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Junqiu Guo
Photocatalysis is deemed as a sustainable approach for environment remediation
and solar energy conversion, for which the practical viability is highly dependent
on the high-performance photocatalysts and device. The pristine and modified
BiOBr materials have recently emerged as promising photocatalysts in solar energy
photocatalysis, though the facile constructions of hierarchical structures and the
explicit dependence of band structure on metal-dopant have not well developed.
This PhD research project aims to fabricate robust BiOBr-based photocatalysts and
to unravel the relationship between their photocatalytic performance and
photoelectrochemistry properties.
First, the Zn-doped BiOBr (denoted as Zn-BiOBr) were prepared via hydrothermal
synthesis under basic solution and tested for dye photodegradation and
photocatalytic H2 evolution from water splitting using methanol as hole scavenger.
The Zn-BiOBr samples display broader bandgaps (Eg) and higher photocatalytic H2
evolution but detrimental activity in photodegradation of Rhodamine B (Rh.B) dye
in a model wastewater in textile industry. The experimental (UV-Vis spectra, XPS
and photoelectrochemistry) and DFT characterisations suggest the Zn-doping
uplifts the conduction band minima (CBM) and deepen the valence band maxima
(VBM), which provides enhanced driving force for water splitting, though the wider
Eg weakens light absorbance and dye sensitisation ability and thus leading to
detrimental RhB photodegradation activity.
Second, hierarchically structured Zn-BiOBr and BiOBr samples (annotated as ZnBiOBr-H and BiOBr-H) composing of nano-flake building blocks were prepared using
PEG-assisted hydrothermal synthesis. Comparing with irregular ZnBiOBr and BiOBr,
the Zn-BiOBr-H and BiOBr-H exhibit superior performance in RhB photodegradation,
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photocatalytic H2 evolutions and energy recovery from wastewater. The enhanced
performance in these reactions is mainly due to the larger specific surface areas
and attenuated light scattering of the hierarchical samples. A well-established
mechanism of photocatalytic reaction on the hierarchical architectures was
proposed in this work.
Third, the PEG-assisted hydrothermal synthesis was adopted in preparation of
hierarchical BiOBr/ZnO heterojunctions (denoted as BiOBr/ZnO-PEG) with varying
BiOBr

loading.

The

photocatalysis

results

suggest

the

BiOBr/ZnO-PEG

heterojunctions possess lower activity in RhB photodegradation under visible light,
which is due to the coverages of surface-active sites of BiOBr by ZnO. Such synthesis
method is extended to preparation of ZnO and S-doped ZnO, which possess
different hierarchical structures compared to those of BiOBr-H and BiOBr/ZnO-PEG,
confirming the previous proposed mechanism of construction of hierarchical
architectures of BiOBr-H and Zn-BiOBr-H. Moreover, the dye photodegradation and
photocatalytic antibacterial results confirm that photocatalysis contributes
significantly for antibacterial property on ZnO, while S-doped ZnO possess intrinsic
bactericidal capability and less dependence on photo-catalysis.
In order to improve the light harvesting on BiOBr, the I-doped BiOBr (BiOBrxI1-x) were
prepared using a successive dip-coating method to deposit into CuSCN nanorod
arrays grown on ITO substrates. The BiOBrxI1-x/CuSCN films with varied Br/I ratios
and coating layers were compared in their photocurrent response. The increased
photocurrent of the BiOBrxI1-x/CuSCN films indicated that coupling with BiOBrxI1-x not
only increased the light absorption of CuSCN films, but also supressed the charge
recombination by the built-in electric field across the interface of BiOBrxI1-x/CuSCN
heterojunctions. In addition, via electrochemistry impedance characterisations, the
fabrication conditions of the BiOBrxI1-x/CuSCN heterojunctions are optimised.
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Solar Photocatalysis on
Semiconductor Photocatalysts
1.1

Introduction

Nowadays, human beings are facing an unprecedented global crisis on the energy
and environment due to the ever-increasing consumption of the unsustainable
fossil fuels (petrol, natural gas and coal) that threating climate and energy safety.
Therefore, it is necessary to explore and exploit cleaner and renewable energy.
Solar energy can be one of the best choice because it is free from the pollution and
almost infinite though its widespread applications are undergoing [1].
Nowadays, the efficiency of the solar harvesting has been able to reach 46 % of the
concentrated photovoltaics (PV) in laboratory and around 20 % of practical modules,
however, the cost of such facilities to meet domestic needs is over £8000 (Excl.
VAT) [2]. The costly facilities and materials of PVs inevitably curb the application of
materials for solar energy harvesting. As a result, low-cost, reliable and efficient
materials and solutions are desired to expand the solar energy conversion.
In comparison with photovoltaics, the photocatalysis represents another solar
energy conversion process which utilises photons absorbed by semiconductor
photocatalysts to generate active species and thus drive the chemical reaction on
the intermedia/photocatalyst interface. In a typical photocatalytic reaction, as
shown in Figure 1-1, the global photocatalytic process consists of three parts:
photo-excitation, charge transportation and surface reactions, instead of two
counterparts for PVs: photo-excitation and charge transportation.
1.1.1 The photocatalysis process and requirements
In detail, when light with energy higher than the photocatalyst bandgap (Eg) strikes
on the surface of photocatalysts during photocatalysis, photo excitation will take
place, leading to the generation of electron/hole (e-/h+) pairs. The absorption of the
photon is always the very first step of photocatalytic reactions. The light absorption
is mainly determined by two factors: the bandgap and morphology of the
photocatalysts. Band gap, also called energy gap, is an energy range in a material
where no electron permission states can exist [3]. And the band gap usually refers
to the energy difference between the bottoms of the conduction band (CBM) and
top of the valence band (VBM) in semiconductors [4]. As known to us, metals are
1
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good conductors of electricity and heat, because continuous electrons states allow
a large number of free electrons to carry charges or heat moving all through metals
structures. Unlike metals, semiconductors possess separated the energy band of
electrons, which make most of electrons localized in the valence band and difficult
to move around in the materials. If an electron hops to the conduction band and
become a free electron, it requires the minimum absorption energy of Eg for an
electron to overcome the energy gap between the two bands [5]. When the energy
of incident light is greater than that of a band gap of the semiconductors, the
electrons in the valence band are capable to gain enough energy to jump to the
conduction band and electron-hole pairs are generated in the conduction band and
valence band, respectively [6]. Therefore, the photo-absorption of semiconductor
is closely related with the value of the band gap of the materials [7].

