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Abstract

Photoelectrochemical water splitting has been considered as an attractive way to
transform solar into chemical energy, since photoelectrochemistry of TiO, was
reported in 1972. Hematite (Fe.Os3) is a promising material to achieve a higher
efficiency because of a smaller band gap, and because it is stable, non-toxic and
cheap. However, because (1) low mobility of carriers (~0.1 cm?V-'s™), (2) short hole
diffusion lengths, (3) low rate of water oxidation (poor catalysis), (4) high electron-hole
recombination rates and (5) inhibited hydrogen evolution due to the conduction band
energetics, the reported efficiencies of Fe,Os; are notoriously lower than the
theoretically limiting value. Many strategies to address these problems have been
developed. Nanostructuring, doping, heterojunctions and surface modification have
been used to lower the onset potential, improve the light absorption, charge transport

and reduce recombination.

Herein is described the synthesis of two kinds of morphology of Fe» Oz by
hydrothermal methods. Doping, homojunctions,and surface modification were
attempted to enhance the efficiency of Fe-O3 for photoelectrochemial water oxidation.
The impact of these modifications has been analysed by structural, spectroscopic and
photoelectrochemical methods. Specificallyy, a new layered Co-doped
Fe;03/Sn-doped Fe03/FTO substrate (Co/Sn/Fe20O3) n-n homojunction photoanode
was synthesized, CdS and Cu>O nanoparticles were loaded on the surface of Fe;O3
nanorods by a chemical bath method and amorphous CoOx as water oxidation

catalyst was loaded on the surface of Fe.Os nanorod arrays.
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Chapter 1

1.1: Overview

Solar energy has always been considered a major energy resource with significant
capacity to solve energy and environmental problems." 23 The key factor to achieve
large-scale use of solar energy is the conversion and storage of solar energy, which
has low energy density, to chemical energy.* Artificial photosystems, including solar
photovoltaic devices, photoelectrochemical cells and photocatalysis with electrons
and protons derived from water, is a promising way to accomplish the conversion.% 67
8.9.10 Compared with photovoltaic devices and photocatalysis, photoelectrochemical
cells could reach a higher efficiency as an external voltage can be applied. "2 The
aim of this work is to investigate the synthesis and properties of Fe;O3; photoanodes
and to develop different methods to modify and improve the photoelectrochemical
properties. This chapter will present a brief review of semiconductor photoelectrode,

strategies to efficiency improvement and relevant photoelectrochemical behaviour.

1.2 Enerqy crisis

According to some publications, the consumption of fuels will reach approximately 25
TW (1TW = 10"W) in the middle of this century.”™ However, since the 15! industrial
revolution, fossil fuel acts as the main energy resource to support human society.
Some greenhouse and toxic gases, like CO2, SO,, NO and so on, are byproducts of
fossil fuel combustion. In the last few years, around 30Gt (1Gt = 10%) of CO, was
released per year. Furthermore, fossil fuels are not renewable, and take thousands of
years to produce. More and more people recognize that fossil fuels are a limited
resource and are the source of greenhouse gases released during combustion. This
results in global warming, one of the most severe problems of the 21st century.
Alternative energy sources, such as solar, nuclear, wind and others, have therefore

attracted great attention from all society.
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Chapter 1

Solar energy, as a safe, clean, abundant and sustainable source of energy presents a
great opportunity. Approximately 120 thousand TW (1TW = 10"W) of solar energy is

received by earth and the worldwide energy consumption rate is around 15 TW."

Currently there are three main methods to utilize solar energy: (1) solar energy is
transferred to heat energy which is close to our daily life, such as solar water heaters;
(2) the conversion between solar energy and electrical energy, such as a
photovoltage in a solar cell (3) solar energy is converted to chemical energy, such as

in photocatalysis or photoelectrochemistry.' 15 16. 17,18

1.3: Semiconductor photocatalysis

Useful photocatalytic reactions for energy storage are “uphill”, involving a large
positive change in the Gibbs free energy, therefore storing photon energy in chemical

bonds.'t1°

Since Fujishima and Honda first reported the TiO: electrode for hydrogen production
through photoelectrochemical water splitting under UV light in 1972, related
photocatalysis has attracted more and more attention.'? Materials with photocatalytic
properties have been used to convert solar energy into chemical energy through
reducing or oxidizing to acquire suitable products including hydrogen, carbon

monoxide, hydrogen peroxide, and formic acid.?" 2122

Semiconductors exhibit a band energy structure consisting of the valence band which
contains lots of trapped electrons in bonds, and empty conduction bands separated
by a band gap between them. When the excitation energy is greater than the band
gap, electrons are excited and move to the empty conduction band and the same

amount of holes are generated in the valence band.
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Chapter 1

Figure 1: Representation of a semiconductor-photocatalyzed reaction.”

Figure 1 shows the basic physical process when a semiconductor photocatalyst is
under light irradiation. To be more specific, the photocatalytic reaction consists of
three processes: (i) absorption of photons, electrons and holes are generated in the
conduction band and valence band, respectively; (i) charge separation and migration
to the surface reaction sites; (iii) on the surface reaction sites, the holes and electrons

undergo oxidation and reduction reactions.?* 2

During this process, the photogenerated electrons and holes can recombine in the
bulk and on the surface, which is the main reason limiting the activity of a
photocatalyst. Reducing the recombination is a key factor to improve the
photocatalytic efficiency and a lot of methods have been tried.!! Lin and co-workers
changed the nanostructure to minimize the distance carriers travel to decrease the
recombination probability.?® A junction structure can induce an inner field to
accelerate the separation of photo-generated carriers.?” Doping is also an efficient
method to decrease recombination as the doping centre can lengthen the diffusion
distance of charge carriers.®> 28 Surface modification can also reduce recombination

on the surface.?®

1.4: Photocatalytic Water-Splitting

Splitting water into hydrogen and oxygen is a typical “uphill reaction”.® In traditional
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Chapter 1

electrolysis, water splitting to produce O, and H. requires a bias lager than 1.23 V,

which requires energy consumption.

Artificial <O
Photosynthesis ?{'
Water splittin
- ( P a) H, + 0,
> F
B Chemical energy
L H,O ' .G'=237kJ/mol

Figure 2: photocatalytic water splitting *

However, solar energy could be used to drive photocatalytic and PEC water splitting,
as shown in Figure 2. Electrons and holes are generated inside the excited
photocatalyst, transferred to surface active sites and subsequently consumed by

surface redox reactions. The overall reactions are shown in Equation 1.3

Equation 1: 2H,0-2Hz+ 03

The half reactions are described as follows:

2H* +2e~— H,

2H,0 + 4h*—> 0, + 4H*

Currently, scientists use two main kinds of photocatalytic system to achieve water
splitting.** The first type of photocatalytic system is shown in Figure 3. This system
uses a single photocatalyst with a band structure to satisfy the energy requirement of
water splitting, like TiO,, SrTiOz and other wide bandgap oxides. The position of the
conduction band should be more negative than the redox reaction H*/H,, and the

valence band should be at a more positive potential than the redox reaction O»/H-0.
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Figure 3: Energy diagrams of photocatalytic water splitting based on
one-step excitation.**

An alternative, based on natural photosynthesis, is coupling two photocatalysts to
achieve water splitting, as shown in Figure 4. In this scheme, it contains one O
evolution photocatalyst and one H; evolution photocatalyst. Compared with a single
photocatalyst system, this system could enlarge the photo-response area and
enhance the photo-generated carrier separation. This two-step photocatalytic system

is commonly called the “Z-scheme” .32 33

(b) (-) &

=)

E H#le -

w (V) cB| e

S .\ Ox/Red

"; 0leed . Sennnnn T ——— g e M oo

>

S hv
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s VB photocatalyst
(+)

O, evolution
photocatalyst

Figure 4: “Z-scheme” photocatalytic system for water splitting.**
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1.5: Photoelectrochemical Water-Splitting

In 1972, Fujishima described photo-assisted electrochemical water splitting, as shown

in Figure 5.

ho
" I H,0
> N E O

H, 0,+H"

Pt TiO,
L O

Figure 5: Scheme of photoelectrochemical cell in Fujishima and Honda’s
experiment.*?

Rutile TiO, was illuminated by UV light whose energy is greater than the band gap
energy of TiO», exciting electrons in the valence band to the conduction band. Under
bias, the photo-generated electrons move to the Pt counter electrode and reduce
protons from water to give H,. The holes move to the surface of the TiO, and oxidize
water to produce Oz and release.protons. Since the discovery of the Honda—Fujishima
system, photoelectrochemical (PEC) water splitting of semiconducting materials has
been studied extensively, with the aim of producing systems that rely only on solar

energy input and are cheap and stable.
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(a) o (b) = (c) o
| [ |
I I
CB CB = of CB
e [ e
& H'/H, e T\\ H*IH, cB ey 1
T oo ey
3510 hv 1.23V 123V |
hy ¥ v -
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| &~ 0/H,0 i’ 0,1H,0
/! = h* "\ & | VB
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Photoanode Counter Photocathode Counter Photoanode Photocathode
electrode electrode

Figure 6: (a) Photoelectrochemical water splitting using one photoanode, (b) one
photocathode and (c) photoanode and photocathode in tandem configuration.”

Figure 6 presents 3 kinds of PEC water splitting model. Figure 6a shows the system
with semiconductor working as a photoanode and carbon or Pt as a cathode as for the
original TiO2 system of Fujishima and Honda. In Figure 6b, when the semiconductor is
a photocathode, the photo-generated electrons move to the surface of the
photocathode to reduce protons and release H, and the photo-generated holes are
transferred to an anode. Alternatively the counter electrode can be replaced by a
photoelectrode as shown in Figure 6¢, giving two photoelectrodes, a photoanode

connected to a photocathode.™

As the Fermi energy in a semiconductor and electrolyte solution are not at the same
energy, the carriers will be transfered between surface and electrolyte solution
causing band bending.3* For photocathodes, p-type semiconductors produce band
bending to higher potential whereas photoanode n-type semiconductors bend to lower
potentials. n- and p-type semiconductors are used for photoanode and —cathode

respectively to avoid corrosion and direct the majority carriers.

1.6: Photoanode material

In the last few decades, there is no doubt that TiO- is the most popular material based

on its stability, nontoxicity and low cost. However, TiO2, has a band gap of 3.2 eV in
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the anatase crystalline phase, only absorbing UV light (wavelength A < 387 nm) which
limits the usage of solar light as the fraction of UV light is only 4% at the Earth’s
surface.' In addition, high charge recombination also limits its practical application.
Although many improved works have been done, the quantum efficiency of TiO: is still
lower than 10% under sun light irradiation. Therefore other materials which absorb
more sun light and reduce recombination are a target. In addition modification
strategies (doping, cocatalysts, morphology) have also been explored to improve

known materials.

WOQsis stable and a nontoxic material. The holes and electrons in WO3; have a long
diffusion length and importantly WOsis an indirect semiconductor with a 2.5-2.8 eV
bandgap whose band edge absorption could reach 500 nm.3% 3¢ Augustynski et al.
demonstrated efficient water oxidation under visible light using a highly transparent
nanoporous WOj3 photoelectrode.®® Jingwei Huang and his co-workers combined WO3
anode with an FeOOH OER catalyst to increase the photoactivity and the

photostability.3”

BiVO, is a semiconductor that is a well-known visible-light-responsive photocatalyst
for water oxidation and was first reported by Kudo and coworkers as a photocatalyst
for water oxidation.3® However BiVO, suffers from poor electron transfer and collection
in the photoelectrode.® Doping and addition of water oxidation cocatalysts have been
used to improve the charge transport properties and reduce the surface

recombination of the photogenerated carriers in BiVQ,.40 4142

In 1978, Fe2O3 was first used for photocatalytic water splitting. Compared with TiO»,
with a narrow band gap (Eg = 2.1 eV) the absorption edge of Fe>O3 is around 560 nm.
At the same time, Fe;O3 has advantages of low cost, abundance, nontoxicity and
stability. Fe2Os has therefore emerged as a promising material to achieve the high
efficient conversion from solar energy to chemical energy and is the focus of this

thesis.*3 44
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1.7: Fe,O3 Photoanode

Hematite is an iron ore which is abundant in the Earth’s crust. It is a low cost,
non-toxic and stable material in aqueous solutions. Hematite Fe;Os is the most
thermodynamically stable and common crystal structure among all iron oxides.
Hematite Fe>Osis corundum-type structure and hexagonal with the lattice parameters

a=5.0356 A, c = 13.7489 A *® The crystal structure is shown in Figure 7.

