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Chapter 1 Introduction

1.1 New energy: hydrogen

1.1.1 World energy outlook

Fossil fuels have been widely used as the most important energy sources since

the beginning of industrial revolution. In 1901, oil companies found a huge amount of

oil in Spindeltop, which made it possible to consume large quantities of oil [1]. The

economic expansion started from the end of the Second World War also promoted the

demand of oil and oil products. To date, global oil demand still on the rise. For

example, in 2014, the world oil demand was 92.4 million barrels, and this number is

estimated to be 99.1 in 2020 [2]. As the second most important fossil fuel, coal

accounted for 30% global primary energy consumption, and 40% of global power

generation relied on this fuel [3]. Natural gas is the number three fuel, representing a

22% share in power generation [4]. However, the three main fossil fuels were formed

millions years ago from dead plants and animals, which means they are finite and

nonrenewable, and the exhaustion of fossil fuels is only a matter of time. It has been

estimated that oil will be run out in 2052, and the gas will be exhausted in 2060, and

after 2088, the coal will no longer existed in the earth [5]. On the other hand, CO2

emission from the fossil fuel is another challenge for our future. It is known that the

increasing CO2 concentration is the main reason of the global warming, which will

lead to the global climate change, redistribution of global precipitation, permafrost

ablation and sea level rise. Therefore, the search for the new, clean, sustainable and

renewable energy is indispensable for our future.

Nowadays, several promising renewable energy sources such as solar energy,

wind energy, geothermal energy and hydroelectric energy have been developed
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widely. According to the statistics, 23.7% of the worldwide electricity generation and

19.2% of the global energy consumption was come from renewable energy sources in

2014 and 2015. It has been estimated that in 2040, the global power generation from

renewable energy sources will be equal to coal and natural gas electricity generation

[6]. However, solar energy and wind energy can not produce energy all the time, so it

is necessary to transfer and delivery the energy by using the energy carrier. An energy

carrier is a substance (energy form) or sometimes a phenomenon (energy system) that

contains energy that can be later converted to other forms such as mechanical work or

heat or to operate chemical or physical processes [7]. Hydrogen is an increasingly

important energy carrier, it could be produced from the renewable energy and

converted to electricity. For example, in a fuel cell vehicle, the power was provided

by the chemical reaction between the oxygen from the air and compressed hydrogen,

and the byproduct is only heat and water. In 2016, there are three hydrogen fuel cell

vehicle (FCV) came out: the Toyota Mirai, the Hyundai ix35 FCEV, and the Honda

Clarity.

1.1.2 Photoelectrochemical (PEC) hydrogen production

As a future energy, hydrogen is clean and zero emission, but the traditional

method to produce energy is not environmentally friendly. Currently the most used

technology for hydrogen production is steam reforming from fossil fuels, in 2014,

95% of hydrogen is made from natural gas [8]. Therefore, a clean hydrogen

production method is desirable to meet the increasing needs of future hydrogen

energy.

Solar water splitting is a new promising technology which could produce

hydrogen using only sunlight and water. The concept of solar water splitting was first

demonstrated by Fujishima and Honda in1972 [9], as shown in Fig. 1.1.
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Fig. 1.1 Principle of solar water splitting.

The anode in a solar water splitting system can be a semiconductor material with

a suitable band gap, while the cathode can be a metallic material. Both the anode and

cathode are placed in water or an electrolyte solution. When the photoanode is

illuminated by sunlight, the photons with an energy larger than the band gap of the

semiconductor will excite the electrons from the valence band to the conduction band.

The excited electrons will then move to the cathode and react with the electrolyte

solution to produce hydrogen, and the reaction at cathode and anode could be

summarized as the following equations:

222 HeH   (1.1)

and

  e4H4OOH2 22 . (1.2)
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1.2 Semiconductor materials for PEC water splitting

1.2.1 Requirements for materials

There are some requirements for the semiconductor materials used for the

working electrode in a PEC water splitting system. First requirement is the band gap

of semiconductor materials. There is a minimum energy which is required to excite an

electron from the valence band to the conduction band. When the semiconductor

materials illuminated by the light which has a larger energy than the band gap of

semiconductor materials, electrons will be excited from the valence band to the

conduction band. The relationship between the band gap and the absorbable light

wave length could be calculated by the following equation:


hchfE 

,
(1.3)

where E is the minimal increment of energy, h is the Planck constant, and f is the

frequency. Comparing to the solar spectrum as shown in Fig. 1.2, the sunlight is

consisted of 2% ultraviolet, 47% visible (corresponding wavelength of 380-780 nm) and

51% infrared [10].
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Fig. 1.2 Solar spectrum.

From the view of light absorption efficiency, the suitable material should absorb

the wavelength of light over 400nm, which means the maximum band gap should be

lower than 3.1 eV. On the other hand, the minimum band gap is determined by the

redox potentials to split water molecules. The bottom level of the conduction band

have to be more negative than the redox potential of H+/H2 (0 V vs. normal hydrogen

electrode), while the top level of the valence band have to be more positive than the

redox potential of O2/H2O (1.23 V). However, when considering the thermodynamic

energy losses (0.3-0.4 eV) occurring during charge carrier transportation and the

overpotential requirement for acceptable surface reaction kinetics (0.4-0.6 eV), a

minimum band-gap of 1.93 eV is required, corresponding to light absorption at 700

nm. Therefore, semiconductors must have a band gap larger than 1.93 eV with

suitable levels of conduction band and valence band for water splitting [11]. As a

conclusion, the band gap of semiconductor materials used for solar water splitting

should be higher than 1.93 eV to splitting water and lower than 3.1 eV to absorb more

sunlight. Figure 1.3 shows the band gaps and band positions of typical n-type and

p-type semiconductors utilized for PEC water splitting at pH =0. It should be
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mentioned that the band positions of semiconductors are depending on the pH value

of the electrolyte, the band positions changes by -59 mV per unit pH at 25 oC [12].

The second requirement for the materials is the stability against photocorrosion.

Photocorrosion happens on most semiconductor materials, it means the photo

generated holes from the semiconductor materials oxidize itself when illuminated by

the light. Photocorrosion will dissolve the semiconductor materials or form a thin

oxide film on the surface to block the charge transfer happened on the

semiconductor/electrolyte interface [13]. Semiconductor materials with the wide band

gap is considered to be stable against the photo corrosion, and the candidates with the

narrow band gap are not suitable for this requirement, such as the ZnO [14-18].

However, this is opposite to the requirement of light absorption. Some candidate

materials could find a balance such as TiO2 [19-25] and SnO2 [26-28], which show the

excellent stability over a wide range of pH values and applied potentials. The third

requirement is the fast transport of the photo generated electrons and holes in the

semiconductor [29], which is helpful to reduce the electron/hole recombination in the

materials. The forth requirement is the low overpotentials for the electrode reactions,

and the fifth requirement is low cost [30].

Fig. 1.3 Band positions of semiconductor materials [12].
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1.2.2 Candidates materials

Although we have listed the requirements of the semiconductor materials used

for the PEC water splitting in the last section, but until now there is no material could

meet all the requirements. However, some materials have been widely studied as the

working electrode in solar water splitting system due to the great potential according

to the theoretical maximum solar to hydrogen efficiency (STH). For example, as

photoanode materials, Fe2O3 [31-40] with the theoretical maximum STH efficiency of

15.3% [41], WO3 [42-45] with the theoretical maximum STH efficiency of 7.5% [41],

BiVO4 [46-49] with the theoretical maximum STH efficiency of 9.2% [41], and TiO2

[50-57] with the theoretical maximum STH efficiency of 2.0% [41] have been

reported. On the other hand, as shown in Fig. 1.3, the conduction band positions of

p-type semiconductors such as cuprous oxide (Cu2O) and Si are more negative than

the redox potential of H+/H2, and thus they can be employed as photocathodes for

proton reduction. However, in most cases of their application is still limited, due to

their facile cathodic photocorrosion in solution [58,59].

Among these materials, Fe2O3 could satisfy most of requirements, such as a

suitable band gap of 2.1 eV, and the excellent stability against photo corrosion under

alkaline conditions. Iron is also the fourth most common element on Earth (6.3% by

weight) [60]. However, on the other hand, some disadvantages limit the solar to

hydrogen efficiency of Fe2O3. These disadvantages include a very short excited-state

lifetime, a short hole diffusion length of 2-4 nm [31], and poor electrical conductivity.

1.3 Fe2O3 photoanode for PEC cell

In order to overcome the disadvantages of Fe2O3, two popular strategies have

been widely studied. One strategy is to dope another material on to Fe2O3, which

could improve the electron transport ability [61], and alter the band gap [62]. Another

strategy is the fabrication of nanostructured Fe2O3 photoanode, such as nanowire,
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nanoparticle and nanotube to improve the photoelectrochemical performance.

1.3.1 Doped Fe2O3 photoanode

Usually, the doping materials on Fe2O3 photoanode can be classified as the

following three categories: for metal element doping, n-type dopants are represented

such as Ti4+ [63-67], Pt4+ [68-70], and Sn4+ [71-76]. P-type dopants include Mg2+ [77,

78], Ag+ [79], Cu2+ [80], and there is also nonisovalent substitutional doping using

Al3+ [81]. Studies on non-metal element doping are dominated with Si [82-85] and P

[86], which give superior activity.