Figure 1-1 General process of photo-catalysis [8]
Following photo excitation, the charges will immediately be transported to the
surface for the further reaction. However, a considerable part of photo-excited
charge will be consumed due to the charge recombination during the charge
separation and transportation [9]. Various factors, such as crystal structure,
crystallinity and particle size, strongly affect this step. Low crystallinity of the
materials leads to high concentrations of defects and the defects will act as
trapping and recombination centres for the electron-holes charge carriers [10-12].
Therefore, the large number of defects will decrease the reactivity of the
semiconductor photo-catalysts, while suitable levels of structural defects can even
promote the photocatalysis due to its narrowing Eg and enhancing charge mobility.
Moreover, photocatalyst particle size influences the charge transportation now that
smaller sizes can reduce the transportation distance of photo-generated charge
carriers to the reactive sites on the surface of semiconductor, and might decrease
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the recombination probability [13]. Instead of producing thermal energy in the bulk
through the charge recombination, the charges carriers migrated to the surface can
produce free radicals (e.g. hydroxyl radicals •OH) with surrounding species and
initiate secondary reactions [14]. The surface reaction including oxidation and
reduction can be applied in degradation of pollutant, reduction of CO2, evolution
of H2 and formation of organic chemicals. According to the Gibbs free energy
change, the surface reactions are assigned to uphill and downhill reactions.
As a typical surface reaction, photocatalysis efficiency highly depends on the
surface area ratio of the photocatalysts [15, 16]. Lager area not only supplies richer
reaction sites for the photo-excitons, but also provide larger area for the
adsorption/desorption of photocatalysis reactants/products [17]. Therefore, the
key factors governing the reaction of the photo-catalysts can be categorised into
four parts: light absorption, energy band structure, charge transportation and
surface reactions. Understanding the influence of each factor is of inherent
importance to promote the efficiency of the photo-catalytic system. Apart from
that, toxicity and stability of the materials also deserve intensive attention, because
the environment aspect of the many photo-catalysts is still under heavily debate,
such as CdS, TeZnCd, and V2O5 etc [18]. These materials exhibit promising
photocatalytic performance, though they are challenged with the negative impacts
on environment, due to their corrosion under intensive light irradiation [19].
Since the photocatalytic performance of TiO2 was first reported by Fujishima in
1972, a large number of the semiconductor materials are successfully prepared,
including oxides of the metallic elements, sulphides, nitrides, metal-free
semiconductors and elemental photocatalysts [20-23]. Nevertheless, few of these
materials completely meet all the practical requirements such as long lifetime of
charge carries, suitable band gap for ultimate utilization of solar energy, low-cost,
high efficiency, environmentally friendly and good stability in reaction conditions.
Therefore, it is urgent to develop environment-friendly, highly efficient and visiblelight driven photocatalysts [20, 24-28].
The Figure 1-2 illustrates the band gaps and band edge position of several
semiconductor materials which are widely attempted and reported in literature. The
data refers to conditions where the semiconductor is in contact with aqueous
electrolyte of pH 0 [29]. It is worth noting that the energy band potential shifts with
a change in pH, which can be described by the equation:
∆𝐸𝑔 = −0.059𝑝𝐻
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The standard potentials for several redox couples are also shown in Figure 1-2 with
the reference to NHE (normal hydrogen electrode), which indicates the
thermodynamic limitations for the photocatalytic reactions that could be carried
out under the photo-excitations.

Figure 1-2 Valence and conduction band position for a range of semiconductors on
potentials scales (eV) versus the standard hydrogen electrode (SHE) [29]
From thermodynamic viewpoint, photo generated charge carriers should provide
sufficient energy to motivate surface oxidation and reduction. In other words, the
reduction and oxidation potentials of chemicals should lie between the conduction
band (CB) and valence band potentials. if a reduction reaction of the species in the
electrolyte is going to be performed, CBM position of semiconductor materials
must be located above the relevant redox level; and for an oxidation reaction, the
valence position of the semiconductor has to be positioned below the relevant
redox level [30]. The free energy of the charge carriers generated by
photoexcitation of semiconductors is directly related to their chemical potential. In
the dark, upon thermal equilibrium, the chemical potential of the electron is equal
to that of the hole and corresponds to the Fermi level of the solid [31].
Generally, photocatalytic process can be categorised into four sections, including
excitation of the electrons, the separation of charges (holes and electrons), charge
transportation and following reaction. In order to improve the performance of
photo-catalysts, some optimization should be introduced into the materials.

1.2

Strategies to improve the performance

Correspond to the previous analysis, the research strategy towards improving the
performance and applications of the photo-catalysis can be concluded as energy4
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band engineering, morphology & structure engineering, charge transportation
optimization and film preparation. The picture down here depicts the roadmap of
my strategies. The first stage concentrated on the structure tailoring and the
material preparation.

