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Summary

The combination of solar energy and water splitting hydrogen production re-
sults in a feasible, prospective energy conversion and storage process—photoelect-
rochemical (PEC) water splitting. In this work, an all-solid-state PEC cell has
been fabricated and its performance with different photoanodes has been stud-
ied. An attempt to move one step further to fabricate an even more compact
solid-state PEC cell using a proton-electron mixed conducting membrane has
also been carried out later.

In the photoanodes preparation stage, TiO2 with different morphologies,
e.g., drop-cast P25 TiO2 nanoparticles, thermally treated Ti foil and highly
organized TiO2 nanotubes (TNT), are prepared and tested for their intrinsic
properties, such as the donor density, flatband potential, etc.

In particular, TNTs are synthesized by a 2-step anodization method, with
immersing pretreatment, long and stable TNTs can be grown on a thin Ti sub-
strate. Three TNT samples synthesized for 5, 20 and 30 min in the 2nd anodiza-
tion step have been studied, and later applied in the PEC cell.

The Type 1 solid-state PEC cell is fabricated by simply attaching the pho-
toanode and the cathode onto the two sides of a Nafion® proton conducting
membrane. In this way, water oxidation reaction and proton reduction reac-
tion will take place in each side of the membrane, hence gases are separated as
soon as they are generated. The cathode consists of the carbon paper as the
substrate, and the platinum coated carbon nanoparticles (Pt-C) as the electro-
catalyst, which is connected with the photoanode through an external circuit.

Regarding the photo-to-current performance, PEC cells employed with TNT
as their photoanodes perform better than the ones with other photoanodes.
Furthermore, the ionic conductivity around the TNT photoanodes has a sig-
nificant impact on the overall cell performance. With deionized water as the
liquid environment, the cell employed with the TNT 5 min photoanode gives
the highest efficiency, while replacing the deionized water with a 0.5 M Na2SO4
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solution makes the cell with the TNT 30 min sample perform the best. The
hydrogen production of the Type 1 solid-state PEC cell was confirmed by GC
measurements.

When it comes to the Type 2 cell, the external circuit was removed, and
the Nafion® membrane was integrated with the carbon paper to form a proton-
electron mixed conducting membrane (MCM). Electrons and protons generated
by the photoanode during the oxidation half reaction were expected to trans-
port through the integrated membrane simultaneously. The electrocatalyst—Pt-
C was deposited directly on one side of the MCM, so that proton and hydrogen
can easily recombine into H2 atoms on that side. The concept of producing
hydrogen by this type of cell was confirmed by the detection of a hydrogen
peak from GC measurements, in which a basic solution was introduced to the
photoanode in order to enlarge the chemical potential difference between the
two sides of the MCM. However, involving alkalies leads to the carbon corro-
sion, which results in the formation of CO2−

3 . Consequently, a relatively large
methane production was observed, since the reaction CO2−

3 /CH4 is energeti-
cally more favorable than H+/H2.

In conclusion, a compact, robust, solid-state PEC cell for water splitting
hydrogen generation can be built through a simple process, and a novel nanos-
tructure modification of TiO2 as the photoanode can enhance the overall cell
performance. Protons and electrons generated during the water oxidation can
pass through a proton-electron MCM simultaneously, and get recombined into
hydrogen where the electrocatalyst is present, which results in a more compact
solid-state PEC cell.
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Chapter 1

Introduction

1.1 New Concerns on Energy
Since the first fire was set up, human beings have entered into a period of delib-
erately utilizing energy to improve their living quality and working efficiency.
If one looks through the whole history of humanity, it is not hard to find out
that at a very early stage, the main concern for energy related activities was to
explore as many new resources as possible and to find new ways to consume
the energy, without really knowing their properties and by-products. Later on,
people realized that these energy resources had a lot of limitations, such as being
finite in reservoir and causing severe pollution. That is why lately people have
gradually emphasized more and more on the other aspects of the energy indus-
try, such as the conversion efficiency, sustainability, zero emission technology
etc.

Until now, right after the "COP21"1 took place in Paris, where energy lead-
ers discussed and had reached an international framework to deliver policy and
targets towards energy and environment, main concerns on energy industry
have changed drastically, approaching a so called energy trilemma–a balance of
energy security, environmental sustainability and energy equity [1]. However,
no matter how perfect the strategy worked out by leaders, the key factor will
always lie on the energy resources themselves–whether they can balance the
trilemma or not.

Traditional energy resources, such as fossil fuels, nuclear power and hydro-
based energy resources, are lacking at least one of the requirements in the energy

12015 United Nations Climate Change Conference, 30th Nov. to 11th Dec.
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2 1. INTRODUCTION

Figure 1.1: Energy Trilemma by World Energy Council [2].

trilemma. As a consequence, renewable energy, which must be sustainable, safe
to use, easily accessible in different territories and carbon free, which has been
gaining more and more significance today. The development of such energy
resources has been strengthened consecutively by individual countries and in-
ternational unions, for fulfilling the balance of the energy trilemma mentioned
above [2].

It is predicted that by the year 2040, non-hydro renewable energy(i.e., biomass,
geothermal, solar, wind) will account for 30% of the total electricity-based en-
ergy generated globally, which will equal to the whole global energy production
at present [3]. Among those energy resources, one that is believed to play a ma-
jor role is the solar energy, with a potential to meet the energy demands of all
the people in the future.

1.2 Why Solar
The total population has been estimated to reach 9.4 billion in 2050, which
corresponds to 27.6 TW energy consumption rate [4]. Although fossil fuels are
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predicted to be able to support that consumption rate for at least one century,
climate change due to emission of CO2 has made it unfavorable to keep on
using fossil fuels as the major power provider in the future, in other words,
those energy resources lack the environmental sustainability. Therefore, it is
necessary to make a large-scale switch towards new, carbon-free and sustainable
energy resources in order to decrease the dependence on fossil fuels.

With a total solar power of 120,000 TW reaching the surface of the earth,
solar radiation is no doubt the biggest power source that people can utilize.
At most 0.3% of that energy with a conversion efficiency of 10% can fulfill
the whole global requirement of power in 2050. Except for some areas in the
world, sun light is quite accessible. Areas like central Africa, which is mostly
undeveloped and not so realistic to build hydro or wind power station, is rich in
sun light. Places as mountains or desserts that are not suitable for constructing
modern electricity grid, are good places to install solar panels as long as sun
light can be absorbed. Furthermore, unlike fossil fuels that store energy into
chemical bondings, especially in the form of carbon-based compounds, direct
use of solar radiation will have zero emission of green house gases, leaving no
impact on the environment, thus solar energy has environmental sustainability.

It seems that solar energy meets the Energy Trilemma pretty well and could
be a long-term alternative energy source. However, some drawbacks of solar
energy should be technically solved before it can be widely used as a replacing
energy source. The first drawback is the intermittency, i.e. the impossibility
of continuous energy output due to inevitable day and night switching, clouds,
rain, etc. The second is the low energy intensity compared to fossil fuels, which
makes a solar panel usually quite large in area to power some energy demanding
machines. For instance, the intensity of solar light received on the surface of the
earth is 100 mW/cm2, if a solar panel with a light conversion efficiency of 19% is
used, which is also the most efficient commercial available Si solar cell at present
[5], a 0.6 m2 large solar panel is needed to power a laptop that usually has 100
W power consumption, and over 500 m2 is necessary to support a Ford Focus
2.0 L vehicle. The third one is the toxicity of materials used as light absorbers.
Some semiconductors used in solar panels are quite harmful to humans and
environment, these toxic materials limit the application and promotion of solar
cells, but good plant design and toxicity assessing procedure can decrease the
impact of it.

Inspired by the fossil fuels, which are actually an ancient way of storing
solar energy into chemical bondings by the nature itself. By converting solar
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energy into the bonding energy contained in a perfect energy carrier, it is able
to overcome the first two drawbacks at once. Such an energy carrier should
be totally green, recyclable, compatible with the energy demanding/converting
devices that are currently in use, and high in energy intensity. Fortunately,
hydrogen, as an energy carrier, meets all those strict requirements.

1.3 Why Hydrogen
Hydrogen, which is considered by many as the energy of the future, is in many
aspects an ideal energy carrier [6]. Being the simplest and most abundant ele-
ment in the universe, hydrogen can be found everywhere, but on our planet not
in a pure gas form. The element is mostly bonded with other elements, like O
as a form of water, which can be transfered to H2 gas and then converted back
to water, through combustion, as described as follows:

2 H2O
hν−−→←−−
Q

O2 ↑ + 2 H2 ↑ . (1.1)

The process mentioned above opens the door for a sustainable, green, and
efficient energy future scenario. Especially its non-carbon emission property
that is vital to slow down the climate change has drawn tremendous attention
from governments, which stimulates the so called " hydrogen economy "[7].

Items Weight Ratio of
Carbon%

Gravimetric
Energy Density

(MJ/kg)

Carbon per
Unit Power

(g/MJ)

Hydrogen
(compressed)

0 142 0

Natural Gas 75 55.5 13.5
Gasoline ≈ 84.2 44.4 19

Coal
(Anthracite)

>91.5 <35.3 >25.9

Table 1.1: Energy density and carbon emission per unit power of some energy
resources2.

2Original data collected from Wikipedia
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Besides its exceptional benefit to the environment, hydrogen is also an out-
standing source of fuel by itself. Its gravimetric energy density is larger than
any other common resources, as seen in Table 1.1. This means that if gaso-
line is replaced with compressed hydrogen in a car, even under the same energy
conversion efficiency, people can drive two times more the distance as they can
now, with water as the only waste emission.

1.4 From Solar to Hydrogen
The drawbacks of solar energy, which can be compensated by the merits of
hydrogen as an energy carrier, made it not hard for people to come up with the
idea of combining those two into one compact process, i.e., solar-driven water
splitting. With such a combination, energy from the sun would be converted
into bonding energy stored into hydrogen, which is easy to transport and totally
green, and compatible to the engines that are currently used. Such a process
nicely meets the requirements for energy accessibility, safety and environment
sustainability described in previous energy trilemma (Fig. 1.1).

As a result, many routes have been developed to conduct such a water split-
ting process by applying solar as the energy (main) source, the major methods
are summarized as follows [8]:

• Thermochemical and solar/thermal hybrid water splitting

• Photocatalysis

• Photobiological methods of renewable hydrogen generation

• Coupled water electrolyzer-solar photovoltaic system

• Photoelectrochemical (PEC) water splitting

Photoelectrochemical (PEC) water splitting was first demonstrated by the
Japanese scientists Fujishima and Honda in 1972 [9], where they described the
molecular formation of oxygen and hydrogen from water splitting on the sur-
face of separated electrodes with light irradiation. The advantage of this process
is that gases produced in the anode and cathode compartments can be separated
directly, meaning that no further gas separation process is needed. Also, both
anode and cathode could be entirely inorganic, a fact that makes it possible to
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construct a robust device, which can operate for long time and endure environ-
ment variations. In addition, the possibility of carrying out this process at room
temperature makes it more attractive from the energy concern. However, over
40 years have past and this method is still not able to be industrialized. Reasons
could be various, but the main concerns lie on the unsatisfying total conversion
efficiency and the relatively high price of the final product—hydrogen.

1.5 PEC Water Splitting Benchmark
As stated above, the efficiency of the device and the price of the products are two
major factors that impede the commercialization of PEC water splitting. Of
course, those two are not independent. One can lower the price by increasing
the total efficiency, which is actually a major concern at present, but also can
increase the price by employing expensive materials, like the semiconductor
consisting of III/V elements and synthesized by costly methods.

Roel van de Krol and Michael Grätzel wrote in the first chapter of their book
Photoelectrochemical Hydrogen Production [10] that an 8% solar-to-hydrogen (ST-
H) efficiency has been witnessed by coupled water electrolyzer-solar photo-
voltaic system, which can be suggested as the benchmark of the efficiency of
PEC water splitting. They also listed two advantages that PEC water splitting
can have over the coupled water electrolyzer-solar photovoltaic system.

The first advantage is that for water electrolysis, an approximate 1.9 V volt-
age should be applied due to the over potential required by the process, which
mainly comes from the oxygen evolution. However, the thermodynamic poten-
tial required for water splitting is only 1.23 V, meaning that the coupled system
can at most provide 65% STH efficiency. On the contrary, the over potential
required for water splitting on the surface of a semiconductor is much less, due
to less current at optimum operating point. Thus, the PEC route has a potential
of a higher STH efficiency.

The second advantage is that a PEC device can be quite compact and robust,
requires fewer components and less operating space. Because the water splitting
happens directly on the surface of the photo absorber, no extra electrolyzer is
needed, which can substantially reduce the cost and lower the price of the final
products.

When it comes to the price, in order to compete with the fossil fuels that
are used currently, the U.S. Department of Energy has targeted the cost of dis-
pensed hydrogen to be $2.00–$4.00 per kg, which is also the price of untaxed
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Figure 1.2: Conceptual device configurations used for price calculation [11].
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gasoline running in the pipe line. Pinaud et al. [11] calculated the price of
the final products based on 4 types of conceptual device, as seen in Fig. 1.2,
where two "baggies"-based and two panel-based devices are presented. The re-
sult shows that under current technique and reachable efficiency, cost for hydro-
gen production per kg is lower than $4.00 (cost for gas separation not counted)
for two "baggies"-based configurations, which are photocatalysis method, while
cost can reach $10.40 for fixed panel array and $4.20 for tracking concentrator
array, which are PEC method. The reason why the latter two configurations are
more expensive is due to high panel fabrication and encapsulation cost, accord-
ing to their research. However, it is clear that by increasing the STH efficiency
and developing proper engineering process, the price could be reduced signifi-
cantly and can meet the target set by the U.S. Department of Energy, in other
words, it is able to replace the fossil fuels with hydrogen by PEC process.

With the aims described above, attempts have been made into this work
to explore a simple and feasible way to fabricate a compact, rigid and robust
PEC cell, in order to provide a possible solution to reduce the cost of the final
product and scale up the PEC water splitting technique.

1.6 Aims and Objectives of This Work
In summary, the purpose of this work can be described as follows:

• To prepare a simple, robust solid-state PEC cell for water splitting, and
evaluate its performance.

• To investigate the photoelectrocatalystic performance of TiO2 with dif-
ferent morphologies from various preparation methods in the solid-state
PEC cell, and propose possible modifications.

• To further investigate the possibility of an even more compact solid-state
PEC cell with mixed-conductive solid-state membrane, and propose a pos-
sible direction for modifications.



Chapter 2

Theory and Literature

So it is said that if you know your enemies and know yourself, you can
win a hundred battles without a single loss. If you only know yourself,
but not your opponent, you may win or may lose. If you know neither
yourself nor your enemy, you will always endanger yourself.

—The Art of War, by Sunzi

In this chapter, major principles of photoelectrochemistry that are estab-
lished so far will be introduced, followed by a summary of some related previ-
ous works. The theory described later is partly based on the book—Photoele-
ctrochemical Hydrogen Production written by Roel Van de Krol and Michael
Grätzel [10].

2.1 General Principle and Previous Work

2.1.1 PEC Cell

Most of the solar panels that light up the street lamps, support the traffic lights
or even power the electric cars, are called photovoltaics, i.e., a kind of solar cells
that converts photons directly into electricity. It benefits from the fact that a
semiconductor can be excited by photons, resulting in the creation of electron-
hole pairs that carry two different charges. Those charged species (electrons
and holes) will be separated at the space charge region, or junction—-across
the interface between two different materials, where a local electrical field is

9
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Figure 2.1: Mechanism of photovoltaics: light comes through a transparent,
conductive contact, like FTO and ITO coated glass; the interface of a p-type
and an n-type semiconductor forms a space charge region (p-n junction), where
holes and electrons generated by light irradiation are separated, further diffu-
sion is needed in order for electrons and holes to reach the contacts, so that a
potential difference will be built between those two contacts, thus electrons will
be driven through the external circuit and power any device that is connected 1

present, so that electrons will run through the external circuit and drive any
electric device before recombining with the holes, as seen in Fig. 2.1.

A PEC cell, however, is a solar cell involving chemical reactions, which usu-
ally consist of oxidation and reduction processes. Unlike classical photovoltaics
that contain inorganic solid-state junction, a PEC cell replaces the solid phase,
which is in contact with a photoabsorber, by an electrolyte. The most common
electrolyte is liquid, organic solid or gel [12], so instead of forming the inor-
ganic solid-state junction, a liquid/solid or organic/solid junction (resulting in
the generation of the space charge region), will be formed in a PEC cell, as seen
in Fig. 2.2.

A typical PEC cell often has three compartments, the photoanode, which
is usually composed of semiconductors, the electrolyte, which contains redox
species and the cathode, where an electrocatalyst is usually loaded, like the one
shown in Fig. 2.2. Its basic working principle, which will be given in more
detail later, can be simply expressed as follows: when a semiconductor (for

1Revised schematic according to the lecture of Nano-chemistry taught by Prof. R. Nesper
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(a) Regenerative cell. (b) Photosynthetic cell.

Figure 2.2: Typical PEC cells with n-type semiconductor as the photoabsorber,
(a): regenerative cell that electrons and holes are scavenged by red-ox species,
electricity is its output; (b): photosynthetic cell that produces a chemical fuel—
hydrogen, through the water splitting process.

example n-type) immersed into an aqueous electrolyte, there will be a chemical
potential difference between the two sides of the interface due to the Fermi level
variation, in particular, the Fermi level of an n-type semiconductor is usually
more negative than an aqueous electrolyte.

As a consequence, electrons from the bulk of the semiconductor will flow
to the surface and be trapped there, leaving behind the ionized donors hence
a local electrical field is present, which forms the space charge region (SCR).
This charge transfer will continue until the electrical field is strong enough to
suppress the process mentioned above.

For an n-type semiconductor, the direction of the electrical field is from
the bulk to the surface, so electron-hole pairs created by the excitation pro-
cess of incoming photons will be separated immediately. In detail, electrons
will be driven into the bulk and further travel through an external circuit
which connects both the anode and cathode, while holes will move towards
the solid/liquid interface and take part in the oxidation reaction.

Investigations in PEC cells have been split into two categories according to
their application approaches, as shown in Fig. 2.2. One is the regenerative cell
(Fig. 2.2a) that has a conventional purpose of producing electricity, the other
is the photosynthetic cell (Fig. 2.2b), which aims to generate chemical fuels di-
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rectly, such as hydrogen. The difference between those two cells is that in the
regenerative cell, redox species, usually S2

–/S2−
n , V2+/V3+ or I2/I

–, will be oxi-
dized at the anode and regenerated at the cathode, leaving behind no chemical
composition change in the electrolyte. While in the photosynthetic cell, the
H2O present in the electrolyte will be oxidized and consumed consecutively to
produce H2.

The first photoelectric experiments that produced current were believed to
be carried out by Becquerel [13]. In his work a current was generated between
two Pt electrodes immersed in a metal halide salt solution with light illumina-
tion, which greatly motivated the development of photography industry. Later,
attention was gradually focused on the semiconductor/electrolyte junction so-
lar cells, e.g. the first regenerative PEC cell—Cd-Se photoanode immersed in
a sulphide/polysulphide electrolyte [14], and shortly people started to under-
stand the significant role of the space charge region during illumination [15].
In the search to increase the PEC cell efficiency and maintain its output volt-
age, prolonged efforts are carried out in a world wide scale. Approaches mainly
came from two scenarios, but the main idea was the same—to broaden the light
absorption spectrum.