1.3.2 Fe2O3 nanostructured photoanode

Compared with a bulk material, a nanostructured material could provide a

significant enlargement of the material surface area, which could increase the

absorption of sunlight and the contact surface between the photoanode and the

electrolyte [87]. A nanostructure is also helpful in overcoming the short hole diffusion

length of Fe2O3 because it could reduce the necessary path length of the electron

transport [88], as shown in Fig. 1.4.

Some studies on the Fe2O3 nanostructures have been reported. For example,

Gurudayal et al. reported a hematite nanorod photoanode with a photocurrent of 0.45

mA/cm2 at 1.23 V vs. a reversible hydrogen electrode (RHE) [89]; Sivula et al.

reported an Fe2O3 nanoparticle photoanode with a photocurrent of 0.56 mA/cm2 at

1.23 V vs. RHE [90]; and Momeni et al. fabricated a Fe2O3 nanotube photoanode

having a photocurrent of 0.35 mA/cm2 at 1.23 V vs. RHE [91].
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Fig. 1.4 Comparison of bulk material, nanopartical and nanowire structures.

Compared to other nanostructures, a nanowire array could provide a larger

surface area because of the high aspect ratio, which could not only absorb more light

than other nanostructures (e.g., nanorods, nanoparticles, and nanotubes), but also

increase the photoelectrode/electrolyte interface area, thereby enhancing the chemical

reaction of water splitting. Meanwhile, the nanowire structure could reduce the

diffusion distance of photogenerated minority carriers from the center to the nanowire

surface because of the small diameter. Therefore, photogenerated electron–hole pairs

could efficiently separate before recombination in the nanowire structure, which could

eventually increase the solar water splitting efficiency.

However, there are few literatures regarding to the studies of Fe2O3 nanowire

array used for water splitting. Frites et al. have reported a Fe2O3 nanowire films with

the maximum photo conversion efficiency of 1.69% at higher applied potential of

-0.50 V vs. the saturated calomel electrode [92]. Sabina reported a Fe2O3 nanowire

array with the the photocurrent of 0.5 mA/cm2 at 1.23 V vs. RHE [93]. It is

considered that the reason of poor photoelectrochemical performance could be the due

to low density of nanowire array and the the growth direction of the nanowires is not

vertical.
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1.4 Research objectives

In this study, we aimed at improving the photoelectrochemical performance of

photoanode by introducing Fe2O3 nanowire array. The growth mechanisms of both

poly crystalline and single-crystalline Fe2O3 nanowire array will also been

investigated in this work. Hence, the present study is intended to be carried out

through the following objectives:

1) Fabrication of the high density Fe2O3 nanowire array

It is believed that the length, diameter and density of Fe2O3 nanowire arrays are

key factors to affect the PEC efficiency of water splitting, therefore it is necessary to

investigate the effect of nanowire parameters on the PEC performance. The first

objective of this research is to fabricate the high density Fe2O3 nanowire array. In

order to achieve this goal, the water vapor environment will be introduced in the

fabrication process, which is believed to be able to increase the PEC efficiency of

water splitting.

2) Fabrication of the single-crystal high density Fe2O3 nanowire array

single-crystal structure could reduce the recombination of photogenerated

electrons and holes when the semiconductor is illuminated. The second goal of this

research is to fabricate high density single-crystal Fe2O3 nanowire array, which is

believed to be able to improve the PEC efficiency compared to the polycrystalline

nanostructures.

3) Surface modification of single-crystal Fe2O3 nanowire array

There are two strategies which could improve the PEC efficiency theoretically,

first is the nanostructuring, and the second is surface modification. After the high

density single-crystal Fe2O3 nanowire array is achieved, the effect of doping other

materials on the Fe2O3 nanowire photoanode will be investigated. The third goal of

this research is to improve the PEC efficiency of high density single-crystal Fe2O3

nanowire array photoanode by making the surface modification.

4) Mechanism investigation of Fe2O3 nanowire growth
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Since a new fabrication method has been introduced to fabricate Fe2O3 nanowire

array in this study, it is necessary to clarify the mechanism of the nanowire growth.

1.5 Thesis organization

In this thesis, the author aimed at the importance of the PEC efficiency of water

splitting by using Fe2O3 nanowire array. Two Fe2O3 fabrication methods have been

demonstrated in this thesis, and the growth mechanisms of these two methods have

also been studied. In order to improve the PEC efficiency, the relationship between

the density and dimension of nanowires and the PEC performance has been

investigated, and the surface modification by doping several materials on the surface

of Fe2O3 nanowire array photoanode has also been carried out.

Chapter 1 introduces the background of this research, which includes: 1. why the

clean sustainable hydrogen production method is necessary; 2. the advantage of solar

water splitting; 3. several suitable materials for water splitting; 4. the current research

of the Fe2O3 photoanode used for solar water splitting.

Chapter 2 describes the experimental approaches and several principles in this

study. In this chapter, the original methods to evaluate the nanowire array, and the

original design of the photoanode structure have been introduced in detail. The

evaluation method of water splitting and the proposed mechanism of nanowire growth

have also been described in this chapter.

Chapter 3 presents the fabrication method of high density Fe2O3 nanowire arrays.

Several experimental conditions, such as heating time, heating temperature, and the

volume of water vapor have been investigated in this chapter. The PEC efficiency of

the fabricated Fe2O3 nanowire array photoanode has been measured.

Chapter 4 reports a fabrication method to obtain the high density single-crystal

Fe2O3 nanowire array. The effect of surface roughness and residual stress have been

discussed in this study. The PEC performance of high density single-crystal Fe2O3

nanowire array have been studied.
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Chapter 5 compares the effect of different dopants on Fe2O3 nanowire

photoanode. The optimized experimental conditions of each material have been

investigated.

Chapter 6 is the conclusion of this thesis.
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Chapter 2 Experimental approach and

principles

2.1 Fabrication methods of Fe2O3 nanowire arrays

Several fabrication methods of Fe2O3 nanowire arrays have been reported

recently [1-6]. Electrochemical deposition method is a popular method to fabricate

nanowires [7-11]. In this method, anodic aluminium oxide (AAO) templates were

used to form the nanowire or nanorod structure under the effect of electrochemical

deposition, then removed the AAO template by using NaOH solution. For example,

Mao et al. reported a work using this method to grow Fe2O3 nanorod on a Au nanorod

substrate [12]. Vapor phase deposition method is another method to obtain Fe2O3

nanostructures [13-20], it includes physical vapor evaporation, chemical vapor

deposition (CVD), atomic layer deposition, and reactive sputtering [21]. Chueh et al.

has reported chemical vapor deposition method to obtain the aligned and uniform

Fe2O3 nanowire array [22]. Solution based method can also be used to fabricate the

Fe2O3 nanowires [23, 24]. For example, Ling et al. used hydrothemal method to

synthesis the Fe2O3 nanowires and nanocorals [25]. Stress-induced atomic diffusion

(SAD) is the also an important approach for the synthesis of Fe2O3 nanowire, since it

could obtain the Fe2O3 nanowire array directly [26, 27]. Also this method could

control the morphologies of Fe2O3 nanowires by simply changing the experiment

parameters.

In this study, one of the research objectives is to find the optimize parameters of

Fe2O3 nanowire array for solar water splitting application, therefore SAD method was

used to fabricated Fe2O3 nanowire arrays. However, normally the density of Fe2O3

nanowire arrays fabricated based on this method is very low [26, 27], which cannot
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satisfy the requirement of solar water splitting. In this study, water vapor environment

and surface polishing treatment were introduced to improve SAD in order to increase

the density of nanowires.

2.2 Evaluation methods of nanowire arrays

In order to find the optimized parameters of Fe2O3 nanowire array for water

splitting application, the density, diameter and length of nanowire array were

investigated in this study. In this section, the evaluation method of Fe2O3 nanowire

arrays is described.

2.2.1 Density evaluation method

Figure 2.1 shows the evaluation method of nanowire array density in this study.

First, the SEM image was divided to small square area with each side of 1 μm by the

image processing software. Then several nonadjacent areas were chosen and the

number of nanowires in each area was counted. After that the average density of all

three area was calculated.
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Fig. 2.1 Density evaluation by Gwyddion

2.2.2 Length evaluation method

The nanowire length will effect the light absorption and electron transfer path of

the Fe2O3 nanowire array photoanode. In this study, we used a software of image

processing (Gwyddion) to analyze the SEM image, as shown in Fig. 2.2. First, several

nanowires were chosen randomly, then the length of each nanowire was measured by

the software. After that all the length data has been collected and calculated to obtain

the average length.
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Fig. 2.2 Length evaluation by Gwyddion

2.2.3 Diameter evaluation method

The statistic of diameter has also been measured by using the same software, as

shown in Fig. 2.3. It should be mentioned that since sometime the shape of nanowire

is like a long triangle or oblong oval, the width from the middle part of the nanowire

will be collected as the diameter. After that the average length was calculated from

the collected data.
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Fig. 2.3 Diameter evaluation by Gwyddion

2.3 Photoelectrochemical performance evaluation method

2.3.1 Design of the photoelectrode structure

In this study, the substrate of Fe2O3 nanowire array photoanode is iron plate.