Structure &
Sythesis

Energy-band
engineering

Film
preparation

Charge
transportaion
optimization

Figure 1-3 Strategy of optimization of photocatalysts

1.3
1.3.1

Photocatalytic Materials
Overview

Photocatalyst are usually defined as a class of materials which are capable to
transform solar energy into chemical or electrical energy without being consumed
during the reactions [25]. Typically, the engineering approaches to modify the
photocatalysts can be concluded in two aspects: structure modification and
composition adjustment. Especially, as the photocatalytic performance of materials
is strongly influenced by their crystal structures and morphologies, structure
optimization of a given materials is of critical importance in the performance
enhancement. So far, numerous promising strategies of structure engineering has
been proposed to obtain a desirable morphology. Among them, the self-assembly
synthesis of hierarchical structure turned out to be a feasible method to promote
the quantum efficiency and light absorbance.
The hierarchically structured materials are the materials with multidimensional
domains at different levels or multimodal pore structures such as nano-rods,
mesoporous, flake-assembled and tree-like. By mimicking the hierarchical and
topological

structure

(trees,

flowers,

snowflakes,

etc.),

the

hierarchical

photocatalyst in the nature possess interconnected structure and large specific
surface areas, which not only increase the light absorbance and energy input, but
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also facilitate the transportation of charge carriers. Thus, the synergetic of
multilevel of hierarchical structures often lead to the enhancement of photocataltic
performance of materials.
Currently, a large number of research has been published on novel design of
hierarchically structured materials such as TiO2, ZnO, Fe2O3, etc. [5, 32], because
these materials are chemically stable, environmental friendly and cost effectively
during the preparation and reactions [24]. All these materials are endowed with
excellent UV response and photo-catalytic activity. However, the wide band gaps of
most aforementioned materials hinders their harvesting to visible light, that is the
electrons of the solids can only be excited under the ultraviolet radiation [33].
Suffering from the relatively wide band gap and the charge recombination, these
materials present lower energy conversion efficiency compared to narrow-bandgap
photocatalysts (such as BiOBr and MoS2) [34].
To increase the solar energy conversion, some materials with smaller band gap and
intrinsically excellent charge separations have drawn our interest. This project
concentrated on three types of catalysts: BiOX, ZnO and CuSCN, which are then
used to build hybrid photocatalyst with desirable performance. As reported in
literature, the hierarchical architectures of nano-crystal photocatalysts often
possessed unique properties and exceptional performance, depending significantly
on the morphology, shape, or orientation geometry and crystal surface of the
constituent structure. However, construction of hierarchical photocatalyst from
constituent

nano-blocks

remains

a

great

challenge

due

to

enormous

thermodynamic, kinetic and technical challenges due to their structure complexity.
On the other hand, inspired from the signal amplification of diode in artificial
circuit, heterojunction is also introduced in this project to further improve the
photocatalytic performance of the materials [35]. Most common heterogeneous
photo-catalysts are transition metal oxides, which have unique characteristics.
Therefore, the interest of this project is mainly focus on the engineering the
morphology and structure of the semiconductor and photo-catalyst, such as BiOBr,
and ZnO etc. Among of those materials, the BiOBr could be one of the most
prosperous candidates. Despite a plenty of research had been carried out on novel
design of hierarchical photocatalysts, only a handful of papers explored and
compared

the

mechanism

of

photocatalysis,

photoelectrochemistry (PEC) methodologies.
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1.3.2

Hierarchical ZnO

ZnO is a wide band gap semiconductor and has several favourable properties such
as good transparency, high electron mobility and room-temperature luminescence.
In the hierarchical ZnO materials synthesis, various microscopic textures can be
categorized into mainly three groups which are nanorods, nanoflakes and
nanospheres. Also, oriented hierarchical nanowires are another type of structure
we are pursuing[36]. Because of different morphology, they carry various physical
and chemical properties. The ZnO has a promising place in the NH4 sensor and
reduction in the NOx [37].
The structure of ZnO is a dominant factor for photocatalytic reaction because it will
determine their applications in various fields. A suitable nanostructured ZnO will
improve the efficiency of process and enhance the recovery of photocatalyst during
post-treatment stage. Hierarchical structured ZnO can be categorised into four
types: zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D), threedimensional (3D). [38]. Figure 1-4 shows the morphologies of hierarchical ZnO in
various dimensions. Quantum dots shown in Figure 1-4 (a) represent ZnO in 0D.
Nanorods arrays, nanosheets and nanoflowers shown in the following images are
the examples of ZnO in 1D, 2D and 3D, respectively.
As mentioned above, the photocatalytic performance is affected by its specific
surface area. The large specific surface area of ZnO enable more absorption of
reactant molecular and thus provide more active sites for the photocatalytic
reactions. Additionally, according to the research by Qi et al. [39], ZnO nanoflowers
possessed a better light scattering properties compared to ZnO nanorods. By
increasing the dimension level of the ZnO structure, the light absorbance is also
dramatically enhanced. However, complexity of its structure also introduced some
problems during the synthetic process and post-treatment. In Table 1-1 the
advantages and disadvantages of ZnO in various structure are listed and compared.
ZnO has a tetrahedral bonding configuration and is an intrinsically n-type
semiconductor due to the Zn-rich conditions. The defects such as oxygen vacancies
(V o) and zinc vacancies (V zn) affect its optical and electric properties. It has been
verified that increasing V o in ZnO will lead to an increasing number of electron
charge carriers. Accordingly, to achieve enhancement in the photocatalysis,
introduction of appropriate defects or elements can be adopted to modify the
energy band structure of ZnO. Recent studies unveiled that non-metal doping such
as nitrogen, carbon, sulphur and fluorine are capable to narrow down the band gap
7
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of ZnO by uplifting the valence band. More specifically, those impurities diffuse
through the lattice interstices and bind to the atoms via oxidation process. The
dopants incorporate into the crystal lattice and replace the position of oxygen,
whose electrons mainly contribute to the valence band of ZnO. Moreover,
transitional metal, rare earth elements and noble metals had also been introduced
for band structures tuning. The metal doping offers the another means to improve
the photocatalytic activity of the materials by increasing the trapping sites of
electrons, which will reduce the charge recombination rate within the materials.
However, introducing impurities won’t guarantee the promotion in photocatalytic
performance. The amount and type of dopants should be carefully chosen. High
level doped ZnO may result in the attenuation or decrease of the photocatalytic
performance. In over-doped ZnO, the dopants may significantly change the lattice
structure of the materials. The degradation in the structure and atom bonding
would probably poison the performance of photocatalyst. Generally, there is no
directed correlation between photocatalytic activity and dopant content level. In
most cases, the overall performance of materials is synergic effect of crystallinity,
structure, composition, specific surface area and reaction dynamics on the surface.