One strategy was to build a multi-junction photoanode by using materi-
als with different bandgaps. Its basic principle is illustrated in Fig. 2.3, where

Figure 2.3: Revised scenario for multi-junction regenerative PEC cell [16].

the basic idea is that different cells are stacked together with a configuration of
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decreasing bandgap from top to the bottom, so that photons with short wave-
length, high energy will first be absorbed at the upper layers, while photons
with longer wavelengths and less energy will be transmitted and absorbed sub-
sequently by cells underneath. A total efficiency of 19.8%, which corresponds to
18.7 mW/cm2 output power, under solar illumination was reported for a multi-
junction regenerative cell: GaAs/Si/CoS/S2

2-/S4
2-/CoS [16], in which the top

cell is GaAs/CoS/S2
2-/S4

2-/CoS, and the bottom cell is Si/CoS/S2
2-/S4

2-/CoS.
The other strategy is to couple the semiconductor with a short bandgap

photoabsorber, a dye, so that the light absorption and charge separation process
will be separated and conducted within two different parts. This method is also
called the dye sensitization, and PEC cells based on that are called dye-sensitized

Figure 2.4: Schematic of the dye-sensitized solar cell (DSSC). The dye will ab-
sorb photons that has larger energy than its bandgap, including visible part, and
electrons from the valence band of the dye will be exited into the conduction
band. TiO2, an n-type semiconductor having direct contact to the electrolyte,
will generate a local electrical field in the SCR (space charge region) close to
the semiconductor/electrolyte interface. With the assistance from the electri-
cal field, electrons from the dye can be injected into the conduction band of
the TiO2, which is also called the injection process. While oxidized dye can be
reduced by the red-ox species, and the latter could be regenerated at the cath-
ode, the potential difference between the Fermi level of TiO2 and the chemical
potential of reducing red-ox species at cathode is the maximum output voltage
[12].

solar cells (DSSC), or Grätzel cell, named after Michael Grätzel for his pioneer-



14 2. THEORY AND LITERATURE

ing work on first highly efficient dye-sensitized PEC cell in 1991 [17]. In a
DSSC a high-surface-area TiO2 transparent film was coated with Ru based dye,
and a solar-to-electricity energy efficiency of 7.1-7.9% under simulated sun light
was obtained. Its basic principle is explained in Fig. 2.4, in which TiO2 is no
longer a photoabsorber, but an intermediate that creates the electrical field for
charge separation at the semiconductor/electrolyte interface, and it is the dye
that takes the role of absorbing the light.

Since then, for the purpose of increasing the contact area of the semicon-
ductor and the dye, a lot of works have focused on mesoporous oxides made
from nanocrystalline semiconductors, such as ZnO [18] and TiO2 [19]. In-
vestigations have found that despite the formation of porous structures, the
recombination rate of electrons and holes can also be efficiently reduced by ap-
plying nanocrystalline semiconductors into thin films. It is believed that the
charge separation process in nanocrystallines is not due to the built-in electrical
field in the SCR, but because of the different transport and consumption speed
of charge species [20], which later was explained as the random walk model
[21]. So far, DSSC has been developed for more than 20 years, and the latest
state-of-art DSSC has reached 11.9±0.4% solar-to-electricity energy conversion
efficiency, which corresponds to 22.47 mA/cm2 current density, under one solar
illumination [?].

Although the regenerative PEC cell seems to be promising and competitive
to classic photovoltaics in harvesting solar energy, orientation of this work will
be given to the other track of the PEC developing—photosynthetic cell, which
looks more attractive and fascinating, but more challenging.

2.1.2 PEC Water Splitting

The principles and main device configurations of PEC water splitting have not
changed too much over these year, most of the PEC cells are based on the con-
cept expressed in Fig. 2.5. Its basic principle can be explained by a series of
reactions.

First, when an n-type semiconductor, for example TiO2, receives photons
with greater light energy than its bandgap on the surface, electrons in the va-
lence band will be excited into its conduction band, creating electron-hole pairs:

TiO2
hν−−→ e− + h+. (2.1)
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Figure 2.5: Revised schematic of PEC water splitting from Fujishima and
Honda in 1972 [9]; n-type TiO2 functions as light absorber where oxidation
reaction happens, hence it is anode, Pt-C catalyzed the H2 reduction so it is
cathode, in the middle is a proton-conducting membrane.

Afterwards, the holes are usually quite high in energy (positive if expressed
as potential) and can oxidize species, e.g. water in an acidic electrolyte, so here
comes another reaction taking place at the interface of the semiconductor and
electrolyte (acidic aqueous solution):

2 h+ + H2O −−→ 1

2
O2 ↑ + 2 H+. (2.2)

Meanwhile, exited electrons will be driven to the cathode through an external
circuit, as seen in Fig. 2.5, and the protons as a result of reaction (2.2) will
transport from the anode to the cathode, which is usually a platinum electrode,
through the proton-conducting membrane in the middle, hence the third reac-
tion takes place at the cathode:

2 H+ + 2 e− −−→ H2 ↑ . (2.3)

From the reactions above, the overall reaction can be written as:

H2O
2hν−−→ 1

2
O2 ↑ + H2 ↑ , E0 = −1.23 V vs. SHE. (2.4)
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Actually, reactions will be slightly different within various pH conditions.
For instance, in alkaline electrolyte, instead of reaction (2.2) and (2.3), what
really take place are the reactions given below:

2 h+ + 2 OH− −−→ 1

2
O2 ↑ + H2O, E0

O = −0.40 V vs. SHE (2.5)

2 e− + 2 H2O −−→ 2 OH− + H2 ↑ , E0
R = −0.83 V vs. SHE. (2.6)

The overall reaction is the same as reaction (2.4), and in both cases, a chem-
ical potential difference of -1.23 V is obtained from anode to cathode, which
corresponds to +237 kJ/mol H2 of Gibbs free energy. The negative chemical
potential of reaction 2.5 results from the fact that it is an oxidation reaction, if
expressed in a more general way, i.e. as a reduction reaction, then its chemical
potential is EO2/OH− = +0.40 V vs. SHE.

From both the chemical potential and Gibbs free energy described previ-
ously, it is obvious that the water splitting overall reaction is thermodynam-
ically unfavorable, i.e., reaction will not happen spontaneously. That is why
light and a photoabsorber (TiO2 for example) are involved into the reaction,
where light provides the energy, like the fuel in a car, and the photoabsorber
converts the energy, like a motor, to drive the reaction forward.

One should notice that the presence or absence of oxygen at the cathode
will have a significant impact on the overall performance of the photosynthetic
cell. For instance, if the cathode is kept in a deaerated aqueous electrolyte or
inert gas environment, it can be regarded as the hydrogen electrode so that its
potential is -0.42 V vs. SHE at pH = 7. This means for semiconductors like
TiO2, which has a conduction band edge slightly more negative than the proton
reduction potential, there will be a very small voltage built between the anode
and cathode under illumination. If other voltage losses, like contact losses, elec-
trolyte ohmic losses, etc., are taken into account, the voltage will become even
smaller, which cannot drive the water splitting process spontaneously, therefore
an applied potential from an external power source is needed [22].

To compensate the voltage losses and provide the needed overpotential, pho-
tovoltaics can be coupled with a PEC cell. Such a device can run photosynthetic
process without any external assistant, and a total solar-to-hydrogen (STH) con-
version efficiency of 12.4% [23] under 12 suns illumination was reported for a
device described in Fig. 2.6a, where p-GaAs and n-GaAs form the PV part that
can utilize visible light, and p-GaInP2 forms the photocathode of the PEC part.
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(a) Schematic of a PV/PEC cell. (b) Energy diagram of the cell.

Figure 2.6: A photosynthetic cell coupled with PV [23].

From Fig. 2.6b it is clear to see that the conduction band of GaInP2 is more
negative than H2 producing (H2O reduction) potential, and the conduction
band of p-GaAs is more positive than O2 producing (H2O oxidation) potential.
When the device is illuminated, the PV generates a photo voltage of Vph2 and the
photocathode generates Vph1, if Vph = Vph1 +Vph2 is larger than the chemical po-
tential needed to split water, including over potential for O2 and H2 evolution,
then the whole process can be driven by its self. However, further modification
is needed for reducing the cost and enhancing the stability.

One method that could be promising in the efficiency of H2 generation
and being costless is to combine a short bandgap photoabsorber with a dye-
sensitized semiconductor, forming a tandem cell with a so called Z-scheme
mechanism, see Fig. 2.7. The WO3 is the top layer that absorbs blue part of
the sun light and provides oxidation power to decompose H2O, while the trans-
mitted light with lower energy including visible part can be captured by the
dye-sensitized TiO2, to drive the H2 production reaction. Recent results show
that a STH efficiency of up to 3.10% can be obtained for such a WO3/DSSC
cell [24], although not as high as PV based, but it is less costly and more stable.

If oxygen is present, in acidic conditions (pH=0), reactions that happen at
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Figure 2.7: Z-scheme for water splitting using a tandem PEC cell [12].

the cathode can be expressed as follows:

O2 + 4 H+ + 4 e− −−→ 2 H2O E0
1 = +1.23 V vs. SHE (2.7)

O2 + 2 H+ + 2 e− −−→ H2O2 E0
2 = +0.68 V vs. SHE. (2.8)

Consider the fact that the conduction band of TiO2 is somewhere around 0 V
vs. SHE at pH=0, so the maximum self-generated voltage established between
the anode and the cathode will be 0.68–1.23 V, in the case of the presence of
O2. It has been reported that in real experiments, an open-circuit potential of
0.88 V and nearly 1.2 V were witnessed in the absence and presence of methanol
at anode, respectively [25]. Such a configuration leads to another track of the
application of the PEC cell, which is known as the photofuel cell (PFC). A
PFC can be used to degrade organic substances and produce electricity at the
same time. It has been reported that bio-related compounds, such as ammonia,
formic acid, urea, methanol, ethanol, and glycine can act as hole scavengers and
be consumed by nano-porous TiO2 film that performs as the photoanode in a
PEC cell, with photocurrent reaching several mA/cm2 with 0 bias [26].

Modifications around single photoabsorber in order to increase the solar-
to-hydrogen (STH) efficiency have attracted lots of efforts from researchers,
but so far no substantial improvement has been made [22]. Main concern lies
on the contradiction between STH efficiency and the stability of materials. A
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semiconductor with small bandgap will utilize more light spectrum, hence has
a higher STH efficiency, compared to a high bandgap one. However, smaller
bandgap usually means weaker bonding among atoms [12], therefore most ma-
terials with high efficiencies are suffering from photocorrosion, i.e., getting self-
oxidized or -reduced and thereafter decomposed. Besides, as mentioned before,
there is a minimum requirement about the position of the conduction and va-
lence band, which should straddle the chemical potential of reaction 2.2 and 2.3,
a fact that further limits the choices of appropriate semiconductor as the single
photoabsorber.

However, with the discovering of new materials and synthesis techniques,
the efficiency and stability of PEC cell is expected to be continuously improved,
and eventually an affordable price for H2 production is expected to be reached.
In this work, an attempt of modifying the photocatalytic performance of TiO2,
which is cheap and stable with respect to the photoresponse, is carried out by
synthesizing the material into different morphologies.

2.2 Semiconductor as Photoabsorber
By going through the general principle of PEC process, especially of PEC water
splitting, it is important to see that the mechanisms and modification techniques
largely depend on the properties of semiconductors. Therefore, in this section,
focuses will be given to the related theory about the semiconductor as a pho-
toabsorber.

2.2.1 Band Theory

Definition of Band Structure

Illustration2 of the band theory can start from a simple example like poly-H,
a virtual chain consisting of equally spaced H atoms [27], as seen in Fig. 2.8,
where a hypothesized H chain is presented at the top, below it is the expression
of its basic function (in this case the H 1s orbital) in a chain structure. For
such a configuration, each H atom can be regarded as one unit cell, so that the
chain structure can also be treated as a 1-dimensional lattice, with a as the lattice
spacing and each H atom as the lattice point. If the bonding conditions are sym-
metric along the chain, i.e., periodicity appears, then a function called the Bloch

2Based on the course of Nanochemistry given by Prof. R. Nesper
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Figure 2.8: Formation of band structure of hypothesized hydrogen chain.

Function can be applied to mathematically describe the bonding conditions of
such a structure:

ψk =
∑
n

eiknaχn, (2.9)

where χn is the basic function of each H 1s orbital, i indicates that the exponent
is an imaginary number, a is the lattice spacing parameter, n is the order of the
lattice points and k is an index, the meaning of which will be expressed later.
The factor eikna determines whether the orbital with an order of n is in bonding
or anti-bonding state.

As shown in the Bonding Condition column in Fig. 2.8, when k = 0, each
factor eikna = 1, meaning that all 1s orbitals are in bonding state, so the whole
system has a minimum energy, which corresponds to the lowest energy level in
the Energy Dispersion column in the middle. As the value of k is increasing,
anti-bonding states occur along the chain, which results in the raising energy
level. Finally, when k = π/a, bonding states and anti-bonding states are alter-
nating along the chain, meaning that the whole system is the most anti-bonding
(no bonds can be formed between every adjacent atoms), hence has the highest
energy level.

From previous description, it is easy to deduce that if there are infinitive
number of k, there will be no distance between each adjacent energy level, and
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therefore, a continuous band can be formed, as seen in the Energy Dispersion
column of Fig. 2.8. The number of k depends on how many unit cells are in the
system, so if several NA (Avogadro number) unit cells are present in a crystal,
the band of a single molecular orbital can sufficiently be treated as continuous,
and if the other way around, i.e., the number of the unit cells is significantly
small (nano-sized crystal), then the band will be discontinued and may lead to
some distinguished properties, which is also called the nano-effect, that can not
be presented in a large crystal.

The range of k is [−π/a, π/a], which is also called the first Brillouin zone,
because values out of that range will result in repeated Bloch Functions. Con-
sidering the infinitive H chain case, the energy E of each bonding condition
can be expressed as a function of k, and it can be confirmed that E(k) = E(−k)

[27], therefore, E(k) can be plotted against k within the range of [0, π/a], as
described in the right column of Fig. 2.8. The plot of E(k) vs. k is called the
band structure.

Now it is more clear that the Bloch Function ψk mentioned above is the
wave function of electrons and k is actually the wave vector, so k can be ex-
pressed as:

k = p/h, (2.10)

in which h is the Planck constant and p is the momentum of an electron.
Therefore, the band structure is describing how much energy the electrons

can have with respect to their momentum inside a molecular orbital, or, in other
words, how the energy of bondings is dispersed due to the interactions among
unit cells in a system.

Conduction Band and Valence Band

The dispersion of a single band is largely related to the type of each molecular
orbital (MO). For a σ bond, which shows the largest overlap between unit cells
and hence contributes most to the covalent bondings, the band has the largest
dispersion, followed by the π bond and the δ bond, which shows the smallest
overlap and mostly contributes to the ionic bondings.

Thus, in Fig. 2.9, where the molecular orbital of a square-planar PtL4 is
presented on the left hand, the band dispersion due to the orbital interactions
can correspond to the band structure presented on the right. Consequently, in a
band structure, if a single band has a large slope, or dispersion, it usually means
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Figure 2.9: Frontier MO of square-planar PtL4 complex and its theoretical band
structure qualitatively derived from the MO

that the bond corresponds to that band is covalent, on the contrary, if the band
is flat, then an ionic bond is usually present.

In Fig. 2.9, the pz and dx2−y2 orbitals represent the anti-bondings, hence
electrons in those orbitals are delocalized, so bands derived from those orbitals
form the conduction bands. For dz2 , dxz,yz and dxy orbitals where electrons are
localized, they result in the formation of the valence bands.

Figure 2.10: Direct and indirect bandgap.

The distance between the highest valence band and the lowest conducting
band is called the bandgap. Materials that have large bandgaps are usually insu-
lators, those with smaller bandgaps are categorized into semiconductors, while
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those without bandgaps are conductors. The bandgap is a key factor influencing
photo-absorbing properties in semiconductors.

As shown in Fig. 2.10, in a semiconductor, there are two types of bandgaps.
If the highest valence bands and the lowest conduction bands have the same
wave vector k, then it is called a direct bandgap, otherwise it is called an indi-
rect bandgap, which indicates that electrons will gain or lose momentum when
excited, i.e., mainly phonons (lattice vibration) will be adsorbed or released
during transition, since a photon does not carry much momentum.

Density of States

In Fig. 2.8, the Energy Dispersion column, it is obvious that there are some en-
ergy levels (states) that can be counted within an energy range of [E(k), E(k)+

dE ], i.e., for each energy interval dE, a certain number of energy states can
be identified. The figure showing the number of levels or states at all possible
energy levels is called the density of states, or DOS as an abbreviation. From its
definition, it is clear that the DOS is a function of energy level E, therefore, it
can also be simply expressed as the equation below:

DOS(E)dE = Nstates(E + dE)−Nstates(E), (2.11)

where Nstates(E) means the number of states at energy level of E.

Figure 2.11: Conversion from band structure to DOS.

Regarding the H chain structure, which has a band structure as a single
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curve, its DOS is presented below in Fig. 2.11. Since the wave vector k is equally
spaced along the x-axis, and each wave vector k corresponds to an energy level,
so the more flat the band structure is at a certain energy level, the more the DOS
there will be, as shown in Fig. 2.11, the area surrounded by the DOS curve and
the energy axis gives the number of the total states.

2.2.2 Band Structure and DOS of TiO2

In this work, a metal oxide, TiO2, is applied as the photoabsorber. The MO
of rutile phase TiO2 is demonstrated in Fig. 2.12, where it shows that the 2p
orbital of O is the highest occupied molecular orbital (HOMO) and the 3d
orbital from Ti is the lowest unoccupied molecular orbital (LUMO).

Figure 2.12: The MO of TiO2 rutile phase [10].

Empty anti-bondings, e.g. π∗ and σ∗, form the conduction bands, and occu-
pied bondings, e.g. π and σ, generate the valence bands in the band structure,
as seen in Fig. 2.13, where the band structure and DOS graph corresponding
to the MO in Fig. 2.12 are presented. From the band structure, the flatband
feature tells that most of the bondings in TiO2 rutile phase are ionic, and the
shortest distance between bands close to E = −14 eV and E = −11 eV is the
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Figure 2.13: Band structure and DOS graph of rutile TiO2 [10].

bandgap, which is more obvious in the DOS graph that shows a bandgap of ca.
3.2 eV . In addition, it is also clear that when photons with an energy larger
than 3.2 eV hit the TiO2, mostly it is the electrons in the O 2p orbitals that
are excited and the O atoms serve as the electron donors, while Ti atoms as the
electron acceptors receive the excited electrons (into Ti 3d, t2g orbitals) and get
reduced into Ti3+ species, which is the case in the bulk of TiO2 and may be a
little different at the surface due to lattice distortion.

2.2.3 Space Charge Region and Band Bending

In the common PEC cell configuration, semiconductors that are used as the
photoabsorbers have direct contact with the electrolyte, forming a solid/liquid,
solid/gel or solid/organic junction, which provides the built-in electrical field
and causes the band bending in the SCR. Therefore, the electron-hole pairs
generated by the light excitation can be separated, hence photocurrent can be
observed.

