdS and CdSeS (see also Figure
2.7). To characterize the photoactivity of the electrodes at various wavelengths,
the incident photon to current conversion efficiency (IPCE) test was carried out.
The results in Figure 2.6 (b) show that the response range of IPCE for each
electrode is in accordance with the corresponding diffused reflectance spectrum

in Figure 2.5. The IPCE of the CdS and CdSeS sensitized electrodes are around
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Figure 2.6 Photoelectrochemical properties of the TiO,/CdS, TiO,/CdSe and
TiO,/CdSeS nanorod electrodes. (a) J-V curves. (b) IPCE spectra at a potential
of 0 V versus Ag/AgCl. (c) Time-dependent photocurrents and the cycle stability
test measured with the penitential bias of 0 V versus Ag/AgCl under chopped

light irradiation.

55% across the absorption ranges, which are higher than the CdSe sample,

indicating that electron-hole pairs are separated more efficiently in the CdS and

64



CHAPTER 2 TiO,/(CdS, CdSe, CdSeS) Nanorod Heterostructures and
Photoelectrochemical Properties

CdSeS sensitized electrodes. However, the CdSe sample exhibits a wider
response range than the former two. This may be the reason why the CdSe/Ti0,

electrode has the highest photocurrent.

In order to show the photo-response and stability of the elctrodes, the
photocurrent versus time (J-t) curves were recorded in chopped light
illumination. From the results in Figure 2.6 (¢), the currents of all electrodes are
nearly zero in the dark condition and have a transient increase after illumination,

which reveals their good photo responses. However, for the TiO,/CdSe and
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Figure 2.7 (a) Normalized XPS valence band spectra of the TiO,, TiO,/CdS,

TiO,/CdSe and TiO,/CdSeS electrodes. (b) Band diagram versus Fermi level.

TiO,/CdSeS electrodes, the photocurrents show a sharp decrease especially at
the first few cycles. This phenomenon is due to carrier recombination according
to Kamat;[156] the TiO,/CdSe electrode has the highest magnitude of decrease
as a result of the highest recombination rate in CdSe. With prolonged
measurement, the CdS and CdSeS sensitized electrodes maintain stable

photocurrents. However, the current of the CdSe sensitized electrode is the least
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stable and drops drastically in a few min. The results of the stability of the
electrodes are in accordance with the general trend that the narrower the band

gap of the material, the less stable the material is.[157]

In addition to the absorption range which controls the light harvesting
capability, the conduction band level is another important parameter that
determines the onset potential and the electron injection efficiency. XPS is a
powerful technique to characterize the valence band maximum (VBM) of a
semiconductor. The valence band spectra of the different electrodes were
studied by XPS, and the results are illustrated in Figure 2.7(a). The VBM of
each electrode is derived by the linear extrapolation method to be 2.67, 1.70,
1.25 and 1.42 eV below the Fermi level for the TiO,, TiO,/CdS, TiO,/CdSe and
Ti0,/CdSeS electrode, respectively. Based on the results of the bandgap and the
VBM, the positions of conduction band minimum (CBM) could be determined.
Figure 2.7(b) shows the band diagrams of each heterostructures electrode from
the above obtained bandgap and CBM values. As seen, the conduction band
level of the Ti0,/CdSeS is very close to that of the TiO,/CdS. The CBM of the
Ti0,/CdSe is around 0.2 eV lower which is in agreement to the onset potential
difference determined from the J-V curves (Figure 2.6). Recently Kamat
reports that CdSe would undergo phototransformation when in contact with the
aqueous sulfide solution (which is the case in our system), [158] forming a thin
layer of CdSeS alloy on top of the electrode. As the valence band of CdSeS

alloy is lower than CdSe, the layer would inhibit the hole transfer and thus
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result in a lower photocurrent after a few min (see Figure 2.6c). The charge
separation and transfer mechanism is the internal process that determines the
photocurrent and open circuit potential of the electrode. This process can be
revealed by measuring the electron injection efficiency by the steady state and

time-resolved photoluminescence (TRPL) spectroscopy. [155, 159] Figure 2.8
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Figure 2.8 (a) Steady state PL spectra of the TiO,/CdS, TiO,/CdSe and
TiO,/CdSeS electrodes at the excitation wavelength of 325 nm with a He-Cd
laser. (b) TRPL spectra of the TiO,/CdS, TiO,/CdSe and TiO,/CdSeS
electrodes recorded at their corresponding steady state PL peak wavelengths.

(a) shows the steady state PL spectra recorded at the same excitation intensity

using the 325 nm line from a He-Cd laser as the excitation source. The pristine
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Ti0; has nearly undetectable PL signal across the measurement range compared
to the intense emissions from the cadmium chalcogenides, which is not
surprising since TiO, is an indirect wide bandgap semiconductor. From the
intensities of the bandgap emissions, the order of the recombination rate can be
determined to be TiO,/CdSe > TiO,/CdSeS > TiO,/CdS. TRPL measurements
were carried out at room temperature to characterize the electron injection
efficiency in detail. The signal was measured at the wavelength of the
correlated steady state PL peak, which is 510, 580, and 700 nm for the
CdS ,CdSeS alloy, and CdSe sensitized TiO, nanrods. Figure 2.8 (b) shows the
corresponding TRPL curves of the different electrodes and clearly reveals that
CdS sensitized electrode has the shortest PL lifetime among these three which
means the carrier transfer from the CdS toward the TiO,; is the most efficient.
The three exponential decay fitting analysis of the obtained curves reveals that
the averaged photoluminescence lifetime of these samples are 19 ps for
TiO,/CdS, 220 ps for TiO,/CdSe, and 58 ps for TiO,/CdSeS, which are much
faster than the reported sensitization by SILAR method,[155, 159] implying
that hetero-interface by CVD is more efficient for the electron injection than the
one by solution based method. The lowest electron injection efficiency for
TiO,/CdSe electrode indicated the potential chance for phototransformation
discussed above. This result is in accordance with the Amperometric J—¢ data
(Figure 2.6¢) and the conduction band edge position of the different electrodes

(Figure 2.7b).
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With an optimized CVD condition, it is possible to achieve more
homogenous coating of the TiO2 nanorods with cadmium chalcogenides and
form core-shell heterogeneous nanowires. As a result of the increased interface
areas and interface uniformity, it is envisaged that the IPCE values will be
further improved, leading to an enhanced PEC performance. This work is

currently underway.

2.4 Conclusion

Nanorods of CdS, CdSe, and CdSeS are deposited onto TiO, nanorod
arrays as the photoelectrochemical electrode, which are studied thoroughly
using optical and electrochemical techniques. A clear picture of the physical
processes including charge injection efficiency, band alignment, stability, as
well as the effect of the sensitizer morphology is presented. First, when the CdS
is changed from particle, rod to stump-shape morphology, the latter two TiO,
anodes have evidently higher photocurrent densities compared to the
nanoparticle sample, which could be a result of competition between light
absorption, recombination loss and surface areas. Among the three types of
cadmium chalcogenides nanorod sensitizers, it is found that, /) while the
Ti0,/CdSe electrode has the highest initial photocurrent due to smallest
bandgap, the current degrades quickly to the lowest. Maintenance of its high
photocurrent may need surface passivation. i) The TiO,/CdS electrode has the
lowest photocurrent but the highest electron injection efficiency, as revealed by

the TRPL measurement. iii) In terms of the photocurrent level and stability,
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Ti0,/CdSeS heterostructure would be a favourable choice. The improvement of
the efficiency is the focus of the next two chapters. We will do this in two

aspects, the TiO, part and the sensitizer part, respectively.
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Chapter 3

CdS Sensitized 3-D TiO,-ZnO Inverse

Opal Heteronanostructures

After the study of the physical properties of different sensitizers, we try to
develop a highly efficient PEC cell for hydrogen generation by tailoring the
TiO; structure in this chapter. The work is originally published as SK Karuturi,
J Luo, (equal contribution) C Cheng, L Liu, LT Su, AIY Tok, HJ Fan Advanced

Materials 24 (30), 4157-4162. Copy right: John Wiley & Sons, Inc.