Figure 1-4 FESEM and SEM images for (a) 0D, (b) 1D, (c) 2D, (d) 3D ZnO [40]

Table 1-1 Advantages and disadvantages of hierarchical structured ZnO in
photocatalytic applications [37]
ADVANTAGES
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1.3.3

Architectured Bismuth Oxyhalide (BiOX)

Bismuth oxyhalides, known as BiOX (X=F, Cl, Br, I), with tetragonal crystal structures
are often categorised as main group metal oxyhalides. They are chemically stable
and environmentally friendly. The crystal structures of BiOX are stacks of twodimension layered [Bi2O2] slabs interlaced with double layer halogen slabs in c-axis
direction. Within the layered structured BiOX, interlayers are bonded with weak Van
der Waals interaction, while intralayer atoms are connected by strong covalent
bonding [41]. The pen-layered structure introduced enough space for polarisation
within the materials, which enable an internal built-in electric field between [Bi2O2]
and [X]. The internal electric field will promote the photoexcited electron-hole
separation, which is of great importance in the photocatalytic reactions. Unlike ZnO,
which is only active under ultraviolet irradiation, the band gap of BiOX ranging from
1.8 eV for BiOI to 3.3 eV BiOCl enable a certain degree of visible light response.
The difference in the band gap of BiOX depends on the electron affinity of the
halogen atoms X in the materials, because the valence band maximum (VBM) of
BiOX is consisted of O 2p orbitals and X np (n=3,4,5 for X=Cl, Br, I) orbitals and
conduction band minimum (CBM) is the contribution from Bi 6p orbitals [42].
Among all BiOX, BiOBr has recently been intensively investigated on account of its
exceptional visible-light-responsive photo-catalytic activity and photo-stability.
Comparing with BiOCl, BiOBr possessed a smaller electronic energy band gap (E gError!
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=2.5-2.9 eV), which is suitable for sunlight absorbance. Comparing

Bookmark not defined.

with BiOI, BiOBr is more chemically stable during the photocatalytic reactions
although BiOBr possesses a relative wide band gap. However, the efficiency of solar
energy conversion on BiOBr is still too low to meet the demand of industrial
application [43]. As a consequence, numerous attempts had been made to further
enhance its photocatalytic efficiency and activity. All these approaches can be in
three aspects: morphology design, energy band engineering and charge transfer
optimization. In particular, morphology and structure design are of priority in the
BiOX modification, because morphologies are not only closely involved with
synthetic methodology but also determine the specific surface area as well as the
light absorbance.
The main synthesis methods for obtaining hierarchical BiOBr include the
solvo/hydrothermal, co-precipitation, micro-emulsion, template-assisted and sonochemical methods. And according to the previous researches, various structures of
BiOBr were obtained such as nanoflake, nanowires and mirco/nano pheres.
Normally, BiOBr are inclined to form a layered structure due to its intrinsic layer
stabbed crystal structures. 3D self-assembled hierarchical BiOBr are favoured for
its superior light absorbance and high specific surface area compared to bulky and
randomly arranged BiOBr nano-flakes.
Although various chemical methodologies have been implemented to prepare the
BiOBr nanostructures, in non-aqueous solvents with assistance of organic
templates, the target of creating 3D hierarchical architecture remains tremendously
challenging. For example, hydrolysis can lead to poor crystallinity and failure to
tune the assembly and morphology of the particles. Micro-emulsion and
solvothermal synthetic methods are successful in the formation of 3D assemblies
of nanoparticles, though it is time/energy-consuming, and/or environmentally
unfavourable. Hydrothermal synthesis may adjust the morphology and crystallinity
of BiOBr. Additionally, the assistance of expensive surfactants is prerequisite in
fabricating 3D assemblies. All such synthetic protocols can either be energy
inefficient, time-consuming or potentially harmful to the environment. Therefore,
an attractive tailored synthesis of BiOBr hierarchical nanostructures in more
environmentally compatible aqueous solutions, without the use of organic reagents,
has yet to be realized.
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Figure 1-5 SEM images of the microscopic texture of the BiOBr under different
heating durations[44]