Space Charge Region

Formation of such an electrical field is originally due to the difference of the
Fermi levels (electrochemical potentials) between different materials, e.g. metal
oxide semiconductors and water, this difference causes the movement of charge
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carriers between them, and forms a so called space charge region (SCR) near
its surface. A graph below shows the simplified mechanism of such a process,
where a solid (n-type oxide semiconductor)/air (humidified) junction, which is
the simplest case, is taken as an example.

Figure 2.14: Simplified mechanism for surface states trapping of electrons in an
n-type oxide semiconductor with contact to H2O.

As seen in Fig. 2.14, water molecules are dissociatively chemisorpted to the
surface of the material, forming the −OH terminations, which is called the sur-
face hydroxylation. The −OH terminations perform as the electronic surface
states (SS) due to the asymmetry of the lattice on the surface. Because it is an
n-type semiconductor, electrons from donors in the material will move from
the bulk to the surface, and be trapped by the surface states, leaving behind
the ionized donors carrying positive charges, which forms the space charge re-
gion. Consequently, an electrical field that has a direction from the bulk to the
surface will be generated, hence the charge transfer will be suppressed until an
equilibrium is reached.

Band Bending

The diagram plotting the energy states of bands vs. distance (real space), like
the one shown in Fig. 2.15, is called the band diagram, which has the different
definition as the band structure. From the energy aspect, the energy level of
the surface states (ESS ) locates somewhere between the edges of the lowest con-
duction band and the highest valence band, so the electrons within conduction
bands coming from the donors will tend to fill the surface states, resulting in
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Figure 2.15: Formation of SCR from the view of band diagram, i.e., the origins
of band bending.

the decrease of the electrochemical potential of the electrons, hence the Fermi
level of the semiconductor will be lowered and approach around the middle of
the DOS of the surface sates where an equilibrium is reached, as described in
Fig. 2.15.

In the figure, an electron depleted layer is formed in the SCR, since it is
conventionally to draw the Fermi level in a constant value when an equilibrium
situation is reached, thus instead of drawing the Fermi level in a curved way,
it is the conduction band and the valence band that are going to be changed,
i.e., bands are bent in the SCR. The bent band in Fig. 2.15 indicates an local
electrical field across the SCR, with a direction from the bulk to the surface. So
any electron entering the SCR in the conduction band will be driven towards
the bulk, while any hole in the valence band will be driven to the surface.

A more detailed information of the formation of the electrical field is ex-
pressed in the figure Fig. 2.16, where a zoomed-in SCR is presented. In Fig. 2.16a,
due to the surface states trapping of electrons, donors in the bulk close to the
surface are ionized, leaving behind the positive charges. This is also called the
depletion situation of the SCR, since electrons are depleted. Consequently, an
electrical field will be generated, so that further electron movement to the sur-
face will be limited. If the bulk is selected as the 0 potential point, then the
integration of ESCR over the distance from the bulk will result in the potential
distribution in the SCR, as seen in Fig. 2.16b. Therefore, if a delocalized elec-
tron is generated in the SCR, it will experience an electric force with a direction
towards the bulk, on the contrary, a delocalized hole will have a force facing
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(a) Charge distrubution in the de-
pleted SCR.

(b) Electric field intensity (ESCR ) and the
corresponding potential distribution.

Figure 2.16: The formation of local electrical field (assumed linear) in the SCR
of an n-type semiconductor exposed to water: a) the charge distribution of ion-
ized donors in the SCR; b) the local electrical field and its correlated potential
if the bulk is selected as the reference potential (0 V) point.

the surface, those two forces applied on the two charge species play a key role
in the charge separation, i.e., recombination of electrons and holes is prevented,
which is of great significance to the PEC process.

The depletion situation of the SCR is one of the core factors that realize the
PEC water splitting process. Because without such a situation, no net charge can
flow since almost all of the excited electrons will recombine with the holes, even
though the semiconductor may have a quite good light absorption efficiency
as a photoabsorber. Exceptions go for photoanodes made of noncrystalline
materials. As introduced in Section 2.1, due to the nano-scale crystal size, the
bands in a particle don’t experience a pronounced bending. In this case, the
charge carriers are separated by the quick consumption of one charge carrier,
leaving the other transferring through the nanoparticles, which is also called
the "random walk" model.

The example given above is the depletion situation of an n-type semiconduc-
tor, which is a particular case of many different types of band bending, as seen
in Fig. 2.17.

For an n-type semiconductor, due to the presence of donors, which usually
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(a) Band bending of n-type semiconductor

(b) Band bending of p-type semiconductor

Figure 2.17: Band bending situations with respect to different types of semicon-
ductor under various conditions.

have energy sates closer to the lowest conduction band, its Fermi level is not far
below the conduction band. Without any surface trapping, the bands are flat
and no local electrical field is present.

When the surface is in contact with a material that has a more positive Fermi
level and the surface states are created within the bandgap, charge transfer will
take place between the semiconductor and the surface states. In particular, for
an n-type semiconductor the electrons close to the surface will transfer to the
surface states and be trapped there. This results in the electron depletion near
the surface, hence the SCR with a depletion situation is formed.

If the bands continue to be bent, its Fermi level will pass over the middle of
the bandgap at the bands edges, which is believed to be fixed at certain energy
levels, leading to an inversion from n-type to p-type at the surface so that holes
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will become the majority charge carriers (only at the surface). Under this con-
dition, the holes can move to the interface through the surface trapping process
and oxidize the species that are adsorbed. This is why by applying sufficiently
positive potentials on the photoanode, or voltages in a PEC cell, an increas-
ing anodic current with respect to the positive going potential (voltage) can be
witnessed.

If the holes are consumed faster than their generation, a situation called the
deep depletion will appear and the surface stays insulating, since no free charge
carriers are present. Despite the situation of electron depletion described previ-
ously, electrons can also accumulate at the surface and form the accumulation
state, where bands are bent up. In this case, the Fermi level of the semicon-
ductor is more positive than the solution, so to the contrary of what has been
expressed above, electrons are transfered from the surface states to the material.

Similar situations of band bending exist in p-type semiconductors. Instead
of the electrons that transfer as described for the n-type, it is the holes that
are transferring between the material and the surface states. So in a p-type
semiconductor, the hole depletion and accumulation will take place, as seen
in Fig. 2.17b.

2.2.4 Semiconductor/Liquid Junction

Helmholtz Layer

What has been explained above is the simplest case, that is, only humidified
air is in contact with the surface, thus only the dissociative chemisorption of
water molecules is taken into consideration. In real experimental conditions,
electrolytes, usually high-concentrated aqueous solutions, are used to create the
ionic environment so that power loss due to non-ideal ionic conductivity could
be limited. When a semiconductor, especially an oxide, is immersed into the
aqueous electrolyte, despite the surface hydroxylation mentioned previously,
more reactions will happen. It is believed that H+ and OH– will be adsorbed
and desorbed simultaneously to the surface, and a dynamic equilibrium will be
reached when the system is in a steady state. The process described above can
be explained as reactions called deprotonation and protonation:

M−OH
ka−−⇀↽−− MO− + H+

aq (2.12)

M−OH + H+
aq

kb−−⇀↽−− M−OH+
2 . (2.13)
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Therefore, the surface states trapping explained previously together with the
reactions 2.12 and 2.13 contribute to the total net charge at the surface, which is
balanced by the ionized donors or acceptors in the solid and counter ions in the
electrolyte solution, as seen in Fig. 2.18. The charged layer on the the surface of

Figure 2.18: Charge distribution in a semiconductor (n-type)/liquid junction
and the potential change in the Helmholtz layer; φihp and φohp are the potentials
of the inner and outer Helmholtz plains respectively; SS stands for the surface
states.

the semiconductor and the nearest ions with counter charge in the electrolyte
form the Helmholtz layer. Due to the large dipole momentum of water, ions
in the electrolyte are usually surrounded by the water molecules, so that ions
with counter charge can not have a direct contact with the ions adsorbed at the
surface, resulting in a 2–5 Å distance existed between the inner and outer plains
of the Helmholtz layer. As a consequence, there will be a potential gradient,
VH = φohp − φihp, from the surface to the electrolyte across the Helmholtz
layer, as shown in Fig. 2.18.

pH Dependence of Band Edge and Redox Species

Derived from reactions 2.12 and 2.13, the voltage built between the inner and
outer Helmholtz plains can be approximately written as:

VH =
2.3kT

e
(PZC − pH), (2.14)
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where PZC, the point of zero charge, indicates the pH under which the net
charge at the surface is zero. The Eq. (2.14) shows that the band edge (expressed
as potential) at the surface of an oxide semiconductor will shift −2.3kT/e,
which equals to -59 mV, with respect to one pH unit increase at room tem-
perature.

Regarding the water splitting process, such as reactions 2.3 and 2.2, the
chemical potential of each reaction can be expressed as follows according to
the Nernst equation:

Ered = E0
red −

2.3kT

e

(
log
(
p

1/2
H2

)
+ pH

)
(2.15)

Eox = E0
ox +

2.3kT

e
(log (pO2)− pH) . (2.16)

The equations above indicate that the reduction and oxidation potentials of
water will also shift −2.3kT/e with 1 unit pH increase, which is the same -
59 mV as described previously for the shift of the bands edges of a hydroxylated
semiconductor.

Therefore, for semiconductors (mostly oxides) which can have protonation
and deprotonation processes at the surface when immersed into aqueous elec-
trolytes, their bands edges (of the lowest conduction bands and the highest va-
lence bands) will relatively stay the same under different pH with respect to the
reduction and oxidation potentials of water.

In Fig. 2.19, band edges of semiconductors that are mostly used as photoab-
sorbers together with the potentials of some common redox species are pre-
sented. For water splitting process by a single material, the band edges of which
should at least sit astride the reduction and oxidation potentials of water, i.e.,
the conduction band edge should be more negative compared to the EH+/H2

and
the valence band edge should be more positive than the EOH−/O2

. Hence, for
a single photoabsorber, only limited amount of semiconductors can meet the
requirement of the band positions, e.g., TiO2, SrTiO3, KTaO3, etc.

In addition, it should be mentioned that some non-oxide semiconductors,
such as MoS, CdS and SiC that don’t have the -59 mV dependence with respect
to the pH, thus the relative positions of the band edges of those materials as
shown in Fig. 2.19 will be changed regarding to the EH+/H2

and the EOH−/O2

under various pH levels.
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Figure 2.19: Band edges (expressed as potential) of some semiconductors and
the potentials of some redox species at pH=14 [10].

Photocorrosion

However, even though a semiconductor may fulfill the requirement of bands
positioning, a more common issue usually exists and keeps back the application
of some materials, that is, the photocorrosion. For an n-type semiconductor
immersed in an aqueous electrolyte, the material may have the possibility to be
oxidized by its generated holes in the valence band during illumination:

MxOy +
2y

x
h+ electrolyte−−−−−−⇀↽−−−−−− xM(2y/x)+

aq +
y

2
O2, (2.17)

which is also called the anodic decomposition. While for a p-type semiconduc-
tor, it may suffer the so called cathodic photoreduction, i.e., being reduced by
its generated electrons in the conduction band during light illumination:

MxOy + 2 ye− + 2 yH+
aq

electrolyte−−−−−−⇀↽−−−−−− xMs + yH2O, (2.18)

which results in the generation of metal phase and deactivate the material.
As seen in Fig. 2.20, where the anodic decomposition and cathodic reduction

potentials of different semiconductors are presented. If the anodic decomposi-
tion potential is more negative than the valence band maximum of the material,
then the anodic decomposition will be thermodynamically favorable to happen,
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Figure 2.20: Positions of anodic decomposition and cathodic reduction poten-
tials (Ep,d and En,d respectively) of some semiconductors that are commonly
used as photoabsorbers [28].

while if the cathodic reduction potential is more positive than its conduction
band minimum, the cathodic photoreduction will be likely to take place. From
the figure, it is easy to see that most oxides, such as ZnO, are suffering anodic
decomposition, which is mostly true, but materials like TiO2 will still be able
to survive under a long time illumination because of the fairly low reaction ki-
netics. Also, materials like Cu2O and GaP will be either anodically decomposed
or cathodically reduced if they are used as the anode or cathode respectively.

2.2.5 Flatband Situation

Based on what have been discussed above, the positions of band edges of semi-
conductors play a significant role in the PEC water splitting performance. When
the band bending is reduced and the bands are set into their original positions,
i.e., no band bending exists hence bands are flat, the conduction band minimum
and the valence band maximum will equal to the band edges. Thus, by identi-
fying the band positions in flatband situation, it is possible to confirm the band
edges of a semiconductor and evaluate its thermodynamic properties in water
splitting.

There are several ways to reduce the band bending, one is by sending pho-
tons to excite the electrons from the valence band to the conduction band and
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another is by applying an external potential. In the former case, the Fermi level
will behave differently, since the equilibrium situation is no longer existed. For
the characterization of the flatband situation, it is more controllable and easy to
quantify the results by applying the potential to tune the band bending.

(a) Band structure in open
circuit condition.

(b) Applied φa external po-
tential with respect to refer-
ence electrode Eref .

(c) Applied flatband poten-
tial φα to reach flatband sit-
uation.

Figure 2.21: Band structures of an n-type semiconductor in the dark condition
with respect to applied potential.

When an n-type semiconductor is immersed into an aqueous electrolyte,
band bending will occur at the surface and a potential gradient φSCR forms in
the space charge region. In the open circuit conditions, the voltage between the
Fermi level (expressed as potential) of the material and the reference electrode
is called the open circuit potential (φOCP ), i.e., the electrochemical potential
of the material with respect to the reference electrode without any external
functions, as seen in Fig. 2.21a. By adding an external potential with respect
to the reference electrode, the band bending will be changed according to the
applied potential, as seen in Fig. 2.21b, where a positive potential φa is applied.
Therefore, for the depletion condition of an n-type semiconductor, one can
expect that there must be a potential φa with a negative value can be applied by
external functions, so as to elevate the bent bands back to its original position,
i.e., back to its flatband situation, hence the band edges can be identified, the
applied potential φa is also called the flatband potential, and is usually written
as φα.

It should be mentioned that the flatband potential is slightly more positive
than the conduction band (expressed as potential), since the Fermi level is below
the conduction band minimum for an n-type semiconductor, on the contrary,
the flatband potential for a p-type semiconductor will be a little negative than
its valence band due to a similar reason.
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Based on what have been described above, it seems that the flatband poten-
tial can be simply obtained by identifying the onset potential of the photocur-
rent. Since at flatband situation there is no band bending present, thus no charge
separation will take place, which leads to the zero photocurrent. However, this
can only roughly determine the flatband potential, other factors like overpo-
tentials required by the reduction and oxidation reactions will make the onset
potential deviate from the flatband potential.

A more precise and commonly used method is called the Mott-Schottky
method, which is based on the equation:

1

C2
SC

=
2

ε0εreNDA2

(
φa − φα −

kT

e

)
, (2.19)

where CSC is the capacitance of the space charge, ε0 is the vacuum permittivity,
εr is the relative permittivity, ND is the donor density and A is the area. The
measurement is based on the impedance spectroscopy of a simplified RCSCR
series circuit for the space charge region. For the semiconductor/liquid junction
described earlier, the capacitance of Helmholtz layer CH is also included in the
measurement, so what is really obtained is the total capacitance which can be
expressed as:

1

Ctot
=

1

CSC
+

1

CH
. (2.20)

Nevertheless, due to the fact that the distance between two oppositely charged
plains in Helmholtz layer is usually several Å, which is way smaller than the
thickness of the SCR, thus CH � CSC , hence Ctot ≈ CSC .

2.2.6 Fermi Level under Illumination

Under illumination, the single Fermi level is split into two quasi-Fermi levels,
one is correlated to the conduction band and the other to the valence band.
Then, the charge carriers generated in each band can be calculated according to
the equations below:

n = n0 + ∆n = NCe
−(EC−E?

F,n)/kT (2.21)

and
p = p0 + ∆p = NV e

−(E?
F,p−EC)/kT , (2.22)
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where, E?
F,n and E?

F,p are the quasi-Fermi levels of the valence band and the
conduction band respectively, NC and NV are the effective density of states
functions in the conduction and valence band, n0 and p0 are the density of free
charge carriers in the equilibrium conditions, ∆n and ∆p are the concentration
change of free electrons and holes. However, quasi-Fermi levels are not directly
linked to the photovoltage, e.g., the open circuit potential, that can be directly
measured by a potentiostat, and Eq. (2.21) and Eq. (2.22) only consider the
charge carriers within the bands, other charge species such as those located in
the trapping states are not included.

For an n-type semiconductor, if assumed that all the donors are ionized, then
its donor density will be equal to the free electron density in the conduction
band, i.e. ND ≈ n0, because electrons are the majorities hence in large quantity,
so n0 + ∆n ≈ n0, which means:

NCe
−(EC−E?

F,n)/kT ≈ NCe
−(EC−EF,n)/kT , (2.23)

so that E?
F,n ≈ EF,n, where EF,n is the bulk Fermi level. Therefore, at the

surface where the band edges are pinned, the concentration change of electrons
in the conduction band can be correlated to the change of the bulk Fermi level—
the photovoltage VPhoto:

−e∆VPhoto = ∆EF,n = ∆µ, (2.24)

while

∆µ = kT ln

(
ND + ∆n

NC

)
− kT ln

(
ND

NC

)
= kT ln

(
1 +

∆n

ND

)
. (2.25)

From Eq. (2.25), it can also be seen that for majority charge carriers, such as
electrons in an n-type semiconductor, their original density ND is quite large,
so any charge density change due to illumination will not induce too much
chemical potential change to the electrons. While for minority charge carriers,
such as holes in an n-type semiconductor, due to their small original density,
any density change due to illumination will have a tremendous impact on their
chemical potential, this is why the PEC water splitting process is controlled by
minority charge carriers.
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2.3 Overall Band Diagram
So far, basic principles on semiconductors as photoabsorbers in PEC water split-
ting have been introduced. Now it is the time to consider the mechanism of the
cell as a whole. Since the first PEC cell was fabricated for water splitting re-
search, the cell configurations have not changed too much with respect to the
one shown previously in Fig. 2.5 [22]. Its overall band diagram can be illustrated
in Fig. 2.22.

For the configuration of a simple PEC cell, which contains a semiconduc-
tor as the photoanode and a metal electrode as the cathode, the original band
diagram is demonstrated in Fig. 2.22a, where the band edges of the photoanode
straddle the water reduction and oxidation potentials. When the aqueous elec-
trolyte is introduced and a galvanic contact is established between the photoan-
ode and the cathode, band bending will take place at the semiconductor/liquid
junction. The Helmholtz layer will appear at both semiconductor/liquid and
metal/liquid junctions with a voltage of VH,s and VH,m respectively, as seen in
Fig. 2.22b. At this moment, the Fermi level of both the photoanode and the
cathode will reach the same position upon equilibrium, which is below the wa-
ter reduction potential, and it is a convention to draw the Fermi level in a flat
form when the system is in equilibrium, so the vacuum potential Evac is delib-
erately drawn as curved, thus the work function eφs of the semiconductor is
space dependent while the electron affinity χ is not.

Afterwards, with the presence of light, electrons in the valence band will
be excited into the conduction band, filling the depleted region with excited
electrons, so the electrochemical potential near the surface will become more
negative, thus band bending is reduced, as seen in Fig. 2.22c. However, for
some materials that their conduction bands minimum are close to the reduction
potential of water, like TiO2, the Fermi level at the steady state is not negative
enough even with light irradiation, meaning that there is no sufficient voltage
to drive the electrons from the bulk of the semiconductor into the cathode to
participate the reduction reaction, not to mention the voltage loss due to contact
and other factors. Therefore, most of the separated charge carriers will diffuse
fo a small distance, and then recombine or be trapped, resulting in a slow water
splitting rate hence little current can be seen.