3.1 Introduction

In recent years, PEC cells have attracted worldwide attention as a cheap
alternative to conventional devices for solar energy generation and storage.
Crucial to the light harvesting and conversion efficiency of a PEC cell is a
nanostructured photoanode where the incident photons are captured, electron
hole pairs are generated and the subsequent electron transfer takes place.[38,
160] To realize highly efficient PEC cells, nanostructured photoanode should
possess several favourable intrinsic characteristics such as adequate specific
surface area to permit higher photosensitizer loading (in the case of TiO,),
direct electron transport pathways for longer electron diffusion length and light
scattering to promote the light harvesting ability by confining the light within

the cell.[161-164] It is thus highly desirable to develop the photoanode that
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meet all the above requirements. Towards this goal, immense effort has been
put on tailoring the nanoscale features of photoanode materials.[165]
Nanoparticle films provide a very high surface area to give higher sensitizer
loading, but they lack direct electrical contacts and light scattering ability.[ 166,
167] On the other hand, one-dimensional nanostructures such as nanowires and
nanotubes offer superior electron transport path ways and improved light
scattering, but they suffer from very low surface area (roughly an order lower in
comparison to nanoparticle films).[114, 115] In conjunction with these efforts,
three-dimensional inverse opal (IO) nanostructures possessing highly ordered
interconnected shells, high porosity (~75%) and photonic crystal light
localization have been shown promising in photovoltaics and PEC
cells.[116-124] While the fabrication scalability of these photoanodes has been
established using a combination of simple doctor blading method and atomic
layer deposition (ALD),[123] the highest efficiencies reported so far still fall
behind those of mesoporous nanoparticle films mainly because of the surface
area disparity. Highest PEC efficiencies of 3.47% and 2.7% have been reported
for dye-sensitized and quantum dots sensitized unmodified TiO, IO
photoanodes, respectively.[116, 120] The promise of these 3-D photoanodes
can be further accomplished when the substantial proportion of pore volume is

carefully exploited to resolve the issue of surface area shortage.

Herein, we demonstrate a novel nanoarchitecture consisting of 3-D ordered

hierarchical nanobushes, using TiO; 10 on Fluorine-doped SnO, (FTO) glass
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substrate as the host template for the facile solution growth of ZnO nanowire
networks. The TiO, I0-ZnO nanowire hybrid nanostructure is sensitized with
CdS quantum dots (QDs) and studied as the PEC photoanode. The key idea
here is to couple the ZnO nanowires with the TiO, inverse opal to achieve
higher sensitizer loading and contact interface area with the electrolyte and
enhanced light scattering. PEC performance measurements of nanobushes

photoanode indeed show promising photocurrent density.

3.2 Experimental methods

3.2.1 Fabrication of TiO; Inverse Opals

Carboxylate-modified, monodispersed polystyrene particles of 500 nm
diameter were brought from Duke scientific corporation and were assembled
onto the Fluorine-doped SnO, (FTO) coated glass substrates via a vertical
deposition process at 90 °C.[168] Subsequently, the self-assembled PS opals
were infiltrated with TiO, using a self-made stop-flow-reactor type of ALD
system at 70 °C.[169] Titanium tetrachloride (99.99%, Sigma Aldrich) and H,O
were used as the Ti and O precursors for TiO, deposition. Finally, inverse opal
structures were developed by burning original polystyrene spheres in air at 450
°C for 2 h. Reactive ion etching (RIE, NSC ES371) has been used to cut the top
surface and open up the pores. To give a clear view of the processes, the

schematic diagram has been shown in Figure 3.1.
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Figure 3.1 Fabrication processes of the TiO, inverse opal. Reprinted with
permission from reference 164. [170] Copyright: John Wiley & Sons, Inc.

3.2.2 Fabrication of nanobushes

A conformal seed layer of ~10 nm ZnO (50 cycles of ALD) was deposited
on the internal surface of TiO, inverse opals using stop-flow atomic layer
deposition method. Subsequently, ZnO nanowires were grown based on the
ZnO seed layer within the inverse opal structure using a standard solution
growth method.[171] The TiO, inverse opal substrates were immersed into a
35-mL aqueous solution of equimolar zinc nitrate, Zn(NOs), 6H,0 (0.025 M),
and hexamethylenetetramine (C¢H;2N4) in an autoclave. The reaction was

conducted at 95 °C for controlled growth times.
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3.2.3 Fabrication of ZnO nanowire array

ZnO nanowire array on FTO glass was developed using the standard
solution growth method based on ALD ZnO seed layer of ~15 nm (70 cycles
ALD) as described above. The growth reaction was conducted for 12 hrs and
repeated again with freshly added chemicals for 12 hrs to achieve the desired

thickness of ~6 um.

3.2.4 Preparation of photoanodes

The three different types of nanostructures on FTO glass substrate, namely,
TiO, inverse opals, nanobushes and ZnO nanowire array were sensitized with
CdS quantum dots under the same conditions using a modified method of
previous reported SILAR route.[172] In a typical procedure, the nanostructures
on FTO glass substrates were immersed in a solution containing 50 mM
cadmium acetate tetrahydrate, Cd(Ac),. 2H,0, (Alfa Aesar 98%) in ethanol for
1 min, to allow Cd*" to adsorb onto the TiO,. They were dried with N, stream.
The dried substrates were then dipped into a solution containing 50 mM sodium
sulfide nonahydrate (98% Na,S, Alfa Aesar) in methanol for 1 min, where the
pre-adsorbed Cd** reacts with S* to form the desired CdS. The substrates were
then rinsed in water for 1 min to remove the excessive ions and dried again with
N>. This typical procedure was repeated ten times to get a desirable thickness of
CdS. The as-sensitized substrates were annealed at 400 °C for 30 min in an Ar

protective atmosphere to improve the crystallinity.
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3.2.5 Materials characterizations

The morphology and microstructures of the nanostructured films were
examined using a JEOL JSM-7600F field emission scanning electron
microscopy (FE-SEM), and a JEM 2100F transmission electron microscope
(TEM). The X-ray diffraction (XRD) patterns were recorded using Shimadzu
thin film XRD equipment using Cu Ka radiation. The specular reflectance
spectra were collected at 20° with respect to the normal incidence of light using
UV-vis-NIR spectrophotometer (Cary5000, Varian). The diffused reflection
spectra were taken using Zolix Solar Cell QE/IPCE Measurement System

equipped with an integrating sphere and a silicon diode detector.

3.2.6 Photoelectrochemical characterizations

The PEC performance measurements were conducted in three electrodes
configuration with as prepared nanostructured photoanodes as working
electrodes, a Ag/AgCl in saturated KCl as a reference electrode and a Pt foil as
the counter electrode. 0.25 M Na,S and 0.35 M Na,SOs mixed solution was
used as electrolyte. The photoresponse was measured under chopped
illumination from a 150W Xe lamp (Science tech SS150) equipped with an
AMI1.5 G filter, calibrated with a standard Si solar cell to simulate AM1.5
illumination (100 mW/cm?). Photocurrent stability tests were carried out by
measuring the photocurrents under AMI1.5 sun light irradiation (light/dark

cycles of 50 s) at a fixed bias of 0 V vs Ag/AgCl. The
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incident-photon-to-electron conversion efficiency (IPCE) measurements were
taken as function of wavelength from 300 to 650 nm using a specially designed
IPCE system for solar cells (Zolix Solar cell Scan100), with two electrodes
configuration under 0.5 V bias (the photocurrent level at this potential is
comparable to 0 V vs Ag/AgCl). A 150 W Xe lamp equipped with gratings was
used to generate a monochromatic beam. The incident light intensity was

calibrated by a standard silicon photodiode.

3.3 Results and discussions

3.3.1 Analysis of the crystal phase, light absorption and morphological

properties of the electrode

The fabrication procedure for the nanobushes photoanode is outlined in
Figure 3.2. Self-assembled opal templates with face centered cubic lattice
structure and long range ordering were developed using monodispersed
polystyrene particles of 500 nm diameter and infiltrated with TiO, by ALD with
close to theoretical filling fractions as demonstrated in previous works.[169,
173-176] After heat treating the as-infiltrated opal templates at 450 °C, TiO,
I0s with highly ordered, interconnected spherical pores in hexagonal
arrangements were obtained as shown in Figure 3.3 (a) and (b). The thickness
of the TiO; shells can be estimated to be ~ 40 nm based on the maximum
possible coating thickness, which is around 7.75% of the diameter of

polystyrene particles. The obtained TiO; 10s of ~6 pm thickness were coated
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with ~10 nm thick conformal ZnO film which serves as the seed layer for
subsequent solution growth of ZnO nanowires, forming a 3-D ordered

nanobushes structure.