Figure 7: The unit cell and crystal structure of hematite®

Hematite Fe;Osis an n-type semiconductor. As shown in Figure 8, the valence band
(VB) position of Fe2Os is positive enough to oxidize water, and is at +2.5 V vs RHE.
However, a bias potential is required for proton reduction as the conduction band (CB)

energy is too positive.*+ 4

23



Chapter 1

Evac Exne
3.5 == Ideal -T™ -1.0
Photocatalyst
H,0/H,
4.5 T S .
~2eV
1.23 eV
5.5 b 2.2¢V -t 1.0
H,0/0,
_6‘5 = T — e — - - 2.‘)
ik L Hematite L 30

Figure 8: Schematic representation of band levels for hematite and for an ideal
photocatalyst for water oxidation to hydrogen and oxygen.

Although the small band gap (2.1 eV) allows 15.3% of theoretical PEC efficiency
under 1-sun irradiation, the conversion efficiency of Fe-Os is low (ca.5 % up to date).
Contributing factors are: (1) low mobility of carriers (~0.1 cm?V-'s™), (2) short hole
diffusion lengths, (3) low rate of water oxidation (poor catalysis), (4) high electron-hole
recombination rates and (5) inhibited hydrogen evolution due to the conduction band

energetics.46: 4748

To increase the photocurrent and the conversion efficiency of Fe>Os, many improved
methods have been developed, nanostructuring advancements, doping, junction
structure and surface modification have been used to lower the onset potential,

improve the light absorption, accelerate the hole transport and improve catalysis.*4

Doping is beneficial to enhance the bulk carrier concentration and the conductivity in
many photoelectrochemical systems. Bare hematite has very low electrical
conductivity, carrier concentration and electron mobility. Since the 70’s, many
elements have been used to dope Fe»Os to enhance the photocurrent, as shown in

Figure 9.4
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Dopant Concentration Technique Photoresponses

w 0.0025% Synthesized ceramics IPCE 29% at 400 nm and 1.23 Vg

Mo 15% Electrodeposition IPCE 12% at 400 nm and 1.4 Vgyg

v 0.05% Synthesized ceramics IPCE 28% at 400 nm and 1.23 Vgyg

Nb 0.5% Synthesized ceramics IPCE 27% at 400 nm and 1.23 Vg

Nb 0.1% Synthesized ceramics 135 em ™2 at 0.2 Ve (100 W Hg are lamp, 20 mW em™)
Nb 1.5% Single erystal IPCE 37% at 370 nm and 1.23 Vi,

Nb 10% Synthesized ceramics IPCE 26.7% at 450 nm and 1.5 Vg,

Ta 0.3% Synthesized ceramics IPCE 32% at 400 nm and 1.23 Vyug

Ta 0.5% Synthesized ceramics 640 pA em ™ at 0.7 V (a high-pressure lamp of 1 KW) (two-electrode setup)
Si 204 Synthesized ceramics IPCE 34% at 400 nm and 1.23 Veug

Si 2% Synthesized ceramics IPCE 9.3% at 340 nm and 1.49 Vgye

Si ~1.5% APCVD IPCE 42% at 370 nm and 1.23 Veuge

51 5.3% RMS IPCE 2.5% at 375 nm and 1.54 Vaue

Si 0.1% SP IPCE 23% at 360 nm and 1.4 Vyyy

Si 0.2% SP 0.37 mA em ™ at 1.23 Vg, (0.8 sun, AM 1.3)

Ti 5% RMS IPCE 14% at 375 nm and 1.54 Veuge

Ti 4% RED IPCE 31% at 360 nm and 1.4 Vyyug

Ti 2.5% EVD IPCE 15% at 360 nm and 1.6 Vge

Ti 1% Synthesized eeramics IPCE 1.2% at 340 nm and 1.49 Voue

Ge 0.05% Synthesized ceramics IPCE 5.5% at 340 nm and 1.44 Voue

r 0.3% Synthesized ceramics IPCE 23% at 400 nm and 1.23 Vyup

7r 2.0% Electrodeposition 2.1 mA em ™ at 1.64 Vgge (Xe lamp, 150 mW em™?)

Ru 5% Synthesized ceramics 108 pA em™ at 0.2 Vo (100 W Hg are, 20 mW cm ™)
Sn 4% RBD IPCE 21% at 360 nm and 1.4 Vi

sn 0.05% Synthesized ceramics IPCE 4.0% at 340 nm and 1.04 Vgyue

Sn 4% Depaosition annealing IPCE 0.7% at 420 nm and 0.3 V vs. Ag/AgCl (0.2 M NaOH)
sn 9.4% Hydrothermal method [PCE 19.2% at 400 nm and 1.23 Ve

Figure 9: Photoresponses of some doped hematite photoelectrodes.*

When the oxidation state of the doped metals are not +3, such as Mg, Cu, Ni, Sn, Ti,
Zr, Si replaces Fe® in the lattice, the dopants can act as electron donor or acceptor to
increase the carrier density and potentially the current. Metals such as Sn, Ti, Zr and
Si, are +4 dopants are electron donors when replacing Fe3* .4+ 50 51 Gratzel et al.
reported that compared with pure Fe;Os, Si-doped hematite showed a higher
photocurrent.®? The Mott-Schottky analysis showed that the enhanced performance
was attributed to the increased donor density. Deng et al. has reported a Ti doped
urchin-like morphology hematite, a remarkable plateau photocurrent density value of
3.76 mA/cm? was observed at 1.74 V vs. RHE, which was 2.5 times higher than that
for the pristine nanostructures (1.48 mA/cm?).5> When doped with +2 metal element,
Mg, Cu, Ni could act as an electron acceptor.>* % % Naghmehalsadat Mirbagheri and
his co-workers found the donor density of Zn doped Fe,Osis lower than Fe»Os, but it

still showed a higher current.®’

As stated above, the short hole diffusion length (2 — 4 nm) and low mobility of carriers
in Fe203, allows nanostructuring asan efficient way to short the distancefrom the point

of excitation to the reactive surface.
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Figure 10: HR-SEM images and photoelectrochemical characteristics of Fe;O3
dendritic nanostructure films grown by APCVD.%

Gratzel et al. synthesized the dendritic nanostructure Fe>Os films grown by APCVD as
shown in Figure 10. HRSEM reveals a highly developed dendritic nanostructure of
500 nm thickness having a feature size of only 10-20 nm at the surface. The dendritic
Fe.Os films showed a higher efficiency (IPCE) and photocurrent (2.2 mA/cm? in
AM1.5G(Air Mass 1.5 Global) sunlight of 1000 W/m? at 1.23 V RHE) than the single

crystalline Fe,O; electrodes.%®

In 2012, Li et al. reported the porous semiconducting a-Fe>O3 nanowires synthesised
by solution growth of a-FeFs-3H>O nanowires, as shown in Figure 11. The 400 nm
thick hematite nanowire photoelectrode yielded a photocurrent density of 0.54

mA/cm? at 1.23 V vs RHE (AM 1.5 G, 100 mW/cm?, pH = 13.6, 1 M NaOH).*°
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Figure 11: Preparation procedures and photocurrent densities of hematite nanowire
photoelectrodes.®®

As shown in Figure 12, Kim et al. presented a worm-like morphology of Pt doped
hematite which resulted in photocurrent density 4.32 mA/cm? at 1.23 V vs. RHE which

is the highest known.®°

Photo-anode: Counter-catho&e'
Pt-doped Fe,0, nanostructure R

Figure 12: Schematic diagram for a photoelectrochemical cell with the hematite thin
film photoanode.®

Surface modification is the most popular method to load a better water oxidation
catalyst which can store the hole and increase the rate of water oxidation.
Electrodeposited or photoelectrodeposited amorphous ‘Co-Pi’ on Fe;O3 as cocatalyst
has been widely studied, since DK Zhong et al. found ‘Co-Pi’ could lower the onset
potential and enhance the photocurrent of Fe;Os3 in 2009.5' Tilley et al. showed that

IrO2 nanoparticles loaded on the surface of a hematite photoanode can achieve the
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negative shift of overpotential and obtain a higher photocurrent around 3.75
mA/cm?.#” Li Can and his co-workers modified Fe;O3 with IrO, and Ni(OH). at the
same time. They found after loading with IrO, and Ni(OH)., the LSV (Linear Sweep
Voltammetry) data show a doubled current density compared to pure Fe;O3 and about

200 mV negative shift of the onset potential.®?

Junction structures including heterojunction and homojunctions are a common
method in photocatalysis and phtoelectrochemistry to enhance the photo-generated
hole and photo-generated electron separation and inhibit the carrier recombination.**
Some n-type metal oxides such as Al,O3, SnO, and ZnO and p-type metal oxides like
NiO and n-type CaFe;O4 have been reported to modify the surface of Fe>Os which
could form n-n or p-n junctions to decrease the recombination of carriers and benefit

the charge separation, as shown in Figure 13.53 6465 66,67

a b
1 1
SiwAav . Vacuum
21— After contact |+ "N ev
Before contact  After contact ercontact i+/H, p-NiO
| in electrolyte Jr— B =48
— —
] f- m===- - __/ / b
..... — B i s // Lss
- R € O AP,
o H; O/O; _— E 6¢ —lOM0
E 6.0
L B B B il 88l R E,w
1+ Fe,0, Fe,0, _/ E =220V 5.55 i B 5
! Fe,0,
o & s - EERSESRNaN EI
2t . " | 8Ev=021 eV
Zn0 Zn0 E, = - L

Zn0

Figure 13: The mechanism of n-n heterojunction (a) and p-n heterojunction (b).

P. Feng and his co-workers fabricated a three-dimensional branched Fe>O3/MgFe2O4
heterojunction.®® The photocurrent density of the heterojunction is 2.69 times higher
than that of Fe.Os. The heterojunction showed an excellent charge transfer and
enhanced light-harvesting ability. Kyoung-Shin Choi et al. showed the Fe;03/ZnFe;04
heterojunction significantly enhanced photocurrent response compared to the bare

Fe20;.5
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In the process of heterojunction formation, energy level matching is one of the biggest
challenges. Recently some reports about Fe;Os p-n homojunctions have been
constructed which could mitigate problems caused by energy mismatch between
water redox potentials and the band edges of hematite and many other low-cost metal
oxides, enabling practical solar water splitting as a means for solar energy storage, as

shown in Figure 14.5¢

@ 5w (b)

[ FTO |
_/-7 H,/H.0 ——H./H.0
W TR |qvpﬂ
—— H,0/0 H,0/0,
—
n-Fe 0, | p- n-Fe,0,

Figure 14: Energy band diagrams of hematite with a p-type coating. The p-type
surface coating leads to a more negative band edge capable of reducing protons to
hydrogen

1.8: Project Aims

As discussed in this chapter, there are many methods that could enhance the
photoelectrochemical water splitting property of Fe-O3 based photoanodes. However,
Fe20s still cannot meet requirements for practical application. Further improvement of

Fe20s3 to achieve the solar energy to chemical energy transfer is required.

This thesis will describe the synthesis of two kinds of morphology of Fe;Os; by
hydrothermal methods. Doping, homojunction structure and surface modification were
used to enhance the property of Fe;Os for photoelectrochemial water oxidation. The
characterization and impact of these modifications has been analyzed by many

physical chemistry methods.
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The synthesis and characterization of Fe.Os nanoparticles will be presented in
chapter 2. Based on these nanoparticles, a new layered Co-doped Fe>O3/Sn-doped
Fe>Os/FTO substrate (Co/Sn/Fe203) n-n homojunction photoanode was synthesized.

The properties and mechanism of PEC water oxidation will be also be described.

In chapter 3, Fe>O3; nanorod arrays will be described. CdS and Cu.O nanoparticles
were synthesized and loaded on the surface of Fe>Os nanorods by a chemical bath
method. This three layer structure heterojunction photoanode improved the carrier
transfer, decreased the self-oxidative decomposition of chalcogenide and enhanced

the OER activity.

In chapter 4, UV light deposited amorphous CoOy on the surface of Fe;O3 nanorods
array will be described. The properties and mechanism of amorphous CoOy cocatalyst
on the Fe;O3 will be described including analysis by electrochemical impedance

spectroscopy.
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Chapter 2

High-performance of Co-doped
Fe203/Sn-doped Fe2O3 n-n
homojunction photoanode for
photoelectrochemical water

oxidation
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2.1: Introduction

Recently some reports about Fe>O3 p-n homojunction have been constructed which
could mitigate problems caused by energy mismatch between water redox potentials
and the band edges of hematite and many other low-cost metal oxides, enabling

practical solar water splitting as a means for solar energy storage.*®

However, the band bending of p-type semiconductors at the electrolyte interface does
not benefit hole accumulation on the surface which limits the rate of water oxidation”
. So coupling of different n-type Fe.Os; to form an n-n Fe.O; homojunction is an
effective strategy to enhance the separation of electron-hole pairs and improve the

photoconversion efficiency.