The super structure, also known as hierarchal structure, has drawn enormous
attention, because of its large capacity and developed porosity that unquestionably
provides large surface area for the reaction. As a matter of fact, due to its
complicated surface and structure, it also has a good mechanical and thermal
stability. All these benefits contribute to its great potentials in the solar energy
conversion.
During last few decades, there are numerous papers published worldwide
discussing the mechanism behind various structures and efficiency promotion.
Several theories was proposed to explain the self-assembled structures. Although
there are numbers of the patterns available now, the performance did not vary
widely between each of them.
1.3.4

Hierarchical CuSCN

CuSCN,

a

typical

intrinsic

p-type

semiconductor,

is

optical

transparent

semiconductor for holes transporting in the electronic devices. CuSCN is a
molecular, metal pseudo-halide of cuprous. More importantly, CuSCN is inherently
inexpensive to prepare and commercially available [45]. Thiocyanate (SCN) here
incorporates as halide ions because it performs similarly to halide ions in the
chemical reactions. The physical and chemical properties of CuSCN have been
studied since 1950s. With a relatively wide band gap ranging from 3.6-3.94 eV, the
optical and electrical properties are often influenced by the synthesis methodology
11

Chapter 1
and the morphology of CuSCN [46]. Depending on different synthesis procedure,
CuSCN obtained can exist in two types of crystal structures, the α- and β-phases
[47].
The α-phase is orthorhombic lattice, while the β-phase shows hexagonal structure.
According to the recent researches, although two-phase coexistence was usually
discovered in their CuSCN powders, the deposited thin-films are commonly
presented as the β-phase. Its p-type conductivity can be expected if the material is
prepared in a solution where the concentration of SCN - is higher than that of Cu2+
[48]. The difference in the concentration of two ions would inevitably create a
stoichiometric deficiency of Cu in the lattice, and thus the defect of holes will
become the majority of the charge carriers showing p-type behaviour during the
photocatalytic process. Meanwhile, the Cu vacancies in the crystal structure will
lead to further broadening the optical bandgap and make itself more transparency.
In order to increase the light absorbance of CuSCN, hierarchically structured CuSCN
with attenuated light scattering is aimed for preparations. The hierarchical CuSCN
has been largely explored materials as superstructures for its widespread
applications in the environment and industry. Many morphologies and structures
have already been approached in the previous experiments. For example, in Figure
1-6 the hierarchically assembled nanotubes, nanorods, mesoporous and nanosphere have been frequently reported on numerous papers. These hierarchical
structures did not only promote the light harvest efficiency but also increase
surface area.
However, the thermal stability of CuSCN hampers its widespread applications in the
photovoltaics. The decomposition temperature of CuSCN was reported as 300℃,
which much lower than the previous discussed materials such as BiOBr and ZnO
[49-51]. To increase the stability of CuSCN, covering with second semiconductor
could be efficient method to address the problem.
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Figure 1-6 SEM images of the hierarchically allied CuSCN nanowires by
electrodeposition [49]

1.3.5

Hierarchical heterojunctions

Heterojunctions are the interface between two dissimilar semiconductors. These
semiconducting materials have unequal band gaps as opposed to a homo-junction.
It is often advantageous to engineer the electronic energy bands in many solidstate device applications including semiconductor lasers, solar cells and
transistors. The hetero-junctions which are defined bearing different band
structures will contribute to promote photo-catalytic conversion efficiency. The
charges excited by the light will largely de-trapped because the electrons and holes
will be separated by the heterojunction due to built-in electric field across the
interface. In fact, it is the existence of the potential difference in each side of the
crystalline semiconductor that provides the oriented path for the charges in the
reactions. In this way, the recombination of charges can be reduced to some extent.
As for photocatalysis process, coupling with second semiconductors are preferable
in several applications, because of their higher light absorption, better suppression
of

photoinduced

electron/hole

pair

recombination

and

increased

charge

separation. Lin and Chiang [52] have shown that the increased charge separation
was due to an extended lifetime of charge carriers by inter-particle electron transfer
between the conduction bands of nanocomposites leading to a larger number of
electrons involved in a photo-degradation reaction. These superior properties are
ascribed to a stepwise energy-level structure in the composite. Another similar
study by Nur Johra. has also shown that highly active photocatalysts can be
obtained by coupling two semiconductors having different band gaps [53]. Based
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on their proposed mechanism, relatively efficient charge separation may be
achieved due to photoinduced electrons that are transferred away from the
photocatalyst. Therefore, the heterostructure of nanocomposites serve as an
attractive alternative for enhancing the photoactivity of photocatalysts.
Figure 1-7 illustrates the process occurred on the hetero-junction photo-catalysts.
Once the light strikes the surface of the hetero-junction, the photo-induced charge
will be separated by the energy difference of each side, where the electrons will be
introduced to the TiO2 and the holes will be transferred to the valence band of the
ZnO. In this way, the recombination of electrons and holes could be remarkably
confined into the small space[16].

Figure 1-7 Charge transmission path in the hetero-junction photo-catalyst [38]

1.4
1.4.1

Materials synthesis
Introduction

The previous discussion demonstrated the importance of hierarchical structure in
light

absorbance

and

photocatalytic

performance.