' J -\
ALD of ZnO
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\ m
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Figure 3.2 Fabrication process for nanobushes photoanode.

Growth conditions were optimized to control the nanowire diameter and
length as detailed in the experimental section. Figure 3.3 (c) shows the top view
FESEM image of the obtained nanobushes structure after 9 h of solution growth.
At higher magnification, inset of Figure 3.3 (c) shows a single nanobush within
an 10 pore comprised of multiple ZnO nanowires randomly aligned covering
the entire pore uniformly. Cross-sectional view of the nanobushes structure
observed at a crack area can be seen in Figure 3.3 (d) depicting hierarchical
organization of nanobushes. This kind of 3-D ordered growth of nanobushes is
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observed over the entire high aspect ratio template of 1 cm’. It is noted that
although the 9 h growth was used to achieve the longest nanowires within the
pore, the wire length can be conveniently controlled by changing the reaction
time. In addition, the size of the nanobushes can also be tuned by changing the

pore size, Figure 3.4.

Figure 3.3 (a), (b) Top view FESEM images of TiO; inverse opal at different
magnifications.(c), (d) FESEM images of nanobushes structure; (c) top view
and (d) cross-sectional view. The insets of (c), (d) show the magnified top view
and cross-sectional view of a single nanobush structure, respectively. (e), (f), (g)
TEM images of nanobushes structure taken at different magnifications.
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Figure 3.4 Top view FESEM images of 500 nm pore size TiO; 10s with ZnO
nanowires grown for different times, (a) 1.5 hrs of solution growth, (b) 3 hrs of
solution growth and (c) 4.5 hrs of solution growth. (d) Cross-sectional FESEM
images of 900 nm pore size TiO, 10s with 8 hrs solution growth of ZnO
nanowires.

The nanoscale feature of the as-fabricated nanobushes was further
examined using transmission electron microscope (TEM). Figure 3.3 (e) reveals
the densely grown nanobushes within each opal pore. The diameter of the
nanowires is ~30 nm as estimated from Figure 3.3 (f). At higher magnification,
Figure 3.3 (g) shows the interface between the nanowires and ZnO seed film.
Nanowires are highly crystalline exhibiting an inter-plane spacing (0.24 nm)
that matches closely with the d-spacing of (101) plane in hexagonal ZnO. One
notable feature of hierarchical nanobushes over vertically aligned ZnO
nanowire array directly on transparent conducting substrates is the complete

elimination of fusion of wires at their roots that commonly occurs when

growing the nanowires of several microns length.[177] In addition, the dense

80



CHAPTER 3 CdS Sensitized 3-D TiO,-ZnO Inverse Opal
Heteronanostructures

networks of nanowires with small diameters can be hierarchically extended to
tens of microns by simply adjusting the thickness opal templates, fulfilling the

high interfacial area requirement for PEC cells.
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Figure 3.5 (a) UV-vis-NIR specular reflectance spectra showing the photonic
stop bands of i) TiO; 10, ii) CdS QODs sensitized TiO, 10, iii) nanobushes and
iv) CdS QDs sensitized nanobushes. (b) Cross-sectional FESEM images of CdS
ODs sensitized nanobushes photoanode; inset of (b) shows the HRTEM image
of a single nanowire sensitized with CdS.

Owing to the highly periodic arrangement of spherical pores, TiO, IOs are
3-D photonic crystals exhibiting photonic bandgaps, where the propagation of
light is prohibited. TiO, 10s possess photonic stop bands centered at 934 nm
(Figure 3.5 (a) 1) with higher order photonic bands in the visible part (~450 nm).
After growing the nanobushes, the stop band red shifted to 1086 nm (Figure 3.5
(a) 1i1) with comparable bandwidth and higher order photonic bands,
manifesting that the long-range structural order is overall preserved. Since the
position and width of the bandgap are dictated by the lattice size and refractive
indices,[178] red-shift of the bandgap occurred due to the increased dielectric

index after the deposition of ZnO seed film and the growth of nanowires within
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Figure 3.6 Cross-sectional FESEM images (a) CdS quantum dots sensitized
ZnO nanowire array and (b) CdS quantum dots sensitized TiO; inverse opals.

the 10 pores. Given the general interest in optical properties of ZnO nanowires
and the ability of photonic crystal in confining, manipulating and guiding
photons, this result augurs well for interesting optoelectronic properties of such

coupled structure.[179, 180]

To comparatively examine the PEC performance of nanobushes

photoanode, photosensitization with CdS QDs was carried out for the three
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Figure 3.7 XRD patterns recorded from CdS quantum dot sensitized
photoanodes.
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nanostructured photoanodes, namely, TiO, 10, nanobushes, and ZnO nanowire
array. The thickness for all the nanostructured photoanodes was kept at ~6 um,
Figure 3.6. Hexagonal CdS QDs is confirmed from X-ray diffraction patterns,
Figure 3.7. Curves ii and iv in Figure 3.5(a) show the photonic stop bands after
the CdS sensitization. Photonic bandgap shift of 37 nm and 162 nm can be
observed for the TiO, IO and nanobushes, respectively. Larger shift for the
nanobushes means that the amount of CdS QDs loading is increased by several
times due to the higher specific surface area provided by the networks of
nanowires within each pore. Quantitative analysis of the XRD patterns also
confirms three times higher QDs loading in the nanobushes in comparison to
the TiO, 10. Of major concern here is whether there exist photonic bands for
the photoanodes within the absorption wavelength range of CdS (below ~530
nm). As seen from Figure 3.5(a), no major specular reflectance features below
530 nm were found for QDs sensitized nanobushes, whereas a high-order peak
centered at ~470 nm exists for the sensitized TiO, 10. The absence of specular
reflection features in the nanobushs is beneficial for light harvesting. FESEM
image in Figure 3.3(b) shows the cross-sectional view of QDs sensitized
nanobushes photoanode. Distinct CdS/ZnO core-shell nanowires without any
aggregation can be observed. Interconnection of the TiO, shells that provide
direct electron transport pathways can also be seen. TEM image of a detached
nanowire from the nanobush structure verifies the CdS shell of ~7 nm around

the entire ZnO nanowire.
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Figure 3.8 UV-vis diffuse reflectance spectra of different photoanodes, (a)
before CdS QDs sensitization and (b) after CdS QDs sensitization. Strong light
scattering exhitbited by the 3-D photoanodes is expected to increase the path
length travelled by the light with in the photoanode and thus the PEC light
harvesting.

In order to investigate the light scattering ability of different
photoanodes, the UV-vis diffuse reflectance spectra before Figure 3.8(a) and
after Figure 3.8(b) CdS QDs sensitization were measured. In the absence of
CdS coating, the highest scattering was found in nanobushes structure, followed
by TiO; IO and ZnO nanowire array. Given the fact that the effective Mie
scattering originates from the particles with the size comparable to the wavelgth
of the inccident light, void size of inverse opal used herein (~500 nm)
apparently contributed for strong visible light scattering.[181] This clearly
highlights the benefits of the 3-D structured photoanodes with specially
engineered scattering centers over the one-dimensional ZnO nanowire array.
Previous reports also suggest that disorder in photonic crystals induces

broadband diffuse scattering.[182-184] The higher disorder present in the

nanobushes due to the growth of ZnO nanowires is also expected to contribute
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additionally to the improved diffuse scattering. As expected, all the
photoanodes after sensitization show decreased diffuse reflectance in the
wavelengths range up to 550 nm due to the light absorption by CdS. However,
nanobushes-CdS photoanode shows very low diffuse reflectance in comparison
to TiO, 10-CdS photoanode. This is attributed to the much higher amount of
CdS anchored to the ZnO nanowire networks, which promotes stronger
absorption of the scattered light in comparison to TiO, I0-CdS photoanode,
thereby effectively capturing the benefits of strong light scattering with
minimum reflection losses. Moreover, presence of higher order photonic bands
for TiO, I0-CdS photoanode (Figure 3.5 (a) ii) may have contributed to

specular reflections.