Co doped Fe;Os3 has been described by Hou and his co-workers. They found Co
doped Fe>O3 could present a higher photocurrent compared with bare Fe;O3 as the
donor density increases. A new Co?" doped energy level was formed at the top of

VB in Fe;03.72 However it should be noted that Co is also known as a cocatalyst.

There are many publications describing Sn-doped Fe;O3 photoanode. “6 73They found
Sn** could act as an electron donor to increase the donor density and accelerate the
carried transfer rate in the iron oxide and the interface between Fe;Os; and FTO.

Unlike Co, the Sn-doped energy level was formed below the CB of Fe»Os.

2.2: Chapter Aims

Herein, we present the synthesis and characterization of a new layered Co-doped
Fe;03/Sn-doped FeO3/FTO substrate (Co/Sn/Fe20O3) n-n homojunction photoanode
for efficient PEC water oxidation. A facile two step hydrothermal method for the

fabrication of this n-n homojunction photoanode was developed, using CoCl,*6H-0,
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SnCls*4H-0 and FeClzas precursors. Fe;Os, Sn-doped Fe2Os (Sn/Fe203), Co-doped
Fe;03 (Co/Fez0s3), and Sn-doped Fe2O3/Co-doped Fe2O3 (Sn/Co/Fe03) photoanode
were synthesized as control samples. In comparison with the Fe>Os, Sn/FexOs,
Co/Fe203 and Sn/Co/Fe203 photoanode, an enhancement of the photocurrent density
at 1.23 V vs reversible hydrogen electrode (RHE) has been observed on the
Co/Sn/Fe203 n-n homojunction photoanode. All of the as-prepared samples were
characterized in detail by X-ray diffraction (XRD), Scanning Electron Microscopy
(SEM), UV-Vis Transmission Spectroscopy, Photoelectrochemistry (PEC) and

Electrochemical Impendence Spectroscopy (EIS).

2.3: Results and Discussion

2.3.1: Synthesis

Currently, the methods to synthesize Fe»Os films include deposition from colloidal
solutions, Ultrasonic Spray Pyrolysis, APCVD, hydrothermal deposition amongst
others.®® Compared with other methods, photoanodes synthesized by hydrothermal
methods show the greatest photocurrents. The Fe;O3z nanoparticles in the film grow
on the FTO directly which makes a clean interface between the FTO substrate and
Fe.Os nanoparticles*®. The clean FTO was placed in a 20 mL hydrothermal reactor,
with a 15 mL aqueous solution containing FeCls (0.25 mmol). The autoclave was
placed at 180 °C for 1.2 h. After cooling to room temperature, the product was
collected and rinsed with deionized water and dried in a nitrogen atmosphere stream,
and annealed in air at 550 °C for 2 h and 800 °C for 20 min. In our hydrothermal
process the Fe>O3s nanoparticles cover both sides of FTO glass substrate, but the
Fe>Os nanoparticles on the non-FTO side were easily removed by washing with water.
Samples were then heated at 550 °C for 2 hours to dry and crystallize the film
followed by heating at 800 °C for 20 min to improve the connection between FTO film
and Fe»Os nanoparticles. The synthesis of Sn/Fe;Os; and Co/Fe;O3 was similar to

Fe2Os3 except that SnCls*5H,0 (0.005 mmol) and CoCl2*6H.O (0.002 mmol) was
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added into the autoclave as dopant for hydrothermal reaction. Co/Sn/Fe,Os; was
achieved using a two-step hydrothermal reaction. First, the clean FTO (1 cm x 3 cm)
was placed in a 20 mL hydrothermal reactor, with a 15 mL aqueous solution
containing FeCl; (0.25 mmol) and SnCls*5H,0O (0.005 mmol). The autoclave was
placed at 180 °C for 1.2 h using a ramp rate of 5 °C/min. The product was collected
and rinsed with deionized water and dried in a nitrogen atmosphere stream, and
annealed in air at 550 °C for 2 h. Then, the FTO coated with Sn/Fe-O3 was placed in
an autoclave, with a 20 mL aqueous solution containing FeCls; (0.25mmol) and
CoCl2*6H20 (0.002 mmol). The autoclave was placed at 180 °C for 1.2 h using a ramp
rate of 5 °C/min. The product was collected and rinsed with deionized water and dried
in a nitrogen atmosphere stream, and annealed in air at 550 °C for 2 h and 800 °C for
20 min to obtain Co/Sn/Fe,O3; photoanode. The way to synthesize Sn/Co/Fe20s is
identical but the order of Sn and Co processes is reversed. Photographs of Fe,Os,
Co/Fe203, Sn/Fez03, Sn/Co/Fe;03 and Co/Sn/Fe O film on FTO glass are shown in
Figure 15. The films appear homogeneous based on the photographs and SEM
pictures which will be described in detail below. The color intensity of the films
decreases in the order of Sn/Co/Fe:O; > Co/Sn/Fe.Os; > Co/Fe:03 > FexO3 >
Sn/Fez03, to the naked eye. The films are adhered on the FTO and cannot be

removed except by scraping with a knife.

s N Y

Fe,0,  Coffe,0;  Sn/Fe,0,
e & 7
Sn/Co/Fe,0;  Co/Sn/Fe,0,

Figure 15: The photograph of Fe>Os, Co/Fe;0s, Sn/Fe>0s, Sn/Co/Fe203 and
Co/Sn/Fe;03
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2.3.2: Structural characterisation

PXRD diffractograms of Fe203, Co/Fe203, Sn/Fe203, Sn/Co/Fe203 and Co/Sn/Fe203
are shown in Figure 16. All samples represent the typical crystal structure of FTO and
hematite phase and no diffraction peak arising from metallic cobalt or cobalt oxides.”*
74 Comparison of the PXRD patterns of photoanodes doped with and without Sn, no
metallic Sn or Sn oxidescould be observed except for peaks which belong to FTO.
These results indicate that the ratio of Co and Sn in the hematite is lower than the
detection limits of PXRD, and the doped Co and Sn atoms are likely to be highly
dispersed in the hematite and without any aggregation on the exterior of the Fe O3
surface.”>7® Given the high temperatures used to process the films it is unlikely that

amorphous material is present in high concentration.

* FTO PDF 46-1088
" * Fe,0, PDF 33-0664
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Figure 16: The XRD patterns of as-prepared Fe;O3, Co/Fe 03, Sn/Fe;0s,
Sn/Co/Fe>03, and Co/Sn/Fe,Os samples.
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Morphological characteristics shown in Figure 17 and 18 illustrate the top view and
cross-sectional structures of Fe03;, Co/Fe203, Sn/Fe20s;, Sn/Co/Fe2Os and
Co/Sn/Fe2Os which were characterized by field emission scanning electron

microscopy (FE-SEM). All the samples appear homogeneous, and unlike most of the
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literature prepared hydrothermally, these photoanodes were composed with Fe;O3
nanoparticles rather than nanorods, as shown in Figure 17.7® The top view analysis
show the size of Fe O3 particles is about 100 nm and unchanged by doping with Co.
Sn-doping appears to decrease the size of Fe;O3 nanoparticles to ca. 60 nm, which is
similar to that previously reported.”” 78 7® From the side view of samples which are
shown in Figure 18, there is a two-layer ‘sandwich-like’ structure observed for
Sn/Co/Fe20O3 and Co/Sn/Fe>03 but a single layer structure for Fe>Os, Co/Fe,O3 and
Sn/Fe203. The thickness of a single layer in Fe2Os, Co/Fe;O3; and Sn/Fe;0s3 is about
300 nm. For Sn/Co/Fe;O3; and Co/Sn/Fe,Os, the ‘sandwich-like’ structure has a
thickness of ca. 550 nm composed from the first layer with 300 nm and second layer
with 250 nm thickness. It is thus reasonable to believe that the intimate contact
between the Co/Fe-Os layer and Sn/Fe;Os layer could form a homojunction to
facilitate the separation of photogenerated carriers, consequently improving the PEC

efficiency.

a ™ Akl

Figure 17 : Scanning electron micrographs of the top view of the Fe;03, Co/Fe2Os,
Sn/Fe;03, Co/Sn/Fe.0Os and Sn/Co/Fe,Os samples.
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100rm 100 nm

Figure 18: Scanning electron micrographs of the cross-section of the Fe;O3, Co/Fe20s,
Sn/Fe203, Co/Sn/Fe203 and Sn/Co/Fe,03 samples.

2.3.3: Chemical state characterization

XPS was performed to confirm and characterize the chemical states of Sn and Co

species in Co/Sn/Fe>0s. The XPS spectra are shown in Figure 19.

The Fe 2p in Figure 19A, the 2ps»and 2p+. core levels of Fe species are discerned at
around 710.7 and 724.1 eV, respectively. This indicates that the Fe species in

Co/Sn/Fe,0s is in the +3 oxidation state.*®

From the Sn 3d XPS spectra (Figure 19B), we could easily identify the peak position
of 3ds» and 3ds» binding energies of tin, which are around 486.6 and 495.2 eV,
respectively. The difference between the two values is equal to 85 eV. This

demonstrates that Sn is in the +4 oxidation state in Co/Sn/Fe,03.7°

The Co chemical state was measured by XPS, shown in Figure 19C. It is easy to
identify the peaks between 775.8 and 795 eV which could be assigned to 2p of Co
species. Qnatitative analysis of the spectrum shows that the Co species exist with +2

and +3 oxidation states and the ratio is 1:3. 72
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Figure 19: The high-resolution core XPS spectra of (A) Fe2p, (B)Sn 3d and (C) Co 2p
of Co/Sn/Fe;0s.
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2.3.4: UV-vis spectroscopy

The UV-vis spectrums of Fe2O3, Co/Fe 03, Sn/Fe.0Os, Sn/Co/Fe203, Co/Sn/Fe O3 are
shown in Figure 20. The band edge absorption of pure Fe»Os is at ca. 610 nm,
whereas the absorption of Sn/Fe2Os shifted to shorter wavelength (ca. 20 nm). This
behaviour which could be due to the Sn doping is in good agreement with the effect of
particle size quantization on indirect bandgap of hematite, which suggests that the
quantum size effect can be partly responsible for the increase of the bandgap of
hematite, which echo the result of SEM. However, the particles are too large for
quantum size effects. More likely the Sn atoms occupy defect sites which are
responsible for the Urbach Tail.8% 8" 8 |n contrast the edge shifts toward long
wavelength for Co/Fe;0s, and Yang et al. found the doping of Co could introduce an
impurity level which lay above the valence band of Fe.03.”? This red-shift in light
absorption could be attributed in part to a transition of charge-transfer between the
cobalt ions and the conduction or the valence band of Fe;Os. Furthermore, compared
with single layer Fe>Os, Co/Sn/Fe2O3 and Sn/Co/Fe-O3 samples showed a remarkable
red-shift in the band-edge absorption. The markedly enhanced absorption before the
absorption edge is discernible which could be due to the thickness of the samples.