Since the structure of photoanode will effect the photoelectrochemical performance

greatly, it is necessary to design an optimize structure of photoanode. For PEC

measurements, such as the photocurrent measurement and the IPCE measurement,

there is a basic requirement for the photoanode that only the semiconductor surface to

be exposed to the light source and electrolyte. The procedures of how to assemble the

Fe2O3 nanowire array photoanode are as follows.
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1) Half of the side with the Fe2O3 nanowire array was polished with the sand

paper until the pure iron inside the iron substrate was exposed, as shown in

Fig. 2.4;

Fig. 2.4 First step of the photoanode assembling.

2) A copper wire with the diameter of 0.25 μm was polished to remove the

oxide layer that may exist on the surface, and conducted with the Fe2O3

nanowire array at the polished part; a carbon tape was used to fixed the

copper wire on the substrate, as shown in Fig .2.5.

Fig. 2.5 Photoanode contact with the Cu wire.

3) After that a non-conductive adhesive was applied on the surface of carbon

tape and copper wire to ensure that the conductive part will not contact with

electrolyte.

4) After the assembling, the photoanode was put into an oven at 70 oC, until the

adhesive dried.
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2.3.2 Photocurrent density measurement

Photocurrent is an electric current produced by the photovoltaic effect from the

photocatalyst, it can be determined by comparing the dark current and light current at

the potential versus reference electrode. Photocurrent measurement was carried out

using a three-electrode system, as shown in Fig. 2.6. The fabricated Fe2O3 nanowire

array is used as the photoanode, the cathode is a Pt wire with a diameter of 0.05 mm,

and Ag/AgCl is used as the reference electrode. These three electrodes were placed in

a 1 mol/L NaOH solution. The light source is a quartz halogen fiber optic illuminator

(Fiber-Lite PL800), the spectrum of the light source was measured as shown in Fig.

2.7, and the optical power density was measured to be 154 mW/cm2 by a power meter

(COHERENT LM-10).

Fig. 2.6 Schematic of the three-electrode measurement system.
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Fig. 2.7 Spectrum of the halogen light used in photocurrent density measurement.

2.3.3 IPCE measurements

The incident photon to electron conversion efficiency (IPCE) is another

important parameter for the photocatalyst. The integration of the IPCE values over the

AM 1.5G solar spectrum can provide the estimated maximum solar to hydrogen

efficiency (STH) when they are measured under zero bias potential between the

working and the counter electrodes. It can be measured from the photocurrent

generated form monochromatic light. The definition of IPCE is shown in equation

2.1.

100%
)()(

)1240()(
/s)photons(
/s)electrons(IPCE 






nmλmW/cmP
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2

2
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2

2

, (2.1)

where Jphoto is the photocurrent density measured at the single wavelength light; P is

the incident power density of light; λ is the wavelength of incident light. The number
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1240 is the unit conversion factor (eV nm) from the product of the Plank constant and

the speed of light. From the IPCE spectrum, an estimation of the total photocurrent

under AM1.5 illumination can be obtained by integration over all the IPCE values for

each wavelength through an important underlying assumption that there is a linear

relationship between the monochromatic photocurrent and the light intensity.

IPCE measurements were performed using a Xe lamp with the single-wavelength

filters from 400nm to 650nm. The light energy of the incident light from the lamp was

measured with a power meter (COHERENT LM-10). All IPCE measurements were

carried out with the applied bias of 0.234 V versus Ag/AgCl reference electrode (1.23

V vs. RHE).

2.3.4 Stability test

Photocorrosion in aqueous environment is one of the most significant obstacles

to the widespread deployment of semiconductor materials as PEC devices for solar

hydrogen production. The photogenerated holes and electrons in semiconductor

electrodes are generally characterized by strong oxidizing and reducing potentials. In

this study, in order to understand the stability of Fe2O3 nanowire array photoanode, a

chopped light was used to measure the photo response during the light on and off

situation.

2.4 Growth mechanism of Fe2O3 nanowire array

Stress induced atomic diffusion method can be divided into two ways to fabricate

nanowires. One is thermal expansion method used to fabricated metallic nanowires

such as Al [28], Ag[29] and Bi[30]. In this case, a metallic film and Si substrate

structure is necessary. Due to the difference of thermal expansion coefficients,

different expansions will introduce stress and stress gradient in the materials which

will lead to atoms diffusion, thereby results the formation of nanowires, where the
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nanowires grow from their tip [31]. The another is thermal oxidation method used to

fabricate metal oxide nanowires such as CuO, ZnO and Fe2O3. In this case, only a

metal plate is necessary. When a metal plate is heated in the air, an oxide layer will be

formed at the top surface of the plate. Due to the molar volumes difference between

the oxide layer and the plate, different volume expansions will occur in the two

materials. Therefore, stress and stress gradient are induced. Thus, atoms diffusion will

occur and the nanowires will be formed, where the nanowires grow from their base.

The growth mechanism of Fe2O3 nanowires is described in detail as follows.

During the heating process, the top surface of the iron plate will be oxidized into

Fe2O3, thus a two layer structure will be formed as shown in Fig. 2.8. The Fe2O3 layer

suffered the compressive stress x，y(= x) generated in the Fe2O3/Fe interface due to

the difference of volume expansion. Therefore, the compression hydrostatic stress 

[(x+y+z)/3, and z = 0 ] is generated. Here, a rectangular coordinate system (x, y,

z) is chosen where z is perpendicular to the top surface of the oxide layer. Because the

top surface of the oxidized layer (Fe2O3 layer) is not restrained, the absolute value of

compression hydrostatic stress at the top surface is smaller than that at the Fe2O3/Fe

interface.

On the other hand, the top surface of Fe layer at the Fe2O3/Fe interface suffered

the tensile stress due to the expansion of Fe2O3 layer. Because the bottom surface of

Fe layer is not restrained, the tensile stress at the bottom surface of Fe layer is smaller

than that at the Fe2O3/Fe interface. Therefore, the Fe atoms inside the Fe layer will

diffuse along the direction from bottom surface to the Fe2O3/Fe interface.

Since the stress x and y are not continuous at the interface of Fe2O3/Fe, i.e.

tensile in Fe and compressive in Fe2O3, the hydrostatic stress is discontinuity at the

interface. After the Fe atoms diffuse into the Fe2O3 layer, they will continuously

diffuse from the bottom to the top surface of Fe2O3 layer, as shown in Fig. 2.8.
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Fig. 2.8 Schematic illustrations of hydrostatic stress distribution in the two layers for

explaining stress induced diffusion of Fe atoms.

Since the distribution of the hydrostatic stress,  is homogeneous in the x-y

plane, the distribution of hydrostatic stress in the z direction results a stress gradient,

grad, having a direction from the bottom of Fe plate to the top surface of Fe2O3 (+z

direction). The hydrostatic stress and its gradient can be considered to be the main

factors to affect the diffusion of Fe atoms, which can be described by the following

equation [32]:

where J is the atomic flux, N the atomic concentration, Ω the atomic volume, k the

Boltzmann’s constant, T the absolute temperature, D0 the self-diffusion coefficient,

and Q the activation energy [33]. In this equation, grad can be considered as the

driving force for the atoms diffusion, and the atomic flux has the same direction as

grad.

 grad ])(-[ exp0

kT
Q-Ω

kT
DNΩJ  , (2.2)
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Chapter 3 Fabrication of high density Fe2O3

nanowire array and its

photoelectrochemical properties

3.1 Introduction

In last chapter, we have mentioned that there are several methods to synthesis

Fe2O3 nanowire arrays. By using the SAD method, Fe2O3 nanowire arrays can be

obtained by heating a high-purity iron substrate under ambient conditions, which is a

simple and low-cost method. However, because the density of such nanowire arrays

fabricated by traditional method is not high enough, they are unfavorable for solar

water splitting. In this chapter, a new method is proposed to synthesize high-density

Fe2O3 nanowire arrays on an iron plate, under low-temperature conditions used for

solar water splitting. In the presence of water vapor, surface oxidation was promoted

during the heating process, thereby enhancing the driving force induced by stress

gradient due to the expansion of the oxidation layer. Consequently, it is possible to

fabricate high-density Fe2O3 nanowire arrays at a relatively low temperature (450 oC)

compared to that used in the traditional method (500-800 oC) [1, 2].

3.2 Fabrication of high density Fe2O3 nanowire arrays

3.2.1 Sample preparation

Commercial iron plate with the purity of 99.95% was used as the substrate for
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the nanowire fabrication. The thickness of the iron plate is 0.1 mm and the size of

each substrate is 10 mm × 10 mm, as shown in Fig. 3.1. All the samples was cleaned

by the ultrasonic cleaner (AS ONE ASU-2D) before experiment.

Fig. 3.1 Size of the iron plate.

3.2.2 Experimental conditions

The iron plate was heated by a ceramic heater in the atmosphere of water vapor.

In order to find the best conditions for the nanowire array fabrication, some key

parameters are investigated, which include the heating temperature, heating time,

water vapor volume, and the duration of heating.

Heating temperature was set between 250 and 700 oC, as shown in Table 3.1. A

humidifier was used to provide the water vapor condition, with a gas flow rate

ranging from 0.2 L/h to 1.25 L/h, as shown in Table 3.2. Heating time of the iron plate

on the ceramic heater was set to 30, 60, and 90 min, respectively, as shown in Table

3.3. After the fabrication, all the samples were analyzed by scanning electron

microscopy (SEM, JSM-7000FK) and X-ray diffraction (XRD).
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Table 3.1 Experimental conditions: Different heating temperatures.