3.3.2 Investigation and understanding of the PEC performance of the

electrodes

The PEC performance of different photoanodes was investigated by
conducting the current density vs potential (I-V) measurements under the dark
and simulated sunlight illumination (AM 1.5) in a three-electrode cell
configuration. As shown in Figure 3.9(a), all the photoanodes present
pronounced photocurrent density upon illumination, implying efficient light
harvesting and charge separation. Typically, all the photoanodes show similar
onset potentials with continuously increasing photoresponse with increasing
bias voltage. The photocurrent density for nanobushes-CdS photoanode can be

observed as 6.2 mA cm™at 0 V vs Ag/AgCl, compared to 3.6 and 2.9 mA cm™
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for the photoanodes based on TiO, I0-CdS and ZnO nanowire array,

respectively, measured under the same conditions.
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Figure 3.9 (a) Linear sweep voltammetry measurements of the CdS QDs
sensitized photoanodes; dotted lines show the measurements collected in the
dark and the solid lines show the measurements collected under 100 mW cm™
simulated sunlight illumination. (b) IPCE spectra of different photoanodes.
(¢) Amperometric I-t curves for CdS QDs sensitized photoanodes at an
applied potential of 0 V vs AgCl/Ag at 100 mW cm™ illumination with 50 s

light on/off cycles.
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To evaluate the wavelength-dependent light harvesting efficiency of
different photoanode structures, incident-photon-to-electron conversion
efficiency (IPCE) tests for all the three photoanodes were performed from 300
nm to 600 nm wavelengths under 0 V bias, Figure 3.9(b). Strong photoactivity
for all the photoanodes is observed in the visible light region from 375 nm to
525 nm. In contrast to the ZnO nanowire array-CdS photoanode, both the 3-D
structured photoanodes show broader photoresponse indicating the
indispensible role of light scattering to improve the light harvesting efficiency.
Highest efficiencies for nanobushes and ZnO nanowire array photoanodes can
be determined to be 60% and 30% respectively at the wavelength of around 460
nm. Considering the transmission losses of ~20% through FTO and the cell, 60%
efficiency shows the immense potential of the hierarchical 3-D nanobushes for
PEC cell applications. For the photoanode based on TiO, 10, the maximum
efficiency of 36% can be discerned at around 405 nm with relatively flat
conversions in the active region. This contrasting light harvesting feature could
be attributed to the reflection losses at wavelengths >420 nm with the presence
of higher order photonic stop bands, Figure 3.5(a)ii and Figure 3.8(b). IPCE
results for all the photoanodes are also consistent with their corresponding I-V
characteristics. Fast photoresponse and good photostability are observed for all
the photoanodes from amperometric /-¢ curves, Figure 3.9(c). The improved
performance for nanobushes photoanode may also be partly attributed to the

fact that ZnO seed film coated on the electron transporting TiO, shells may
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function as an energy barrier to suppress the recombination of photoinjected

electrons with redox ions of the electrolyte.[185-187]

3.4 Conclusions

In summary, we demonstrated for the first time a facile fabrication strategy
for 3-D ordered nanobushes comprising dense networks of ZnO nanowires
embedded within TiO, inverse opals. Justified by several favorable attributes
such as high specific surface area, direct electron transport networks and strong
light scattering, the promise of the novel nanohierarhicial photoanode is
unambiguously demonstrated for photoelectrochemical cells based on CdS
quantum dots sensitization. A photocurrent density of 6.2 mA cm™”at 0 V vs
Ag/AgCl under AM1.5 simulated solar light illumination is achieved, which
confirms the potential of novel nanobushes photoanode for
photoelectrochemical cell applications. Perspectively, such hybrid nanobush

photoanodes could be also equally useful in photovoltaics.
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Chapter 4

A New Sensitization Method Based on
Atomic Layer Deposition for Highly
Efficient Hydrogen Generation

This chapter focuses on the sensitizer part to improve the PEC hydrogen
generation efficiency. In the past, variously methods for the sensitizer
deposition have been developed. However, the penetration of the sensitizer into
the complex high aspect ratio structures is still a challenge. In this chapter, we
try to solve this problem by combining two powerful techniques, atomic layer
deposition (ALD) and ion exchange reaction (IER) together. The work is
originally published as J Luo, SK Karuturi, L Liu, LT Su, AIY Tok, HJ Fan

Scientific Reports 2012, 2, 451. Copyright: Nature Publishing Group.

4.1 Introduction

Ever since the seminal paper on photoelectrolysis of water by Fujishima
and Honda,[36] TiO, has received wide attentions in photocatalysts, water
splitting and solar cells due to its high photoactivity, low cost and excellent
chemical stability.[8, 188-190] The limiting factor for TiO, is the large band
gap (~3.2 eV), which defines its light absorption range only in the UV part .
During the past three decades, tremendous efforts have been put to enhance the

visible light harvesting ability of TiO,.[191] Heterogeneous structures have

89



CHAPTER 4 A New Sensitization Method Based on Atomic Layer
Deposition for Highly Efficient Hydrogen Generation

been proposed to couple TiO, with materials exhibiting visible light harvesting
ability, and the first trial was done by Serpone et al to couple TiO, with CdS
which showed a significant improvement.[192] Later on Graetzel made a
significant breakthrough in sensitizing TiO, with dye molecules, viz., the
dye-sensitized TiO, photoanode.[189] Following the invention of Graetzel cell,
quantum dot sensitized solar cells (QDSSC) quickly catches up due to the
mature quantum dot synthesis protocol developed by Peng and Alivisatos.[193,
194] The key development of QDSSC is made by Kamat in 2005, with the
pre-synthesized CdSe nanocrystals linked to TiO, thin films by organic
molecules to harvest the solar energy.[156] Since then various methods of
sensitization were developed, and they can be summarized into two main
categories: assembly of pre-synthesized QDs and direct growth.[105, 152]
Pre-synthesis provides the feasibility of facile control in the size, size
distribution and morphology. However, the charge transfer would be retarded
by the surface functional molecules. Also the loading of the sensitizer prepared
by this method is usually low. Direct growth allows both a compact contact of
the sensitizer with TiO,, and the ease of increasing the loading of the sensitizer.
A diverse range of methods are reported for the coating of the sensitizer, such
as chemical bath deposition, [106, 107] successive ionic layer adsorption and
reaction (SILAR),[108-110] electrochemical deposition,[111] chemical vapour

deposition[ 112] and electrophoretic deposition.[113]
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Despite the development of various sensitization methods, the sensitizer
still suffers from poor thickness and uniformity control especially for deposition
on high aspect-ratio TiO; nanostructures. As the size of QDs is much larger
than dye molecules, penetration of QDs into TiO, nanoarchitectures with a
depth >10 um is more difficult than the case in dye-sensitized solar cells.[152]
Due to the quantum confinement effect and the limited charge diffusion length,
the size of the QDs plays an important role in charge transfer process. The poor
control in conventional deposition techniques usually leads to aggregation of

QDs into large particles, thus causing high internal recombination loss.

Atomic layer deposition (ALD) is a thin film deposition technique that is
based on self-limiting surface reactions by sequential exposure to different gas
phase precursors.[195] ALD provides precise thickness control at the angstrom
or monolayer level and deposition on high aspect ratio nanostructures with
excellent step coverage. By employing ALD for QDs sensitization, excellent
infiltration and conformity could be achieved, and the size of QDs could be
varied by simply tuning the number of ALD cycles. Recently Stacey et al
showed the ALD CdS for solid state QDSSC.[196] However, there is a serious
safety issue for such ALD CdS process, as the precursors of dimethyl cadmium

(DMCd) and hydrogen sulfide (H,S) are highly toxic.