These results are in accordance with the naked eye, shown in Figure 15.
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Figure 20: The UV-vis transmission spectra of Fe203, Sn/Fe203, Co/Fez0s,
Co/Sn/Fe;03 and Sn/Co/Fe;0:s.
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2.3.5: Photoelectrochemical Performance for Water Oxidation

The PEC performance of the photoanodes was obtained in 1 M NaOH electrolyte
under visible light irradiation ( A > 420 nm). The measured potentials vs Ag/AgCl were
converted to the reversible hydrogen electrode (RHE) scale according to the Nernst

equation, as shown in Equation 2:

Egng = Eagjager +0.059pH + E,c(x)g/AgCl

Where Erue is the converted potential vs RHE, E°agiager = 0.1976 V at 25°C, and
Eagagol is the experimentally measured potential against at Ag/AgCl reference.®
Figure 21A shows the current density-potential (j-V) curves of Fe>Os, Co/Fez0s,
Sn/Fe»03, Sn/Co/Fe;0O3; and Co/Sn/Fe2O3; as working electrodes. The dark current
densities in all cases are negligible (< 20 yA/cm2). Under visible irradiation, Fe>Os;
yielded a photocurrent density of 0.5 mA/cm?at 1.23 V vs RHE. Compared to the pure
Fe,O3 photoelectrode, the photocurrent density of Sn doped Fe>O3; and Co doped
Fe2O3 show an impressive enhancement to 0.7 mA/cm? and 0.95 mA/cm? at 1.23 V vs
RHE, respectively. A tremendous improvement for the photocurrent density at 1.23V
vs RHE is achieved over the Sn/Co/Fe,O3; and Co/Sn/Fe2O3; photoanode under visible
light irradiation compared to those of pure Fe>Os, Co/Fe;Os3 and Sn/Fe>Os. The
photocurrent density of Co/Sn/Fe>O3s photoanode at 1.23V vs RHE reached 1.6
mA/cm? whereas the photocurrent density of Sn/Co/Fe;Os; is 1.1 mA/cm? which
indicate a better charge generation, separation, and transport occurred and could be
attributed to the formation of the homojunction. In addition, for Co/Fe2O3 the onset
potential of water oxidation in the anodic polarization curve moves to lower potential,
this result is highly consistent with the DRS results above and literature, further
validating that the doping of Co could introduce an impurity level above the VB of
Fe;O3 and improve the oxidation capacity of Fe.Os.”?> However, the photoanodes

containing Sn showed a positive shift of photo onset potential which means the water
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oxidation kinetics is limited.*® %" 7 The on/off photocurrent response under visible light,
which is also shown in Figure 21B, confirms the aforementioned results. The
photocurrent intensity at 1.23V vs RHE decreases in the order of Co/Sn/Fe203 >
Sn/Co/Fe203 > Col/Fe;O3 > Sn/Fe;0O3 > FexOs under visible light irradiation. All

photoanodes show substantially stable performance, as shown in Figure 21C.
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Figure 21: (A) Current density-potential (j-V) curves of (a)Fe20s, (b)Sn/Fe20s3,
(c)Co/Fez0s, (d)Co/Sn/Fe>03 and (e)Sn/Co/Fe,Osunder 1-sun irradiation(AM 1.5G,
100mW/cm?); (B) The periodic on/off photocurrent response and (C) stable
performance of (a)Fe20s, (b)Sn/Fe;0s3, (¢c)Co/Fe,0s, (d)Co/Sn/Fe,O3 and
(e)Sn/Co/Fe;03 at 1.23V vs RHE under 1-sun irradiation(AM 1.5G, 100mW/cm?).
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2.3.6: Impedance characteristics

To further understand the enhanced water oxidation property of the homojunction, we
conducted a Mott-Schottky analysis and EIS measurements for the Fe»O3, Co/Fe20s3,
Sn/Fe203, Sn/Co/Fe203 and Co/Sn/Fe203. Figure 22 displays the Mott-Schottky (M-S)
plot for all hematite thin films recorded under dark condition. All hematite thin films are
typical n-type semiconductor based on the positive slope of all samples in the M-S
plot.%": 7285 The donor densities and flat band potential of the Fe.Os, Co/Fe.Qs,
Sn/Fe203, Sn/Co/Fe.03 and Co/Sn/Fe20s electrodes have been obtained from the
slope of these plots based on the M-S equation, as shown in Table 1. Np value
analysis show the donor density decreases in the order of Sn/Co/Fe;Os; >
Co/Sn/Fe203 > Co/Fe;03 > Sn/Fez03 > Fex0s. FexO3 shows the lowest donor density
among all photoanode and the doping of Sn and Co will increase the donor density of
hematite film. These data provided direct evidence to support that the Sn-doping and
Co-doping served as an electron donor. Compared with some p-n junctions which
have been published, such as p-NiO/n-hematite heterojunction electrode and
p-CaFe-0./n-hematite which would form a depletion layer to trap the electrons and
holes and decrease the Np, the n-n homojunction which comprises Sn/Fe;O3 and
Co/Fe20s increases the Np which enhance the photocurrent response at higher
potential.®% 8 In theory, the onset potential is assumed to be approximately equal to
the flatband potential.> As shown in the table 1, the flatband potential of Co-doping
Fe-O3 is lowest among all photoanodes. In contrast, clearly the addition of Sn
promotes a significant anodic shift of the flat potential in relation to the undoped film.
Ricardo H et al. found the increase in the Vs maybe be associated with Sn

enrichment in the hematite grain surface.®
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Figure 22: The Mott-Schottky plots of Fe-Os, Co/Fe20s, Sn/Fe,03, Sn/Co/Fe>03 and
Co/Sn/Fe;0:s.

Table 1: Mott—Schottky parameters of Fe;Os, Co/Fe;0s, Sn/Fe;0s, Sn/Co/Fe»03 and

Co/Sn/Fez03
Sample Flat Potential (V vs Ag/AgCl) Donor Density x 108
(cm?)

Fe,Os -0.53 18.67
Co/Fe203 -0.57 44.56
Sn/Fex03 -0.36 35.81

Sn/Co/Fe203 -0.47 83.48
Co/Sn/Fez03 -0.52 75.27

To gain further insight into the underlying mechanism, the Nyquist plots of Fe2Os,
Co/Fez03, Sn/Fez03, Sn/Co/Fe;O3 and Co/Sn/Fe;O3 electrodes were measured at

1.23 V vs RHE.

In dark condition, a semicircle with different radius is clearly visible for all photoanodes
which is associated with the charge-transfer process and a smaller radius correlated
with a lower charge-transfer resistance, as shown in Figure 23.8 Fe,O3 shows the
largest radius, then followed by Sn/Co/Fe;Os, Co/Fe;Oz and Co/Sn/Fe;Os, and

Sn/Fe2O3 show the lowest radius.
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Figure 23: Nyquist plots of Fe;Os, Co/Fe>03, Sn/Fe;0s, Sn/Co/Fe>0O3 and
Co/Sn/Fe;0s. The EIS spectra were measured in 1.0 M NaOH at 1.23 V vs RHE in
dark condition.

The Nyquist plots of Fe;Os, Co/Fe2Os, Sn/Fe;03, Sn/Co/Fe;O; and Co/Sn/Fe20s
measured under 1-sun light illumination can be seen in Figure 24. For Fe,Os,
Co/Fe203, Sn/Fe203 and Sn/Co/Fe203, one semicircle is clearly visible. However, two
semicircles are for Co/Sn/Fe,0Os electrode. According to the literature, the semicircle
in high frequency can be attributed to the grain boundary impedance between FTO
and Sn/Fe;0s, and the low frequency semicircle belongs to the remainder of the
electrode.®” For the lower frequency electrode impedance, the radius of the semicircle
decreases with the order Fe;O3> Co/Fe;O3> Sn/Fe.O3 > Sn/Co/Fe,03 > Co/Sn/Fe,0s,
which means Co/Sn/Fe;O3 show the lowest resistance under light irradiation. For
more detailed analysis, the experimental EIS data under 1-sun irradiation were fitted
to an equivalent circuit model (EC), (Figure 24), using the EIS spectrum analyzer
software. The fitted impedance parameter values of the resistances (R) and constant

phase elements (CPE) are listed in Table 2.

45



Chapter 2

a
b
c
d
e

1004

I /77""‘-‘\
04 M./ In/‘ ‘v".

0 200 400 600 800 1000
Z' (ohm)

Figure 24: (A) Nyquist plots of Fe;Os (a), Co/Fe203 (b), Sn/Fe;0Os (c), Sn/Co/Fe203 (d)
and Co/Sn/Fe»0s (e), (B) equivalent circuit model for Fe;Os, Co/Fe>O3 and Sn/Fe203
(c) and (C) equivalent circuit model for Sn/Co/Fe,0Os and Co/Sn/Fe>0Os. The EIS
spectra were measured in 1.0 M NaOH at 1.23 V vs RHE under 1-sun irradiation.

Table 2: Resistance and CPE Values Obtained by Fitting the EIS Specitra.

Sample Rs(Q) C1 (uF) R1(Q) C2 (uF) R2 (Q)
Fe0s 23.21 1388 195 14.78 759.2
ColFe,0s 39.45 19.47 299.4 160.7 467.28
Sn/Fe:0s 90.34 13.82 215 156 183
Sn/Co/Fe;04 113 29.28 115.1.1 239 160
Co/Sn/Fe;0s 136 19.7 137.4 280.1 114.78

As shown in the table 2, the values of Ri1and C4 and Rz and C; is the resistance and
capacitance of bottom layer and top layer in Fe2Os; anode, respectively. The doping of
Sn and Co improves the electronic conductivity of hematite, and the homojuntion,
especially Co/Sn/Fe»O3, which has advantages for enhancing the carrier transfer. The
lower Ry and Rz values further facilitate charge transfer of holes to the donor species
in solution and suppress the recombination of photogenerated electron-hole pairs to
improve the photocurrent.*® A larger capacitance implies that more carries can be
accumulated. The larger capacitance(Cy) in surface layer facilitates the participation
of holes in the oxidation process. The value of C, in Sn/Fe2O3 and Sn/Co/Fe;0sis
smaller than Co/Fe;Osand Co/Sn/Fe;03, respectively. This indicates that, compared
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with Sn doped layer, a Co doped layer could be more favourable for the PEC water

oxidation.

2.3.7: IPCE measurements

For photoelectrochemical processes, the incident photon-to-current conversion
efficiency (IPCE) is used to determine the wavelength dependence of the efficiency of

the photoelectrode. This efficiency can be defined by Equation 3 below.

1240xI(mA/cm?)

. . 0f =
Equation 3: IPCE% A(nm)xP(mwW/cm?)

X100

Where | is photocurrent density, A and P is the wavelength and light intensity of
incident light, respectively. The incident photon-to-current efficiencies (IPCE) of the
Fe.03, Co/Fe203, Sn/Fe203, Sn/Co/Fe203 and Co/Sn/Fe2O3 photoanodes have been
measured under monochromatic light irradiation and plotted as a function of

wavelength at 1.23 V vs RHE, as shown in Figure 25.
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Figure 25: IPCE performance of Fe;0s, Co/Fe»0s, Sn/Fe>0s, Sn/Co/Fe,O3 and
Co/Sn/Fe,03 photoanode at 1.23V vs RHE.
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The IPCEs for all samples showed the same tendency, with a sharp drop as the
wavelength increases. The Co/Sn/Fe»O3 photoanode presents the highest efficiency
which was measured to be above 10% for the incident light wavelength shorter than
500 nm. The IPCE value decreases in the order of Co/Sn/Fe2.O3; > Sn/Co/Fe.O3 >
Co/Fe;03 =~ Sn/Fe;03 > Fe20s, which confirms the aforementioned results that we

obtained from PEC test.

2.4: Conclusions

We investigated the layer structure n-n homojunction composite anode of
Co/Sn/Fe203 to enhance the photoactivity of Fe2Os. The composite electrode showed
the highest photocurrent with ca. 2.5 times enhancement relative to bare Fe>Os, and
70% relative to Sn/Fe>O3 and Co/Fe203 at 1.23V vs RHE. The effect was revealed by
electrochemical impedance spectroscopy analysis. The EIS study demonstrated n-n
homojunction Co/Sn/Fe;O3 could increase the density of carriers, and improve the
charge separation and reduce resistance in the charge transfer across the electrode
and electrolyte. Thus fabrication of n-n Fe2O3 homojunction is an efficient method to

enhance the performance of electrode for water splitting in PEC cells.
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Chapter 3

Photoelectrochemical water
splitting by a Cu>O/CdS/Fe20s3
nanorod array photoanode
stablized with Cu2O as a hole

transfer relay
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3.1: Introduction

In this chapter, a new three layer structure heterojunction photoanode consisting of
cupric oxide, cadmium sulfide and iron oxide, was synthesized aiming to improve the
carrier transfer, decrease the self-oxidative decomposition of chalcogenide and

enhance the OER activity.

Many publications have described that vertically aligned Fe»,O3z nanowire arrays can
show a better activity compared with Fe;Os; nanoparticles, which works as the

electron conductor for direct charge transfer to FTO glass.** 48 888,89

CdS is an n-type semiconductor which has been widely used in photocatalytic
reactions because of the small band gap (2.3 eV) and long diffusion length of
photo-generated carriers.®® %t However, CdS is unstable and easy to oxidize by the

photogenerated holes under light irradiation.®?

As mentioned above, a junction constructed on the surface is a good method to
improve photocatalytic performance of Fe.Os. Some literature describes that a
heterojunction composed of Fe;Os; and CdS would show a better photoactivity,
because the junction could enhance the separation of photo-generated carriers.® %
However, the typical Fe,03/CdS photocatalysts are used for WOC decomposition,
such as methyl blue. Currently, Fe;O3/CdS has never been used as a photoanode

because of the instability of CdS.