To assist the electron transfer, a forward bias, Va, can be introduced by an
external circuit, so there will be a difference Va between the Fermi level of the
anode and the cathode, as seen in Fig. 2.22d, where the band bending is in-
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(a) Orifginal band diagram. (b) With galvanic contact and absence of
light.

(c) With galvanic contact and presence of
light; the dashed arrows indicate a small elec-
tron flow (photocurrent).

(d) With presence of light and an external
bias; an obvious photocurrent can be ob-
served.

Figure 2.22: Overall band diagram of a PEC cell for water splitting under dif-
ferent operating conditions, where eφs, eφm are the work functions of the semi-
conductor and the metal counter electrode respectively, χ is the electron affinity,
Evac is the energy states of the vacuum, VH,s is the voltage of Helmholtz layer
in the semiconductor/liquid junction and VH,m is the voltage of the Helmholtz
layer in the metal/liquid junction.
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creased again with the presence of the bias and the electrons in the cathode
are sufficiently energetic (more negative in potential) to reduce the proton into
hydrogen.

2.4 Energy and Quantum Efficiency
The most commonly used energy efficiency is called the solar-to-hydrogen (STH)
conversion efficiency, which describes the power output as a form of hydrogen
with respect to the power input coming from the light. It can be precisely ex-
pressed by the equation:

STH =
ΦH2G

0
f,H2

Plight
, (2.26)

where ΦH2 (mol/(s·m2)) is the production rate of hydrogen within a unit area,
G0
f,H2

is the formation Gibbs free energy of hydrogen from liquid water, which
equals to 237 kJ/mol, and Plight is the light intensity (kW/m2).

However, if it is assumed that the electrons can be 100% converted into
hydrogen at the cathode, then Eq. (2.26) can be conveniently expressed as:

STH =
P out
electrical − P in

electrical

Plight
, (2.27)

where P out
electrical is the total electrical output power and P in

electrical is the electrical
input power, e.g. the energy coming from applying bias. The former can be ex-
pressed as P out

electrical = jphotoVredox and the latter as P in
electrical = jphotoVa, where

Vredox is usually taken as 1.23 V and Va, which is the applied bias, is the volt-
age applied between the anode and the cathode, and jphoto is the photocurrent,
hence Eq. (2.27) can be further expressed as:

STH =
jphoto(Vredox − Va)

Plight
. (2.28)

For quantum conversion efficiency, a so called incident photon-to-current
conversion efficiency (IPCE) is often taken into account:

IPCE =
N out
electron

N in
photon

, (2.29)

which describes the ratio between the number of output electrons and the num-
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ber of input elections. It can be further expressed as:

IPCE =
hcjphoto(λ)

eλP (λ)
, (2.30)

where h is the Planck constant, c is the speed of light, λ is the wave length of
the light, P is the light intensity and jphoto is the photocurrent.

2.5 Solid-State PEC Cell
A solid-state electrolyte, such as Nafion®, can be prepared into a thin film hence
the entire cell can be quite compact and rigid. The first solid-state PEC cell is
a regenerative cell, in particular, is a dye sensitized solar cell with a solid elec-
trolyte, which is a solid-state p-type semiconductor CuI [29] as a hole conduc-
tor to replace the aqueous electrolyte containing redox species. Shortly after-
wards, another p-type transparent semiconductor, CuSCN, was applied in an
n-TiO2/Ru-dye/p-CuSCN configuration, and a large IPCE improvement and
long-time stability were observed [30]. So far, a lot of attempts have been
made to modify the solid-state dye sensitized solar cells, and these days even
a solid-state dye was synthesized by a so called extremely thin absorber (ETA)
technique, resulting in the ETA solar cell [31].

However, unlike the efforts to improve the solid state regenerative cells, not
much were conducted on the solidification of the photosynthetic cells. There is
one scenario that is based on an existed device—the proton exchange membrane
(PEM) electrolyzer [32], as seen in Fig. 2.23. Solid-state PEC cells based on
the electrolyzer-like structure are driving the process in a reverse way as the
electrolyzer does. The first solid-state photosynthetic cell [33] appeared in the
literature was to photo oxidize the water (0.1 mol/L KHCO3 aqueous solution)
at the anode and reduce CO2 at the cathode, in the middle of which was a proton
separator, a Nafion® membrane, as seen in Fig. 2.24. Since then, based on the
abundant experience from the non-solid-state PEC cells, several modifications
have been implemented, and they mainly come from three aspects.

First is to modify the photoanode, to make it absorb more visible light com-
pare to the pristine TiO2 used in Fig. 2.24. Theoretically, all the modifications
about the photoanode carried out for traditional PEC cells can be applied in
the solid-state PEC cell. Georgieva et al. [34] have made an all solid-state PEC
cell with a TiO2/WO3 bilayer photoanode, with the TiO2 on the top to absorb
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Figure 2.23: Schematic of PEM electrolyzer [32].

the UV light and the WO3 at the bottom to absorb the visible part, but further
modification is needed in order to reach a high photocurrent. One year later, the
same group demonstrated a similar configuration with TiO2/C as the photoan-
ode, and proposed its scaling up potential in air treatment [35]. Jeng et al. [36]
reported a 15–30% STH efficiency increase with pure water by coupling P25
TiO2 with a visible-driven photocatalyst—BiVO4 in a similar solid-state PEC
cell, but the overall STH efficiency is still quite low (ca. 0.15%). So far, no sig-
nificant improvement has been made for photocatlysts in direct water splitting,
therefore, many researchers are looking for other potential applications of such
a cell, which leads to another aspect.

The second aspect is to replace the redox species with a less energy demand-
ing ones for oxidation process, like methanol, which can be introduced in both
vapor and liquid phases. In the work of Georgieva, a methanol/water satu-
rated air stream was used as the electron donor carrier. At the same time, the
methanol dissolved in 1 M KOH solution was also used for hydrogen genera-
tion by a solid-state photosynthetic cell, in which a H2 gas producing rate of 69
µL h-1 cm-2 was observed [37]. Seger et al. [38] used the formic acid in 0.1 M
H2SO4 solution as the hole scavenger at the anode, and a 60 µL h-1 cm-2 hydro-
gen production rate was obtained under AM 1.5 simulated sun light. This type
of modification is dedicated to the organic decomposition in both air and liquid
water, and producing the electricity or hydrogen gas simultaneously, hence can
also be categorized as a photofuel cell (PFC).
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Figure 2.24: The first solid-state PEC cell for water splitting and CO2 reduction
[33].

The third aspect is for the membrane as the gas separator. The most com-
monly used solid-state ion exchange membrane is Nafion®, which is a proton
conducting polymer. Its morphology is still under study, and the most com-
monly used model in the literature is called the cluster-network model [39], as
seen in Fig. 2.25.

Figure 2.25: The cluster-network model of Nafion®, where the narrow chan-
nel between two clusters is believed to play the key role in its ionic transport
properties [39].

The polymeric ions (blank spheres) together with the adsorbed species,
SO−

3 −CF (fluorocarbon backbone), form the big clusters, which are connected
by the narrow channel in between. In a recent calculation by Tanimura et
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al. [40], the energy barrier of proton transfer in a CF3SO3/H
+/H2O/SO3CF3

system shows a quite similar value to the one indicated by the experiments,
which could indicate that the protons are hopping along the SO3

– species in a
way indicated in Fig. 2.26, where an intermediate H3O

+ is formed during the
proton transport. Kingsley et al. [42] have introduced an inorganic compound,

Figure 2.26: Mechanism of proton transport in a wetted Nafion® membrane
[40].

Figure 2.27: Schematic of a solid-state PEC cell with asbestos as the OH– con-
ducting membrane [41].

which is Mo0.5W0.5O3 · 1
3

H2O, into the Nafion® membrane to increase its pro-
ton conductivity when the cell is operating in the gas phase, and a photocurrent
of up to 250 µA/cm2 was obtained under 62 mW/cm2 light irradiation, but
further experiments are necessary to test the stability of such a configuration.
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Instead of applying a proton conducting membrane, Li et al. [41] have demon-
strated a solid-state PEC cell with asbestos as the OH– conducting membrane
and also the gas separator, so that the entire cell can operate in a basic solution
(KOH), as seen in Fig. 2.27, where a TiO2-nanotube/Ti-mesh photoanode was
employed and a photocurrent of 0.58 mA/cm-2 was obtained at 0.6 V bias under
70 mW/cm-2 UV-A irradiation.

The work mentioned above indicate that there is still a long way to go to
bring the solid-state PEC cell into an industrialization level. However, all the
promising results demonstrate that this kind of PEC cell can split water or
decompose organic species by the assistant from the sun light, and due to its
all solid-state feature it is possible to fabricate the whole cell into a thin film
structure. Thus, installation of the cell can be very flexible, even in the urban
areas it can be embedded in the outer wall of a building or placed on the roofs
of houses. Although the perfect photocatalyst is still on the way, the cell can
work as a complimentary energy support and provide the air/water purification
simultaneously. Therefore, such a cell configuration has both short term and
long term application potentials.





Chapter 3

Methodology

In this chapter, detailed information about the PEC set-up, such as introduction
of different components, description of reagents used in experiments, methods
taken to synthesize material and to fabricate set-up, will be described. Also,
techniques applied for characterization, together with their features and basic
principles will be illustrated.

The reagents and materials used in this work are given in Table 3.1.

Items Feature Producer

Nafion® 5 % Aldrich Sigma
Nafion® 20 % Aldrich Sigma

TiO2 rutile ≥99.5 % Alfa Aesar
TiO2 P25 ≥99.5 % Aldrich Sigma
Ti foil thickness: 0.25 mm Aldrich Sigma
Pt–C 10 % wt. Quintech

Ethylene Glycol ≥98 % Aldrich Sigma
NH4F ≥98.0 % Aldrich Sigma

Toray™ C-Paper U1 thickness: 0.19 mm Quintech
Toray™ C-Paper T2 thickness: 0.19 mm Quintech
Millipore Prefilter pore size: 5 µm Millipore

Table 3.1: Reagents and materials used in this work.

1Carbon paper without any treatment
2Carbon paper with 20 (± 5) wt. % Teflon™ treatment

47
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3.1 Preparation of Electrodes
Several types of photoanodes have been prepared for photoelectrochemical per-
formance tests in this thesis. Generally, they can be categorized into powder
based, thermally treated, nano-structured and Titania coated carbon paper (C-
paper) photoanodes.

Powder based photoanode was prepared by the drop-casting method accord-
ing to the work of Kingsley [42]. For instance, a loading of 1.3 mg/cm2 TiO2

was obtained by drying 8.2 ml of 6.25 mg/ml TiO2/Nafion® mixture (4:1 weight
ratio) on a piece of carbon paper (20 mm diameter) in air at room temperature.
The procedure was applied for both rutile and P25 TiO2 deposition.

Thermally-treated photoanode was prepared by heating a piece of Ti foil
gradually (2°C per minute) up to 500°C and 700°C with the presence of O2 for
2 h, so that anatase and rutile phases could be obtained respectively.

Figure 3.1: Set-up for synthesizing TiO2 nanotubes.

Nano-structured TiO2 (Titania nanotube, TNT) is a highly porous TiO2

photoelectrode in the form of nanotubes. A 2-step anodization method was
applied to synthesize the TiO2 nanotubes. For instance, two identical Ti foils
with an area of 1 cm2 were immersed 2 cm apart in parallel into the anodization
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solution (0.25 % wt. of NH4H and 2 % vol. of H2O dissolved in ethylene
glycol), as shown in Fig. 3.1. The distance between those two electrodes were
kept at 2 cm in all cases. During the first anodization process, 60 V was applied
between the electrodes for 2 h. Then, the anode was rinsed with water and dried
in air, during which the oxide layer will be peeled off spontaneously. In this
way, the substrate was chemically etched and also a mold (hexagonal patterns)
for the second step TiO2 nanotubes was left on the Ti substrate. In the second
step, anodization was performed again at 60 V for 5, 20 and 30 min. Finally, the
electrodes were annealed at 500°Cin air for 2 h, as in the case of the thermally
treated ones.

TiO2 coated carbon paper was prepared for the purpose of growing TNT
directly on carbon fibers so that both mesoporous structure and nanotube mor-
phology of anodes could be maintained. Synthesis started with Ti sputtering
on carbon paper. The basic principle of sputtering process could be simply ex-
pressed as follow: a voltage which is sufficient to ionize Ar is applied between
the base and the Ti target within Ar environment so that Ar plasma will be
generated. The Ar plasma will then bombast the Ti target and Ti atoms can fly
out and coat the materials/surface placed on the platform right under the target.
After sputtering, one-step anodization process was carried out for TNT grow-
ing, with much lower voltage and current than in TNT preparation mentioned
above.

Pt–C cathode was also prepared by similar drop-casting method. Based on the
work of Kingsley[42], Pt/Nafion® (7:3 weight ratio) isopropanol suspension,
with concentration of 10 mg/ml, was drop-cast onto carbon paper (20 mm
diameter) in order to reach the loading of Pt–C catalyst to 1 mg/cm2.

3.2 Fabrication of The PEC Assembly
In this work, a PEC assembly refers to the whole set-up containing a PEC cell,
which provides the framework, and a solid-state PEC (SSP) cell, which bears
all the photo-related reactions and charge separation processes hence is the core
part of the PEC assembly.

The PEC cell (Fig. 3.2a) is commercially available from ZAHNER Scientific
Instrument, and is originally designed for anode testing, however, with a slight
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(a) Front View.

(b) Back View.

Figure 3.2: PEC cell: 1. electrode connector; 2. gas in & out tube; 3. main
body; 4. back cover; 5. Pt wire; 6. quarts window; 7. anodic chamber; 8.
cathodic chamber; 9. H2 pass tube; 10. reference electrode insert tube.
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modification, it is also possible to test the property of the SSP cell in both liquid
and gas phases. In order to fulfill that approach, the SSP cell is sandwiched
between the main body and the back cover (Fig. 3.2b) of the PEC cell, sealed
with rubber O-rings on both sides (details will be illustrated later). Therefore,
with light illuminating directly through the quarts window (Fig. 3.2a, 6), the
oxidation process can happen inside the anodic chamber (Fig. 3.2b, 7) while the
reduction process can take place in the cathodic chamber(Fig. 3.2b, 8).

If O2 and H2 are the products of oxidation and reduction processes respec-
tively, then it is able to yield those two gases separately as soon as they are
produced.

This design allows one to conduct the test under two different electrode sys-
tems, one is 3-electrode system which is useful for measuring properties of the
anode, while the other is a 2-electrode system that is used to test the perfor-
mance of the whole SSP cell.

3.2.1 Type 1 – Solid-State PEC Cell with External Circuit

This kind of configuration is more like a traditional approach. Like the most
PEC set-ups, anode and cathode are connected by an external circuit, which
includes a potentiostat (PARSTAT 2273, Princeton Applied Research) in order
to perform electrical measurements.

Figure 3.3: Fabrication process of Type 1 SSP cell.
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Figure 3.4: PEC assembly set up.

As seen in the picture (Fig. 3.3), Millipore Prefilter paper was chosen as the
substrate to provide a 3-D framework in order to hold Nafion®. 200 µL of
Nafion® solution (5 %) was drop-cast on the filter paper and left overnight so
that a uniformly deposited Nafion® membrane was generated. Afterwards, the
back side of the anode was coated with 10 µL of Nafion® (20 %) and pasted on
the membrane with back side facing down.

On the other side of the membrane, the cathode was pasted the same way as
the anode with the difference that 10µL of Nafion 5% were used as gluing agent,
and having the Pt-C catalyst side facing the membrane. After that, about 13 kPa
pressure was applied for 12 hours so that a compact, thin SSP cell was obtained.

The pressure was simply applied by placing a 1.2 kg metal sheet on two
pieces of 9 cm2 glass sheets which sandwiched the SSP cell in between. After
applying pressure, the solid-state PEC (SSP) cell together with the glass sheets
was immersed into water (deionized, Millipore) for half an hour for better dis-
assembly.

The prepared SSP cell was then mounted onto the PEC cell (Fig. 3.2) with
two O-rings attached to each side of it (Fig. 3.4). It was also confirmed that with
such a configuration, the cathodic chamber (Fig. 3.2b, 8) can be sufficiently air-
tight. Then it is possible to collect the produced H2 through the hydrogen
pass(Fig. 3.4 and Fig. 3.2b, 9).
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3.2.2 Type 2 – Solid-State PEC Cell without External Circuit

The concept of a novel SSP cell is described in Fig. 3.5. By illuminating the
photoanode, water splitting process can be expected to take place on its sur-
face, leaving excited electrons within the conduction band of the photoanode
and protons in the adjacent liquid phase. The excited electrons can further dif-
fuse into the proton-electron mixed conducting membrane (MCM), which is
designed to have both electron and proton passing tunnels, through a direct
contact between the photoanode and the MCM. While the protons could enter
in to the MCM and be driven to the other side of the MCM where it could
meet electrons. By the help from the Pt–C catalyst, hydrogen could be regener-
ated. Produced hydrogen gas could diffuse through the porous cathode and be
collected subsequently.

Figure 3.5: Schematic of a solid-state PEC cell with the MCM sandwiched be-
tween two porous electrodes, therefore protons and electrons can pass through
the MCM simultaneously and potentially no external circuit is needed.

To assemble this SSP cell, one key point is to find or synthesize a material as
the membrane. This membrane should have the ability to allow both electrons
and protons passing through it in low temperature (room temperature) and to
block gas penetration at the same time. Inspired by the configuration from the
Type 1 cell, in this thesis, the Nafion® membrane was integrated with a con-
ductive substrates—C-paper, so that the electrocatalyst (Pt-C) were deposited
directly on one side of the MCM, and the photoanode was pasted on the other



54 3. METHODOLOGY

side of the MCM in the similar way as introduced for the Type 1 cell.

Figure 3.6: Fabrication process of Type 2 SSP cell.

For instance, the Pt–C electrocatalyst was deposited on carbon paper (20
mm diameter, with Teflon™ treatment) by the similar way described previously
(Pt–C cathode preparation) with a slight modification for the cathodic solution,
which was Pt–C suspended in a water/isopropanol (1:1 volume ratio) mixed
solvent. The photoanode was pasted on the other side of the carbon paper by 10
µL Nafion® solution (20%) acting as glue. Afterwards, the rest of the area of the
carbon paper on the photoanode side was coated with 200 µL Nafion® solution
(20%) and left to be dried in the air for 12 hours, as seen in Fig. 3.6.

As one can see, the fabrication of a PEC cell with the solid-state MCM is
almost the same as shown in Fig. 3.4, despite that it is impossible to measure
the current signal running through the MCM, and therefore no connector were
initially prepared for this kind of configuration, but still they can be added if
necessary. The direct evidence of functioning for this conceptual configuration
would be the hydrogen production on the cathode side.
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3.3 Cell Conditions for Measurements
In the previous section, the methods and process of fabricating two types of SSP
cells have been demonstrated, since both configurations are capable to separate
the anodic and cathodic reactions, it is necessary to introduce the conditions of
both set-ups when they are under testing.

Figure 3.7: The cross section of whole set-up under testing conditions.