Liquid-phase reaction via ion exchange has been developed as a method
to fabricate semiconductor heteronanostructures.[197, 198] The principle of ion

exchange is based on the solubility of the material which allows only a critical
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selection of the target materials. Very recently ion exchange reaction has also
been employed to fabricate nanowire p-n junctions for photovoltaics,[199] as
well as photosensitizer layers on ZnO nanowires for semiconductor-sensitized
solar cells.[200, 201] Due to its amphoteric property, ZnO is unstable for PEC
in either acidic or alkaline electrolyte solutions, which is the bottleneck for
practical applications. On the other hand, the amphipathicity of ZnO makes it

an ideal template for nanofabrications. [202]

In order to have the merit of ALD without the highly toxic source for the
QDs sensitization, in this chapter, ALD ZnO thin films were deposited on
various TiO, nanostructures as the sacrificial templates to convert to the short
bandgap semiconductor sensitizers by ion exchange reaction (we call the whole
process as ALDIER). The thickness and the size of the sensitizer could be
controlled by the thickness of the ZnO layer and the condition of ion exchange
reaction. The reproducible photocurrent levels >15 mA/cm® is obtained using
the TiO, inverse opals (TIO), which is the highest among all nanostructure
Ti0;-based PEC cell for hydrogen generation. It is envisaged that when the

electrodes are constructed into QDSSC, the efficiency could also be improved.

4.2 Experiment methods

4.2.1 Fabrication of TiO; Inverse Opals

Carboxylate-modified, monodispersed polystyrene spheres of 500 nm
diameter (Duke scientific corporation) were assembled onto the Fluorine-doped
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SnO, (FTO) coated glass substrates via a vertical deposition process at 90
°C.[170, 203] The self-assembled polystyrene sphereopals were then infiltrated
with TiO, using a stop-flow-reactor ALD system at 70 °C, for which titanium
tetrachloride (99.99%, Sigma Aldrich) and H,O were used as the Ti and O
precursors, respectively. Finally, TiO, inverse opal structures were developed
by burning the original polystyrene spheres in air at 450 °C for 2 h, which also
improved the crystallinity of the TiO,. Last, reactive ion etching (RIE, NSC

ES371) was used to cleave the top surface and open up the pores.

4.2.2 Preparation of TiO; particle film

TiO, nanoparticle films were deposited on the FTO by successive
screen-printing using a TiO; paste consisting of Degussa P25 TiO, powder and
an ethyl cellulose binder in a-terpinol.[110] The projected area of the TiO;
layers was approximately 0.28 cm? (circles with 0.6 cm diameter). Then, the
Ti0; electrodes were gradually heated to 450 °C where they were held for 15

min before being heated to 500 °C for a further 30 min.

4.2.3 ALD ZnO layer and Ion Exchange Reactions

ZnO layers with different thickness were conformably deposited onto the
TIO as the sacrificial layers for ion exchange reaction by ALD with the Diethyl
Zinc (DEZ, 99.99%, Sigma Aldrich) and H,O as the Zn and O precursors
respectively. The ZnO coated TIOs were then annealed in air at 450 °C for 30

minutes to improve crystallinity. TIO/ZnSe core/shell structure was prepared by
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immersing the ZnO coated TIO in a Se” ion solution (0.05 M, prepared by
reacting 0.79 g Se powder with 0.8 g NaBH4 in 200 ml deionized water) and
kept at 60°C for 5 hours in order to fully exchange the ZnO layer into
ZnSe.[201] The samples were then washed with deionized water and absolute
ethanol and finally dried in air. Due to the fact that Se® is vulnerable to oxygen,
all the experiments containing Se* ions were done in glove box. The TIO/ZnSe
core/shell structures were then reacted with the 0.1 M CdCl,- 2.5H,0 aqueous
solution at 90—140 °C for 10 hours to replace Zn>" by Cd*" in the ZnSe shell.
By controlling the reaction temperature, the composition of the TIO/Zn,Cd; Se
core/shell structure could be tuned. Finally, TIO/ZnyCd;Se core/shell
nanostructure was annealed in argon atmosphere at 400 °C for 30 minutes to

improve crystallinity.

4.2.4 SILAR of CdSe on TIO

The SILAR process was modified from the previous reports.[108, 110] In
a typical procedure, the TIO electrodes were immersed in a solution containing
0.05 M cadmium acetate dihydrate (Cd(Ac),:2H,O, Alfa Aesar, 98%) in
ethanol for 1 min, to allow Cd*" to adsorb onto the TiO, surface, and then
rinsed with ethanol for 1 min to remove the excess Cd”*". The electrodes were
then dried for 2 min in an argon atmosphere. Subsequently, the dried electrodes
were dipped into a solution containing 0.05 M Se®” for 1 min. The Se*” solution

was prepared by mixing selenium (Se, Sigma-Aldrich, 99.8%) and sodium
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borohydride (NaBH4, Sigma Aldrich, 99.8%) in water. The electrodes were
then rinsed in ethanol for 1 min and dried again in an argon atmosphere for
another 2 min. This procedure was repeated several times to get desired CdSe

loading.

4.2.5 Materials Characterizations

The morphologies and microstructures of the nanostructured films were
examined using a JEOL JSM-7600F field emission scanning electron
microscopy (FE-SEM), and a JEM 2100F transmission electron microscope
(TEM). The X-ray diffraction (XRD) patterns were recorded by Shimadzu thin
film XRD equipment using Cu Ko radiation. The diffused reflection spectra
were taken using Zolix Solar Cell QE/IPCE Measurement System equipped

with an integrating sphere and a silicon diode detector.

4.2.6 Photoelectrochemical Characterizations

The PEC performance measurements were conducted in three electrodes
configuration with the as prepared nanostructured photoanodes as working
electrodes, Ag/AgCl in saturated KCI as a reference electrode and Pt foil as the
counter electrode. 0.24 M Na,S and 0.35 M Na,SO; mixed aqueous solution
was used as the electrolyte. The current density vs potential (J-V)
measurements were measured in both dark and illumination with a 150W Xe
lamp (Science tech SS150) equipped with an AM1.5 G filter, calibrated with a

standard Si solar cell to simulate AMI1.5 illumination (100 mW/cmz).
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Photocurrent versus time (J-t) curves were carried out by measuring the
currents under chopped light illumination (light/dark cycles of 50 s) at a fixed
bias of 0 V vs Ag/AgCl. The incident-photon-to-current conversion efficiency
(IPCE) measurements were taken as a function of wavelength from 300 to 800
nm using a specially designed IPCE system for solar cells (Zolix Solar cell
Scan100), with three electrodes configuration under zero bias versus Ag/AgCl.
A 300 W Xe lamp equipped with gratings was used to generate a
monochromatic beam. The incident light intensity was calibrated by a standard

silicon photodiode.

4.3 Results and discussions

4.3.1 Analysis of the crystal phase, light absorption and morphological

properties of the electrode

Figure 4.1(a) illustrates the flowchart of the ALDIER based on the
example of TIO obtained by replicating a self-assembled multilayer polystyrene
spheres.[170, 203] However, the TiO, host structures for the 3-D homogeneous
photosensitization can include a wide range of common types, for example,
hydrothermal-grown nanorods, anodized nanotubes, and commercial P25
nanoparticles. In the first step, the host is coated with a layer of ZnO of tunable
thicknesses using ALD. The second step is the ion exchange reaction. In this
process the ALD ZnO layer serves as the sacrificial reactant which transforms

first into ZnSe through anion exchange with the Se®” precursor and then to the
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Figure 4.1 Sensitization of TiO, inverse opals photoelectrochemical anode by
ALDIER. (a) Schematics of the ALDIER process for uniform QD
photosensitization of TiO, inverse opals (TIO). Step 1: coating the TIO with
ALD ZnO layer. Step 2: anion exchange reaction converting the initial ZnO
layer to ZnSe. Step 3. cation exchange reaction converting the intermediate
ZnSe to CdSe. (b) Schematics of the photoelectrochemical cell: The as
prepared nanostructure electrodes serve as the anode, saturated Ag/AgCl as
the reference electrode and the Pt foil as counter electrode for hydrogen
evolution. (c) Electron energy levels of TiO, and CdSe. The photogenerated
electrons within CdSe will be transferred to TiO,, while the holes (not drawn)
will be scavenged by the Na,SO; + NayS electrolyte solution. CB: conduction
band. VB: valence band.

final CdSe via cation exchange with Cd*" source.[201] The ion exchange
reaction is based on the solubility product constant (Ky,) of the material. As the
constant of ZnO (K= 6.8 x 10"") is much larger than ZnSe (3.6 x 10%%), ZnO
can be converted into ZnSe by anion exchange reaction with Se” anions. With

the same principle, ZnSe can be further exchanged into CdSe (6.31 x 107°).
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The same process could result in CdS and PbSe if the anion exchange precursor
is S* and the cation exchange precursor is Pb”", respectively. Due to the high
conformity of the ALD ZnO layer,[204] this simple two-step ALDIER process
can be utilized for homogeneous coating of photoactive CdS, CdSe, PbS, or
PbSe nanoparticles onto a wide range of complex and high-aspect-ratio
substrates. Furthermore, as the thickness of the ZnO seed layer is precisely
tunable by ALD cycles, the self-limiting ion exchange reaction will thus lead to

different size and coverage of the final sensitizer nanoparticles.