Cu20 is a semiconductor with a direct bandgap of 2.1 eV. With the conduction band
lying negative of the hydrogen evolution potential and the valence band lying just
positive of the oxygen evolution potential, Cu,O has been used in different

photocatalystic reaction, like OER, HER, CO; reduction and so on but can also suffer
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from degradation. % ° 9 Zhu and his co-workers prepared Cu,O/TaON

heterojunction photoanode for PEC water splitting.®’

3.2: Chapter aims

The aim of this chapter is to investigate if the Cu>O layer could extract the hole from

CdS layer to stabilize the CdS/Fe,Os and release O, from water as shown in Figure

26.
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Figure 26: (A) The band structure of Fe;0O3, CdS and Cu»0O and (B) possible
mechanism of the three layers heterojunction.

In this chapter, the synthesis and characterization of a Cu.O/CdS/Fe,Os ternary
composite photoanode will be presented. A facile three step method for the fabrication
of this photoanode was developed. Fe,0O3;, CdS/Fe,0s, and Cu.0O/Fe,O3 photoanodes
were synthesized as control samples. In comparison with the Fe»O3, CdS/Fe,03, and
CuxO/Fe,03 photoanode, an enhancement of the photocurrent density at 1.23 V vs
reversible hydrogen electrode (RHE) has been observed on the Cu.O/CdS/Fe;O3
ternary layer photoanode. In this Cu,O/CdS/Fe;O3; photoanode, the CdS acts as a
hole transfer bridge between Cu.O and Fe,O3 to achieve photo-generated hole output
from Fe,O3 to Cu,O for water oxidation reaction, the Cu,O serves as a protective layer
to extract the hole from CdS to decrease the decomposition of CdS and provide

activite sites to release O, from water.
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All of the as-prepared samples were characterized in detail by X-ray diffraction (XRD),
Scanning Electron Microscopy (SEM), UV-Vis Transmittance Spectrum,

Photoelectrochemistry (PEC) and Electrochemical Impendence Spectroscpoy (EIS).

3.3: Result and discussion

3.3.1: Synthesis of Cu.0O/CdS/Fe20O3 nanorod arrays

The Fe;O3 nanorod arrays were prepared by a modified literature report.”® The clean
FTO and high concentration FeCls; (0.15 M) was placed in a hydrothermal reactor, and
heated at 100 °C for 6 h After cooling to room temperature, the product was collected
and rinsed with deionized water and dried in a nitrogen atmosphere stream, and

annealed in air at 550 °C for 2 h and 800 °C for 20 min.

As the interfacial energy between the crystal and the FTO substrate is smaller than
the interfacial energy between the crystal and the solution, nuclei prefer to stick on the
FTO substrate. When the reaction happens at a low temperature, the growth rate is
controlled, and epitaxial crystal growth will take place from these nuclei, along the
easy direction of crystallization. As the high concentration of FeCls, nanorods

perpendicular to the substrate will be generated.’®

The method for deposition of CdS and Cu20O on Fe;O3 nanorod arrays by SILAR was
modified according to a previous literature report.*” % Fe,O3; nanorod arrays were first
coated with CdS through the reaction between Cd(Ac), and NaS solution Then
the obtained CdS/Fe203 was stand in Cu(Ac). solution and NaOH, successively. Then
the electrode was finally heated under argon at 500 °C for 2h with a ramp rate of 10 °C

min~' to obtain Cu.O/CdS/Fe,03 nanorod arrays.
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3.3.2: Structural characteristics

The XRD pattern of the samples Fe;Os;, CdS/Fe.Os, Cu,0O/FexOs3 and
Cux0/CdS/Fe203 are shown in Figure 27. All samples show the typical crystal
structure of FTO (JCPDS 46-1088) and the single-crystal nature of the Fe-O3 (JCPDS
33-0664) nanorods with (110) direction.®® Some weak diffraction peaks which belong
to CdS (JCPDS 64-3414) and Cu.O (JCPDS 05-667) could be indexed after the
coating of CdS and CuzO on the Fe;03.%* %7 These results mean that the Fe;Os;
nanorod arrays, CdS and Cu.O have been synthesized on the FTO glass

successfully.

# #FTO 46-1088
* Fe,0, 33-0664
# x & CdS 64-3414
+Cu,0 05-667

Intensity (a.u.)

20 (degree)

Figure 27: The XRD patterns of as-prepared Fe>03 (a) CdS/Fe203(b), Cu-O/Fe203
(c)and Cu20/CdS/Fe20s(e) samples.

3.3.3: Morphological characteristics

Figure 28 shows the cross-sectional image of the Fe,Os; nanorod arrays. We could
observe that the vertical Fe,O3 nanorods were homogeneously grown and dispersed

on FTO glass with diameter around 100 nm and length 500 nm.
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Figure 28: The Scanning electron micrograph of the cross-section of the Fe;Os
nanorods.

Figure 29 shows the top-view analyses of the Fe,O3; and Cu,O/CdS/Fe,O3 nanorod
arrays. Compared with the nanorod Fe;Os; image, SEMof Cu,O/CdS/Fe;Os the
surface is rougher and there are some small features on the surface of Fe;Os.
However, from the SEM image, it is hard to unambiguously identify the Cu,O and CdS

nanoparticles.
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Figure 29: The Scanning electron micrographs of the top view of the Fe>Oz and
CdS/Cu.0/Fe,03 nanorods.

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) were
employed to further characterize the structure of the CdS/Cu,0O/Fe,Os sample, as
shown in Figure 30. From the TEM picture, there are some small particles on the
surface of Fe2Os. From the HRTEM picture, the lattice fringes of the CdS and Cu.0,
which were measured to be 0.245 nm and 0.142 nm, corresponding to (102) and (221)
facet of each, respectively. It is clear to identify that CdO nanoparticles deposited on

the surface of Fe;O3 and coated with Cu,O nanoparticle. From the HRTEM pattern,
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the Cu,0 seems to selectively deposit on the CdS. Cu?* tend to adsorb on the surface

of CdS, as the electronic structure, atomic size and precursor of Cu?*is close to the

Cd*".

g Al W Ay ~ >
— -_ %> X %

Figure 30: The (A) TEM and (B) HRTEM of Cu>O/CdS/Fe;0:s.

3.3.4: Chemical state characterisation

XPS was performed to characterize the chemical state of Fe.Os and Cu,O/CdS/Fe20Os.
Figure 31A shows the Fe 2p pattern of Fe.Os and Cu,O/CdS/Fe.Os. The 2ps» and
2p12 core levels of Fe species are discerned at around 710.7 and 724.1 eV,

respectively. There is no doubt that the Fe is +3 oxidation state in Fe,O3.%®

The chemical state of O in the Fe-O3; and Cu,O/CdS/Fe.Os was showed in Figure 31B.
For Fe»Os, there are two kinds of O atom. The lower energy peak, around 529.6 eV,
could be attributed to the lattice O-Fe, and the higher energy peak, around 531.5 eV,
presents the hydroxyl oxygen and adsorbed oxygen on the surface of Fe»03.*® For
Cu,0O/CdS/Fe;03, the peak which belongs to adsorbed OH group remains at the same
position as Fe;Os. But, there are two kinds of crystal lattice oxygen. The peak around
529.6 eV can be attributed to the O-Fe also. According to some literatures, the peak

around 530.2 belongs to the lattice oxygen in Cu.0.%
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Two S2p binding energy peaks are discerned at around 161.5 and 168.9 eV which
corespond to different chemical environments of sulfur atoms in the CdS lattice. The
lower BE S2p at 161.5 eV is in good agreement with the literature values, indicating
that the valence states of S is —2.1%: 191 The higher BE S2p signatures around 169 eV
have been previously assigned to S** species located at the edges of CdS layers.*0*
The signal is composed of two overlapping peaks, 169.5 and 168.5, which correspond
to the 2p12 and 3dsp.. It indicates that the CdS is in good contact with the Cu.O and
Fe,0s. As shown in Figure 31D, there is no doubt that the valence state of Cd is +2.

The peaks of Cd3ds and Cd3ds, are around 405.2 eV and 412.0 eV, respectively.'®

Two signals ascribed to 2ps» and 2p+. core levels of Cu species are discerned at
around 932.5 and 952.50 eV, respectively. This shows that Cu is in the +1 oxidation

state in the Cu,O/CdS/Fe,O3 sample."?? 103

The effect of Cu,O and CdS on the Fe;Os valence band (VB) was explored by
comparison of the VB-XPS spectra of Fe-O3z and Cu,O/CdS/Fe»03, as shown in Figure
31F. A significant upward shift of the O2p-VB edge of Fe-O3; was observed after being
decorated with Cu,O and CdS which weakens the oxidizing power. This could be

attributed to the VB of Cu20 and CdS which are at a lower potential than Fe,Os.
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Figure 31: The high-resolution core XPS spectra of (A)Fe2p and (B)O1s of Fe,O3 and

Cu>0/CdS/ Fe-O3 samples, (C)S2p, (D)Cd3d and (E)CuZ2p of Cu20/CdS/ Fe>03
samples and (F)Valence band of Fe>O3; and Cu,0O/CdS/ Fe;O3 samples.

3.3.5: UV-vis spectroscopy

The UV-vis transmission spectrum of Fe;Os;, CdS/Fe»Os;, Cu.O/Fe;O; and
Cu20/CdS/Fe203 is shown in Figure 32. The band-edge absorption of Fe,Os is around

570 nm which is corresponding to the band-gap of Fe.Os; (2.3 eV).* It is easy to
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observe a weak red shift of band-edge absorption and absorption tail enhanced in
visible light area, after coating with CdS. However, the Cu.O coating causes a blue
shift on band-edge of Fe,O3; and the absorption tail decreases. Interestingly, coupled
with CdS and Cu;0, there is a significant absorption increase in the composite film. It
could be attributed to the increase of surface oxygen defect, which could increase the
Urbach Tail absorption. Oxygen atoms in the interface between Fe>O3; and CdS and

Cu20 and CdS could bind with S atoms, which is in accordance with the XPS result of

S2p.
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Figure 32: The UV-vis transmission spectrum of Fe;O3; CdS/Fe;03, Cu.0/Fe,05 and

Cux0/CdS/Fe,0O3; samples.

3.3.6: Photoelectrochemical Performance for Water Oxidation

PEC measurements were carried out in a three-electrode system, with the Fe;Os3
based nanorod arrays as the working electrode, a Pt foil as the counter electrode,

Ag/AgCl as a reference electrode, and the NaOH electrolyte (1 M).

The photocurrent density versus applied voltage scans of the samples were
measured under AM 1.5G simulated sunlight (100 mW/cm?). As shown in Figure 33,
under light irradiation, the photocurrent density of Cu,O/CdS/Fe»O3;which could reach

at 1.6 mA/cm?at 1.23 V vs RHE was significantly enhance, as compared to Fe,Os.
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With the same bias, Fe,O;3 yielded a photocurrent density of 1.2 mA/cm?. Interestingly,
compared with Fe;Os, the photocurrent density of CdS/Fe>O3; and Cu,O/Fe20O3 show a

lower value which is 0.15 and 0.6 mA/cm?, respectively.
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Figure 33: Current density-potential (j-E) curves of Fe,O3; CdS/Fe,03, Cu,0O/Fe>0O3zand
Cu,0/CdS/Fe;0zunder 1-sun light illumination

For CdS/Fe203, the lower photocurrent density could be attributed to the oxidation of
CdS.1%* As some publications described, the valence band of Cu.O which is 1.3 V vs
RHE is close to the conduction band of Fe,Os which is 0.4 V vs RHE, and the
conduction band of Cu,O is -0.7 V.%""1% The holes generated on the valence band of
Fe»O3 could not move to Cu,O. But the recombination happens between electrons
generated by Fe.Osand holes on the Cu.0.%% For the Cu.O/CdS/Fe.03 photoanode,
the CdS layer could act as a step that the holes generated on Fe,O3 could transfer to
Cu20, and a barrier to block the carries recombination between Fe»;O3z and Cu,O. At
the same time, Cu,O could extract hole from CdS layer which could inhibit the
self-oxidized of CdS, as shown in Figure 34. Alternatively the interfaces between
oxide and sulphide materials support more rapid charge transfer in comparison to an

oxide-oxide interface present in Fe>0Os/Cu.0.
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Figure 34: the energy level of CB and VB in the CdS/Fe;0s, Cu,O/Fe,0O3and
CU20/CdS/F9203

The on/off photocurrent density response under 1-sun irradiation is consistent with the
result obtained from the LSV spectrum. The on/off photocurrents were tested in 1 M
NaOH and 1.23 V vs RHE, which is also shown in Figure 35A. The composite
Cu,0O/CdS/Fe,03 exhibits the best photocurrent density among all samples. Although
there is a heterojunction between Cu,0 and Fe»Os, the current of Cu.O/Fe,Os3 is lower
than the pure Fe;Os which confirms the aforementioned results. The current
decreases in the order Cu,O/CdS/Fe,03 > Fe;03 > Cu.O/Fe;03 > CdS/Fe,0s. The
stability performance of all samples was shown in Figure 35B. Cu,O/CdS/Fe;0s,
Fe,03 and Cu.0O/Fe;0O3; show substantially stable performance. However, a decrease
could be observed from CdS/Fe.Os if we enlarge the stable performance curve which
was show in Figure 35C. It is obvious that about 30% decrease happened after 5 mins
irradiation. After covered with Cu,O on the CdS, the current keeps stable for a long

time indicating that the self-oxidation of CdS was suppressed.
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Figure 35: (A)The periodic on/off photocurrent response, (B) stable performance of
Fe,03(a), CdS/Fez03 (b), Cu,0/Fe203(c) and Cu,0/CdS/Fe»0s3(d) and (C) 5 mins
stable performance of CdS/Fe;Ozat 1.23V vs RHE under sun light irradiation.
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3.3.7: Impedance characteristics

To further understand the enhanced photocurrent density and stability of the ternary
composite photoanode, we conducted a Mott-Schottky analysis and EIS

measurements for the Fe,Oz, CdS/Fe,03, Cu,O/Fe,03; and Cu,O/CdS/Fe,0s.