Measurements were conducted under asymmetric conditions, where the an-
ode was exposed to the deionized water, while the cathode was kept in the air,
as described in Fig. 3.7. The solid-state electrolyte within SSP cell not only sep-
arates the two produced gases, but also separates the two operating phases for
each electrode. However, It should be mentioned that, this kind of configura-
tion was applied only for the electrical measurements of the Type 1 cell. For
the Type 2 cell, if the mixed-conducting concept is going to be realized, i.e. let
electrons and protons pass through the membrane simultaneously, no external
circuit should be connected into the system, meaning that the photo-response,
such as photocurrent, can not be directly recorded. Thus, direct confirmation
of the schematic (Fig. 3.5) will lie on the sensing of hydrogen.

When the cell is producing hydrogen, the cathode can be regarded as a hy-
drogen electrode, as said in the theory chapter. That means the cathode should
be operated in an anoxic environment, so that the hydrogen evolution reaction
can take place. Therefore, a slight modification was implemented to seal the
cathodic chamber and make it possible to flush the chamber with a inert gas.
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Before shinning light onto the photoanode, Ar was supplied continuously
into the cathodic chamber to flush out O2. Therefore, if any gas was gener-
ated inside the cathodic chamber with light on, it should be H2, which can be
detected directly by a GC connected to the output gas line.

3.4 Electrical Configuration for Measurements
In this work, all electrical measurements were performed on the PARSTAT
2273, a potentiostat produced by Princeton Applied Research.

For electrical measurements of the photoanode only, it is necessary to stan-
dardize the potential applied on the electrodes that are under test, so a reference
electrode should be included and a 3-electrode configuration (anode, cathode
and reference electrode) is considered during measuring. However, in the 3-
electrode configuration, it is easy to see that if an external reference electrode is
used to set the potential at the anode, then the exact voltage applied between the
anode and the cathode (counter electrode) will become unknown, which makes
it hard to evaluate the performance of a whole PEC cell.

Therefore, when carrying out electrical measurements though the whole
system, a 2-electrode configuration should be chosen as the basic set-up, i.e.,
the cathode should be used as both the counter electrode and the reference elec-
trode. That means the potential would be built on the anode with respect to the
cathode, thus the amount of voltage between those two electrodes (anode and
cathode) and the corresponding current running through them become measur-
able.

3.5 Light Source
The light source used to drive the photoelectrochemical reactions was OmniCure®

S2000, a UV-A rich lamp. Its light spectra is provided in Fig. 3.8, where it shows
that the light is mostly within the range of 300–500 nm wavelength. A standard
filter further limits the output spectra into 320–500 nm wavelength range.

In addition, its light intensity on the photoanode within 290–390 nm wave-
length range, which is also within the light absorption spectra of TiO2, shows a
linear correlation with power output percentage, as shown in Fig. 3.9.

3From OmniCure-S2000-Brochure
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Figure 3.8: Power spectra of OminiCure® S2000 lamp used in this work3, a stan-
dard filter is used to cut the output light spectra within 320–500 nm wavelength
range.

Figure 3.9: The light intensity within 290–390 nm wavelength at the anode
shows a linear relation with respect to power output percentage of the light
source, data were measured under laboratory conditions.

The linear relationship can be expressed as equation:

LI = 0.517POUT + 0.626 (mW/cm2), (3.1)

where LI stands for the light intensity, POUT is the power output of the light
source in percentage.
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3.6 Electrical Characterization Methods
For photoelectrochemical water splitting, electrical characterization provides
both meaningful direct/indirect information about the intrinsic properties of
materials and the overall performance of the cells.

3.6.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is used to scan the sample linearly within a potential
range, from the lowest potential to the highest then reverse, and record the
current simultaneously, the number of cycles could be set arbitrarily according
to practical conditions.

When CV is used with light on/off, it is able to directly see the photocurrent
generated by the device. The current line with increasing bias can actually tell
a lot of useful information. For example, in the 3-electrode configuration, the
j-U curve indicates how photocurrent behaves, when the anode is set under
certain potential (against the reference electrode), the onset of the curve will
roughly point out the flatband potentials, and the starting point of "plateau"
may indicate the approximate best operation point of the whole set-up.

In the 2-electrode system, the voltage in the x-axes corresponds to the bias
applied on the whole device, when multiplied by the current, it tells how much
external energy has been input from the external circuit.

In the linear CV scan, the voltage range has been set within -0.8–1.2 V for the
reason that too positive or negative voltage will damage the Nafion® membrane.
The scan rate was set to be 5 mV/s so that the data will be recorded under
steady state of the system. In addition, with the light source kept on, off and
pulsing, different photocurrent responses could be obtained, which are actually
supplementary with many other electric measurement methods such as OCP,
chronoamperometry, Mott-Schottky, etc.

3.6.2 Open Circuit Potential

Open circuit potential (OCP) records the potential change of anode against
time with no current running through the circuit. It actually corresponds to
the intersection at the x-axis (zero-current point) in j-U curve.

OCP measurement is not only valid in 3-electrode system, but also in 2-
electrode system. In the 3-electrode configuration, with a reference electrode, it
is able to track roughly where the conduction band is for the photoanode, and
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how it changes when the light is switched. While in the 2-electrode configura-
tion, the initial potential difference from the photoanode and the cathode could
be identified, which directly tells the maximum output voltage for the PEC de-
vice, especially for the regenerative cell where the output voltage is significant
for electricity production.

3.6.3 Chronoamperometry

Chronoamperometry measures the Faradaic-current running through anode
and cathode with respect to the elapsed time at a certain bias. In experiments,
different bias, such as 0 V, 0.25 V and 0.5 V that may have interesting mean-
ings, were selected, and each bias was kept for 50 seconds. With light on/off, by
tracking the corresponding photocurrent at a certain bias of different photoan-
odes, or different cells, their photoelectrochemical performance can be easily
compared.

In chronoamperometry, the instant peaks appeared when the light is switched
tell the effect of recombination of electrons and holes. In addition, the long-
term performance of the system by setting the testing time to several hours or
more with light continuously on can also be carried out by this method.

3.6.4 Mott-Schottky

Although it is possible to derive the approximate flatband position from the
CV and OCP mentioned above, it is more accurate if a method can directly
link the flatband position through a mathematic equation to a value that can be
measured. Such an equation is called the Mott-Schottky equation:
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From Eq. (3.2), it is clear that 1
C2

SC
has a linear relationship with the potential φa

applied on the anode, which should be measured in the 3-electrode system with
respect to a reference electrode, with a slope proportional to 1

ND
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density. The interception with the potential-axes gives the flatband position,
i.e., the applied potential φa = φα + kT

e
.

But, how to measure the capacitance of space charge layer? Since it is im-
possible to separate the space charge region and measure its capacitance exclu-
sively, it is necessary to find a method that can distinguish the capacitive effect
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from measurement of the whole electrode. And such a method is based on the
impedance measurement for the whole sample.

For instance, the instrument can measure the impedance of the sample at a
certain frequency, which will include the whole impedance effect from different
components and processes, e.g. the capacitance from the Helmholtz layer, the
resistance from the bulk and both the capacitive and resistive effects from sur-
face states. All those effects can be added up and simulated into a symbolized
electric circuit. Fortunately, most of the effects are negligible compared to space
charge capacitance[10], and the simplest circuit will be the RC series, which its
impedance can be expressed below:

Z = R− j 1

ωCSC
(3.3)

where R stands for the resistance, ω indicates the frequency. In Eq. (3.3), one
should’t ignore that Z is a complex number with j =

√
−1, so that R, the

resistance, is the real part of Z and the rest is the imaginary part. Therefore, as
long as the imaginary part of the impedance is obtained under different applied
potential φa, it is able to know the value of CRC , by plotting 1

C2
RC

against φa,
hence φα and ND can be obtained subsequently.

However, simplification of the circuit is not always accurate. On one hand,
it allows people to isolate the capacitive effect of space charge and quickly deter-
mine the flatband position, as well as the donor density, on the other hand, such
simplification will lead to inaccuracy when it comes to a complicated system,
especially to those electrodes that have a micro-rough surface.

For most potentiostats, the direct Mott-Schottky measurement is based on
an simplified equivalent circuit ((RSCCSC)RS), which is slightly more compli-
cated than pure RSCCSC series. Oskam et. al. [43] have discovered that for flat
n-GaAs, which is used as an electrode immersed within aqueous electrolyte, the
Mott-Schottky measurement based on ((RSCCSC)RS) equivalent circuit will
agree with each other regarding to the flatband position under different frequen-
cies. While there will be a so called "frequency dispersion" if the electrode is
micro-rough, i.e., measurements under different frequency will result in differ-
ent flatband positions. The explanation lies on the dispersion of the relaxation
time on the surface of the electrodes due to roughness. Places with protrusion
will have faster ionic migration, meaning that the time used to reach the steady
state is shorter, by contrast, those with depression will experience longer time
for ion migration to become steady.
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Consequently, charge gradient will not only be built perpendicularly to the
surface, like the normal Helmholtz layer, but will also generated horizontally
across the surface, hence it is not suitable to use the simple ((RSCCSC)RS)

equivalent circuit any more. Nevertheless, by comparing the intersections of
Mott-Schottky plots of different materials under one single frequency, it is still
able to qualitatively tell the relative positions of the flatband potentials.

If the simplified equivalent circuit is no longer appropriate for measuring
the CSC of materials that have frequency dispersion, then what should be used
instead? One possible way is the reverse of the simplification, i.e., go back
to the original equivalent circuit and find a way to identify the capacitance
of space charge region, which relies on the most complicated electric mea-
surement in photoelectrochemistry—Electrochemical Impedance Spectroscopy
(EIS). The EIS measurements of different photoanodes were carried out in this
work, but not included in this thesis, since the TNT samples have quite compli-
cated micro-rough surface structures, their simulated electrical circuit has not
been successfully identified yet.

3.7 Gas Chromatography
A gas chromatograph (GC) is used to detect the hydrogen production, hence
to confirm the conceptual PEC cell design. The device is a Aglient Micro GC
3000, with two columns filled with Ar as the carrier gas.

During the experiment, only column A is used for hydrogen detection. The
pre-column is a porous layer open tubular (PLO)-U column, which has a film
thickness of 30.00 µm, an inner diameter of 320.00 µm and a length of 3 m.
The main column is a molecular sieve film, with 30.00 µm as its thickness,
320.00 µm as the inner diameter and 10 m as the length. The gas is sensed by
a thermal conductivity detector (TCD), which gives the signal by detecting the
thermal conductivity of the effluent in the column and comparing the value to
the carrier gas—Ar.

Prior to testing, a retention time calibration was carried out by running a
standard gas—a hydrogen and methane mixture, into the instrument and con-
firm the retention time value when the results are stable. When running the
measurement, a continuous flow of Ar gas is supplied to flush the cathodic
chamber of the cell and also the GC inlet tube that is connected to the cell, so
that air can be prevented from entering into the system when the cell is gener-
ating hydrogen.





Chapter 4

Results and Discussion

The results mainly consist of two major parts, the first describes the properties
of the materials (mainly photoanodes), and a 3-electrode configuration with
a reference electrode is hence used for the corresponding measurements. The
second consists of the results evaluating the performance of the whole cell, thus
a 2-electrode configuration is applied for the photoelectrochemical testing.

4.1 Morphology

4.1.1 Photoanode

C-paper Based

As described in Section 3.1, TiO2 with various morphologies as photoanodes
are prepared in this work. In Fig. 4.1, the Nafion® wetted TiO2 nanoparticles
are drop-cast on the porous C-paper, the voids between the carbon fibers are
partly filled with those TiO2 nanoparticles, which are glued together by a little
amount of Nafion® contained in the TiO2 suspension.

It is expected that with the presence of light, excited electrons can be cap-
tured by the electronically conductive carbon fibers, and the holes are trans-
ferred to the surface to oxidize water. In the meantime, protons released after
the oxidation process can pass through the C-paper due to the porous structure
and across the wetted Nafion® membrane, and get reduced at the cathode.

63
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Figure 4.1: Drop-cast TiO2 nanoparticles glued by Nafion®, by Scanning Elec-
tron Microscopy (SEM), Everhart-Thornley Detector (ETD).

Ti foil based

For thermally treated Ti foils, a very thin oxide layer, which its thickness cannot
be identified by SEM, is expected to be formed on the surface of the Ti foil.

Figure 4.2: Morphology of thermally-treated Ti under 500°C by SEM, ETD.

The microscopic surface image shows a certain roughness in nanometer
scale, as seen in Fig. 4.2, which may come from the surface polishing during
manufacturing of the Ti foils.

Fig. 4.3a shows TiO2 nanotubes (TNTs) synthesized by the well-established
2-step anodization method. It is clear that after the second-step anodization,
highly organized TiO2 nanotubes are obtained on the Ti foil, and through the
cross-section of the nanotube array in Fig. 4.3a, it can be seen that the nanotubes
are separated from each other, and the dark area in the figure shows the patterns
left on the etched substrate.
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(a) TNT synthesized under 60 V for
20 min in the second anodization
step, in an ethylene glycol solution
containing 0.25% wt. NH4F and 2%
vol. H2O.

(b) TNT synthesized under 40 V for
0.5 h in the second anodization step,
in an ethylene glycol solution con-
taining 0.125% wt. NH4F and 1%
vol. H2O (half concentrated).

Figure 4.3: TNT synthesized by the 2-step anodization method, morphologies
vary with respect to the synthesis parameters, by SEM, ETD.

(a) Without immersing treatmtent, by
SEM, mixed detector.

(b) With immersing treatment, by
SEM, ETD.

Figure 4.4: Morphologies of TNTs synthesized under the same 2nd-step an-
odization time for 30 min, within the same anodization solution, but with and
without immersing treatment.

The morphology of TNTs made from 2-step anodization method depends
on several parameters during the synthesis, e.g., the anodization time, the volt-
age applied on the electrodes, the concentration of substances in the solution,
etc. As seen in Fig. 4.3b, where a lotus-like TNT structure is obtained by low-
ering both the 2nd-step anodization voltage and the concentration of the solu-
tion. Generally speaking, if the voltage and the anodization solution stay the
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same, then the longer the Ti foil is anodized in the second-step anodization pro-
cess, the longer the TNTs will grow, and the thinner the wall of two adjacent
nanotubes will become. This results in the less stable TNTs layer on the Ti
substrate. For example, if the foil is anodized for 30 min in the second step, the
TNT grown on the surface will spontaneously peel off when dried in air.

(a) 5 spots, 4 in the corner and 1 in
the center, were chosen to mesaure the
thickness and diameter respectively.

(b) Measurment of the length.

Figure 4.5: Thickness, diameter and length measurements, as an example of
TNT anodized for 30 min in the 2nd step (TNT 30 min).

A modification lies on the fact that if the Ti foil is left in the solution for
1 h after the second-step anodization process, the adhesion force between the
TNT layer and the substrate will be enhanced considerably, which makes it
possible for a longer second-step anodization time hence to grow longer TNTs.
The actual mechanism behind this enhancement is not clear, and little has been
reported, except the only one which states that the adhesion force strengthening
is related to the polarity of the solvent used in the post-treatment of TNTs [44].
For instance, it has been reported that solvents with low polarity used in the
post-treatment can enhance the adhesion of the nanotubes layer, while on the
contrary, solvents with high polarity lead to the spontaneous detachment of
the layer. In addition, through such a treatment, the TNT layer will become
more uniform and compact compared to the one without the treatment, which
usually has more cracks and bigger voids, as seen in Fig. 4.4.

With the immersing treatment, it is possible to synthesize stable TNTs with
the 2nd-step anodization time longer than 20 min, e.g. 30 min or even 1 h. In
this thesis, TNTs synthesized for 5 min, 20 min and 30 min are selected as the
photoanodes.
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2nd-Step
Anodization

Time

Average Wall
Thickness/nm

Average Pore
Diameter/nm

Average
Length/µm

5 min 63 116 0.8
20 min 55 53 1.2
30 min 36 119 8.1

Table 4.1: Some physical features of TNTs synthesized with different 2nd-step
anodization time.

As mentioned previously, the different 2nd-step anodization time will influ-
ence their physical features (the photoelectrochemical features will be discussed
later), and some measurements of the pore size, wall thickness and the length of
tubes are presented in Fig. 4.5.

Figure 4.6: X-ray diffraction (XRD) of Ti foil, TNT 5 min sample and TNT 30
min sample. The matched peaks show that TNT samples are in anatase phase.

Similar measurements were implemented for the 5 min and 20 min sam-
ples, and their physical features are summarized in Table 4.1, where it shows
an increase of the length and a decrease of the wall thickness of the nanotubes
with increasing anodization time. As to the pore diameter, it is varying at a
certain level among different areas in a single sample, perhaps due to the surface
micro-roughness of the foil which leads to the electrical field dispersion during
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the anodization process. But, the average diameters presented in Table 4.1 in-
dicate a noticeable decrease of the average pore size for TNT 20 min sample
compared to the rest, which may influence some frequency dependent electrical
measurements, like the Mott-Schottky.

XRD results in Fig. 4.6 show that after 500°C treatment, TNTs are mostly
in the anatase phase. Peaks of titanium foil are also present. However, XRD
results of the thermally treated sample demonstrate the same patterns as the
Ti foil substrate. A possible reason is that for the thermally treated sample, its
oxide layer is very thin so the diffraction signals are too small to be distinguished
from the background noise. However, a thin anatase oxide layer can be expected
since it is annealed under the same conditions as the TNTs. This is further
supported from the observed photocurrent, which will be discussed below, as
the amorphous TiO2 does not show a photoresponse.

4.1.2 Cathode

The key part of the cathode is the electrocatalyst—Pt-C black, which is drop-
cast on the C-paper and stabilized by the Nafion® contained in the solution, as
seen in Fig. 4.7.

Figure 4.7: Drop-casted Pt-C black on the C-paper as the cathode.

Electrons collected by the C-paper can be distributed over the Pt-C catalyst
through the carbon fiber net, so the protons from the proton conductive mem-
brane can further travel to the active sites on the surface of the electrocatalyst
through Nafion® and get reduced, thus hydrogen can be produced and released
through those voids shown in Fig. 4.7.
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4.2 3-Electrode Measurements
For characterizing the properties of the photoanode, a 3-electrode configura-
tion is applied when photoelectrochemical measurements are being carried out,
which means that in addition to the photoanode and the cathode, a reference
electrode, the Ag/AgCl reference electrode with 3 M NaCl as the filling solution
and a potential of 0.209 V vs. SHE, is also involved during the measurements.
In addition, a Pt wire is applied as the counter electrode, and all the measure-
ments are carried out in a 0.5 M Na2SO4 solution as the supporting electrolyte
with a pH of 5.6.

4.2.1 Dark Current

In Fig. 4.8, the j-U curve with the absence of light indicates the current with
respect to the applied potential under different band bending conditions.

The sweep of potentials starts from -0.8 V, which is more negative than the
flatband potential, hence in region 1 the band is bent downwards and the surface
enters into the accumulation condition, where the semiconductor behaves like a
metal so that a cathodic current is present. Its decreasing trend (absolute value)
most probably represents the oxidation of adsorbed hydrogen created during
the last CV cycle, and also the oxidation of Ti3+ into Ti4+.

When the applied potential keeps increasing, the bent band will gradually
be set back into its original position, and at some point it will reach the flatband
situation, in which the cathodic current can no longer be generated, as seen in
region 2. This is because in the flatband situation, no local electrical field is
present so charge transfer will not take place, thus charge carriers will stay in
their original positions hence no current can be seen.