The sensitized TIO will be tested as the PEC photoanode in a
three-electrode system for hydrogen generation. Figure 4.1(b) shows the
diagram of the PEC cell where a piece of Pt foil was used as the cathode. H, gas
bubbles are generated on the cathode through the water reduction reaction 2H"
+ 2e — H,, whereas the holes are scavenged by the sulfide electrolyte. As CdSe
has a wider light absorption range and better conduction band edge alignment
with TiO; than ZnSe, the photocurrent level of TiO,/CdSe is much higher than
Ti0,/ZnSe, as have been reported in previous work.[201] Thus the following

the discussion will be made to CdSe photosensitizer on TIO.

The composition transformation from ZnO to CdSe is confirmed using
X-ray diffractometer, see Figure 4.2(a). The blue solid lines are the calculated
XRD peaks for Anatase TiO, (PDF#21-1272), and the green dashed lines are
the calculated XRD peaks for SnO, (PDF#41-1445). All the diffraction peaks of

TIO structure on FTO correlate well with the calculated positions. The

98



CHAPTER 4 A New Sensitization Method Based on Atomic Layer
Deposition for Highly Efficient Hydrogen Generation

diffraction peaks of ZnO (PDF#36-1451) appear only for the TIO samples after
ZnO deposition by ALD. After the first step anion exchange reaction, the ZnSe
peaks (PDF#37-1463) can be detected while the ZnO peaks disappear, implying
that the ALD ZnO layer is totally converted to ZnSe. After the complete
exchange reaction, the peaks can be indexed to hexagonal CdSe
(PDF#08-0459). The peak intensities of the CdSe increase from the 60-cycle

sample to 120-cycle one, in accordance with the increased loading of CdSe.
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Figure 4.2 Composition transformations. (a) XRD patterns of pristine TIO and
the derived structures after ALD and ion exchange reactions. The green dashed
lines indicate the peaks of FTO, and the blue solid lines indicate peaks of
anatase TiO;. (b) UV-vis diffuse reflection spectra of three photoanode samples.
TIO: pure TiO, inverse opal. TIO/ZnSe: ZnSe-coated TiO; inverse opal after
the anion exchange reaction. TIO/CdSe: CdSe-coated TiO,; inverse opal after
the cation exchange reaction. Insets are the photographs of the samples on
FTO-coated glass.

UV-visible diffuse reflection spectra are recorded to reveal the light harvesting
capability of pristine TIO, ZnSe and CdSe sensitized TIO photoanodes (results
shown in Figure 4.2(b)). Pristine TIO can only absorb light with a wavelength

beyond 400 nm. The absorption range broadens up to 550 nm after the
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exchange to ZnSe, and 700 nm after the final exchange into CdSe, consistent

with their bandgap. The composition change after anion and cation exchange

Figure 4.3 SEM characterization. (a) Top view of pristine TiO; inverse opal.
(b-d) Top view images of the ALDIER samples, where the CdSe layers were
converted from the ZnO starting layers obtained by using 60, 90, and 120 ALD
cycles, respectively. (e) Side view of the entire cross section of the photoanode
in (b) showing the uniform sensitization from top to the bottom. Inset: enlarged
view of part of the cross section.

reactions and the light harvesting ability can also be revealed from the

photographs of the samples in Figure 4.2(b) inset. The samples with CdSe
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coating appear dark brown compared with the bright yellow colour of ZnSe and

white pristine TIO.

Morphologies of the photoanodes prior to and after the ion exchange
reactions with different ALD ZnO cycles are shown by the SEM images in
Figure 4.3. The original TIO surfaces are smooth. After ALDIER, the open
surfaces are coated with a granular layer of CdSe. The SEM image in Figure
4.3(e) provides an entire cross-sectional view of the structure with 60 ALD

cycles. Clearly the ion exchange reactions proceed along the whole depth of 10

Figure 4.4 TEM characterization. (a) Low-magnification TEM image of the
CdSe nanoparticle-sensitized TiO, inverse opal. (b) Atomic-scale TEM image of
one CdSe nanoparticle. Inset is the corresponding fast Fourier transformation
pattern. (¢) X-ray energy dispersion spectrum (EDS) recorded from the CdSe

nanoparticle in (b).

pm, owing to the effectiveness of ALD in creating conformal coatings on the
surfaces of high aspect-ratio nanostructures. The morphology is further
characterized using transmission electron microscopy (TEM). Figure 4.4(a)
provides clear evidence of the attachment of nanoparticles on the available

surfaces of the pores of TIO. High-resolution TEM image in Figure 4.4(b)
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shows that the particles are crystalline, and the lattice spacing can be indexed
into (0-11) and (1-1-1) planes of hexagonal CdSe. Pure elements of Cd and Se

are confirmed by the X-ray energy dispersion spectrum shown in Figure 4.4(c).

4.3.2 Investigation and understanding of the PEC performance of the

electrodes

The PEC performance of the ALDIER photoanodes is investigated by
conducting the current density vs potential (J-V) measurements under the dark
and simulated sunlight illumination (AM 1.5) in the three-electrode cell
configuration (Figure 4.1(b)). First of all, all the electrodes are fabricated from
500 nm polystyrene spheres and have the same height of 10 pm. For ion
exchange reaction, temperature is a critical parameter that affects the size and
morphology of the resulting sensitizer layer. Hence the first step is to optimize
the reaction temperature for CdSe exchange reaction while keeping ALD ZnO

thickness the same (~10 nm by 60 ALD cycles).
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Figure 4.5 Effect of ion exchange reaction temperature to the photocurrent.
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Figure 4.6 The photoelectrochemical properties of the ALDIER TiO; inverse
opal photoanodes. (a) Linear sweep voltammagrams (J-V curves) under dark
condition and AM1.5 light illumination for samples by ALDIER technique with
different ALD cycles, and one by 6 SILAR cycles. (b) Plot of the photocurrent
density at zero bias in (a) versus the ALD ZnO cycle. (¢) Photocurrent versus
time tests (J-t curves) under chopped light illumination (light/dark cycles of 50
s) at a fixed bias of 0 V vs Ag/AgCl. (d) IPCE profile of the ALDIER
photoanode with 60 ALD cycles. For comparison, the corresponding data of the
optimized SILAR anode (6 cycles CdSe) are also shown.

As shown in Figure 4.5, the electrode obtained from the reaction at 120 °C
exhibits the highest photocurrent level (15.7 mA/cm® at zero bias vs Ag/AgCl)
compared to those from reactions at 90 °C (4.6 mA/cm?) and 140 °C (10.5
mA/cm?). Therefore, for the rest experiments, the reaction temperature is fixed
at 120 °C. Figure 4.6 (a) presents the J-V curves of TIO/CdSe anodes
obtained from different cycles of ALD ZnO. All the photoanodes have
negligible dark current while pronounced current densities, above 10 mA/cm?,
upon illumination. This implies an efficient light harvesting by the sensitizers
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(see also IPCE below) and charge separation at the TiO, and CdSe interface
rendered by the type-II band alignment. All the samples show similar onset
potentials (—1.0 V vs Ag/AgCl), as a result of similar surface flat bands. The
photocurrents saturate with increasing bias voltage, indicating good electrical

conductivity of the TIO/CdSe and the good contact with the FTO.

c) TIO CdSe 6 cyeles

L

Figure 4.7 SEM images of the CdSe-coated TiO; structure by the commonly
used successive ionic layer adsorption and reaction (SILAR) method. The cycle
number denotes the number of SILAR steps.