No. Heating time

(min)

Temperature

(oC)

Water vapor volume

(L/h)

1

90

250

0.2

2 350

3 450

4 500

5 600

6 700

Table 3.3 Experimental conditions: Different heating times.

No. Heating time

(min)

Heating temperature

(oC)

Water vapor volume

(L/h)

10 30

450 0.211 60

12 90

Table 3.2 Experimental conditions: Different water vapor volumes.

No. Heating time

(min)

Heating temperature

(oC)

Water vapor volume

(L/h)

7

90 450

0.2

8 1

9 1.25
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3.3 Evaluations

3.3.1 Morphology of high density Fe2O3 nanowire array

Figure 3.2 to 3. 7 show the SEM images of the nanowire arrays fabricated at

different heating temperatures under the conditions shown in Table 3.1. It can be

inferred from the SEM images that the morphologies of the nanowires are different

under different temperatures, besides the density, length, and diameters of the

nanowires. The nanowires heated at 350, 450, and 500 oC (Fig. 3.3 to Fig. 3.5) are

cone-shaped and those heated at 600 oC (Fig. 3.6) and 700 oC (Fig. 3.7) are

wire-shaped. Similar morphologies are observed for a given temperature, indicating

that the heating temperature affects the morphology of the nanowire.

Fig. 3.2 Nanowire arrays heated at 250 oC.
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Fig. 3.3 Nanowire arrays heated at 350 oC.

Fig. 3.4 Nanowire arrays heated at 450 oC.
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Fig. 3.5 Nanowire arrays heated at 500 oC.

Fig. 3.6 Nanowire arrays heated at 600 oC.
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Fig. 3.7 Nanowire arrays heated at 700 oC.

The density of the nanowires is a key factor affecting the efficiency of the

solar-hydrogen energy cycle. A comparison of the density of the nanowire arrays

fabricated at different temperatures is shown in Fig. 3.8. The largest density of 14.3

wire/μm2 is achieved for the sample heated at 450 oC. When the iron plate was heated

at 250 oC, only a small quantity of the nanowires could be observed on the sample

surface. With the increase in the heating temperature, the density of the nanowire

array increased up to 450 oC. However, it decreased for temperatures above 450 oC.

The density is only 1 wire/μm2 at 700 oC.
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Fig. 3.8 Density statistic of the Fe2O3 nanowires obtained at different temperatures.

The length and diameter statistics of the nanowires obtained at different

temperatures are shown in Figs. 3.9 and 3.10, respectively. With the increase in the

heating temperature, the average length of the nanowires increased, and the longest

nanowires of 9.98 μm average lengths were obtained at 700 oC. Figure 3.10 shows the

diameter statistic of the nanowires fabricated at different temperatures. Diameters of

the nanowires are also considered as an important factor affecting the efficiency of

solar to hydrogen energy conversion; nanowires with larger diameters could absorb

more light than those with small diameters, which could eventually improve the

conversion efficiency. Unlike the variation in the average length, the average diameter

of the nanowires decreases with the increase in heating temperature. The largest

average diameter of 300 nm was obtained for nanowires fabricated at 250 oC.
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Fig. 3.9 Length statistic of the Fe2O3 nanowires obtained at different temperatures.

Fig. 3.10 Diameter statistic of the Fe2O3 nanowires obtained at different temperatures.

The cross section of the fabricated sample has also observed by using the
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FESEM, as shown in Fig. 3.11. Three layers can be easily observed from the SEM

image, which include the nanowire layer, the oxide layer and the iron layer. The shape

of nanowires looks like grass (see Fig. 3.3), which indicated that nanowires grew from

the top of themselves with the precipitation of diffused Fe atoms and their oxidation.

Fig. 3.11 SEM cross section observation of the Fe2O3 nanowire sample.



3. Fabrication of high density Fe2O3 nanowire array and its photoelectrochemical properties

47

3.3.2 Water vapor effect on nanowire growth

The effect of the water vapor volume on the nanowire growth was also

investigated in this study. The volume of the water vapor was set to be 0.2, 1, and

1.25 L/h, respectively, as shown in Table 3.2. From the SEM images shown in Fig.

3.12, it can be easily observed that the density of the nanowires decreased with an

increase in the water vapor volume.

Fig. 3.12 SEM micrographs of the Fe2O3 nanowire arrays for samples heated at

450 °C with different water vapor volumes: (a) 0.2; (b) 1; and (c) 1.25 L/h.

3.3.3 Heating time effect on nanowire growth

Figure 3.13 shows the results of the iron samples heated for 30, 60, and 90 min,

respectively, under the conditions listed in Table 3.3.

When the sample was heated for a very short duration, some weak spots were

generated on the iron plate surface, without any nanowire growth (Fig. 3.13(a)). In the

Fig. 3.13 SEM micrographs of the Fe2O3 nanowire arrays fabricated at 450 °C for

different heating durations: (a) 30; (b) 60; and (c) 90 min.

a b c

a b c
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sample heated for 60 min (Fig. 3.13(b)), nanowires were formed, but with very

different lengths and the density was lower than that of the sample heated for 90 min,

as shown in Fig. 3.13(c). The nanowires had the highest density when the sample was

heated for 90 min. The experiments were also carried out with longer heating times,

120 and 150 min, but this did not increase the density of the nanowire array.

3.3.4 Fe2O3 nanowire characterization

Figure 3.14 shows the XRD patterns of the nanowire arrays obtained for

different heating temperatures under the water vapor condition of 0.2 L/h and heating

time of 90 min. From data obtained from different samples, it can be inferred that

when the heating temperature is higher than 450 oC, the formed Fe2O3 layer on Fe

substrate is thicker than that formed at 450 oC. By comparing the densities of the

nanowire arrays, it is considered that although the heating temperature of over 500 oC

could provide a larger compressive stress in oxidation layer to increase the diffusion

of the Fe atoms, the formed thicker oxidation layer will hinder the growth of the

nanowires, due to the decrease of stress gradient in Fe2O3 layer. Therefore, low

density nanowire arrays were obtained at relative high temperatures. In the case of the

sample heated at 450 oC, the oxidization rate of the iron plate surface is optimal,

generating enough compressive stress in Fe2O3 layer, and the stress gradient is also

large enough to make the Fe atoms diffuse.
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Fig. 3.14 XRD patterns of the Fe2O3 nanowire arrays at different temperatures.

3.4 PEC performance evaluation of high density Fe2O3

nanowire array

3.4.1 Photocurrent of high density Fe2O3 nanowire array

The photovoltaic properties of the nanowires have been investigated using a

three-electrode system (Fig. 2.6), and the results are shown in Fig. 3.15. The Fe2O3

nanowire photoanode fabricated at 350 oC showed the largest photocurrent density

among all the photoanodes, 0.65 mA/cm2 at 1.23V vs. RHE. Although the nanowire

photoanode fabricated at 450 oC has the largest density of nanowires, the photocurrent

density is lower at 0.47 mA/cm2, due to the smaller average diameter of the nanowires

(127 nm), comparing with that of the nanowires fabricated at 350 oC (161 nm). The

samples heated at 250, 500, 600, and 700 oC show very small photocurrent values,

possibly owing to the poor nanowire density.
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Fig. 3.15 Photocurrent densities from the nanowire array anodes obtained at different

heating temperatures.

3.4.2 Incident photon-to-electron conversion efficiency of high

density Fe2O3 nanowire array

The incident-photon-to-current efficiency (IPCE) of the nanowire photoanode

fabricated at 450 oC was measured to confirm the performance of water splitting, as

shown in Fig. 3.16. The IPCE decreased with the increase of wavelength, and the

maximum value is 5.54% at 400nm wavelength. This value is relative high than that

of other pure Fe2O3 photoanodes without any functional modification, reported by the

literatures, such as the Fe2O3 film with the IPCE of 2% at 400 nm [3], and Fe2O3

nanorods with the IPCE of 1.3% at 400 nm [4]. It should be mentioned that the IPCE

value could be remarkably improved by functional modification of the Fe2O3
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nanowire array. It has been reported that the Pt-doped Fe2O3 nanorods can reach the

IPCE up to 55% at 400nm [5], Pt-doped polycrystalline thin-film electrodes of Fe2O3

exhibit an IPCE of 25% at 400 nm [6], and Fe2O3 thin films modified with a catalytic

cobalt layer have the IPCE of 46% at 370 nm [7].

Fig. 3.16 IPCE of Fe2O3 nanowire array photoanode at 0.234 V vs. Ag/AgCl (1.23 V

vs. RHE).

3.4.3 Stability of high density Fe2O3 nanowire array

The stability of photocurrent was measured at 1.23 eV vs. RHE by a chopped

illumination with 10s on/off for 120 seconds, for a Fe2O3 nanowire array photoanode

fabricated at 450 oC, as shown in Fig. 3.17. The photocurrent density is very stable

and increased and decreased quickly with on and off the light which shows the good

photoresponse properties of the Fe2O3 nanowire array photoanode.
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Fig. 3.17 J-t curve of Fe2O3 nanowire array photoanode under chopped illumination at

a bias of 0.234 V vs. Ag/AgCl (1.23 V vs. RHE).

3.5 Mechanism of high density Fe2O3 nanowire growth

3.5.1 EDS observation

In order to certify the mechanism of the high density Fe2O3 nanowire growth, the

first step is to understand the structure inside the Fe substrate after heating process.