After passing over the flatband situation, in region 3, the surface starts get-
ting depleted as the band is bent upwards, however, since few holes are present
in the valence band without light excitation, thus no pronounced current is gen-
erated. In this region, the material is polarized, and the bent bands represent a
local electrical field with a direction from the bulk to the surface, so incoming
photons with energies larger than the bandgap will induce a photocurrent, as
described in Section 2.2.3.

The depletion goes deeper as the applied potential goes more positive, thus
a surface inversion can take place if the Fermi level is approaching the valence
band, where free holes can be created so that the oxidation of water occurs,
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Figure 4.8: j-U curve of the thermally treated 500°C (Thermal 500) photoanode
with absence of light and its corresponding band bending conditions; scan rate
5 mV/s, scan range -0.8–1.2 V, positive going scan of the 2nd cycle of the cyclic
voltammetry curves, activated for 15 cycles with a scan rate of 1 V/s.

which will result in the appearance of an anodic current in region 4. For a
semiconductor that has a large bandgap, or if the holes are annihilated faster
than their generation, it is also very common to see a deep depletion in region
4.

In Fig. 4.9a, a j-U curve of P25 deposited C-paper in the dark is presented.
Even without illumination, there is a considerable dark current that is mainly
due to the exposed carbon fibers from the C-paper (as seen in Fig. 4.1), which
is a nonpolarizable electrode. While in Fig. 4.9b, the dark currents of different
TNTs indicate that within the potential range of 0–1 V vs. Ag/AgCl, all those
three electrodes are ideally polarized.

However, repeated experiments indicate that the cathodic current of the
TNT 20 min sample in the negative potential region is much larger than the
rest, and also its zero current potential is much more positive, which could be a
result of more surface adsorbed hydrogen, or more Ti3+ sites, which are created
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(a) TiO2 P25 (Degussa), drop-cast on C-pape. (b) TNTs with 5 min, 20 min and 30 min
second-step anodization time.

Figure 4.9: j-U curves of drop-cast, C-paper based P25 and different TNTs, with
the absence of light; scan rate 5 mV/s, positive going scan of the 2nd cycle of
the cyclic voltammetry curves, activated for 15 cycles with a scan rate of 1 V/s.

during the negatively going scan in the previous cyclic voltammetry cycle.

4.2.2 Photocurrent

For TiO2 (rutile and P25) drop-cast C-paper based electrodes, no obvious pho-
tocurrent is witnessed. This mainly attributes to 2 reasons: first is the relatively
large dark current as shown in Fig. 4.9a, which hinders the smaller photocurrent
that is generated by the TiO2 nanoparticles in the water splitting process; second
is probably the poor contact between the TiO2 nanoparticles and the substrate
(C-paper), in particular is the long diffusion distance for an excited electron to
travel before reaching the substrate: as described previously, by the drop-casting
method, the TiO2 nanoparticles fill the voids between the conductive carbon
fibers, which are randomly oriented. The excited electrons need to travel a long
distance to reach the nearest carbon fiber, during which it is highly possible that
those electrons are consumed by the recombination process or trapping states,
hence a photocurrent is hard to establish.

In Fig. 4.10a, the photocurrent (red) generated by a light pulse (light on-
off periods 5 s) on the Thermal 500 sample together with its dark current
(black) are presented. The onset of the photocurrent, which is close to -0.6
V vs. Ag/AgCl, indicates the approximate position of the flatband potential
that falls in the region 2 as described in Fig. 4.8. Flatband potential indicated in
this way is usually more positive than the most widely recognized one, which is
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(a) Photocurrent of Thermal 500 sample,
positive going scan, illumination intensity 4
mW/cm2, scan rate 5 mV/s, light on-off period
5 s.

(b) Chronoamperometry of Thermal 500 at 0
V vs. Ag/AgCl.

Figure 4.10: Photocurrent of Thermal 500 sample under light intensity 4
mW/cm2, light on-off periods 5 s.

around -0.71 V vs. Ag/AgCl at pH 5.6 (adjusted from Fig. 2.19). The positive
shift of the potential mainly results from two reasons: first is the slow oxidation
kinetics for oxygen evolution half reaction, i.e., a considerable amount of over-
potential is needed for water oxidation, hence coupling the photoabsorber with
a catalyst can reduce the overpotential significantly, such as IrO2 on hematite
[45]; the other is the recombination of the electron-hole pairs in the SCR, re-
sulting in the requirement of a local electrical field to separate the charge carriers
to suppress the recombination effect. For this reason an applied potential that
is more positive than the flatband potential is necessary to reach the depletion
situation in the SCR.

The band diagram during the sweeping of potential described in Fig. 4.8
is also valid when the electrode is illuminated. Therefore, in Fig. 4.10a, the
cathodic current that represents the oxidation of the TiO2 surface is not influ-
enced by the illumination, which is a result of forming the accumulation layer in
the SCR. When the applied potential is positive enough to bring the bands into
the depletion situation, a local electrical field is present, hence the photocurrent
appears.

However, at this point, where the the band bending is still not so pro-
nounced, the recombination effect is still significant, as shown in the inset figure
in Fig. 4.10a, where the photocurrent transient within range -0.4–0 V indicates
the recombination of charge carriers. For instance, when the light is on, an
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instantaneous photocurrent spike appears, and then decays into a certain level
due to the photogenerated electrons being partly recombined.

Those recombinations can come from the accumulation of holes on the sur-
face, which is a result of the slow oxidation reaction kinetics, or the accumula-
tion of electrons in the bulk due to the slow electron diffusion rate, or trapping
at the surface states. When the light is turned off, if the recombination is due
to the hole accumulation, a cathodic current spike is observed because of the re-
combination of the electrons in the conduction band and the holes accumulated
in the valence band, and should be equal to the anodic current spike described
earlier.

From the inset in Fig. 4.10a and also the chronoamperometry at 0 V vs.
Ag/AgCl in Fig. 4.10b, where the anodic current spikes and the cathodic cur-
rent spikes are quite similar, it can be concluded that the recombination for the
Thermal 500 sample is mainly due to the accumulation of holes on the surface.

(a) Chronoamperometry at 250 mV vs.
Ag/AgCl, where the photocurrent spikes are
diminished.

(b) Chronoamperometry at 500 mV vs.
Ag/AgCl, where the photocurrent spikes al-
most disappeare.

Figure 4.11: Chronoamperometry of Thermal 500 sample under different bias
against Ag/AgCl electrode; light on-off period 5 s, light intensity 4 mW/cm2.

As one can also notice form Fig. 4.10a and Fig. 4.11, with the positive ap-
plied potential, both the anodic and cathodic current spikes are diminished,
which indicates that the recombination effect is considerably suppressed by a
more positive applied potential hence a more enhanced electrical field in the
SCR.

For an n-type semiconductor, its photocurrent is controlled by minority
charge carriers, i.e., the holes. An equation can be applied to approximately
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describe the photocurrent behavior in the central part of the curve in Fig. 4.10a:

∆jL = ∆p?i exp

(
−∆φSCRF

RT

)
[15], (4.1)

where ∆p?i is the hole concentration under illumination in the interior layer of
the SCR and ∆φSCR is the voltage drop across the SCR. The equation assumes
that all the charge carriers in the SCR under illumination are in equilibrium
condition. When the flatband potential is applied to the semiconductor, i.e.,
−∆φSCR = 0 hence no band bending is present, almost all the photo-generated
electron-hole pairs recombine, thus ∆p?i is close to 0 and no photocurrent can
be sensed.

Afterwards, with the SCR continuously depleted, i.e., −∆φSCR starts giv-
ing positive values, ∆p?i will also increase, thus the photocurrent enters into
an exponential region which is controlled by both the recombination rate (in-
cluded in ∆p?i ) and the drifting of holes through the SCR to the surface (relates
to ∆φSCR). At this moment, charge carriers are in a steady state rather than the
equilibrium state, hence the experimentally observed photocurrent curve will
follow Eq. (4.1) in the small current region, but deviate when the current grows
larger.

When the applied potential is positive enough, the local electrical field is
so large that the opportunity for electrons and holes to recombine is much
smaller, as described earlier, and a saturation photocurrent is expected. At this
point, the transfer of holes to the surface for the oxidation reaction becomes
the rate determining process and linear correlation of the illumination intensity
with respect to the photocurrent will take place[15].

In Fig. 4.12, the photocurrent transients of different photoanodes together
with their corresponding chronoamperometries at 0 V applied potential (short
circuit) are presented. From Fig. 4.12a, it is obvious that the nanostructured
TiO2 photoanodes have pronounced improvement of the photocurrent com-
pared to the thermally treated one. In particular, the photocurrent of the TNT
30 min sample at 1 V potential has a more than five-fold increase compared to
that of the Thermal 500, and at the same applied potential the TNT 20 min and
5 min samples also show a two-fold enhancement.

The onset potentials of the photocurrent from different photoanodes are
present in the inset in Fig. 4.12a and summarized in Table 4.2.

According to the relationship between the photocurrent onset potential and
the flatband potential, it can be concluded that the flatband potentials of those
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(a) Photocurrent of TNTs and the Ther-
mal 500 with positive going scan under light
pulse,scan rate 5 mV/s, DL refers to dark-ligh
switch.

(b) Chronoamperometry of TNTs and the
Thermal 500 at 0 V vs. Ag/AgCl.

Figure 4.12: Photocurrent of different photoanodes; light intensity 4 mW/cm2,
light on-off period 5 s.

Photoanode Thermal
500

TNT 5 min TNT 20
min

TNT 30
min

φonset/V -0.62 -0.22 -0.27 -0.58

Table 4.2: Onset potentials of photocurrent.

photoanodes should have such an order:

φα,TNT5 > φα,TNT20 > φα,TNT30 > φα,T500. (4.2)

Among the TNTs with different 2nd-step anodization time, the TNT 30
min sample shows the best performance as of the photocurrent, and the onset
potential of the photocurrent is also the most negative compared to the other
TNTs, which could indicate that the TNT 30 min ample has the most nega-
tive flatband potential. It is also noticeable that for the TNT 20 min, its dark
current still shows a very distinguishable feature that has been introduced in
Section 4.2.1, especially in Fig. 4.12b, where the dark current of the TNT 20
min is still negative at 0 V potential while the rest of the samples are at 0. In
addition, it seems that compared to the other TNTs, the TNT 20 min sample
has a higher recombination rate, as the anodic current spikes in the photocur-
rent transients are much higher than for the other samples in Fig. 4.12b. The
asymmetry of the spikes from the anodic and cathodic current indicates that the
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hole accumulation is not the only reason that contributes to the recombination,
but other factors like surface trapping and accumulation of electrons in the bulk
may have similar contributions.

(a) Possible schematic of ion transport in
TNTs.

(b) Possible surface reaction and charge trans-
fer.

Figure 4.13: Hypothesized ion transport and charge transfer for TNT samples.

From the previous morphology section, it is clear that the oxide layers of
TNT samples consist of an array of highly organized hollow nanotubes. Con-
sider that all those nanotubes are close packed, then one possible semiconduc-
tor/liquid interface can be illustrated in Fig. 4.13a, where the whole tubes are
filled with the liquid. In this schematic, SCRs are formed along the the inner
surface of the tubes and have a depth perpendicular to the length of the tubes,
as seen in Fig. 4.13b. The incoming photons may reflect between the walls of
the nanotubes when transferring inside the tubes, as introduced in the section
2.9.2 of the literature [10]. The large enhancement of the surface area may be
attributed to the noticeable photocurrent increase of TNTs compared to the
thermally treated one, and perhaps the TNT 30 min has the largest surface area
due to its exceptional length, hence it has the biggest photocurrent response.

However, as presented in Table 4.1, the thickness of the wall of the tubes is
less than 100 nm, whereas a typical depletion layer has a depth of 5–500 nm, or
more at higher positive potentials, thus the saturated current region in Fig. 4.12a
of some TNT samples may not only result from the slow-rate surface trapping
process, but also from the fully depleted wall, hence band in the SCR can not
be further bent. Therefore, the rate of electron-hole recombination will stay
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at a certain level, which acts as the major rate determining factor, so that the
photocurrent can not go higher as the potential goes more positive.

4.2.3 Flatband Potential

The most common method used to determine the flatband potential is the Mott-
Schottky plot. As what has been introduced in Section 3.6.4, the method ap-
plied here is mainly based on the Mott-Schottky equation:

1

C2
SC

=
2

ε0εreNDA2

(
φa − φα −

kT

e

)
, (4.3)

where the intersection of the x-axis of the linear part indicates the φα, and the
slope describes the donor density, ND.

Figure 4.14: Mott-Schottky plots of drop-cast P25 on C-paper, plots measured
under two different frequencies conjugate at C-2=0 line, indicating its flatband
potential.

For instance, in Fig. 4.14 the plots measured with 500 Hz and 1 kHz fre-
quency of P25 sample show no significant frequency dispersion, as the linear
parts of those two plots intersect the horizontal line C−2 = 0 at the same po-
tential, which may indicate that there is no pronounced micro-rough surface
structure for the P25 sample (as the SEM figure shows in Fig. 4.1), according to
Section 3.6.4.

For the rest of the samples, like the Thermal 500 in Fig. 4.15a, there is a
slight shift with respect to the frequency corresponding to its surface roughness
as shown in Fig. 4.2. While the frequency dispersion is more obvious for TNTs
that have enormous microporous structures, as presented in Fig. 4.4 and Fig. 4.5.
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(a) Thermal 500 (b) TNT 5 min

(c) TNT 20 min (d) TNT 30 min

Figure 4.15: Flatband potential determination by Mott-Schottky plots under
500 Hz, 5 kHz and 50 kHz frequencies, and their frequency dispersion on φα
of TNTs. All measurements are conducted with 10 mV (rms) sinusoidal AC
signal.
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It should be noticed that for TNT 20 min sample, except for its distinguishable
dark current behavior, its Mott-Schottky measurement at high frequency also
acts differently, as seen in Fig. 4.15c. The plot of 50 kHz is quite noisy, a fact that
is observed after several repeated experiments, which could be attributed to the
smaller pore diameter described in Table 4.1 hence more micro-rough surface
of the TNT 20 min. An approximate linear extrapolation has been attempted
for the 50 kHz plot.

Figure 4.16: Flatband potential dispersion corresponding to the results of the
Mott-Schottky plots in Fig. 4.15, which are measured in 0.5 M Na2SO4 with
pH at 5.6. ECB represents the conduction band edge (expressed as potential) of
TiO2 reported in the literature [46].

In addition, it is interesting to see that for TNTs, the slopes of the linear
regions are almost the same for the different frequencies (except for TNT 20
min under 50 kHz), indicating that at least for the TNT 5 min and TNT 30
min samples, their donor densities are independent of the frequency.

According to Section 3.6.4, it is possible to obtain the flatband potential φα
by applying the equation:

φα = φa −
kT

e
, (4.4)

where φa is the applied potential when the extrapolated linear part of the Mott-
Schottky plot intersects the x-axis, i.e., when C−2

SC = 0, T can take the value of
room temperature 298.15 K. Therefore, the flatband potential, and the disper-
sion in the Mott-Schottky analysis, can be summarized into Fig. 4.16.
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(a) 50 kHz (b) 5 kHz

(c) 500 Hz

Figure 4.17: Mott-Schottky plots of different photoanodes at the same frequen-
cies.

From the literature [46] the conduction band edge of the anatase phase TiO2

is around -0.2 V vs. SHE at pH 0. Taking into account the Nernstian behavior
introduced in the previous chapter, at pH 5.6, the edge of the conduction band
of TiO2 anatase phase is around -0.54 V vs. SHE. As a fact that the flatband
potential is usually more positive than the conduction band edge of an n-type
semiconductor, the φα of the Thermal 500 sample presented in Fig. 4.16 shows
a good coincidence to the one reported in the literature, while for P25, which is
a combination of rutile and anatase phases, its band edges are still under inves-
tigation [47].

For the TNTs, their flatband potentials determined by Mott-Schottky plots
are much more positive than the other materials, as shown in Fig. 4.16, and even
more positive than the ones indicated by their photocurrent onset potentials in
Table 4.2. However, it is still possible to quantitatively compare the flatband
potentials of those materials by comparing their Mott-Schottky plots under the
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same frequency, as shown in Fig. 4.17.
It can be concluded that under a single frequency, the flatband potentials of

those materials experience the same relative positions:

φα,TNT5 > φα,TNT20 > φα,TNT30 > φα,T500, (4.5)

which is in good agreement with what has been described in Fig. 4.16. Fur-
thermore, the relative flatband potentials presented in the sequence 4.5 are also
coincident with the one described in the sequence 4.2, which is indicated by the
photocurrent onset potentials.

4.2.4 Band Bending at Open Circuit

One situation that attracts the attention from the researchers is the open circuit
condition, i.e., the zero-current condition, under which no galvanic connec-
tion nor external potential were applied between anode and cathode. Potentials
measured under such conditions are called the open circuit potential (OCP),
and they illustrate how the Fermi level of the photoanode is changed under
different conditions.

In Fig. 4.18a, the OCP of the Thermal 500 sample with two light pulses is
presented, where its corresponding photoresponse behavior can be explained in
Fig. 4.18b and Fig. 4.18c. As can be seen, a photovoltage is generated immedi-
ately after the starting of the 1st light pulse, followed by a period in which the
photovoltage changes slowly until it reaches a steady state. After switching off
the light, the potential goes back to the positive direction but with a lower rate
compared to the one going negative when the light is on, and after a certain
period of time reaches the dark steady state condition.

The second light pulse is taken as an example to illustrate the photoresponse
behavior. Before the beginning of the light pulse, due to the surface states trap-
ping of electrons, the depletion region is formed in the SCR, as seen in the dark
condition of Fig. 4.18b. Right after the light is on, a quick potential drop is
formed due to the excitation of electrons from the valence band to the conduc-
tion band, leaving behind holes. The bands are then rectified and pushed to
more negative potentials, and electrons start accumulating in the bulk, while
holes move to the surface through the slow-rate surface trapping (ST) process
to participate in the oxidation reaction. Due to the unavoidable recombination,
the accumulated electrons will start to compete with the H2O oxidation reac-
tion by holes, thus the photoresponse comes into a slow transition period, until
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(a) OCP of Thermal 500 sample, light inten-
sity 4 mW/cm2.

(b) Origins of photovoltage VPhoto, ST: surface
trapping, STH: surface trapped holes; electrons
accumulate in the bulk and holes be trapped at
the surface.

(c) Origins of the transition of the OCP when
light is off, TS: trapping states, STR: surface
trapping reverse, STH: surface trapped holes.

Figure 4.18: OCP origins and interpretation of the voltage transition of Ther-
mal 500 sample; the red arrows indicate low rates for the processes.

a balance is reached and the system is in steady state. The photovoltage ∆VPhoto
generated in the open circuit condition is the difference between the Fermi level
before and after light is on, as seen in Fig. 4.18b.

When the light is off, accumulated electrons in the bulk will tend to recom-
bine with the surface trapped holes (STH), as seen in Fig. 4.18c. However, the
slow-rate surface trapping reverse (STR) process makes the recombination very
slow, especially several tens of seconds after, and even worse is the trapping
states (TS) existing between the conduction and valence bands, which further
slow down the recombination rate.