We now discuss the effect of ALD ZnO thickness. Figure 4.6(a)-(c) show
that the sample from 60 ALD cycles gives the highest photocurrent; further
increasing in the ALD cycles to 90 and 120 slightly brings the photocurrent
down to ~13 mA/cm’. The lowering of the current with higher ALD cycles

might originate from adverse effects such as increased carrier recombination
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within the thicker CdSe layers. It is noted that a thicker ALD ZnO layer
corresponds to larger CdSe nanoparticle size. Photocurrent versus time (J-t)
curves in Figure 4.6(c) show that all the electrodes have good photoresponse
and relatively good stability. For comparison, a series of control samples of the
same height are sensitized with CdSe via the SILAR method and measured

under the same condition (see SEM images in Figure 4.7).

Among samples with 3, 6, and 9 SILAR cycles, the highest photocurrent
is ~6.5 mA/cm® obtained from the 6-cycle SILAR sample (also presented in
Figure 4.6(a)). The CdSe nanoparticles appear to have a lower coverage than
that by ALDIER based on SEM inspection. It is noteworthy that the
photocurrent level obtained from our ALDIER electrode is very high among
nano TiO, photoanodes, even higher than the previously reported TiO,
nanoparticle electrode with CdS and CdSe co-sensitization (14.9

mA/cm?).[205]

While the voltammagram J-V curves show the overall PEC performance
of the photoanode, the insight of the photocarrier generation can be obtained by
studying the incident-photon-to-current conversion efficiency (IPCE), which
allows the evaluation of the wavelength-dependent light harvesting efficiency.
The IPCE profile from the 60-ALD cycle sample is shown in Figure 4.6(d).
One can see that, within the test range of 300-800 nm wavelength, a strong and

nearly constant photoresponse is observed in the visible region from 305 to 750
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nm; the efficiency lies between 60—70% with a nearly flat profile. In contrast,
the IPCE of the photoanode by SILAR sensitization is significantly lower,
probably due to the aforementioned lower coverage of CdSe and the

non-uniform sensitization, in correlation with its higher light reflectivity.
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Figure 4.8 Application of the ALDIER method to TiO, P25 nanoparticles film.
(a) SEM image of the pristine nanparticle film, (b) SEM image of the film after
the CdSe coating by ALDIER. (¢) UV-vis diffuse reflection spectra. The
corresponding  photographs of the sample are shown in inset. (d) J-V curve of
the sample after SILIAR with 25 ALD ZnO cycles.

The significant performance enhancement of ALDIER anodes compared
with SILAR ones implies the superior quality of the sensitizer coating by this
simple yet powerful ALD plus ion exchange reaction technique, which results
in an excellent penetration depth, uniform coverage and increased amount of
loading of the sensitizers. As a result, both the light harvesting ability and the

charge transfer process would be enhanced. It is envisaged that the performance
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could be further improved by ZnS passivation as described before [206] or by

doping of the CdSe which is recently developed by Kamat.[207]

To generalize this ALDIER technique to various nanostructures, same
experiments are also conducted to TiO, nanorod arrays and nanoparticle films
(see Figure 4.8 and Figure 4.9). Shown in Figure S6 are the results from the
commercial P25 nanoparticle film. Clearly, one can also see the very low
diffusive reflectance and high photocurrent up to 12 mA/cm?. The detailed
study of the interface between CdSe and TiO, by the HRTEM and the inner
charge transfer process by ultrafast optical spectroscopy is currently underway

to provide a comprehensive physical understanding.

Figure 4.9 SEM images of the CdSe-coated TiO, nanorods by ALDIER.
(a)Pristine nanorods, (b) after the coating.

4.4 Conclusions

In conclusion, we have developed a new strategy to coat TiO;

nanostructures with a homogeneous layer of CdSe photosensitizer based on ion
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exchange reaction using ALD ZnO layer as sacrificial template. With the
optimized ion exchange reaction temperature and ALD ZnO thickness, the
highest photocurrent for the TIO/CdSe electrode reaches 15.7 mA/cm? at zero
bias versus Ag/AgCl, which is the highest value among TiO,-based
photoelectrochemical cells for hydrogen generation. The enhancement of the
performance is mainly attributed to the larger sensitizer loading quantity and
better sensitizer coating quality. This sensitization method can be generalized to
other sensitizers like CdS, PbS and PbSe, that are currently being followed in
the same group. While only PEC application is demonstrated in this case study
of the ALDIER method, there is in principle no limit for it to be extended to the

other applications, such as light emitting diode (LED) and photodetectors.
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Chapter 5 Final Conclusions, Comments

and Recommendations
5.1 Final conclusions of the thesis

The work conducted in this thesis aims at improving the efficiency of TiO;
for PEC hydrogen generation. In chapter 1, a general introduction and review of

recent efforts in using TiO, for hydrogen generation is conducted.

The chapter 2 is the start and foundation of the whole thesis. In this part,
the properties and performances of different sensitizers were systematically
studied and compared. The TiO, nanorod array was chosen as the model TiO,
nanostructure due to its facial preparation method. The sensitizers were
deposited by CVD method, which could provide high loading amount and high
crystallinity of the sensitizer. In the first part, the loading of the CdS on TiO,
nanorod array was studied by tuning the deposition time. It was found that the
CdS formed tiny nanoparticles on the tips of TiO, nanorod at the initial
deposition stage. The CdS nanoparticles grew into nanorods as the depsotion
time increasing, and further grew into nanobundles. By using CdS and CdSe
precursors together, the CdSeS alloy samples could be made, and the band edge
positions could be tuned by varying the composition between the CdS and CdSe.
In PEC hydrogen generation, the CdSe sensitized TiO, nanorod array shows the
highest photocurrent level, up to 9 mA/cm®at 0V vs Ag/AgCl. However, it is

highly unstable, the photocurrent degrades quickly below both the CdS and
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CdSeS sensitized samples in just minutes. Though the CdS sensitized sample
shows the lowest photocurrent, around 5.8 mA/cm?, it is highly stable without
degradation during the test. The photocurrent level and stability of the CdSeS
sensitized sample is between the CdS and CdSe. Thus, In terms of the
photocurrent level and stability, the CdSeS sensitized sample would be a

favorable choice.

The following two chapters are the two approaches to increase the
efficiency of the sensitized TiO; nanostructure for PEC hydrogen generation.
As there are two parts for the heterostructures, the sensitizer and the TiO,
scaffold. The strategy can be focused on either the sensitizer or TiO, scaffold.
Chapter 3 is focused on tailoring the TiO; scaffold structure. Compared to the
Ti0; nanorod array, TiO; inverse opal has higher surface area and unique three
dimensional structure. However, compared to the TiO, nanoparticles, the
surface area of TiO, inverse opal is still quite low. The surface area can be
increased by further growth of nanowires inside. We first tried TiO, nanowires,
as they would easily form bundles into big nanorod, the growth inside the
inverse opal is quite challenging. While for ZnO, the growth is facile and band
edge position is almost the same as TiO, which favors the charge transport.
With the same concept to increase the surface area, we grew ZnO nanowires
inside the TiO; inverse opal, and it is quite successful. The density and length
of ZnO nanowires could be tuned by varying the growth time. We have

compared hydrogen generation ability of the samples with same thickness of
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pure TiO, inverse opal, ZnO nanowire arrays and hierarchical three
dimensional structures with CdS sensitization. It was found that the 3D
hierarchical structure shows highest photocurrent, which is roughly the sum of

the TiO; inverse opal and ZnO nanowire array samples.

Chapter 4 is focused on the sensitizer part. There are various methods for
the sensitizer deposition, such as chemical bath deposition (CBD), chemical
vapour depositon (CVD), successive ionic layer adsorption and reaction
(SILAR) and electrochemical deposition (ED). However, deposition of the
sensitizer into the complex 3D nanostructures, especially the high aspect ratio
samples is still a challenge. ALD is powerful thin film deposition technique,
which could provide precise thickness control at the angstrom or monolayer
level and deposition on high aspect ratio nanostructures with excellent step
coverage. If ALD could be used to deposit the sensitizers, the penetration
challenge of the sensitizers will be solved. However, direct deposition of the
sensitizer by ALD is limited by the precursors and the harsh conditions. ZnO
can be exchanged into ZnS and ZnSe by anion exchange, and CdS, CdSe, PbS,
PbSe and Cu,S et al could be generated through further cation exchange. Most
importantly, ZnO can be well deposited by the ALD. By combining the ALD
and the ion exchange reaction together, various sensitizers can be coated onto
Ti0; nanostructures with high quality. We choose TiO, inverse opal samples as

the model structure to demonstrate this concept, and the results show that this
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technique indeed outperform the conventional SILAR method by nearly double

the photocurrent.