Here the EDS observation has been carried out from the cross section image of the Fe

substrate, as shown in Fig. 3.18. Six positions has been chosen from the cross section,

and the elements in these positions have been characterized by the EDS, the results

are shown in Fig. 3.19 to Fig. 3.24.

From the result it can be found that in the upper layer the percentage of oxygen is

about 61%, which suggested that the upper layer may consisted of the iron oxide.

However, in the second layer, the percentage of iron from point 004, 005, 006 shows

that there is only a few oxygen exists, which means the second layer was mainly

consisted of pure iron.
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Fig. 3.18 EDS observation of the sample.

Fig. 3.19 EDS result of spot 1.
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Fig. 3.20 EDS result of spot 2.

Fig. 3.21 EDS result of spot 3.
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Fig. 3.22 EDS result of spot 4.

Fig. 3.23 EDS result of spot 5.
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Fig. 3.24 EDS result of spot 6.

3.5.2 Mechanism

The mechanism of nanowire growth is shown in Fig. 3.25 in detail. When the

iron plates are heated, the thermodynamically stable oxide layer, Fe2O3 topmost layer

are formed. Because the molar volumes of Fe2O3 (30.39 cm3/mol) is great larger than

that of Fe (7.09 cm3/mol), tensile stress is generated in the iron plate due to the

volume expansion of Fe2O3 layer [8]. Thus, a stress gradient is generated from inside

of the Fe plate to the Fe/Fe2O3 interface. The gradient of stress can serve as the

driving force for the atomic diffusion and the atomic flux propagates from the low

tensile area to high tensile area. Therefore, with the formation of the Fe2O3 layer, the

Fe atoms move from inside of Fe plate to Fe/Fe2O3 interface due to the stress-induced

atomic diffusion. These diffusion atoms serve as a continuous source for the

formation of Fe2O3 nanowires.
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Fig. 3.25 Schematic of the mechanism of the nanowire growth.

After the Fe atoms diffuse along the stress gradient to the Fe/Fe2O3 interface,

they cumulate at the interface and then find the weak spots of Fe2O3 layer and

penetrate them to form nanowires accompanying the oxidation of the Fe atoms. After

the nanowires are formed, Fe atoms continue to diffuse along the nanowires due to the

high driving force, which explains the formation of longer nanowires with the

increase in the heating time. Under the water vapor condition, greater amounts of iron

can be oxidized into Fe2O3, which could increase the thickness of the Fe2O3 layer on

the Fe substrate. Therefore, the tensile stress that the Fe layer suffered from the Fe2O3

layer is much larger in the presence of water vapor than that created under an

atmosphere condition. This increase the stress gradient and the driving force for atom

diffusion, thereby resulting in an increase in the density of the nanowires. It should be

noted that the driving force induced by the stress gradient is due to the volume

expansion of the Fe2O3 oxidation layer, which is different from that induced by the

thermal expansion mismatch generated in Al/Si [9] or Cu/Si [10] structured samples.

The similar thermal expansion coefficients of Fe2O3 (12×10-6/oC) and Fe
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(12.2×10-6/oC) make it difficult to create a stress based driving force based on thermal

expansion mismatch.

3.6 Summary

In summary, a new oxidation-assisted stress-induce method to fabricate

high-density semiconductor nanowire array has been demonstrated. Large area Fe2O3

nanowire arrays with high density were fabricated successfully at low temperatures

under the water vapor condition. The nanowire array with the largest density (14.3

wire/μm2) could be obtained from the sample heated at 450 oC for 90 minutes, under

the water vapor volume of 0.25 L/h. However, the largest photocurrent density (0.65

mA/cm2) was obtained from the sample heated at 350 oC for 90 minutes, under the

water vapor volume of 0.25 L/h, with the density of 8.66 wire/μm2 and the average

diameter of 161 nm, approximately. Therefore, it is considered that both the density

and diameter of the nanowires affect the photocurrent density of the nanowire

photoanode. The photocurrent measurements indicate the good potential of the Fe2O3

nanowire array photoanodes for solar water splitting.
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Chapter 4 Fabrication of high density

single-crystal Fe2O3 nanowire array

4.1 Introduction

The advantages of nanowire structure for PEC water splitting is that it could

provide a significant enlargement of material surface area, which could increase the

absorption of sunlight and the contact surface between the photoanode and electrolyte.

Also it has been reported that nanostructure is helpful to overcome the short hole

diffusion length of Fe2O3 because it could reduce the necessary path length of hole

transport [1,2]. Compare to the poly crystalline nanowire array, single-crystal

nanowire array is considered more suitable to improve the efficiency of water splitting,

because single-crystal could reduce the recombination due to the less grain boundaries

[3]. In this chapter, a method to fabricated high density single-crystal Fe2O3 nanowire

array has been introduced.
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4.2 Fabrication of single-crystal high density Fe2O3 nanowire

arrays

4.2.1 Sample preparation

Commercial iron plate with the purity of 99.95% was used as the substrate in this

study. The thickness of the iron plate is 0.1 mm and the size is 10×10 mm2. In order to

investigated the effect of surface roughness on nanowire growth, two kinds of

samples were prepared. One kind of them was polished by a rasp and the others were

unpolished samples, as shown in Fig. 4.1. Then two kinds of samples were put in the

alcohol, cleaned by the ultrasonic cleaner (AS ONE ASU-2D).

Fig. 4.1 Surface condition of unpolished sample and polished sample.

4.2.2 Experimental conditions

All the samples were heated by a ceramic heater (SAKAGUCHI SCR-SHQ-A)

in the air condition. Heating times were set at 90 minutes. Heating temperatures were

changed in order to find the optimum condition for nanowire growth, as shown in

Table 4.1.
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Table 4.1 Experimental conditions: Different heating temperatures.

No. Heating time

(min)

Temperature

(°C)

Surface condition

1

90

500 unpolished

unpolished

unpolished

polished

polished

polished

2 600

3 700

4 500

5 600

6 700

After the fabrication of Fe2O3 nanowire array, scanning electron microscopy (SEM,

JSM-7000FK) images were collected for the Fe2O3 nanowire arrays in order to study

the morphology. Transmission electron microscope (TEM) observation was carried

out to take the high resolution picture of single nanowire and identify the crystalline

of the Fe2O3 nanowires. X-ray diffraction (XRD) analysis was also performed to

study the structure and phase of the nanowire arrays.

4.3 Evaluations

4.3.1 Morphology of Fe2O3 nanowire array

Figure 4.2 to 4.7 show the SEM image of Fe2O3 nanowire arrays fabricated at

500 oC, 600 oC and 700 oC with and without surface polishing treatment, respectively.

From the SEM images, it can be found that the sizes of nanowire arrays fabricated

under different temperatures are very different. It can be found that there are two

kinds of nanowire shapes on the sample heated at 500 oC, i.e., wire shaped and leaf

shaped nanowires, as shown in Fig. 4.2 and Fig. 4.5. For samples heated at 600 oC,

the length of nanowires is much longer than that of the sample heated at 500 oC, and
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the diameters become smaller. The shape of nanowires heated at 600 oC on the

unpolished sample is like a long leaf, and the nanowires grow from the polished

sample is wire shaped with the average diameter of 29 nm, as shown in Fig. 4.3 and

Fig. 4.6, respectively. Figure 4.4 and 4.7 show the nanowires heated at 700 oC on the

unpolished and polished samples. It can be found that the shape of nanowires obtained

from both polished and unpolished sample is like long triangle. In this study, the

average density, average length and average diameter of nanowires have been

evaluated based on the SEM observation results, as shown in Fig. 4.8, Fig. 4.9 and Fig.

4.10, respectively.

Fig. 4.2 SEM images of nanowire arrays obtained at 500 °C, unpolished sample.
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Fig. 4.3 SEM images of nanowire arrays obtained at 600 °C, unpolished sample.

Fig. 4.4 SEM images of nanowire arrays obtained at 700 °C, unpolished sample.
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Fig. 4.5 SEM images of nanowire arrays obtained at 500 °C, polished sample.

Fig. 4.6 SEM images of nanowire arrays obtained at 600 °C, polished sample.
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Fig. 4.7 SEM images of nanowire arrays obtained at 700 °C, polished sample.

As shown in Fig. 4.8, the largest density of 28.75 wire/μm2 was achieved from

the polished sample heated at 600 °C for 90 minutes, which is 5 times higher than the

density of unpolished sample (5 wire/μm2) heated at the same condition. For the

sample heated at 500 oC, it can also be found that the density of polished samples is

higher than the unpolished samples. It should be mentioned that nanowire arrays

fabricated under all the experimental condition are uniform except the unpolished

sample heated at 700 oC.
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Fig. 4.8 Statistical variation of density of the Fe2O3 nanowires obtained at different

experimental conditions.