Fig. 4.17 shows the OCP of multiple photoanodes with two light pulses. It
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Figure 4.19: OCP of multiple photoanodes, light intensity: 4 mW/cm2.

can be seen that the rates of the photoresponse of those samples experience an
order from the quickest to the lowest as:

vThermal500 > vTNT5min > vTNT20min > vTNT30min, (4.6)

upon the on/off of the light. Considering the thickness presented in Table 4.1
and the preparation method of the Thermal 500 sample, the phenomena men-
tioned above may indicate that materials with thinner oxide layer will have a
faster charge transfer rate in the SCR or to the surface, or both, which could be
a result of fewer trapping states in the bulk and the surface.

Based on what has been introduced in Section 2.2.6, the electron density
change in the conduction band at the surface of the semiconductor can be cal-
culated according to the equation:

∆µ = kT ln

(
1 +

∆n

ND

)
, (4.7)

where ∆n is the concentration change of electrons in the conduction band at
the surface and ND is the donor density. With the ND (as shown in Table 4.3)
obtained from the slope of the Mott-Schottky plots (Eq. (4.3)), and the ∆VPhoto
from Fig. 4.19, it is possible to calculate the ∆n of different materials under 4
mW/cm2 illumination, as shown in Table 4.3.

From Table 4.3, it can be concluded that the donor density of the Thermal
500 sample is larger than for any other TNT photoanode, and the longer the
2nd-step anodization time of the TNT the smaller the donor density will be-
come, which could be a result of the lower solid/pore volume ratio (thinner
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Photoanode Thermal
500

TNT 5 min TNT 20
min

TNT 30
min

ND/cm-3 1.30× 1019 5.50× 1018 4.60× 1018 3.46× 1018

∆VPhoto/V −0.18 −0.19 −0.17 −0.22
∆n/cm-3 9.3× 1014 4.2× 1014 3.2× 1014 3.0× 1014

Table 4.3: Donor density ND in the dark, concentration change of electrons in
the conduction band under 4 mW/cm2 illumination and the photovoltage of
different photoanodes from 2nd light pulse.

wall) and fewer oxygen vacancies as donors for a TNT anodized longer in the
2nd anodization step.

In addition, from the concentration change of the electrons in the conduc-
tion band (∆n in Table 4.3), it can also be assumed that a thicker oxide layer will
lead to fewer excited electrons in the conduction band under the same illumi-
nation, in other words, the electron trapping and electron-hole recombination
effects will become more severe when the oxide layer gets thicker, which is in
agreement with the discussion for the photoresponse speed earlier. Further-
more, this could be one of the reasons why the photocurrent of TNTs does
not show a considerable enhancement in parallel to their significant surface area
increase with respect to the thermally treated one, as illustrated in Fig. 4.12.

4.3 Whole PEC Set-up
In this section, experiments are oriented on the performance of the two differ-
ent PEC cells as described in Section 3.2. For the type-1 cell, all the measure-
ments are now carried out in a 2-electrode configuration, hence the reference
electrode is the cathode. The counter electrode is no longer a Pt wire, but the
Pt-C cathode as illustrated in Fig. 4.7. Photoanodes tested in Section 4.2 are
employed into the PEC cells and their performance under the same conditions
are evaluated. For the type-2 cell, since a galvanic or any other external contact
will short circuit the photoanode and the cathode, hence no electrical measure-
ments are implemented, therefore, the direct confirmation of the concept lies
on the detection of the hydrogen as the the product of the process. Without
any special annotation, in this section, the liquid used to form the n-type semi-
conductor/liquid junction in the anodic chamber is deionized water.
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4.3.1 Type 1

The type-1 PEC cell is a set-up with an external circuit and its fabrication
method has been introduced in the previous methodology chapter. The basic
working principle of such a PEC cell is illustrated in Fig. 4.20.

Figure 4.20: Representation of the type-1 PEC cell for water splitting process,
where the width of each component is exaggerated for better description.

Since the C-paper based photoanode (drop-cast P25 and rutile phase TiO2)
cannot give an obvious photocurrent response, so the photoanodes used for the
characterization of the whole PEC cell are the Ti foil based ones. This means
that all the photoanodes applied on the cell are dense materials. Therefore,
when the water oxidation happens on the anode under illumination:

2 h+ + H2O −−→ 1

2
O2 ↑ + 2 H+

aq, (4.8)

the generated protons H+
aq need to travel a certain distance to reach the proton

conductive membrane, which could be a rate limiting step. Simultaneously,
electrons produced after water oxidation are driven to the cathode by the exter-
nal bias and hydrogen production reaction:

2 e− + 2 H+
aq −−→ H2 ↑ (4.9)

can take place at the interface of the membrane and the cathode where Pt-C
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catalyst is loaded.

Dark Current

In Fig. 4.21a, the j-U curves of the type-1 cell performing with different pho-
toanodes are present. Compared to the dark current shown in Fig. 4.8 and
Fig. 4.9b, it seems that the curves are negatively shifted, especially when it comes
to the positive potential region, where an anodic current starts to appear.

(a) Dark current of the type-1 cell with differ-
ent photoanodes; scan rate 5 mV/s, range -0.8–
1.2 V, negatively going scan of the 2nd cycle
from cyclic votammetry.

(b) Schematic of the dark current under posi-
tive polarization.

Figure 4.21: Current with positive going scan in the dark, with a 2-electrode
configuration.

Explanation of the formation of the anodic current is given in Fig. 4.21b,
where the Fermi level of the anode is close to its valence band and the Fermi
level of the cathode is more negative to the reduction potential EH+/H2

, as a re-
sult of applying a sufficiently positive bias Va. Consequently, an inversion layer
will be formed at the surface of the semiconductor hence holes will be created
in the valence band, which oxidize the water and create electrons. Meanwhile,
electrons in the cathode fall from its conduction band to the lower energy state
EH+/H2

, and protons get reduced into hydrogen thus an anodic current will
flow. The whole process described above is driven by the applied voltage, so
what really happens here is the water electrolysis.

The dark current of the TNT 5 min sample shows a quite large anodic cur-
rent region, and the onset potential of that anodic current is also much earlier
(more negative). This could be a result from its least negative flatband poten-
tial, as what has been indicated in Section 4.2.3. Since a less negative flatband
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potential means the Fermi level is more positive, so less external bias is needed
in order to reach the inversion layer in the surface.

Photocurrent and Cell Efficiency

The photocurrent presented here are measured with the presence of O2 around
the cathode, hence what is really happening on the cathode is the water regen-
eration:

O2 + 4 H+ + 4 e− −−→ 2 H2O E0
O

2/
H2O = +1.23 V vs. SHE (4.10)

or

O2 + 2 H+ + 2 e− −−→ H2O2 E0
O

2/
H2O2

= +0.68 V vs. SHE, (4.11)

thus the cell is operating as a photofuel cell (PFC), as introduced in Section 2.1.2,
and an initial voltage of near 1 V (absolute value) can be built between anode
and cathode, which will be presented in the OCP section later. Although it is
possible that no hydrogen is produced in the cathode, electrical measurements
under such conditions can still tell how the entire cell performs.

Figure 4.22: j-U curves of PEC cells employed with different photoanodes; 4
mW/cm2 continuous illumination, scan rate 5 mV/s.

In Fig. 4.22, the photocurrent of type-1 cells with different photoanodes
shows that cells with TNTs in general have better photo-to-current performance
than the ones with thermally treated photoanodes. With the highest satura-
tion current reaching 0.4 mA at 0.8 mV, the cell with TNT 5 min photoanode
demonstrates a five-fold more improvement than the Thermal 500 and Thermal
700 ones.
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(a) Photoconversion efficiency η% corre-
sponds to the photocurrent at different bias in
Fig. 4.22.

(b) Incident photon-to-electron conversion ef-
ficiency (IPCE) corresponds to the photocur-
rent in Fig. 4.22.

Figure 4.23: Energy and quantum efficiency of type-1 cell with different pho-
toanodes.

The corresponding energy efficiency (photoconversion efficiency) and quan-
tum efficiency (IPCE) of the operating cells, which are presented in Fig. 4.23,
are calculated according to the equation 2.28 and 2.30, respectively.

Correlated to the photocurrent, both the photoconversion efficiency and
the IPCE of TNTs are higher than the thermally treated ones, with the TNT 5
min sample performing the best in both the efficiencies. At the most efficient
operating point for the cell with the TNT 5 min sample, which is around 0.2
V vs. Cathode, its photoconversion efficiency reaches the highest 7.5%, and the
corresponding IPCE is 25.2%.

In the following sections, we consider PEC cells with TNTs as their pho-
toanodes. The j-U curves under illumination of PEC cells with TNTs are pre-
sented in Fig. 4.24, which shows the same character as in Fig. 4.22 but with
light on-off cycles (chopped). Also, the corresponding chronoamperometries at
0, 0.25 and 0.5 V bias are presented in Fig. 4.25.

Unlike in the 3-electrode testing mode as shown in Fig. 4.12, where longer
TNT demonstrates better photo-to-current performance, in Fig. 4.24, the PEC
cell with the shortest TNT (TNT 5 min) has the highest photocurrent and
also the best correlated energy and quantum efficiency, as described earlier. For
cells with TNT 30 min and TNT 20 min photoanodes, their photo-to-current
performance is heavily suppressed compared to their 3-electrode j-U results in
Fig. 4.12a. Reasons for those photocurrent behaviors come from many aspects,
one of them could be the poor ionic conductivity in the liquid phase.
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Figure 4.24: j-U curves of PEC cells applied with TNTs as their photoanodes,
positive going scan under light pulse, light on-off period 5 s, scan rate 5 mV/s,
DL refers to dark-light switch, light intensity 4 mW/cm2.

Figure 4.25: Chronoamperometry of PEC cells with different TNTs at 0, 0.25
and 0.5 V applied bias vs. Cathode, light on-off period 5 s, light intensity 4
mW/cm2.

In this case, the main charge carriers in the deionized water are H+ and
OH–, which come from the water self-dissociation. Considering the fact that
Nafion® membrane can only conduct cations, thus most probably it is the trans-
port of protons, in the form of H3O

+, from the inner surface of the nanotubes
to the membrane that dominates the charge movement in the liquid phase hence
controls the current flow.

Since the deionized water has a quite low proton concentration, the resis-
tivity in the liquid phase should be quite large. For long nanotubes, such as
the TNT 30 min sample, taking account the mechanism of the surface reactions
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Figure 4.26: Possible proton transport in the type-1 PEC cell with deionized
water, applied with postive bias. Protons tend to move to the bottom of the
nanotubes first by electrostatic attraction from the cathode, and then one way is
to diffuse out of the nanotubes, the dashed line indicates the diffusion somehow
across the surface of the photoanode, then reach the membrane; another way is
to diffuse through the thin Ti foil as H2 atoms temporally, then dissociate into
H+ and e– (not shown), the protons continue travailing through the membrane
to the cathode while the electrons are driven into the external circuit.

proposed in Fig. 4.13a and Fig. 4.13b, the ions may have to travel a longer dis-
tance in the liquid phase than in the shorter nanotubes like the TNT 5 min
sample.

For example, the protons may have to diffuse out from the tubes first and
then reach the Nafion® membrane, which could result in a substantial ohmic
voltage loss for the cell with TNT 30 min photoanode. Thus, the oxidation
reaction rate of it can be quite slow, even though it may have a larger surface
area compared to the others.

The ohmic voltage loss in the liquid phase may provide another aspect that
limits the photo-to-current performance of the cells employed with TNTs. Sim-
ilar as what has been discussed in Section 4.2.2, there will be an electrical field
E applied on the liquid phase, but maybe with different directions as the one
presented in Fig. 4.13a. This time, when a positive bias is applied from the pho-
toanode to the cathode, the electrical field E may not have a direction from the
bottom to the top of the TNTs, but the opposite one, as the cathode now is
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placed on the other side of the Nafion® membrane.
In another point of view, protons generated by the oxidation reaction could

be attracted by the cathode immediately, so they may tend to move to the bot-
tom of the nanotubes first and then accumulate in the nanotubes until the con-
centration is high enough to diffuse out against the electrostatic attraction force,
as schematically presented in Fig. 4.26. Another possible way of proton trans-
port is that the protons may temporally recombine with electrons to form H2

atoms and diffuse through the thin Ti foil, as shown in Fig. 4.26. Afterwards,
the H2 atoms may dissociate at the Nafion®/Ti interface into H+ and e–, the for-
mer continues traveling through the membrane while the latter will be driven
to the external circuit. However, it can be expected that at room temperature
this process may be quite slow.

Other aspects, like the protonation/deprotonation happens at the materials
surface when proton is traveling, can further reduce the performance for longer
TNT samples operating in the deionized water.

Therefore, one may expect that by increasing the ionic conductivity around
the photoanode, the photocurrent performance could be enhanced, particularly
for the one with TNT 30 min sample which exhibits the best photocurrent
performance in 3-electrode measurements. Because with supporting ions, the
main current carriers are no longer protons, but the anions and cations coming
from the solution. Thus, most of the limitations mentioned above for proton
transport become the minorities, when it comes to the current flow in the liquid
phase.

As it can be seen in Fig. 4.27, by introducing a 0.5 M Na2SO4 aqueous so-
lution into the anodic chamber, the photocurrent of the whole PEC cell can be
enhanced, especially in the case of the TNT 30 min sample. The performance
now demonstrates a similar behavior with respect to the 3-electrode measure-
ments, as seen in Fig. 4.27a. The cell with the TNT 30 min sample performs
the best, reaching more than 0.6 mA close to its saturated current region, fol-
lowed by the TNT 20 min and TNT 5 min, as seen in Fig. 4.27a.

In particular, the photocurrent of the PEC cell with TNT 30 min has been
improved 3.3 times with 0.5 M Na2SO4 solution than with deionized water
(Fig. 4.27d), and 1.5 times for the one with TNT 20 min (Fig. 4.27c), while
a slight decrease has been witnessed at high bias for the cell with TNT 5 min
(Fig. 4.27b). The decrease could attribute to the lowering pH by introducing
0.5 M Na2SO4 solution, which has a pH level of 5.6. Because by lowering the
pH, the conduction band edge becomes more positive and the cell will lose a



92 4. RESULTS AND DISCUSSION

(a) j-U curves of PEC cells applied with TNTs
as their photoanodes, which are in contact
with 0.5 M Na2SO4 aqueous solution.

(b) PEC cell employed with TNT 5 min sam-
ple.

(c) PEC cell employed with TNT 20 min sam-
ple.

(d) PEC cell employed with TNT 30 min sam-
ple.

Figure 4.27: Photocurrent enhancement by replacing deionized water with 0.5
M Na2SO4 aqueous solution; DL refers to dark-light switch with deionized wa-
ter, DLE indicates dark-light switch with an electrolyte ( 0.5 M Na2SO4 aqueous
solution), positive going scan with light pulse, light on-off period 5 s, scan rate
5 mV/s, light intensity 4 mW/cm2.

small part of its intrinsic power, which may be significant to TNT 5 min, but
suppressed by the photocurrent increase due to the ionic conductivity enhance-
ment in other PEC cells.

Energy and quantum efficiency corresponding to this case are provided in
Fig. 4.28. In Fig. 4.28a, the cell with TNT 30 min can reach up tp 12.5% photo-
conversion efficiency at 0.16 V bias, followed closely by the one with TNT 20
min, which shows 12.1% efficiency at similar peak position, and 10.0% for TNT
5 min at -0.12 V. Their IPCEs also improve significantly, with the highest value
approaching 57.0% for TNT 30 min and 44.0% for TNT 20 min. In the case of
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(a) Comparison of photoconversion efficiency
of PEC cells with aphotoanodes exposed to 0.5
M Na2SO4 aqueous solution and deionized wa-
ter.

(b) Comparison of IPCE of PEC cells with
aphotoanodes exposed to 0.5 M Na2SO4 aque-
ous solution and deionized water.

Figure 4.28: Comparison of energy and quantum efficiency of PEC cells that
have photoanodes exposed to highly ionic-conductive solution and deionized
water.

Parameter Thermal
500

Thermal
700

TNT 5
min

TNT
20 min

TNT
30 min

Optimum bias1 /V 0.44 0.21 0.23 0.08 -0.21

Photoconversion
efficiency1 0.8% 1.0% 7.5% 3.4% 4.5%

IPCE1 3.4% 3.3% 25.3% 10.2% 10.6%

Photocurrent1
/(µA/cm2) 39.8 38.1 297.7 119.4 122.2

Optimum bias2 /V -0.12 0.16 0.15

Photoconversion
efficiency2 10.0% 12.1% 12.5%

IPCE2 21.4% 37.7% 39.9%

Photocurrent2
/(µA/cm2) 316.8 441.0 464.7

Table 4.4: Parameters of PEC cells operating under the optimum (most effi-
cient) conditions; 1the parameter belongs to the cell with deionized water, 2the
parameter belongs to the cell with 0.5 M Na2SO4 aqueous solution.
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the TNT 5 min, its highest IPCE is 30.0%, although 4% less compared to the
previous case with deionized water, the need of the potential bias for reaching
that point is significantly reduced by 250 mV.

In summary, when the cells with different photoanodes are operating under
their optimum (most efficient) conditions, their characteristic parameters can
be summarized in Table 4.4.

Band Bending and Chemical Potentials

As stated previously, the PEC cell so far is operating under photofuel cell (PFC)
mode, i.e., water is split in the anode and regenerated in the cathode.

(a) Band diagram under PFC mode, open cir-
cuit condition.

(b) OCP of PEC cells under PFC mode; illu-
mination intensity 4 mW/cm2.

Figure 4.29: Band bending and chemical potentials under PFC mode.

Considering the Fermi level of TiO2 under flatband situation (E1
f ≈ 0 V

vs. SHE at pH 0) and the chemical potential EO2/H2O of reaction 4.9, with the
presence of sufficient O2, a negative open circuit potential VOCP = E1

f−EO2/H2O

close to -1 V should be expected under illumination, as seen in Fig. 4.29a. The
OCPs of PEC cells with different photoanodes show a range of -600 mV to -
800 mV initial voltage built from the anode to the cathode under 4 mW/cm2

illumination, as seen in Fig. 4.29b.
However, if the concentration of the O2 is reduced by flushing the cathodic

chamber with an inert gas—Ar, the chemical potential in the cathode will be
reduced, which can be expected from the equation based on reaction 4.9:

EO
2/

H2O = E0
O

2/
H2O +

RT

4F
ln
a4
H+aO2

a2
H2O

, (4.12)
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at low pressure (1 atm), the activity of O2 can be approximately expressed as:
aO2 = pO2/p

Θ, hence if the activities of other reactants stay constant, a decreas-
ing partial pressure of O2 will result in the reducing value of EO2/H2O, conse-
quently the open circuit potential VOCP = E1

f − EO2/H2O will have a positive
shift, as seen in Fig. 4.30a.

(a) OCP with Ar flushing inside the cathodic
chamber, PEC cell with TNT 20 min photoan-
ode exposed to the 0.5 M Na2SO4 aqueous so-
lution, light intensity 4 mW/cm2.

(b) Energy states of possible half reactions in
the cathode with respect to ETiO2

CB , the energy
level (expressed as potential) of the conduction
band.

Figure 4.30: Cell OCP change when different reactions taking place in the cath-
ode and the schematics of such behaviors as a point of view from the energy
states.