Figure 36 shows the Mott-Schottky (M-S) plot for all hematite thin films recorded
under dark conditions. All hematite thin films are typical n-type semiconductor based
on the positive slope of all samples in the M-S spectrum.1%:107. 108 According to the
slope and intercept of these plots in the M-S spectrum, the donor densities (Np) and
flat band potential (FB) of the Fe;Os, CdS/Fe»03, Cu,O/Fe;0s; and Cu,O/CdS/Fe,03
electrodes could be compared (Table 3). From the slope, the conclusion could be
made that the donor density decreases in the order of Cu,O/CdS/Fe;03 > CdS/Fe,03

Cu,O/Fe,03 > F8203.109’ 110
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Figure 36: The Mott-Schottky plots of Fe.Os, CdS/Fe203, Cu,O/Fe.Ozand

CUzO/CdS/FGzOg.
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Table 3: Mott—Schottky parameters of Fe;O3;, CdS/Fe,0s, Cu,O/Fe;O3and

Cu20/CdS/Fez0sa.
Sample Flat Potential (V vs Ag/AgClI) Donor Density x 10*°
(cm?)

Fe203 -0.60 15.30
CdS/Fe,0s -0.64 20.78
Cu;0/Fez03 -0.59 16.55

Cu,0/CdS/Fez03 -0.59 22.95

To gain further insight into the enhanced photocurrent and stability mechanism of
Cu.0/CdS/Fe203, the Nyquist plots of Fe;Os;, CdS/Fe;0s;, Cu.O/Fe;O; and
Cu,0O/CdS/Fe03 were measured under 1-sun light illumination as shown in Figure 37.
In the Nyquist plot, the radius of the arc is associated with the charge-transfer
resistance, a smaller radius is correlated with a lower charge-transfer resistance.*6 111
Cu20/Fe203 shows the largest radius followed by CdS/Fe.0s, and both of them are
bigger than Fe>Os, which is consistent with the photocurrent density. For Cu,O/Fe20s,
the holes generated on the VB of Fe,Os could not transfer to Cu,O, due to energy
mismatch as shown in Figure 34.1% Although the energy of VB and CB of CdS and
Fe,O3 are beneficial for the carrier transportation, CdS is not a good catalyst for water
oxidation because the sulfide is oxidized corroding the electrode. The oxidation of
CdS would suppress hole transfer and could enhance the resistance in the interface
between electrode and electrolyte.'®* Interestingly, Cu.O/CdS/Fe.Os; showed a
smaller radius than that of other electrodes which suggests that an effective
separation of photo-generated electron—hole pairs and faster interfacial charge
transfer occurs. It means that CdS could act as a hole transfer pathway so that the
holes generated in the VB of Fe-Os could transfer to the Cu20. As the holes transfer to

Cu20, the oxidation of CdS decreases.
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Figure 37: Nyquist plots of Fe,O3, CdS/Fe,03, Cu.0/Fe,0O3z and Cu,O/CdS/Fe»0s. The
EIS spectra were measured in 1.0 M NaOH at 1.23 V vs RHE under 1-sun light
irradiation.

3.3.8: IPCE measurements

The incident photon-to-current efficiencies (IPCE) of the Fe»xOs, CdS/Fe,Os,
Cuz0/Fez03 and Cux0O/CdS/Fe,O; photoanodes have been measured under

monochromatic light irradiation and plotted as a function of wavelength at 1.23 V vs

RHE.

The IPCEs for all samples showed the same tendency. The IPCE drops sharply as the
wavelength increases. The Cu.O/CdS/Fe.O3; photoanode shows the highest efficiency
which was measured to be above 10 % for the incident light wavelength shorter than
450 nm. Then, the IPCE of Fe,O3is better than CdS/Fe.Oz and Cu.O/Fe,03, which

confirms the aforementioned results that we obtained from EIS and PEC test.

Thus, this result demonstrates that the co-modification of the Cu,O and CdS

nanoparticles can accelerate the water splitting reaction and improve the charge

transfer processes.
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Figure 38: IPCE performance of Fe,Os; CdS/Fe>03, Cu0/Fe;03zand Cu,O/CdS/Fe>03
at 1.23V vs RHE.

3.4: Conclusion

In this chapter, we reported that the CdS/Fe,O3; could be used as photoande if the
self-oxidation of CdS could be inhibited by heterojunction formation. In this
Cu20/CdS/Fe20O3 photoanode, the coupling of Cu.O, CdS and Fe;Os; not only
supports stepwise charge transfer between Cu.O and Fe;Os to achieve the hole
transfer from Fe,O3; to Cu2O, but also inhibits CdS oxidation. The Cu.O/CdS/Fe,03
photoanode exhibited enhanced PEC water oxidation performance and high stability.
In summary, this work offers a guide to design novel photoanode with ternary

heterojucntions to achieve higher efficiency and stability for solar energy conversion.
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4.1 Introduction

In this chapter, a new type of Co based cocatalyst was introduced and used to
decorate Fe>O3 photoanode to improve the charge carrier transfer and enhance the

OER activity.

Co based cocatalyst for water oxidation has been discussed in many publications.
Some Co oxide crystalline materials exhibit good water oxidation activity.®® In recent
years, amorphous metal oxides have also been demonstrated to be excellent OER
catalysts.? Electrodeposited Co-Pi is a typical amorphous catalyst (OER) and the
most popular catalyst since it was found by Diane K. Zhong and co-workers.®' M.
Gratzel and his co-workers found that photo-assisted electrodeposition of Co-Pi could
further improve the water oxidation, compared with electrodeposited Co-Pi.'"® But
electrodeposition techniques are limited by the voltage protocol, and the composites
of deposition are unknown and not homogeneous."? Hereby, we report a UV light
deposited amorphous Co oxide on Fe,Os films which could show a better activity

compared with Fe2O3 nanoparticles.

4.2: Chapter aims

The aim of this chapter is to present a new method to deposit amorphous CoOxas a

cocatalyst on Fe>Os3 surface to improve the Oz release from water.

In this chapter, the synthesis and characterization of CoO,/Fe>O3 photoanode will be
presented. In comparison with the Fe;Os;, an enhancement of the photocurrent
density has been observed on the CoO,/Fe,O3 photoanode. Like some published Co

based cocatalyst, Co-Pi and Co304, amorphous CoOx excels at water oxidation.

All of the as-prepared samples were characterized in detail by X-ray diffraction (XRD),
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Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM),
X-ray photoelectron spectroscopy (XPS), UV-Vis Transmittance Spectroscopy,
Photoelectrochemistry (PEC), Electrochemical Impendence Spectroscopy (EIS) and

Incident-Photon-to-Current-Efficiency Measurement (IPCE).

4.3: Result and discussion

4.3.1: Synthesis of amorphous CoOx/Fe2O3 nanorod arrays

The Fe2O3; nanorod arrays were prepared by a modified literature report.”® A FTO
glass (1 cm x 3 cm) was placed in hydrothermal reactor, with aqueous FeCls. The
reaction was heated at 100 °C for 6 h and after cooling rinsed with deionized water
and annealed in air at 550 °C for 2 h and 800 °C for 20 min. The amorphous CoOx
coating on the surface of Fe,O3 was prepared by a modified literature report.''? Cobalt
2-ethylhexanoate was diluted into 0.5 mM by hexane. Fe O3 films were dipped into
the 0.5 mM cobalt 2-ethylhexanoate hexane solution for 0.5 min, 1 min, 2 min, 5 min
and 10 min, and then irradiated with UV light for 6 h, and heated at 100 °C for 1 h.
These samples were identified as 0.5-CoO,/Fe;03, 1-CoOx/Fe203, 2-CoO,/Fe20s3,
5-Co0Oy/Fe203and 10-CoO,/Fe20s, respectively.

4 .3.2: Structural and morphology characteristics

Figure 39 shows the XRD pattern of Fe>O3 and 2-CoO,/Fe203. From the XRD pattern,
the peaks belong to Fe,O3 and FTO.% No diffraction peaks, except (110), arising from
iron oxides are observed in the XRD patterns of both samples which means that the
Fe;Os nanorods were prepared successfully.®® XRD revealed no evidence for a
crystalline phase of cobalt oxide, indicating that the cobalt oxide is amorphous and

does not change the structure of Fe,03."
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Figure 39: The XRD patterns of as-prepared Fe,O3; and 2-CoO,/Fe,O3; samples.

These results could be further confirmed by SEM and TEM. The SEM pictures of
Fe203 and 2-CoO,/Fe,03 are shown in Figure 40. Based on the top-view pictures, the
rod shape of Fe,O3 was identified which is consistent to the XRD result.?® 76 In
comparison to bare Fe;0s3, 2-CoO,/Fe,0s still showed a rod structure and no obvious

difference could be observed.

Figure 40: Scanning electron micrographs of the top view of the Fe.Os and
CoO,/Fe203

The TEM and HRTEM pictures of CoO,/Fe2O3 and Fe.O3; are shown in Figure 41.
From the TEM picture, the nanorod structure of CoO./Fe;O3 and Fe>O3 could be

confirmed and the diameter of the nanorods is ca. 50 nm. Compared with the TEM
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images of the CoO,/Fe>Osand Fe,O3, some small particles at the edges of the Fe,O3
rod could be found in 2-CoOy/Fe203, as shown in Figure 36. The HRTEM images of
both samples give only one lattice fringe with an interplanar space of about 0.25 nm,
which is indexed as the do spacing of [1-Fe;0s3." However, no lattice fringes of
cobalt oxide species could be observed in 2-CoO,/Fe,03, implying that amorphous

CoOx nanoparticles formed on the surface of Fe,O:s.

d=0.25 nm

Figure 41: TEM and HRTEM images of Fe,O3 (A and B) and CoO,/Fe>03(C and D)
The insets to (B) and (D) show the corresponding interplanar space.

4.3.3: UV-vis spectroscopy

The UV-vis spectrum of Fe203 and CoOx/Fe2O3 are shown in Figure 42. The bare
Fe2O3 nanorod shows the band-edge absorption at approximately 560 nm which is
corresponding to a 2.1 eV band-gap.* After coating with a thin layer of CoOy, the

band-edge absorption shifts to a shorter wavelength. However, CoO./Fe>O3 showed a
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stronger absorption tail in the visible light region, compared with Fe>O3, possibly owing
to the defects in the surface layer which will increase the Urbach Tail.®% 82 |t may be
caused by the amorphous of CoOy layer containing lots of defects which are in

agreement with the results of XRD and TEM.''®
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Figure 42: The UV-vis transimission spectra of Fe2O3 and CoO,/Fe;0:s.

4.3.4: Chemical States characteristics

XPS was performed to characterize the chemical states of amorphous CoOy coating

on Fe;03. The XPS spectra of parent Fe2O3; and CoO,/Fe;03 are shown in Figure 43.