On the other hand, it has been reported that 1D nanostructures could reduce the

path length of hole transport to improve the carrier recombination due to the high

aspect ratio and large surface area. As shown in Fig. 4.9, with the increase of heating

temperature, the average length of the nanowires also become longer on both polished

and unpolished samples, and the longest nanowires were obtained to be 3.37 μm at

700 oC from the unpolished sample. Also it can be found that the length of nanowires

was almost the same for the polished and unpolished samples under the same

temperature, which indicated that the heating temperature is the key factor of

nanowire length. For the diameter of nanowire used for the photoanode of water

splitting, it is considered that small diameter could reduce the diffusion distance of

photogenerated minority carriers from the center to semiconductor-electrolyte

interface. As shown in Fig. 4.10, the smallest average diameter of 29 nm was obtained

for nanowires fabricated at 600 oC for 90 minutes from the polished sample. It should

be mentioned that nanowire arrays fabricated at 500 oC shows a wide range of the

diameters, this is due to the diameter of wire shaped nanowire is much smaller than

that of the leaf shaped nanowire.
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Fig. 4.9 Statistical variation of length of the Fe2O3 nanowires obtained at different

experimental conditions.

Fig. 4.10 Statistical variation of diameter of the nanowires obtained at different

experimental conditions.
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4.3.2 Effect of surface roughness on Fe2O3 nanowire growth

In order to investigated the effect of surface roughness of Fe2O3 nanowire growth,

the roughness of polished and unpolished sample have been measured by a white

interference microscope (ZYGO new view 6000). Three samples with different

roughness have been prepared in this test: unpolished sample; the sample polished in

one direction; and the sample polished in two direction, as shown in Table 4.2. Fig

4.11 shows the direction of polishing treatment of sample 2 and sample 3.

Table 4.2 Experimental conditions

Sample number Surface condition

Sample 1 Unpolished

Sample 2 Polished in one direction

Sample 3 Polished in two direction

Fig. 4.11 Direction of polishing treatment: (a) polished in one direction; (b) polished

in two directions.

The roughness observations of each sample are shown in Fig. 4.12 to Fig. 4.14,

and the surface roughnesses were measured to be 0.443 μm, 2.483 μm and 1.644 μm,

respectively, as shown in Fig. 4.15.
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Fig. 4.12 3D model of the unpolished sample.

Fig. 4.13 3D model of the sample polished in one direction.
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Fig. 4.14 3D model of the sample polished in two direction.

Fig. 4.15 Statistical variation of roughness of samples.

By comparing with the morphologies of Fe2O3 nanowire array grown from the

sample with different surface roughness, it could be found that nanowire array with

the largest density could be obtained from the sample with the largest surface

roughness.
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From the 3D image of the sample surface, it could be found that the altitude

difference of the sample polished in one direction is the largest, which means there

are a larger surface area exposed to the air during the heating process. Therefore, the

volume of oxide layer will be increased, and the driving force will also be enlarged.

4.3.3 Effect of residual stress on Fe2O3 nanowire growth

Residual stress generated during the surface polishing treatment is also

considered as a factor which could effect the growth of Fe2O3 nanowire array. In order

to investigate the residual stress, X-ray sin2Ψ method [4-6] have been used by the

X-Ray Diffraction (XRD). The same three samples have been used for the

measurement as shown in Table 4.2. The X-ray diffraction (sin2Ψ) method was

employed by using the Fe peak, occurring at a diffraction angle of 2θ=44.698o. Slow

step scanning in the range from 41o to 48o was observed for Ψ-angles in of 5o, 10o and

15o, as shown in Fig. 4.16, Fig. 4.17 and Fig. 4.18, respectively.

Fig. 4.16 XRD results used for the calculation of residual stress of unpolished sample.
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Fig. 4.17 XRD results used for the calculation of residual stress of sample polished in

one direction.

Fig. 4.18 XRD results used for the calculation of residual stress of sample polished in

two direction.
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After the XRD observation, the residual stress was calculated by a XRD analyze

software (JADE 6.5), and the residual stress was confirmed to be compressive stress.

The residual compressive stress for unpolished sample is -28.99 MPa, for sample

polished in one direction is -125.3 MPa, and for the sample polished in two directions

is -107.11 MPa, as shown in Fig. 4.19 In the surface polishing process, the surface of

the substrates was deformed by the movements of the rasp, which left a compressive

stress on the samples. Compare to the results of surface roughness from each sample,

it can be found that the one direction polishing treatment could provide the largest

residual stress and surface roughness.

Fig. 4.19 Statistical variation of residual stress in each sample.
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4.3.4 Single-crystal Fe2O3 nanowire characterization

Figure 4.20 shows the transmission electron diffraction pattern of a single

nanowire obtained from polished sample heated at 600 oC. The diffraction pattern

image of the Fe2O3 nanowire confirmed the nanowire fabricated under this condition

is single-crystal nanowire.

Fig. 4.20 TEM diffraction pattern of the Fe2O3 nanowire arrays heated at 600 °C for

90 min from the polished sample.

Representative XRD patterns of the nanowire arrays were obtained from the

samples with the surface polishing treatment after heating at different temperatures of

500 oC, 600 oC and 700 oC, as shown in Fig. 4.21. Most of the appeared peaks can be

well indexed to the pure alpha phase hematite, except the peak appeared at 30.18o,

which is considered as the peak of Fe3O4. It can be explained that when heating

temperature is over 500 oC, surface of the iron plate will be oxidized to Fe2O3 layer.

However, since the thickness of the formed Fe2O3 layer at 500 oC is smaller than the

penetration depth of XRD observation, information of the Fe3O4 layer under the Fe2O3

layer was collected in the result.
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Fig. 4.21 XRD patterns of the Fe2O3 nanowire arrays at different temperatures from

the polished samples.

4.4 PEC performance evaluation of high density single

-crystal Fe2O3 nanowire array

4.4.1 Photocurrent of high density single-crystal Fe2O3 nanowire

array

Photocurrent density of the Fe2O3 nanowire arrays fabricated at different

experimental conditions have been investigated, as shown in Fig. 4.22.
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Fig. 4.22 Photocurrent densities from the nanowire array anodes obtained at different

experimental conditions.

It can be seen that under each temperature, the polished samples showed a higher

photocurrent density than that of the unpolished samples, which could be explained

that in the polished sample, the higher density of Fe2O3 nanowire arrays could provide

more photogenerated carriers, which could enhance the photocurrent density. Samples

heated at 600 oC with surface polishing treatment showed the highest photocurrent

density of 0.9 mA/cm2 at 1.23 V vs. RHE.

4.4.2 Incident photon-to-electron conversion efficiency of high

density single-crystal Fe2O3 nanowire array

Figure 4.23 shows the IPCE of the nanowire array fabricated at 600 oC from the
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polished sample, which is 6.8% at 400 nm at 1.23 V vs. RHE. This value is higher

than that of the poly crystalline Fe2O3 nanowire array we have reported previously

(IPCE of 5.54% at 400 nm) [7]. Moreover, the IPCE value reported in this study is

relative high comparing to the other undoped Fe2O3 photoanodes fabricated with

metallic substrates, such as undoped Fe2O3 nanoflakes on Fe foil with the IPCE of

3.43% at 400 nm [8], hematite nanotube array on iron foil with the IPCE of 3.2% at

400 nm [9], and Fe2O3 nanorod array on Ti plate with the IPCE of 4.8% at 400nm.

However, it should also be mentioned that nanostructured Fe2O3 photoanode

fabricated on the FTO substrate showed higher IPCE value. For example, Liao et al.

reported a IPCE value of 23% at 400nm [10]. Normally, FTO substrate is helpful to

increase the photoelectrochemical performance because it could facilitate the electron

transport in the photoanode. Therefore, it will be possible to further increase the IPCE

value of Fe2O3 nanowire array photoanode using FTO substrate, and surface function

with dopant doping.

Fig. 4.23 IPCE of the Fe2O3 nanowire array photoanode at 0.234 V vs. Ag/AgCl (1.23

V vs. RHE).
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4.4.3 Stability of high density single-crystal Fe2O3 nanowire array

The photocurrent stability has also been measured in this study, as shown in Fig.

4.24. The Fe2O3 nanowire array photoanode fabricated at 600 oC with the polished

surface was illuminated with 10s on/off for 300 seconds by a chopped light. From the

result, it can be inferred that the photocurrent density is 0.75 mA/cm2 1.23 V vs. RHE

during the illumination. Also it can be found that the photocurrent of the prepared

sample changed quickly with the light switch off which shows a good photoresponse

properties.

Fig. 4.24 J-t curve of the Fe2O3 nanowire array photoanode under chopped

illumination at a bias of 0.234 V vs. Ag/AgCl (1.23 V vs. RHE).



4. Fabrication of high density single-crystal Fe2O3 nanowire array

80

4.5 Mechanism of single-crystal Fe2O3 nanowire growth

In our previous study, we have reported the nanowire growth mechanism based

on oxidation assisted stress induced atomic diffusion. Due to the different molar

volume of Fe2O3 and Fe, tensile stress is generated at the surface of the Fe plate

[11,12]. Thus, a stress gradient is generated from the center of the Fe plate to the

Fe2O3/Fe interface, as the driving force for nanowire growth [7].