Multi-dimensional

self-

assembled of nano/micro-crystal photo-catalysts generally outperform both their
nanoscale constituent building blocks and their corresponding bulk materials in
important applications, such as photo-catalytic environment remediation, solar fuel
generation and solar energy harvesting. The photo-response and photo-catalytic
performances of the assemblages are closely related to their intrinsic high surfaceto-volume ratio, facile transportation of the reactants, anti-recombination process
and the property of easy recycling.
To date, dozens of photocatalysts with various morphology had been successfully
designed and prepared. Numerous attempts had been made to obtain hierarchically
structured photocatalytic materials. The deposition, sputtering, anodizing and
14
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hydrothermal synthesis are mostly used in the material preparation. For its
dedicated patterns in the structure, the preparation should be carefully designed
and carried out.
However, it is accepted that assembling such structures from finite-scale crystals
represents a thermodynamically non-spontaneous process with a significant
reduction of the system entropy and consequently necessitates either additional
energy input or special reagents to improve or catalyse the nucleation, growth and
elaborate assembly of the constituent blocks. The special regents employed in the
synthetic preparation are generally functioned as surfactant or template to reduce
the surface energy and coordinate the crystal growth in the materials synthesis. In
the past decades, exploring new chemical synthetic methodologies with the aim of
reductions in time and energy consumption has become a great concern for the
society of human beings.

1.4.2

Hydrothermal (HT) synthesis

Hydrothermal synthesis can be defined as a method to synthesis single crystals
that depends on its solubility in the solution under pressure [44]. Nowadays, this
kind of method has already been widely employed into crystal growth for it can
produce a crystal in good morphology at a relatively low cost. As for preparation
of the hierarchical materials, the hydrothermal technique exhibits its advantage in
the massive production. In the hydrothermal synthesis, usually there are precursors
and template reagent or surfactant reagent in the autoclave. Those materials are
put into the closed reactor in sorts of sequence. After loading the chemicals, the
reactor is put into the oven for the heating treatment. After that, there will probably
be calcination or annealing to tune up the crystallinity of the materials. In order to
obtain some particular structure morphologies, the temperature, the pressure
inside autoclaves and composition of the solutions should be carefully controlled
and manipulated. Although a number of photocatalysts have been reported to be
successfully prepared in hierarchical morphologies by the hydrothermal synthesis,
yet this technique is still limited by the solubility of the materials and chemical
properties of template reagents [20, 54, 55]. Hydrothermal synthesis could be
powerless when some minor modification needs to be made in some nano-scale
structures.
The advantages of hydrothermal synthesis are the capability to prepare the
materials which are not stable of at their melting point. However, the completely
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closed autoclave makes it impossible to observe the growth of the materials in the
chamber.

1.4.2.1

Template assisted HT-synthesis

In the hydrothermal synthesis, sometimes the designed patterns would be a quite
intractable problem without any assisted facilities. Consequently, template agents
are required in these cases. The template acts as the mould in hydrothermal
synthesis where it could be the aggregation centre and growth director in the
reaction process. Mostly these template agents can be categorized into two groups,
namely hard template and soft template. For metal oxides hierarchical structures,
such as TiO2, ZnO and BiOBr, the super structures can be produced via precipitation
between the metal salts and ammonia [56, 57]. The surfactants such as cetyl
trimethyl ammonium bromide (CTAB), polyvinyl-pyrrolidone (PVP), tetra butyl
ammonium bromide (TBAB) and block co-polymers P123 are most widely used in
the hydrothermal synthesis [58-60].
For example, Figure 1-8 displays a two-step surfactant assisted method to obtain
the hierarchical structure in the ZnO. Firstly, long chain N-acyl amino acids were
prepared from the reaction of lauroyl chloride with acidic amino acids in a mixed
solvent of water and acetone. The prepared surfactant plays a significant role in
governing the hierarchical structure through an explicit and implicit control. It is
worth noting that in their work two amino acid with carboxylic group were
introduced in the experiment. As non-polar amine acid, alanine was applied to
cause a gradual variation in the structure of the molecular. This solvent study
shows that the determination and the use of ideal solvent are important steps to
obtain desirable structures, as changes in solvent system can induce a preferential
enlargement of either hydrophilic head groups or hydrophobic tail groups and
change the packing parameters of surfactant molecules during micelle formation,
which eventually transform the macroscopic morphologies of ZnO assemblies. The
selection of surfactant will make influence not only on the morphology of the
materials, but also on the composition and crystallinity.
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Figure 1-8 SEM images of ZnO precipitates obtained from methanol solutions of
Zn (NO3)2·6H2O and surfactants with varying degrees of hydrophobic/hydrophilic
ratios [58]

Another category of templates used in the synthesis of hierarchically structured
metal oxides are hard templates, which have a pre-set morphology and porosity
which allow the reverse duplication of their structure. Commonly used hard
templates include carbon materials and silica. The general procedure for hard
template methods is to fill the void pores of the template with the metal oxide
precursor, followed by converting the metal oxide precursor to its corresponding
metal oxide, and finally remove the hard template by chemical etching or via
combustion. Obtained metal oxides are a reverse image of the initial hard template.
The key issue of all hard template methods is the design of the hierarchical
structure within the hard template in the first place[61].
Error! Reference source not found. illustrates formation of hierarchical BiOI from t
he work of Xia et al. They had developed an ionic liquid (IL) -assisted solvothermal
approach to make different porous or hollow BiOX microspheres [62-65]. Applying
1-butyl-3-methylimidazolium iodine ([Bmim]I), uniform hollow BiOI microspheres
with holes on the surfaces were prepared [62]. They displayed improved
photocatalytic activity for the degradation of MO (180 min, 92%) under visible-light
irradiation compared with 2D BiOI nanoplates (180 min, 21%). During the formation
process, the IL not only served as the iodine source but also as the solvents and
templates for the fabrication of hollow BiOI microspheres. Changing the type of IL
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from [Bmim]I to [C16mim]Br enabled BiOBr hollow microspheres to form using a
similar solvothermal process [63]. The IL cation of [C16mim]+ has a longer alkyl
carbon chain than [Bmim] +. This long carbon chain can better prevent or delay
crystal growth, as confirmed by time-dependent scanning electron microscope
studies. After the PVP surfactant was introduced to combine with the IL [C16mim]Br,
BiOBr porous nanospheres were formed. The PVP+IL complex system exhibited
better control over crystal growth. The synergistic effects of the high BET surface
area, energy band structure, smaller particle size, and good light absorbance of
BiOBr porous nanospheres contributed to their improved photocatalytic activity for
RhB degradation under visible light irradiation compared with BiOBr hollow
microspheres.