In Fe2p XPS spectra, two main peaks assigned to 2ps» and 2p+, core levels of Fe
species are discerned at around 710.7 and 724.8 eV, respectively. Between these two
peaks, a peak around 719.0 eV which is located approximately 8 eV higher than the
main Fe 2ps» peak is the satellite peak of Fe 2p3».#¢ In comparison to Fe O3 with
CoO,/Fe203, no change is observed in the position of Fe 2p peaks, but the peak
intensity of Fe 2p in CoO,/Fe203 was weaker than Fe,Os3, indicating a thin layer covers

the Fe.O3 which does not change the valence state of Fe.
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The O1s binding energy spectra obviously demonstrate two peaks in the region from
528.0 eV to 534 eV, indicating that more than two forms of oxygen chemical states
exists in the compounds. For the curve of Fe20s3, the peak at 529.6 and 531.6 eV
could be attributed to O in the Fe>Os crystal lattice and hydroxyl oxygen and adsorbed
oxygen on the surface of Fe,Os, respectively.*® The intensity belonging to O in the
Fe;Os crystal lattice is stronger than adsorbed hydroxyl oxygen. However, CoOy
coating Fe>O3 showed a stronger peak around 531.6 eV which could be attributed to
off-lattice O structure and a weaker one around 529.3 eV which could be attributed to
Fe-O in Fe20O3, indicating an amorphous structure on the surface which further confirm

the result obtained from TEM and XRD.

The Co chemical state in CoOxwas measured by XPS. It is easy to identify two main
peaks around 779.8 and 795.6 eV which could be assigned to 2ps» and 2p1» core
levels of Co species, respectively. Through deconvolution of Co 2ps2, the spectra
shows that the Co species exist with +2 and +3 oxidation states.”> '""- ' However, the
ratio between Co*® and Co*2 was close to 1:1 rather than 2:1, indicating that the

deposited CoOx layer is not CoO or Co30a4.
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Figure 43: The high-resolution core XPS spectra of (A)Fe2p and (B)O1s of Fe,Os and
Co0O,/ Fe;03 samples, (C)Co2p of CoO,/ Fe;O3 sample.
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4 .3.5: Photoelectrochemical Performance for Water Oxidation

The PEC performance of photoanode was obtained in 1 M NaOH electrolyte 1-Sun
light irradiation (AM1.5 G, 100 mW/cm?). The measured potentials vs Ag/AgCI were
converted to the reversible hydrogen electrode (RHE) scale according to the Nernst
equation. The current-voltage (J-V) characteristics of representative Fe»,Os; and
CoO,/Fe,03 photoelectrodes are shown in Figure 44A. It was found that CoOylayer
gave rise to a strong effect on the photocurrent—potential characteristics. At 1.23 V vs
RHE, the photocurrent density increased as the dip time increased from 0.5, 1 and 2
mins, respectively. The enhancement of the photocurrent can be attributed to the
catalytic effect of the CoOy layer and photo absorption increased due to the defects on
CoOx layer. After 5 mins and 10 mins dipped, the photocurrent density decrease,
which was probably due to the formation of thick CoOylayer on the surface of
hematite nanorods, which may block the hole transport to the interface. Form Figure
44B, the photocurrent density of 2-CoOx/Fe203, which is 1.5 mA/cm?, increase by 1.5
times compared with bare Fe>O3 which is 0.6 mA/cm?. In 2010, Zhong and Gamelin
prepared Co-Pi/Fe,O3 by electrodeposition, the Co-Pi/Fe203 presented 0.8 mA/cm?
under 1 sun, pH 13.6 and 1.23 V vs RHE."® In 2011, Zhong and his co-workers
prepared Co-Pi/Fe;Os; photoanode by photo-assisted electrodeposition method,

which showed 0.5 times enhanced compared with bare Fe;05.""®
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Figure 44: (A) Current density-potential (J-V) curves of Fe;0s (a), 0.5-CoO,/Fe;Os (b),
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1-CoO,/Fez0s (c), 2-CoO,/Fe,03(d), 5-CoO,/Fe 03 (e) and 10-CoO,/Fe20s (f) under
sun light illumination and (B) Current density-potential (J-V) curves of Fe Oz and
2-CoO,/Fe20sunder sun light illumination

The on/off photocurrent response under sun light, is also shown in Figure 45A. The
photocurrent intensity at 1.23 V vs RHE decreases in the order of 2-CoOy /Fe203 >
1-CoOy /Fe203> 0.5-CoOy /Fe203 > 5-CoOx /Fe203 > 10-CoOx/Fe203> Fe203 under
1-Sun light irradiation. All photoanodes show substantially stable performance, as

shown in Figure 45B. There is no obvious decline after 20 min irradiation.
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Figure 45: (A) The periodic on/off photocurrent response and (B) stable performance
of Fe;03(a), 0.5-CoOy/Fe203(b), 1-CoOx/Fe20s (c), 2-CoO./Fe203(d), 5-CoO,/Fe203
(e) and 10-CoO./Fez0s (f) at 1.23V vs RHE under sun light irradiation.

4.3.6: Impedance characteristics

To study the reason of photocurrent density increase by CoOx layer coating, the

electrochemical impedance spectroscopy (EIS) was measured.

Figure 46 displays the Mott-Schottky (M-S) plot for all hematite thin films recorded
under dark condition. The donor densities and flat band potential of the Fe,O3; and
2-Co0Oy/Fe203 electrodes have been obtained from the slope of these plots based on
the M-S equation, as shown in Table 4. After CoOy coating, the flat-band potential

almost keeps the same position compared with bare Fe;Os. This result is consistent
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with the photocurrent—potential data, the same on-set potential was observed for the
sample with 2-CoO,/Fe20O3 and pristine hematite. Np value analysis shows the donor
density increases on CoOyx coating and Fe;Os shows the lower donor density

compared with 2-CoO./Fez0s.
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Figure 46: The Mott-Schottky plots of Fe,O3; and 2-CoOy/Fe20s.

Table 4: Mott—Schottky parameters of Fe,O3 and 2-CoO,/Fe>03

Sample Flat Potential (V vs Ag/AgCl) Donor Density x 10'°
(cm™)
Fe20s -0.598 31.79
2-Co0Ox/Fez03 -0.612 39.12

Fe,Os nanorod synthesized by the method as described above is n-type
semiconductor which could be confirmed by the slope of Mott-Schottky curve.
Interesting, for 2-CoO,/Fe20O3 sample, an inverted “V-shape” curve at 0.05 V (vs. the
Ag/AgCI electrode) could be observed, which are indicative of so-called “p-n
junction”.®® Most cobalt oxide, such as Coz0s and CoO, is a typical n-type
semiconductor.t?% 121 At the same time, we found the Fe.O3; nanorod would change to

a p-type semiconductor, after UV light irradiated.
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To gain further insight into the underlying mechanism, the Nyquist plots of Fe,O3z and
2-CoOy/Fe203 electrodes were measured at 1.23 V vs RHE and under 1-sun light
illumination as shown in Figure 47A. The radius of semicircle corresponds to the
resistance of the photoanode.*® ! |t is easy to obtain the conclusion that the
resistance in 2-Co0O./Fe;03 photoanode is far lower than bare Fe,O3 which is further
confirmed by the results obtained from photoelectrochemical performance for water
oxidation. For more detailed analysis, the experimental EIS data under 1-sun
irradiation were fitted into an equivalent circuit model (EC), Figure 48B, using the EIS
spectrum analyzer software. The fitted impedance parameter values of the
resistances (R) and constant phase elements (CPE) are listed in Table 5. This EC
consists of the capacitance of the bulk hematite, Couk, Charge transfer resistance from
the valence band of the hematite, Ruap, a resistance which is related to the rate of
trapping holes in surface states, Rci.rap and the capacitance of surface states, Css.!'?
The Ryap and Rerap in CoO/Fe203, which is 388 and 105 Q, respectively, is much less
than Fe,Os. It indicates that CoOy coating has benefit for the carrier transfer in bulk
and surfaceFe.Os. The value of Css in 2-CoO,/Fe203 is 15 times that of Fe>Os. The
larger Css means that more holes can be accumulated on the surface states, and it
facilitates the participation of holes in the photocurrent conversion processes.? 122
These results demonstrate that amorphous CoOy layer could enhance the charge
transfer and separation and is a good catalyst for water oxidation via reduction of

recombination.
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Figure 47: (A) Nyquist plots of Fe;Oz and 2-CoO,/Fe>0z and (B) equivalent circuit
model. The EIS spectra were measured in 1.0 M NaOH at 1.23 V vs RHE under sun
light irradiation.

Table 5. Resistance and CPE Values Obtained by Fitting the EIS Spectra.

Sample Rs(Q) Caulk (MF) Rtrap(Q) Css (UF) Rettrap (Q)
Fe203 108 25.56 2778 66.42 3656
2-CoO,/Fe.0s 119 43.74 388 859.5 105

4.3.7: Incident-Photon-to-Current-Efficiencies Measurement

The photoanode incident-photon-to-current-efficiencies (IPCEs) measure at 1.23 V vs
RHE to further confirm that the photocurrent was improved after the amorphous CoOy
layer coated. Compared with the bare hematite, the hematite decorated with

amorphous CoOxshowed that IPCE value was enhanced substantially.

At 400 nm, Fe203showed IPCE of ca. 22% and drops to zero at wavelengths longer
than 560 nm, which is consistent with the energetics of the hematite band gap.
However, 2-CoO,/Fe;O3 has a much higher IPCE, of ca. 50%. This value is even
higher than the IPCE of photo-assisted electrodeposition of Co-Pi/Fe;Os which was
ca.40%."?® The IPCE of 2-CoO,/Fe,0s still showed a weak value for the wavelengths
above 600 nm, even though absorption occurs (Figure 42) because absorption is

most likely due to defects.
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Figure 48: IPCE performance of Fe,Ozand 2-CoOx/Fe»,Oszat 1.23V vs RHE.

4.4: Conclusions

In summary, we used a UV light deposition method to load amorphous CoOy on the
surface of Fe;Os; nanorod arrays, achieving a higher photocurrent compared with
untreated Fe,Os. After loaded with CoOy, the photocurrent density increased from 0.6
for Fe,O3 nanorods to 1.5 mA/cm? at 1.23 V versus RHE. The structure and chemical
state of amorphous CoOy layer was studied and EIS measurements were used to get
insight of the mechanism of photocurrent enhanced. First, the amorphous CoOx layer
improves the photo response, due to defects increased on the surface, however IPCE
shows that this extra absorption does not give more photocurrent. Second, it could
enhance the carrier transfer in the bulk and interface between Fe;O3 and CoOx, which
is supported by EIS measurements. Third, CoOy could act as a good catalyst for water
oxidation on the surface of Fe>O3, however recent work suggests that the main role of
Co is to reduce recombination. In summary, this work illustrates a new method to load
amorphous oxide on the surface of Fe,O3z which show improved photoelectrochemical

efficiency, and offer a new guide to design novel highly efficient photoanodes.
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5.1: Summary

Although Fe»O3 is a promising material to achieve high efficiency PEC water splitting,
pristine Fe>O3 suffers from low efficiency due to rapid recombination and slow redox
catalysis. The aim of this project was to develop several methods to improve the
photon-to-electron and photon-to-oxygen conversion efficiency of Fe>Os by doping a

homojunction, heterojunction and addition of a co-catalyst.

Specifically, two different morphologies of a Fe:Os photoanode, nanoparticle and
nanorod, were synthesized using hydrothermal methods. Analogues were
synthesized incorporating Sn and Co as dopants to construct new homojunctions with
double layered structure. The Co/Sn/Fe;Os photoanode showed the highest
photocurrent with ca. 2.5 times enhancement relative to bare Fe>Os. The Co/Sn/Fe,03
n-n homojunction could increase the density of carriers, and improve the charge
separation and reduce resistance in the charge transfer across the electrode and

electrolyte.

Inspired by the homojunction structure, a three component heterojunction,
Cu20/CdS/Fe03 was prepared. The self-oxidation of CdS could be inhibited by the
heterojunction structure and CdS could act as hole mediator to support stepwise

charge transfer between Cu>O and Fe2O:s.

For both photocatalytic and PEC water splitting, the redox reactions always take place
on the surface of the electrode and clearly a more active surface is beneficial for
catalysis reaction. Co oxide has been proven to decrease the overpotential of O-
evolution on the surface of Fe2Os. Typically, Co oxide is loaded by electrodeposition or
impregnation method, whereas, we have used a UV light deposition method to load
amorphous Co oxide on the surface of Fe>Os nanorod arrays, achieving a higher

photocurrent compared with untreated Fe»Os.
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5.2: Future direction

Fe;0Os is cheap, non-toxic and stable and has promise to achieve solar-to-chemical
energy conversion and help solve the energy and environmental crisis. However,
some defects of Fez0s still limit the efficiency and if we could solve these problems,

the industrialization of Fe-O3 photoelectrodes will be achievable in the future.