In this study, the density of nanowire array fabricated at 600 oC on the polished

sample is 28.75 wire/μm2, which is much higher than the density of the nanowire

array fabricated from the unpolished sample. It is considered that the surface

polishing treatment could provide three advantages for the nanowire growth. Firstly,

the polishing treatment induced an initial compressive residual stress on the surface of

the Fe plate, which has an effect to obstruct the volume expansion of the oxide layer

formed on the sample surface during the heating process. Therefore, a relative larger

tensile stress will generate at the surface of the Fe plate, thus a higher effective

vertical stress gradient will occur for the same oxide volume expansion. This induce

more and faster diffusion of Fe atoms to the sample surface, thereby increasing the

density of nanowire array. Secondly, the polishing treatment will deform the surface

layer of Fe plate, which lead to the dislocations and intercrystalline failure happened

at the Fe plate surface. When the polished Fe plate annealed at high temperature,

recrystallization will happen [13]. Due to the cold deformation caused by the

polishing treatment, the grain size of Fe will become smaller and the number of grains

will increase, which will lead to increase the oxide volume expansion and the number

of weak spots of Fe2O3 layer finally. Thirdly, the surface polishing treatment increases

the roughness of Fe plate surface, which can enlarge the contact area between the

sample surface and the air, thereby increasing the volume of Fe2O3 layer on the Fe

plate. Compare to those unpolished sample, during the heating process, volume

expansion of Fe2O3 layer for the polished sample is larger, which enhanced the tensile

stress at the surface of Fe plate, and increased the driving force for Fe atomic
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diffusion, as shown in Fig. 4.25. In summary, the surface polishing treatment could

provide a larger driving force and increase the number of weak spots, which could

increase the density of nanowire array eventually.

Fig. 4.25 Schematic of the nanowire growth mechanism.
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4.6 Summary

In this study, high density single-crystal Fe2O3 nanowire arrays were fabricated

based on the oxidation-assisted stress-induced atomic-diffusion method from the

substrate with surface polishing treatment. The surface polishing treatment could

provide a larger driving force and increase the number of weak spots on the sample

surface, which lead to the increase of the nanowire density. The highest density of

28.75 wire/μm2 was reached at the experimental condition of 600 oC, 90 minutes

heating. The photocurrent density of the single-crystal Fe2O3 nanowire arrays is 0.9

mA/cm2 at 1.23 V vs. RHE, and the IPCE is 6.8% at 400nm wavelength. Stability test

results showed the good photocurrent response and stability of the single-crystal

Fe2O3 nanowire photoanode, which indicates a good potential for the application of

solar water splitting.
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Chapter 5 Modification of single-crystal

Fe2O3 nanowire array to enhance

photoelectrochemical properties

5.1 Introduction

Fe2O3 is a promising material for the photoelectrochemical water splitting due to

the suitable band gap (2.1 eV), excellent stability against photo corrosion, abundance,

and low-cost. However, there are some disadvantages limited the

photoelectrochemical activity of Fe2O3, such as short excited-state lifetime (~10-12 s)

[1, 2], poor oxygen evolution reaction kinetics [3], and a short hole diffusion length

(2-4 nm) [4]. In order to overcome these disadvantages, two strategies have been

widely studied: nanostructuring and doping another material on Fe2O3. In chapter 3

and chapter 4, we have reported two different synthesis methods of Fe2O3 nanowire

array and their photoelectrochemical performance, the IPCE of the high density

single-crystal Fe2O3 nanowire array is relatively high compared to other studies use

the same material without doping [5-7]. In this chapter, the author has made some

modification of the single-crystal high density Fe2O3 nanowire array by doping

different materials, such as Pt [8-11], Ti [12-14] and Sn [15-19]. Their enhancement

effects on photoelectrochemical performance were also investigated in detail.
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5.2 Pt-doped single-crystal Fe2O3 nanowire array and its

photoelectrochemical properties

Pt is an effective dopant which could increase the photoelectrochemical

performance of Fe2O3 [20]. For example, Hu et al. has reported a Pt doped Fe2O3

nanoparticle prepared by a simple electrodeposition method [21], and the

photocurrent density was increased from 0.69 mA/cm2 to 1.43 mA/cm2 at 0.4 V vs.

Ag/AgCl due to enhancing the donor concentration. It has been reported that Pt

doping could improve the electrical conductivity of Fe2O3. Also, Pt doping could

reduce the energy gap of 0.15 eV [22], which improve the solar light absorption and

PEC efficiency.

In this section, the author has investigated the effect of Pt doping on the

single-crystal Fe2O3 nanowire array fabricated by the method described in chapter 4.

5.2.1 Preparation of Fe2O3 nanowire array photoanode

Based on the optimized experimental condition reported in chapter 4 (Table 5.1),

high density single-crystal Fe2O3 nanowire array was fabricated, as shown in Fig. 5.1.

Table. 5.1 Experimental conditions

Heating temperature Heating time Surface condition

600 oC 90 minutes polished
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Fig. 5.1 Fe2O3 nanowire arrays used for Pt doping experiment.

The Pt doping experiment was carried out with a sputtering equipment (SANYU

SC-701HMCⅡ). Samples with different Pt sputtering time have been prepared in

order to compare the photoelectrochemical performance, as shown in Table. 5.2. After

that, the Pt doped Fe2O3 nanowire array photoanodes were assembled using the

method described in chapter 2.

Table. 5.2 Experimental conditions

Samples Sputtering time (seconds) Sputtering Material

1 5

Platinum (Pt)2 10

3 20

4 30

Figure 5.2 shows the SEM image of Fe2O3 nanowire array after 5 seconds Pt

sputtering. It can be found that the diameter of the nanowire did not change much
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from the sample without sputtering. However, due to the effect of sputtering, some of

the nanowires begin to bend at the top. Fig. 5.3 is the SEM image of Fe2O3 nanowire

array after 30 seconds Pt sputtering. From the SEM result it can be found that all the

nanowire was covered with Pt on the surface after a long time sputtering, which is a

core shell structure. It is considered that the thickness of the doped Pt layer will effect

the light absorption because the Fe2O3 nanowire inside may not have a contact with

the light.

TEM observation was carried out from the sample after 20 seconds Pt sputtering,

as shown in Fig. 5.4. The core (Fe2O3) shell (Pt) structure has been confirmed from

the TEM results. The thickness of formed Pt layer is 15 nm, approximately.

Fig. 5.2 Fe2O3 nanowire array after 5 seconds Pt sputtering
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Fig. 5.3 Fe2O3 nanowire array after 30 seconds Pt sputtering

Fig. 5.4 TEM observation of single nanowire after 20 seconds Pt sputtering
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XRD observation of all the samples was carried out in order to confirm the Pt

sputtering experiments, as shown in Fig. 5.5. From the XRD result, it can be found

that the peak of Pt is very weak compared to those of the Fe2O3, which is due to the

small Pt volume from the sputtering experiment. However, by comparing the peak

appeared at 44o, the increasing of the Pt peak become sharp with increase in

sputtering time.

Fig. 5.5 XRD patterns of Fe2O3 nanowire array after Pt sputtering.

5.2.2 Photoelectrochemical properties of Pt doped Fe2O3 nanowire

array

Photocurrent density of the Pt doped Fe2O3 nanowire arrays have been measured

with the three electrode system, as shown in Fig. 5.6. It can be seen that sample with

the 10 seconds Pt sputtering shows the highest photocurrent density, that is 1.096

mA/cm2 at 1.23 V vs. RHE. Sample with 5 seconds Pt sputtering shows the second
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highest photocurrent density, which is 0.95 mA/cm2 at 1.23 V vs. RHE. The

photocurrent density of samples with 20 and 30 seconds Pt sputtering is 0.61 and 0.23

mA/cm2 at 1.23 V vs. RHE, respectively. By comparing the photocurrent density of

pure Fe2O3 nanowire array photoanode without Pt sputtering (0.69 mA/cm2 at 1.23 V

vs. RHE), the photocurrent density has been enhanced successfully by 10s Pt

sputtering.

Fig. 5.6 Photocurrent densities of Pt doped Fe2O3 nanowire array photoanodes.
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5.3 Sn-doped single-crystal Fe2O3 nanowire array and its

photoelectrochemical properties

Recently, Sn doped Fe2O3 photoanode has attracted interest of many researchers

because it can change the optical and electrical properties of Fe2O3 greatly. It is

believed that the Sn doping could impact the charge transfer between the interface of

Fe2O3 photoanode and electrolyte [20]. Dunn et al has fabricated a Sn doped

mesoporous worm-like Fe2O3 photoanode, and a higher surface hole transfer

efficiency was confirmed by the photocurrent transient analysis [23]. Moreover, Sn

doped Fe2O3 nanocorals fabricated by hydrothemal method shows a high photocurrent

density of 1.86 mA/cm2 at 1.23 V vs. RHE [16]. The author believed that the

enhancement of PEC efficiency was a synergistic effect of Sn introduced carrier

density and the increased light absorption.

In this section, the PEC performance of Sn doped single-crystal Fe2O3 nanowire

array photoanode was confirmed.

5.3.1 Experimental conditions

The same single-crystal Fe2O3 nanowire array photoanodes used for Pt doping

were used in the Sn doping experiments. Based on the results from Pt doped

experiments, the Sn sputtering time has been set from 5 seconds to 40 seconds, as

shown in Table 5.3.
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Table. 5.3 Experimental conditions

Samples Sputtering time (seconds) Sputtering Material

1 5

Stannum (Sn)

2 10

3 20

4 30

5 40

The prepared nanowire array with 30 seconds Sn sputtering is shown in Fig. 5.7.

From SEM observation, it can be found that many nanowires have become bent after

sputtering. The TEM result of the sample after 20 seconds Sn sputtering is shown in

Fig. 5.8. A core-shell structure can be found from this result, and the thickness of the

Sn shell was measured to be 8.6 nm, approximately.