Figure 1-9 Schematic illustration of the formation process for BiOI hollow
microspheres [66].

1.4.2.2

Template-free HT-synthesis

The template-assist strategy usually consists of two steps: the surface coating of
template with materials and template removal. Despite the two-step process has
been widely applied in the preparation of complex hierarchical structures, template
removal by calcination or etching is generally costly and far from the idea of “green
chemistry”. In contrast, one-step template-free synthesis can effectively avoid the
problem. Instead of utilizing the template agents, the template-free preparation is
inclined to exploit the reaction mechanism in order to modify the shape of the
hierarchical materials during the experiments. Ostwald ripening, coordination,
hydrolysis and selective corrosion are usually proposed to explain the formation of
the hierarchical structures in the materials[67].
In the preparation of 3D hierarchical BiOX, template-assisted hydrothermal method
are usually considered as an effective approach to construct porous or flower-like
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structure [14]. The existence of template agent in the solution, such as ethylene
glycol (EG) or polyethylene glycol (PEG), will facilitate the coordination of Bi 3+ to
yield the alkoxide complexes so as to slow growth rate of BiOX into nanoflakes [68].
As shown in Figure 1-10, self-assembly of nanoflakes is induced by the viscosity
and gradually form the 3D hierarchical structure under the guidance of the
template. All of the BiOX microspheres were photocatalytically active, and BiOX
displayed better photocatalytic activity under both UV–vis and visible-light
irradiation. Another work from Xiong et al.

had prepared flower-like BiOCl

hierarchical nanostructures by directly reacting metallic Bi nanospheres with an
FeCl3 aqueous solution at room temperature. The flower-like BiOCl hierarchical
nanostructures displayed higher photocatalytic performance for the degradation of
RhB than did commercial BiOCl materials [69].

Figure 1-10 (1) Formation of BiOX nanoparticles and their growth into nanoplates
at the early stage. (2) EG-induced self-assembly of these primary nanoplates to form
loose microspheres. (3) Formation of regular hierarchical microspheres through a
dissolution-recrystallization process of the preformed nanoparticles [56].

Figure 1-11SEM images of BiOCl/FeCl3 prepared with different amounts of FeCl3 [69]
However, the hydrothermal synthesis is difficult to control the parameter during
the process, because the entire process is taken place in an enclosed container.
Therefore, in order to ensure a good quality of the product, some measures should
be taken to improve the process. In this case, a carefully designed experiment will
be desperately required if a complex morphology is expected in the result.
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Currently, it has been reported that the hierarchical nanotubes, nanosheets,
nanorods and cubes were successfully obtained through the hydrothermal ways.
And lots of mechanisms of the formation of the superstructures were proposed by
numbers of research groups. According to their explanation, the morphology could
be largely affected both in the reaction and post-reaction procedures. For example,
in the nanotubes, the explanation is that during the acid washing process, the
electrostatic repulsion is removed by the acid solution, which results in the
assembly of the nanotubes[70]. The further details could be found on. Besides that,
Ostwald ripening and oriented attachment also leads to its formation of hierarchical
nano-flakes[71].
1.4.3

Deposition

Deposition and sputtering are also considered to be efficient approaches to obtain
the hierarchically structured materials. However, these methods would probably
need a series of facilities to support for the sake of carrying out our plan. In the
deposition synthesis, chemical vapour deposition (CVD) or metal organic chemical
vapour deposition (MOCVD) are often used in the paper to realize the structure
building [32, 72]. Due to its high vacuum and high temperature inside the chamber,
a very thin layer of materials could be deposited onto the substrates, above which
pure gases from various resources are injected into the reactor. The surface
reaction between the organic molecular and metal organic compounds makes
hydrides to form multilayers semiconductor. In the Metal Organic Chemical Vapor
Deposition (MOCVD) technique, reactant gases are combined at elevated
temperatures in the reactor to cause a chemical interaction, resulting in the
deposition of materials on the substrate[73].
In spite of its precision and versatility, the staggering cost of the equipment and
complicated operation inevitably will curb its application in the large-scale
preparation. As a result, it seems more approachable to seek alternatives way from
high cost deposition.

20

Chapter 1

Figure 1-12 The image shows the deposition process and required instrument [74]

However, deposition exhibits unparallel advantage over hydrothermal and coprecipitations. Especially for large-area films making and temperature sensitive
materials preparation, deposition can effectively control the growth parameters
(pressure, rate, temperature, etc.) and thus avoid the thermal degradation of the
materials. Meanwhile, deposition process is also able to deliver a rapid and quality
product comparing with hydrothermal synthesis.
For instance, CuSCN, as mentioned above, is a promising candidate for a series of
photocatalytic reactions. CuSCN preparation process requires a careful control on
the ratio between Cu+ and SCN- and the temperature during synthesis, which is
beyond the capability of CVD or PVD methods. However, the electrochemical
deposition may effectively overcome this problem.
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Figure 1-13 SEM images of the CuSCN films deposited at (A) -0.30 V, (B) -0.31 V, (C)
-0.32 V, (D) -0.35 V, (E) -0.40 V (F) -0.42 V [49]