In summary, chemical vapor deposition method of CdS and CdSe gives
better performance compared to solution method due to high crystallinity of the
material, which is critical for the charge transport. However, it is difficult to
control and expensive due to the high temperature and vacuum process. TiO;
nanrod has a better charge carrier transport property compared to TiO, particle
and TiO; inverse opal film due to its one dimensional structure and single
crystal property. But it suffers from low surface area, TiO, inverse opal gives
higher performance after sensitization mainly due to higher amount of sensitizer
loading. Based on all these factors together, combing the nanobush structure
fabricated in chapter 3 and the ALDIER sensitization method developed in

chapter 4 might give the best performance.

5.2 Comments

Though CdS and CdSe sensitized electrodes show high efficiencies in PEC
hydrogen generation, they cannot be counted as pure water splitting, because
CdS and CdSe have the stability issue during the water oxidation process. The
decomposition potentials of the CdS and CdSe are more favorable than the
water oxidation. Thus, to stabilize the electrode, sacrificial agent has to be used
in the electrolyte. Actually, CdS is the most ideal semiconductor for water

splitting, due to its relatively small band gap (2.4 eV) and suitable band edge
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positions, with conduction band level enough to reduce water and the valence
band sufficient to oxidize water. Thus, a lot of studies have been conducted in
the 1980s.[208-213]The photocorrosion of the CdS can be categorized in two
conditions, with O, or without.[208] In the absence of O,, the corrosion is

mainly dominated by the following reaction,
20t + CdS S Cd?t + 5
In the presence of O, the corrosion is through the following reaction.
CdS + 4h* + 2H,0 + 0, » Cd?** + S02™ + 4H*

To solve the stability issue, various electrolytes have been developed, mainly
by adding the reducing agents, such as Fe(CN)s", I'", Fe"-EDTA complex, S*,
SOs%, S,0;” or their mixtures.[208] The sulfide (S*) and sulfite (SOs>)
mixtures are the most frequently used sacrificial agents.[214] These agents can
be oxidized through two electron processes, or even one electron process to
form the intermediate radical, which are more accessible compared to the four
electron process to oxidize water. By adding the S* agent into the electrolyte,
the dissolved Cd*" can react with the S* to reform CdS.[129] However, S* will

from S,> oxidant through the following reaction,

252~ + 2ht - S2°
which is more favorable than proton reduction and the product of this reaction
presents a yellowish color, blocking the light absorption of CdS. This problem

can be avoided by adding SO;” into the electrolyte.[129]
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S2~ 4+ 502~ > S,02 + §2-

S,0%” is transparent and soluble in water, and can transform into SO%~
through the following reaction

S,05~ +3H,0 + 4h* - 2505~ + 6H*
S03~ can be oxidized into SOZ~ through reaction
20H™ + S0%™ - S02™ + H,0

There may be also other reactions in the electrolyte.[214] As the cathodic

reaction is H, generation, the overall reaction could be written as

S2= 4+ S0%™ + 5H,0 — 5H, + 2502~

rather than water splitting reaction,
2H,0 - 2H, + 0,

There is often misunderstanding of the efficiency calculation, especially for the
beginners. The equation for the efficiency calculation discussed in the
introduction part is for pure water splitting reaction, without adding any

sacrificial agents.

— (1'23 - Vbias) X]
P

First, in the presence of sacrificial agents, the efficiency calculated based on the
above equation will be greatly exaggerated. 1.23 V is based on the Gibbs free
energy change for water splitting reaction, by adding sulfide and sulfite into the

electrolyte, this potential will be greatly reduced. Second, the applied bias
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should be based on the two electrode configuration, rather than the commonly
used three electrode configuration.[31] The calculation based on the bias
referred to the reference electrode will lead to an overestimated efficiency,
because the potential between the working electrode and the counter electrode

is larger.

In order to calculate the efficiency accurately, the H, generated should be
quantified by gas chromatography. Simply measuring the photocurrent is not
enough, because there might be side reactions, such as the corrosion of the
electrode, which will also contribute to the current. The addition of sacrificial
agents in the electrolyte can be reflected by the volume ratio between generated

H, and O,.

Though sulfur compounds are greatly reserved on earth and also often
produced in large quantities from chemical industry such as natural gas
utilization, hydrodesulphurization of crude oil and coal chemistry,[209, 215] the
usage of the sulfur compounds as sacrificial agents still sets an obstacle for the
real application of the systems studied in the thesis. This might be avoided
through the development of the passivation method to stabilize the electrode.
Corrosion is a common issue for the semiconductors whose oxidation potential
is more cathodic than water oxidation or reduction potential more anodic than
water reduction. To solve this problem, passivation of the electrode surface
with stable semiconductors can be employed. It should be noted that the

passivation layer should not block the minority carrier transport to the
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electrolyte. Specifically, for photocathode, the passivation layer should be the
electron transport layer, and for photoanode, the passivation layer should be the
hole transport layer. For example, there are two recent reports about the

passivation of Cu,O photocathode and Si photoanode, respectively.[216, 217]

5.3 Recommendations

5.3.1 Boost the efficiency by catalyst decoration

According to the Gibbs free energy, 1.23 eV is just enough for water
splitting reaction. However, due to the limitation of reaction kinetics and other
factors, overpotentials are necessary to give a reasonable current. Adding
catalyst on the electrode could reduce the overpotential by improving the
reaction kinetics and changing the energetics of the electron transfer process.
Catalysts are usually deposited on the surface of the electrode forming a thin
layer. This layer has to be thin in order not to block the light absorption of the
electrode. Besides improving the reaction kinetics, the catalyst layer may also

increase the stability of the electrode by functioning as a passivation layer.

5.3.2 Building unassisted hydrogen generation device

The current study with three electrode configuration for characterizing the
PEC property of the electrode is often with external bias. In the ideal case, the
device should function like natural plant when put into the water with light

illumination, the water will split into H, and O, spontaneously. This has
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stringent requirement of the material. The band edge positions of the
semiconductor should straddle the water splitting reaction potentials with
enough overpotential. Only very few materials can fulfill this requirement and
have demonstrated the unassisted water splitting with a single junction, such as
SrTiO; and KTa04.[23] CdS has perfect band edge positions, if the catalyst is
used, the unassisted water splitting could be realized. Early in 1987, Allen J.
Bard has demonstrated the unassisted water splitting with the bipolar CdSe/CoS
electrode.[213] Recently, Juan Bisquert group also demonstrated unassisted
water splitting with the CdS and PbS co-sensitized TiO; electrode.[218] Future
efforts are needed to engineer the electrode structure to make highly efficient

unassisted water splitting device.

In the case when an external bias is required for the electrode, tandem cell
configuration can be used to give enough overpotential.[7] The electrode can be
connected with the conventional solar cell to provide the bias, such as the Si

solar cell or dye sensitized solar cell.

5.3.3 Improve the stability of the electrode

Besides efficiency, stability is also an important step towards real
application. In 1998, hydrogen generation device with efficiency of 12.4% has
already been developed.[219] However, the high fabrication cost of the
electrode and the stability issue hinder the real application of the device. The

device uses GaAs and GalnP; tandem structure, which is far more expensive

117



CHAPTER 5 Final Conclusions, Comments and Recommendations

compared to the electrodes developed in this thesis. Though we have achieved
unprecedented photocurrent level by modifying the fabrication method of the
electrode, we haven’t solved the stability issue of the electrode. Developing
effective passivation method is highly demanded for real application. As there
are many well-known high performance materials, such as Si, GaAs and CdSe,

that are limited by the stability.

5.3.4 Discovering new materials through theoretical calculation and high

throughput experiment

Either highly efficient but unstable or highly stable but inefficient, this is a
dilemma for the current known electrode materials. Thus it is highly demanded
to discover and synthesize new materials. It is rational to do the theoretical
calculations first before experiment. Modeling the device efficiency is also very
important. High throughput experimental method to check the PEC properties

of the new materials has to be developed.
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