Fig. 5.7 Fe2O3 nanowire array after 30 seconds Sn sputtering
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Fig. 5.8 TEM observation of single nanowire after 20 seconds Sn sputtering

5.3.2 Photoelectrochemical properties of Sn doped Fe2O3 nanowire

array

Figure 5.9 is the photocurrent density results of Sn doped Fe2O3 nanowire array.

The photocurrent density results for sample with Sn sputtering for 5 seconds, 10

seconds and 20 seconds are 0.68 mA/cm2, 0.73 mA/cm2 and 1.21 mA/cm2 at 1.23 V

vs. RHE, respectively. However, when the sputtering time of Sn was increased to 30

seconds and 40 seconds, the photocurrent density dropped rapidly, and dark current of

the 40 seconds sample is also very large. Therefore it is considered that the Sn layer

has fully covered the surface of iron at these conditions.
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Fig. 5.9 Photocurrent densities of Sn doped Fe2O3 nanowire array photoanodes.

5.4 Ti-doped single-crystal Fe2O3 nanowire array and its

photoelectrochemical properties

Among all the doping material used for improve the photoelectrochemical

properties of Fe2O3, Ti is the most popular candidate being studied [24-26]. Compared

to the undoped Fe2O3 photoanodes, Ti doping can enhance the electron mobility and

reduce the effective mass of electrons [27]. Some studies of Ti doped hematite have

shown a very high photocurrent results [28]. For example, Wang et al. have fabricated

a Ti doped Fe2O3 nanoparticles by using a new deposition annealing method on FTO

substrates, the fabricated sample shows a photocurrent density of 2.8 mA/cm2 at 1.23

V vs. RHE. Deng et al. fabricated a Ti doped Fe2O3 nanorods photoanode on FTO

with a hydrothermal method, and enlarged the photocurrent density to be 1.91

mA/cm2 at 1.23 V vs. RHE. From these studies, it is revealed that Ti doping could

improve charge transfer and collection efficiency by changing the surface properties
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of Fe2O3. Ti modifications could also reduce the recombination of photogenerated

electron and hole, therefore, a higher efficiency could be achieved [29].

In this section, the effect of Ti doping on single-crystal Fe2O3 nanowire array

was studied.

5.4.1 Experimental conditions

The same single-crystal Fe2O3 nanowire array photoanodes used for Pt doping

were used in the Ti doping experiments. Based on the results from Pt doped

experiments, sputtering time of Ti sputtering has been set from 5 seconds to 30

seconds, as shown in Table 5.4.

Table. 5.4 Experimental conditions

Samples Sputtering time (seconds) Sputtering Material

1 5

Titanium (Ti)2 10

3 20

4 30

The prepared nanowire array with 20 seconds Ti sputtering is shown in Fig. 5.10.

Most of Ti doped Fe2O3 nanowires are still straight after sputtering process. The

core-shell structure has also been confirmed from the TEM observation, as shown in

the Fig. 5.11, and the thickness of the Ti shell after 20 seconds sputtering was

measured to be 11.1 nm, approximately.
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Fig. 5.10 Fe2O3 nanowire array after 20 seconds Ti sputtering

Fig. 5.11 Fe2O3 nanowire array after 20 seconds Ti sputtering
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5.4.2 Photoelectrochemical properties of Ti doped Fe2O3 nanowire

array

Figure. 5.12 is the photocurrent density results of Ti doped Fe2O3 nanowire array.

The photocurrent density of Fe2O3 nanowire array photoanode with Ti sputtering for 5

seconds, 10 seconds and 20 second is 0.61mA/cm2, 0.72 mA/cm2 and 1.94 mA/cm2 at

1.23 V vs. RHE, respectively. The observed photocurrent density of sample with Ti

sputtering for 30 seconds is 1.152 mA/cm2 at 1.23 V vs. RHE. It is considered that the

thickness of the Ti sputtering is too large for the Fe2O3 nanowire array photoanode at

this condition.

Fig. 5.12 Photocurrent densities of Ti doped Fe2O3 nanowire array photoanodes.
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5.5 Summary

In this chapter, single-crystal Fe2O3 nanowire-array photoanodes with different

materials doping have been studied.The current densities under each experimental

condition are summarized in Fig. 5.13. For the Pt doping, the best result was obtained

from the sample after 10 seconds of Pt sputtering, with the photocurrent density of

1.096 mA/cm2 at 1.23 V vs. RHE. In Sn doping, the best result was obtained from the

sample after 20 seconds of Sn sputtering, with the photocurrent density of 1.21

mA/cm2 at 1.23 V vs. RHE. The largest photocurrent density was obtained from the

sample after 20 seconds of Ti sputtering, with the photocurrent density of 1.94

mA/cm2 at 1.23 V vs. RHE. The thickness changing with sputtering time for different

doped materials is summarized in Fig. 5.14, It can be found that the thickness of

doped materials for 10 seconds Pt sputtering, 20 seconds Sn sputtering, and 20

seconds Ti sputtering are similar, which is the condition to reach the maximum value

of photocurrent density. Therefore, it is indicated that the suitable thickness of doped

material to functionalize the Fe2O3 nanowire array is around 10 nm.

Compared to the photoelectrochemical performance of Ti doped Fe2O3

photoanodes reported in other literatures, such as Wang et al. reported a Ti doped

Fe2O3 film with a photocurrent of 2.8 mA/cm2 at 1.23 V vs. RHE [30], Maxime et al.

reported a Ti doped Fe2O3 film with a photocurrent of 2.4 mA/cm2 at 0.8 V vs.

Ag/AgCl [31], and Lee et al. reported a nanostructured Ti-doped Fe2O3 photoanodes

with a photocurrent of 2.1 mA/cm2 at 0.7 V vs. Ag/AgCl [32], the result of this study

(1.94 mA/cm2 at 1.23 V vs. RHE) is not the best result. However it should be

mentioned that all the above mentioned results were obtained based on FTO glass.

Therefore, by instead of the Fe substrate with FTO glass, photocurrent density of the

demonstrated method in this study could be improved.
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Fig. 5.13 Current density comparison of each doped material

Fig. 5.14 Thickness comparison of each doped material
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Chapter 6 Conclusions

The increasing fossil fuels consumption and CO2 concentration drive the search

for new sustainable energy. Hydrogen is a promising energy for the future since it is

clean, renewable, sustainable and zero emission. Solar water splitting is a novel

hydrogen production method, which uses only water and sunlight to produce

hydrogen. Fe2O3 is a suitable semiconductor materials for this application, which

could meet most of the requirements of solar water splitting, however there are still

several disadvantages limited the photoelectrochemical efficiency of Fe2O3. In this

work, the author is mainly focused to improve the photoelectrochemical performance

of Fe2O3 photoanode by nanostructuring and surface modification used for solar water

splitting.

In order to overcome the limitation of Fe2O3 and improve the PEC efficiency of

Fe2O3, a novel fabrication method to synthesis the high density Fe2O3 nanowire array

was demonstrated. By introducing the water vapor in the fabrication process, a Fe2O3

nanowire array with high density of 8.66 wire/μm2 was obtained, and the best

experimental condition for high density Fe2O3 nanowire array growth is heated at 450
oC for 90 minutes, with the water vapor volume of 0.2L/h. The photocurrent density

of the as-prepared sample is 0.65 mA/cm2 at 1.23 V vs. RHE, and the IPCE was

measured to be 5.54% at 400nm wavelength. It is believed that the role of water vapor

in the fabrication process is increasing the oxidation from Fe to Fe2O3, which will

increase the stress induced driving force for atom diffusion, therefore, the high density

nanowire array can be obtained.

Compare to the polycrystalline nanostructure and bulk material, single-crystal

nanostructure is believed to be able to provide a higher PEC efficiency because it

could reduce the recombination of photogenerated electrons and holes. A new method

to prepare the single-crystal high density Fe2O3 nanowire have been proposed in this

study. By polishing the surface of iron plate before heating, an extremely high density
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single-crystal Fe2O3 nanowire array was fabricated. The optimized experimental

condition is heat the polished sample at 600 oC for 90 minutes. A single-crystal Fe2O3

nanowire array with the density of 28.75 wire/μm2 has been fabricated successfully

under this condition. The photocurrent density is 0.69 mA/cm2 at 1.23 V vs. RHE and

the IPCE is 6.8% at 400 nm wavelength. After surface polishing treatment, the surface

roughness was increased from 0.433 μm to 2.483 μm, and the residual stress of the

iron plate was measured by a XRD analysis, it is found that the residual stress was

increased from -28.99 MPa to -125.3 MPa. The increased surface roughness and

residual stress are considered to increase the driving force for the nanowire growth.

After the best nanostructure of Fe2O3 being investigated, the surface

modifications of the Fe2O3 photoanode were carried out in order to achieve a higher

PEC performance. Ti, Sn and Pt have been doped on the photoanode surface by a

sputtering equipment. It was found that 20 seconds of Ti doping showed a high

photocurrent density of 1.94 mA/cm2 at 1.23 V vs. RHE.

Based on this research, we have found a new method to fabricate high density

single-crystal Fe2O3 nanowire array used for the photoanode of solar water splitting.

With the fabricated Fe2O3 nanowire photoanode and Ti doped functionalization, high

photocurrent density has be realized for solar water splitting. The new finds of this

research bring a promising potential to use solar water splitting for along term

massive hydrogen production.
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