To be specific, (1) the surface of Fe>Os is not ideal for oxygen evolution as it has a
high overpotential. Co-catalyst modification is a good direction to increase O release.
Some oxidants, like CoOx, RuOyx, IrOx NiOx, and some phosphates such as Co-Pi and
some noble metals have been proved to be beneficial for overpotential decrease. (2)
As the hole transfer speed and distance in Fe2Os is slow and short, lots of holes will
be recombined with electrons rather than move to surface. Doping with metal or
non-metal elements could increase the conductivity of Fe>Oa. (3) Charge transfer from
Fe-Os to the TCO supporting electrode was limited due to contact area and to
increase the contact area and decrease the transmission distance from Fe>O3 to TCO
would improve the separation efficiency of photo-generated carriers. (4) The
mechanism of PEC water splitting of Fe»0s is still not clear, and to find out the key
step of this reaction is also an important work to enhance the activity. DFT and
transient absorption spectroscopy could give us some guidelines to improve the PEC

reaction.

Although PEC water splitting is still some way from commercialization, the technology

is progressing. We will see one day in the future that PEC could make a significant

contribution to the energy needs of society.
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6.1: Materials and Reagents

Iron (lll) chloride (FeCls 98%), Tin (IV) chloride pentahydrate (SnCls*5H.O 98%),
Cobalt (Il) chloride hexahydrate (CoCl>*6H20O 98%), Cobalt 2-ethylhexanoate (65 wt.%
in mineral spirits), copper(ll) acetate monohydrate (Cu(CO2CHs)2*H20 98%), Sodium
sulfide nonahydrate (NaS<9H.O 98%), and Cadmium acetate dehydrate
(Cd(CO2CH3)222H20 98%) were purchased from Aldrich. Sodium hydroxide (NaOH
98%) was purchased from Fisher. Millipore water was obtained from chemistry

department of UoY. All of the chemicals were used without further purification.

Sheets of fluorine doped tin oxide coated glass were purchased from Sigma Aldrich (7
Q/sq, 30 x 30 cm), and cut into 1 x 3 cm slides. Before use, slides were cleaned by
sonication in acetone, methanol, and deionized water for half an hour, separately, and

dried in a nitrogen stream.

6.2: Techniques

6.2.1: Powder X-ray Diffraction (PXRD)

Powder X-ray Diffraction (PXRD) of all samples were measured by Bruker-AXS D8
Advance instrument fitted with a Lynxeye detector using Cu Ka radiation (A=1.5406 A).
The accelerating voltage and the applied current were 40 kV and 40 mA, respectively.
Data was collected from 10 — 90° 26, with 0.02° step size and a scan speed of 0.1

seconds per step.

6.2.2: Scanning Electron Microscopy

SEM images were obtained using a JEOL 2000FEI scanning electron microscope.
Prior to imaging, samples were put on an adhesive carbon tab which was supported

on an aluminium stub.
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6.2.3: Transmission Electron Microscopy

TEM and HRTEM images were obtained by a Tecnai F30 instrument at an
accelerating voltage of 500 kV. FTO film samples were scraped off the slide, then
ground in methanol and sonicated for 15 minutes to disperse. One drop of the
dispersion was deposited onto 3 mm holey carbon coated copper grids and allowed to

dry in air.

6.2.4: X-ray Photoelectron Spectroscopy

XPS spectra were carried out on a VG ESCALAB 250 XPS System with a
monochromatized Al Ka X—ray sources (15 kv 200 W 500 um pass energy = 20 eV).
All binding energies were referenced to the C1s peak at 284.6 eV of surface

adventitious carbon.

6.2.5: UV-vis Transmission Spectroscopy

UV-Visible transmission spectra was recorded on an Ocean Optics HR2000+ High
Resolution Spectrometer with DH-2000-BAL Deuterium/Helium light source (200 —
1100 nm). Spectra were recorded using Spectra Suite software from an average of 10

scans, an integration time of 20 seconds and box car smoothing width of 20 nm.

6.2.6: Photoelectrochemical measurements

Electrochemical measurements were carried out in 1.0 M NaOH aqueous solution.
using a three-electrode photoelectrochemical cell (PEC) adapted with a quartz
window, a Pt counter electrode, and Ag/AgCI/NaCl (3.0 M) reference electrode. The
area at the top of the photoanode was scraped to exposure the FTO film and covered
with a copper sheet. The photoanode was put in the cell as a working electrode to
observe its PEC water oxidation response which was recorded by a BAS Epsilon

workstation. The photocurrent-potential curve was measured under solar light
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generated by a Cairn 150 W xenon lamp coupled with AM1.5G filter. Light intensity of

the simulated light was adjusted to 1 sun (100mW/cm?).

6.2.7: Impedance Spectroscopy

The impedance spectroscopy measurements were performed on a Zhnner
potentiostat, Bio-logical 300 potentiostat and Bio-logical 150 potentiostat. The
Mott-Schottky plots were measured in the dark at 100 Hz frequency. The Nyquist plots
were measured at 1.23 V vs RHE with the frequency range being modulated between
100 kHz to 0.1 Hz at amplitude frequency 10 mV under 1-sun light generated by a
150W xenon lamp coupled with an AM 1.5G filter.

6.2.7: Incident Photon to Current conversion Efficiency (IPCE)

Experiments

The incident photon to current conversion efficiency (IPCE) experiments with the
hematite samples were performed in 1 M NaOH electrolyte at 1.23 V vs RHE using a
light (Cairn 150 W xenon lamp) coupled to a monochromator (Cairn) with a slit width

of 2 nm.

6.3: Synthetic methods

6.3.1: Fabrication of Fe>,O3 nanoparticles photoanode

A FTO glass (1 cm x 3 cm) was cleaned by sonication in acetone, methanol, and
deionized water for half an hour, separately, and dried in a nitrogen stream. The clean
FTO was then placed in an 20 mL hydrothermal reactor, with a 15 mL aqueous
solution containing FeCls (0.25 mmol). The autoclave was placed at 180 °C for 1.2 h

using a ramp rate of 5 °C/min. After cooling to room temperature in furnace, the
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product was collected and rinsed with deionized water and dried in a nitrogen

atmosphere stream, and annealed in air at 550 °C for 2 h and 800 °C for 20 min.

6.3.2: Fabrication of Sn doped FeOs and Co doped

Fe.Osnanoparticles photoanode

The synthesis of Sn/Fe;03 and Co/Fe>O3 was similar to Fe>O3 except that SnCls+5H,0
(0.005 mmol) and CoCl,*6H20 (0.002mmol) was added into the autoclave as dopant

for hydrothermal reaction.

6.3.3: Fabrication of Fe2O3 homojunction photoanode

The synthesis of Co/Sn/Fe;O3was achieved using a two-step hydrothermal reaction.
First, the clean FTO (1 cm x 3 cm) was placed in a 20 mL hydrothermal reactor, with a
15 mL aqueous solution containing FeCls (0.25 mmol) and SnCls+5H20 (0.005 mmol).
The autoclave was placed at 180 °C for 1.2 h using a ramp rate of 5 °C/min. After
cooling to room temperature in furnace, the product was collected and rinsed with
deionized water and dried in a nitrogen atmosphere stream, and annealed in air at
550 °C for 2 h. Then, the FTO coated with Sn/Fe,O3was placed in an autoclave, with
a 20 mL aqueous solution containing FeCls (0.25 mmol) and CoCl2*6H.O (0.002
mmol). The autoclave was placed at 180 °C for 1.2 h using a ramp rate of 5 °C/min.
After cooling to room temperature in furnace, the product was collected and rinsed
with deionized water and dried in a nitrogen atmosphere stream, and annealed in air
at 550 °C for 2 h and 800 °C for 20 min to obtain Co/Sn/Fe2O3 photoanode.

The way to synthesize Sn/Colis identical but the order of Sn and Co processes is

reversed.
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6.3.4: Fabrication of Fe2O3 nanorods array photoanode

A FTO glass (1 cm x 3 cm) was cleaned by sonication in acetone, methanol, and
deionized water for half an hour, separately, and dried in a nitrogen stream. The clean
FTO was then placed in a 20 mL hydrothermal reactor, with a 15 mL aqueous solution
containing FeCls; (0.15 M). The autoclave was placed at 100 °C for 6 h using a ramp
rate of 5 °C/min. After cooling to room temperature in furnace, the product was
collected and rinsed with deionized water and dried in a nitrogen atmosphere stream,

and annealed in air at 550 °C for 2 h and 800 °C for 20 min.

6.3.5: Fabrication of CdS/Fe203 and CuxO/Fe20Os nanorod array

heterojunction photoanode

Fe-O3 nanorods array electrode was dipped in a solution of 7 mL Cd(Ac)2 in ethanol
(25 mM) for 1 min, and then dried with N2 stream. The electrode was then stand in 7
mL aqueous Na,S solution (25 mM) for 1 min, rinsed with distilled water and dried with
N2. This cycle was repeated 5 times. The electrode was finally heated under argon at

400 °C for 0.5h with a ramp rate of 1 °C min™' to obtain the CdS/Fe,Os electrode.

Fe,Os3 nanorods array electrode was stood in 7ml 50mM Cu(Ac). solution for 40s.
Then, the electrode was stood in 7 mL aqueous 1M NaOH solution and heated in
60°C for 1 h. After that, the electrode was sonicated in millipore water for 1h. The
electrode was finally heated under argon at 500 °C for 2h with a ramp rate of 10 °C

min-! to obtain Cu,O/Fe,0:s.

6.3.5: Fabrication of CdS/Cu20O/Fe2O3Fe2O3 nanorods array

heterojunction photoanode

Fe2O3 nanorods array electrode was dipped in a solution of 7 mL Cd(Ac): in ethanol

(25 mM) for 1 min, and then dried with N2 stream. The electrode was then stood in 7
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mL aqueous NazS solution (25 mM) for 1 min, rinsed with distilled water and dried with
N2. This cycle was repeated 5 times. The electrode was finally heated under argon at
400 °C for 0.5h with a ramp rate of 1 °C min™" to obtain the CdS/Fe,O; electrode. The
obtained CdS/Fe;O3; was stood in 7ml 50mM Cu(Ac). solution for 40s. Then, the
electrode was stood in 7 mL aqueous 1M NaOH solution and heated in 60 °C for 1 h.
After that, the electrode was sonicated in millipore water for 1h. The electrode was
finally heated under argon at 500 °C for 2h with a ramp rate of 10 °C min"' to obtain

CUzO/CdS/F6203.

6.3.6: Decoration of CoOxon Fe>O3 nanorods array photoanode

Cobalt 2-ethylhexanoate was diluted to 0.5 mM in hexane. Fe>O3; nanorods array
electrode were dipped into the 0.5 mM cobalt 2-ethylhexanoate hexane solution for
0.5 min, 1 min, 2 min, 5 min and 10 min, and then irradiated with UV light (17 W) for 6
h, heated in 373K for 1 h.
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2-CoOx/Fez03 — Iron oxide was placed in Co-2-ethylhexanoate for two minutes.
AM 1.5G — Air Mass 1.5 Global spectrum

Ac — Acetate

APCVD — Atmospheric Pressure Chemical Vapor Deposition
CB — Conduction Band

Co/Fe;O3— Cobalt doped iron oxide

Co/Sn/Fe20O3 — homojunction composited with cobalt doped iron oxide and tin doped
iron oxide and cobalt doped iron oxide on the upper layer.
CPE — Constant Phase Elements

EC — Equivalent Circle

EIS — Electrochemical Impedance Spectroscopy

FB — Flat Band potential

FTO — Fluorine Doped Tin Oxide

HRTEM — High Revolution Transmission Electron Microscopy
IPCE — Incident Photon to Current Conversion Efficiency

J-V — Current-Voltage

LSV — Linear Sweep Voltammetry

M-S — Mott-Schottky plot

ND — Donor Density

OER — Oxygen Evolution Reaction

PEC — Photoelectrochemistry

PV— Photovoltage

R — Resistances

RHE — Reversible Hydrogen Electrode

SEM — Scanning Electron Microscopy

Sn/Fe;03 — Tin doped iron oxide
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Sn/Co/Fe>0O3 — homojunction composited with cobalt doped iron oxide and tin doped
iron oxide and tin doped iron oxide on the upper layer

TEM — Transmission Electron MicroscopyUV — Ultraviolet Light

UV-vis — Ultraviolet and Visible light

VB — Valence Band

WOC — Waste Organic Carbon

XPS — X-ray Photoelectron Spectroscopy

XRD — X-ray Diffraction
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