With the absence of light, the PEC cell has a slightly positive initial volt-
age generated between the anode and the cathode due to chemical potential
difference. With Ar gas kept flushing the cathode, the potential at the cath-
ode, which is close to the chemical potential of the half reaction at equilibrium,
will move to more negative values according to the discussion above, hence the
VOCP = E1

f − EO2/H2O will become less negative. Light irradiation causes a
drop of the VOCP as expected, but the voltage continuously goes up as the Ar
gas keeps flowing. An interruption of the gas flow in the cathode leads to an
immediate drop of the voltage, which results from the introduction of the air.
Resuming the gas flow makes the voltage increase again, and when the rate of
the Ar gas flow is slow enough, the concentration of oxygen in the cathodic
chamber remains stable, so a steady state of the OCP is reached.

Such behaviors can also be explained by the change of the energy states in
the cathode, which actually corresponds to the switch of the reduction half
reactions. In Fig. 4.30, the energy level of the conduction band of the photoan-



96 4. RESULTS AND DISCUSSION

ode increases (more negative if expressed as electrical potential) when the band
bending is reduced due to light irradiation, so a negative drop of the VOCP will
be witnessed. With the presence of large quantity of O2 (e.g. air), it is obvious
that the O2/H2O half reaction is more favorable since EO2/H2O is much lower
than EH+/H2

. When the Ar gas start flowing into the cathodic chamber, the
chemical potential EO2/H2O goes up as discussed earlier, and one can expect that
when the partial pressure of O2 (pO2

) is low enough, the EO2/H2O will surpass
the EH+/H2

and the H+/H2 half reaction will become energetically more favor-
able.

Hydrogen Detection

However, as introduced in the theory chapter, the conduction band minimum
of TiO2 has a potential quite close to the hydrogen forming potential, there-
fore the potential difference is too small to drive the cell splitting water spon-
taneously and efficiently, not to take account the voltage loss due to contacts.

Figure 4.31: Chronoamperometry of PEC cell with TNT 20 min, the cathodic
chamber of which has been kept flushing with Ar gas flow; photocurrent mea-
sured under 0 and 0.25 V bias against cathode, photoanode is in contact with
0.5 M Na2SO4 aqueous solution, light intensity >20 mW/cm2.

In real hydrogen generation experiments, with Ar gas flowing though the
cathodic chamber, the photocurrent can only reach around 70 µA/cm2 without
any bias, even if the light intensity is increased to more than 20 mW/cm2, but
a 250 mV applied external bias can considerably increase the photocurrent to
around 400 µA/cm2, as presented in Fig. 4.31. Therefore, due to its intrinsic



4.3. WHOLE PEC SET-UP 97

thermodynamic properties, the photoanode TiO2 can not efficiently split water
by itself, thus an external assistance is necessary.

Figure 4.32: Hydrogen detection by GC, gas produced by PEC cell with TNT
20 min photoanode; applied bias 1 V, photoanode in contact with 0.5 M Na2SO4
aqueous solution, light intensity >20 mW/cm2. The 1st measurement was
taken after 5 min light irradiation, before which the cathodic chamber was kept
in the dark and flushing with high speed Ar flow for 30 min.

A direct confirmation of the hydrogen production by the type-1 cell is pro-
vided in the GC (Gas Chromatography) tests, as shown in Fig. 4.32. The PEC
cell is employed with the TNT 20 min photoanode and operated at 1 V bias,
although at very low efficiency, the reaction rate is fast enough for detecting the
produced hydrogen after running for 5 min.

As presented in the figure, after 5 min illumination the hydrogen is clearly
detected (dark blue curve), a consecutive GC test (brown curve) shows a re-
duced hydrogen response, since during the first test, a part of the produced
hydrogen has already been consumed by the GC instrument. A curve that is
taken before the start of the experiment is also added for comparison (light blue
curve), which shows no hydrogen response.

The oxygen and nitrogen peaks most probably come from the air remained
in the system, e.g., the gas injecting lines and all the connections.
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4.3.2 Type 2

A type-2 cell is a more compact cell that has a photoabsorber as the anode, a
solid-state membrane and a cathode, without any other connections such as the
external circuit, which is common to see in a normal PEC cell.

Figure 4.33: Schematic of type-2 cell, the thickness of each compartment has
been exaggerated for better description.

Its concept has been demonstrated in the previous chapter, but the schematic
under working conditions is illustrated in Fig. 4.33.

Based on the working principle of type-1 cell, photo related reactions are
the same as reactions 4.8 and 4.9, the only difference is the solid-state mem-
brane, which has dual channels to conduct charge carriers, i.e., it can conduct
both electrons and protons simultaneously. The driving force here is the chem-
ical potential gradient between the two sides of the membrane, and no external
applied bias can be applied on such a cell, so either the catalyst should be excep-
tionally good, or bias should be established by other practical ways.

Because of the absence of wire connections, this type of cell can be fabricated
in an extremely thin form. Since all the contacts required for charge transport
can be carried out by stacking different compartments together, and those com-
partments are easily fabricated into films based on current technologies, one can
imagine how robust and compact a triple-layer PEC cell can become, especially
when nanotechnology is employed. Besides, the extremely thin configuration
shortens the charge transport distance considerably. With proper solutions in
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contact with the photoanode, the limitation raised from ion transport can be
minimized in such a configuration.

However, the feature of such a cell configuration makes it impossible to do
the traditional electrical measurements, since any contact between the anode
and the cathode will short-circuited the cell, turning it back to the former type-
1 cell. Thus, the confirmation of such an conceptual configuration lies on the
direct hydrogen detection.

As already discussed before, the drawback of TiO2 makes it pretty hard to
carry out the water splitting process by its own photocatalytic capability, in
addition, no external bias can be directly implemented this time, so other forms
of bias is needed to assist the process, in this case is the pH gradient.

Such a cell is quite suitable for applying a pH gradient to provide the bias.
For TiO2, an n-type oxide semiconductor, its band edges will have a -0.059
V correlation with respect to one pH unit increase, hence the more basic the
contact solution is, the more negative the conduction band will become, e.g., in
a pH 14 solution, the conduction band of a TiO2 photoanode can shift by -420
mV with respect to the neutral condition. For some traditional PEC cells, the
electrodes are immersed within the same electrolyte, all the relative potentials,
including the band edge and the reaction potentials, will have the same shift
as to pH. However,the cathode in this novel cell is isolated by the solid-state,
proton-electron MCM, and kept in the Ar environment, so its potential will
be relatively fixed. This means by introducing a basic solution into the anodic
chamber, the initial chemical potential gradient will be enlarged between two
the electrodes, in particular, the anode will go more negative than the cathode,
thus a bias is internally formed.

Fig. 4.33 presents the hydrogen detection results for such a PEC cell with
pH 14 KOH aqueous solution around the photoanode, which is the TNT 30
min sample. It shows that after 2h light irradiation, a small H2 peak (dark
blue) is detected, and a consecutive test (light blue) shows a decrease of this
peak. Curves taken when starting (green) and ending (brown) the measure-
ments (disconnecting the cell) show no such a hydrogen response. Although no
considerable amount of hydrogen is detected, it still confirms that this cell can
fulfill the hydrogen production approach.

Another distinguishable feature in Fig. 4.34 is the unexpected methane peak.
From the results it seems that the cell is mainly producing methane rather than
hydrogen. Its GC peaks demonstrate a similar behavior when measured at dif-
ferent time points, indicating that the methane is really generated by the cell.
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Figure 4.34: Hydrogen detection by GC for the type-2 PEC cell, with TNT
30 min as the photoanode, KOH aqueous solution with pH 14 as the filling
solution in the anodic chamber, Ar as the flushing gas in the cathodic chamber,
100% lamp power.

Such a methane production may come from the carbon corrosion at the Pt, C
and Nafion® interfaces. In a basic environment, the penetration of basic solution
from the anodic chamber is unavoidable because of the macroporous structure
of the C-paper. Then, the reactions taking place at those interfaces can be writ-
ten as follows [48]:

C? + OH− ←−→ C−OH + e− (4.13)

C−OH + OH− ←−→ C−−O + H2O + e− (4.14)

C−OH + 5 OH− −−→ CO2−
3 + C? + 5 e− + 3 H2O, (4.15)

where C? is the defect sites in the carbon, which may originate from the C-paper
and the one support the Pt particles. In addition, on Pt particles, ·OH radicals
can be formed and spilled over onto the surface of the carbon [49]:

Pt + OH− ←−→ Pt(OH)ads + e− (4.16)

Pt(OH)ads + C←−→ C( ·OH)ads + Pt, (4.17)

which can further react with the unstable C−OH species:

C( ·OH)ads + C−OH + 4 OH− ←−→ CO2−
3 + C? + 3 H2O + 2 e− (4.18)
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It can be seen that all the reactions presented above can be facilitated by provid-
ing sufficient OH– anions, i.e., a basic solution may speed up the carbon cor-
rosion into CO2−

3 species. With the presence of CO2−
3 at pH 14, the methane

production can happen:

CO2−
3 + 10 H+ + 8 e− −−→ CH4 + 3 H2O, E0 ≈ −0.7 V vs. NHE [50]. (4.19)

According to the Nernst equation, at pH 14, E0
H2O/H2

= −0.84 V vs. NHE,
which is more negative than the chemical potential of reaction 4.19, so the
methane production will become energetically more favorable. Also, the in-
termediates, such as C−OH, C( ·OH), and C−−O groups that are highly reac-
tive, may make the methane production even more preferable than pure hydro-
gen production. Perhaps all those factors together lead to the detection of the
methane peak in the GC test for the Type 2 cell.
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Conclusions

In this work, TiO2 with different morphologies were synthesized, character-
ized and then applied into a solid-state PEC cell to conduct the water splitting
process. An even more compact electrodeless solid-state PEC cell with a mixed
proton electron conducting membrane was fabricated and operated under a pH
gradient, where the production of hydrogen was confirmed by the gas analysis.

Photoanodes based on drop-cast P25 TiO2 nanoparticles and thermally treat-
ed Ti foils were prepared. Highly organized, anatase TiO2 nanotubes (TNTs)
arrays were synthesized by a well-established 2-step anodization process, fol-
lowed by a 500°C thermal treatment.

For TNT photoanodes, with longer 2nd-step anodization time, the length of
the TNTs increased while their thickness decreased. Without any pretreatment,
long TNTs peeled off spontaneously when drying in the air. However, it was
found that the adhesion force between the TNT layer and the substrate was
strengthened by leaving the electrode in the anodization solution for 1 h after
the anodization process, hence longer TNTs could be grown and tested.

Intrinsic properties of the photoanodes were tested under a 3-electrode con-
figuration. In general, the photocatalytic performance of TNTs was found to
be enhanced with respect to the rest. However, this enhancement was limited,
for instance, by introducing more trapping states.

The simplification of the simulated circuit for Mott-Schottky flatband po-
tential measurements worked well for materials that do not have surface micro-
roughness, such as the P25 drop-cast photoanode. For materials that have a
micro-rough surface, such as the Thermal 500 and all the TNT samples, the
results were influenced by a frequency dispersion effect. However, the relative
positions of their flatband potentials were found to be the same regardless of the
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frequency, that is: φα,TNT5 > φα,TNT20 > φα,TNT30 > φα,T500.
The thermally treated sample exhibited the largest donor density, while that

for the TNT samples decreased with the increasing length of the nanotubes.
This could be a result of a fewer solid/pore volume ratio and fewer oxygen
vacancies as donors for longer TNTs. The changes in free electron density of
different photoanodes under illumination were calculated based on the correla-
tion between the photovoltage and the bulk Fermi level. The results indicate
that the density change is the highest for the thermally treated sample, followed
by the shortest TNT sample, while the longest TNT sample shows the smallest
change.

A robust, compact solid-state PEC (SSP) cell for water splitting was fabri-
cated, and different photoanodes were employed for electrical measurements. In
general, SSP cells employed with TNT photoanodes performed better than the
rest.

Ionic conductivity of the environment around the photoanode was found
to have a significant influence on the overall cell performance, especially for
longer TNTs. When the photoanodes were exposed to deionized water, the SSP
cell with the TNT 5 min photoanode reached the highest photoconversion ef-
ficiency of around 7.5%, which corresponds to near 300 µA/cm2 photocurrent
density. An exposure to a 0.5 M Na2SO4 solution of the photoanodes made
the SSP cell employed with the TNT 30 min perform the best, with the high-
est photoconversion efficiency reaching 12.5%, which corresponds to near 500
µA/cm2 photocurrent density.

Hydrogen detection was carried out by flushing an Ar gas flow through the
cathodic chamber of the SSP cell with the TNT 20 min sample as its photoan-
ode, and a low photocurrent density, ca. 70 µA/cm2, under >20 mW/cm2 il-
lumination intensity was observed in a short circuit condition. This is expected
since the conduction band (expressed as potential) of TiO2 is too close to the
water reduction potential, so the chemical potential difference is not big enough
to efficiently drive the water splitting process spontaneously. With an external
applied bias, the GC results confirmed the concept of producing hydrogen.

A Nafion®-C-paper integrated membrane was prepared as the solid-state pro-
ton-electron mixed conducting membrane (solid-state MCM). A more compact
and robust SSP cell without an external circuit was fabricated based on that
solid-state MCM. A basic solution was introduced to the anodic chamber in
order to elevate the conduction band edge of the photoanode to enlarge the
chemical potential difference.
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The GC results showed a small hydrogen peak, which confirmed the con-
cept of producing hydrogen from water splitting by such a compact SSP cell.
Nevertheless, due to the carbon corrosion by the basic solution introduced into
the anodic chamber, a methane production was also detected from the gas anal-
ysis by GC. This is consistent with the fact that the conversion of CO2−

3 /CH4

is more energetically favorable than that for H+/H2, and a basic solution may
facilitate the former conversion process.

All in all, the work leading up to this thesis has demonstrated photoelec-
trochemical water splitting based on a solid-state electrolyte and novel titania
nanotube photoanodes, and the concept of a similar cell in which the external
circuit is replaced by an integrated electron conduction path in a novel mixed
proton electron conducting membrane.





Chapter 6

Outlook

6.1 TNT Grown on C-paper
In Fig. 6.1, the TiO2 coated carbon paper is presented. From the inset, it ap-
pears that a thin layer is coated on the carbon fiber. Composition analysis of the
layer is presented in Fig. 6.2, where it can be seen that both Ti and O elements

Figure 6.1: TiO2 coated carbon paper.

are present in the coating, while in the peeled-off region, only the C element
coming from the carbon fiber can be identified. Although it is obvious that Ti
sputtered on the carbon fibers are successfully oxidized by the 1-step anodiza-
tion, it seems that no highly organized Titania nanotubes have been obtained,
except for some oxide clusters. However, the photocatalytic property of such a
material is interesting and worthy to have a further look. Since the oxide layer
is extremely thin, the charge separation process may have the similar mecha-
nism as the nanocrystalline, which is introduced as the "random walk" model
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Figure 6.2: Analysis of the element from the coating on the carbon fiber, by
EDX.

in chapter 2.
However, because of the large surface area attributed to the carbon fibers,

the reaction sites of such a photoanode may experience a big increase than the
TiO2 nanocrystalline photoanodes prepared by other methods, e.g., deep coat-
ing, drop casting, etc. Thus, an enhancement of the photo-to-current perfor-
mance could be expected for such a material.

Furthermore, because of the porous structure of the carbon substrate, pro-
tons generated by the oxidation half reaction can easily penetrate through the
anode, so it is also reasonable to expect an impedance drop coming from a better
proton transfer process, which may lead to a photocurrent increase.

6.2 Type 2 Cell with Photocathode
In Section 4.3.2, in order to enlarge the potential difference (energy level gap)
between the conduction band of the TiO2 photoanode and the chemical poten-
tial of reaction 4.9, a pH gradient is established for the purpose of providing
an external assistance. However, this scenario requires a continuous basic (or
acidic) solution compensation, since the pH gradient will shrink when the cell
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keeps running. Furthermore, introducing basic solution into the anodic cham-
ber will lead to corrosion of not only the carbon, as described in Section 4.3.2,
but also the glass material, which is widely used in PEC cells to make the trans-
parent containers.

An upgrade of the Type 2 cell may solve the problems mentioned above and
provide more STH efficiency, as seen in Fig. 6.3a.

(a) An upgrade of Type 2 SSP (solid-state PEC)
Cell with duo photoabsorbers

(b) Band diagram, charge transfer and chemical
reactions of upgraded Type 2 SSP cell with duo
photoabsorbers; MCM stands for the (proton-
electron) mixed conducting membrane

Figure 6.3: Schematic of Type 2 cell employed with a photocathode, which is a
p-type semiconductor, and a photoanode, which is an n-type semiconductor.

The Pt-C cathode is replaced by a p-type semiconductor, hence the cell has
two photoabsorbers. In Fig. 6.3a, two mirrors are placed at a certain angle so
that both sides of the device can be illuminated.

Its operating mechanism is illustrated in Fig. 6.3b, where the band diagram
is integrated with the charge transfer process and the chemical reactions. With
the presence of a liquid phase (e.g. H2O) in both anodic and cathodic chamber,
band bending will take place and both photoelectrodes enter into the depletion
situation, as described in Section 2.2.3. For instance, in the photoanode, it
is the electrons that are depleted close to the surface, so the bands are bent
upwards, while in the photocathode, it is the holes that are depleted hence the
bands are bent downwards. Consequently, when both of the photoelectrodes
are illuminated, based on the theory introduced in chapter 2, charge transfer
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processes may take place. First, in the photoanode, holes will move to the
surface to oxidize water, while electrons move backwards to the bulk; on the
contrary, the holes in the photocathode will move to the bulk, and the excited
electrons will drift towards the surface to take part in the hydrogen reduction
reaction; the electrons coming from the conduction band of the photoanode
most probably travel through the solid-state MCM and recombine with the
holes coming from the valence band of the photocathode.

In the original configuration of the Type 2 cell, direct thermodynamic power
(electrons and holes) for both reduction and oxidation half reactions are pro-
vided exclusively by the photoanode. So the conduction band and valence band
edges of the photoanode should straddle the water oxidation and reduction po-
tentials, which limits the option range of materials and also the overall light
absorption efficiency.

One obvious benefit of the configuration described in Fig. 6.3 is that the
thermodynamic energy source is divided into each electrode, thus the require-
ments of the bands edges are also distributed into each electrode. This means,
for the photoanode, only its valence band is strictly required to be lower (more
positive expressed as potential) than the chemical potential of the oxidation half
reaction, and for the photocathode, only its conduction band is required to be
higher (more negative) than the chemical potential of the reduction half reac-
tion, as seen in Fig. 6.3b. In addition, the conduction band of the photoanode
should also be higher than the valence band of the photocathode, so that there
is enough chemical potential difference to drive the recombination process be-
tween the photoanode and the photocathode.

Another benefit is that the bandgap of each electrode can be considerably
reduced, which may correspond to a substantial increase of the photo absorp-
tion efficiency (more visible light absorption) and also the STH efficiency. The
STH efficiency could be further increased if the photocathode can be coupled
with some hydrogen evolution catalyst, such as Pt-C.

One possible example of such a PEC cell system can have a configuration as
follows (according to the bands edges provided in Fig. 2.19):

p−GaAs/MCM/n−GaInP2, (6.1)

where the donor doped GaInP2 (bandgap ca. 1.87 eV1) is the photoanode and
the acceptor doped GaAs (bandgap ca. 1.43 eV1) is the photocathode.

1Data collected from Semiconductor Band Gaps, HyperPhysics
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