Figure 1-14 SEM photographs for surface (left) and cross-section (right) of CuSCN
thin films electrodeposited from ethanolic solutions containing Cu2+ and
SCN- in ratios of (a) 1:5, (b) 1:3, (c) 1:2, (d) 1:1 and (e) 3:1 [75]

As shown in Figure 1-13 and Figure 1-14, the SEM images exhibit the various
morphologies of CuSCN prepared under different conditions. In order to identified
best synthesis conditions, Ghosh and Sun et al. have explored the influence of
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different potentials bias and Cu+/SCN- ratios on the morphology and crystallinity of
CuSCN [75, 76]. The morphology of the deposited thin films was tuned from
nanorod structure to granular ones by variation of the applied potential in the range
of -0.3V to -0.42. Crystalline rhombohedral CuSCN phase was attained in this
potential range. Additionally, in order to obtain the nanorods array, the ratio
between Cu+ and SCN- should be kept at 1:2, because the high concentration of
thiocyanate ions creates stoichiometric deficiency of Cu in the solid and Cu
vacancies in the materials will contribute to the p-type behavior of CuSCN [45, 46,
48].

Anodizing, generally, is electrolytic passivation used to coating oxidation layers
onto the metal component. At first, anodizing was used to prevent the galling
between the threaded metal components. Then people had realized that it could
increase the adhesion between the coating layers and film. As a result, anodizing
has been applied to fabricate the electrode in the super capacity and dye sensitized
solar cells (DSSCs) because it can bring well-ordered meso-porous or tubular
patterns on the surface of the materials which are attached to the substrate[77]. In
the DSSCs, these super structures provide enormous surface area for the reaction
and simultaneously the porous structure absorbs the dyes onto surfaces.
Undoubtedly, the photovoltaic reaction will be accreted and added interference to
the projected light, although sometimes brittle [78]. However, in order to obtain
well-assembled hierarchical materials, experimental conditions such as electrolyte
concentration, acidity, solution temperature, and current should be carefully
controlled.
The nature of electrolyte employed for the development of materials strongly
influences the formation of the graded structure. It was well recognized that under
the same conditions, different electrolytes may produce different electric field
intensities. For example, the electric field in the binary electrolyte is quite different
from that of multiple-electrolyte [79].
In addition, it was also well known that in the initial stage of anodization, the higher
electric field intensity can induce bigger breakdown sites which finally result in
wider diameter of the particles [80].
TiO2 is a chemically stable photocatalyst with outstanding performance in wide
range of area. However, the stability of TiO2 lead to limited methods for
morphology engineering. Recently, a series of research has been carried out to
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explore the feasibility of structure modification of TiO2 via anodization [81]. The
SEM images displayed in Figure 1-16 and Figure 1-17 shows the morphologies of
TiO2 corresponding to the different anodising conditions. According to the results
form Sreekantan et al., the favoured synthesis condition governed morphologies of
TiO2 nanotubes, which will further determine the overall performance of the
materials [82, 83]. in their work, the synthetic conditions were carefully compared,
yet the relationship between synthetic conditions and morphologies was not
clarified in their work. Thus, more detailed experiment is expected to explain the
mechanism on the fabrication of TiO2 nanotubes.

Figure 1-15 Basics in the anodizing synthesis. Usually there are two electrodes.
Surface of the anodes in most cases are the target area for the hierarchically
assembly. Cathodes are usually made of platinum or titanium in the system [84].
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.
Figure 1-16 FESEM images of TiO2 nanotubes formed in glycerol + 6 wt% EG + 5 wt%
NH4F at (a) 20, (b) 30, (c) 40, (d) 50, and (e) 60 V [81].

Figure 1-17 FESEM images of TiO2 nanotubes formed in glycerol + 6 wt% EG + 5 wt%
NH4F for anodization times of (a) 1, (b) 15, (c) 20, (d) 30, (e) 180, and (f)
360 min [82].

1.4.4

Ink-jet Printing

Ink-jet printing is an emerging approach to obtain the hierarchical structure. This
idea was generated from the solid freeform fabrication, which also give birth to the
well-known three-dimensional (3D) printing [85]. Some of the scientists believe that
introducing this technology into the synthesis of solar energy conversion materials
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would deliver an un-expectable result. Printing could deposit various materials onto
the substrate via the nozzle in the printer. Actually, printers in the most published
papers are modified from our daily used printers. Generally, there are two types of
ink-jet printers applied to this area [32]. One is continuous printer and the other is
called drop-on-demand (DOD). In the continuous printers, the liquid ink is directly
pumped from cartridges onto the papers or plate through a nozzle in the gun body.
The stream of the liquid ink is break into numerous pieces by a piezoelectric crystal
in the nozzle, which will vibrate at a controlled interval given by the outside
researchers. However, most consumer inkjet printers are DOD, where some heating
components and piezoelectric materials are employed. In DOD system, the heating
process creates a series ink bubbles that finally drop on the papers.
In spite of its simplicity and efficiency, inkjet printing is also challenged by some
of its defects. The viscosity of the liquid, size distribution of the drop and the
property of the particle inside are most frequently concerned issues in the
experiment design. Due to the exquisite patterns within our aimed structure, the
size of the drop should be restricted to a smaller diameter compared to our daily
use. As a result, the nozzle would be modified according to our demand. Usually,
the diameter of the nozzle is 40-100μm and the drops of liquid ink will extend no
more than 1mm on the target [13].
In fact, ink-jet printing usually displays limited capability in the preparations of
super structured photocatalysts. Several researches have already claimed their
success in fabrication of the hierarchical materials via ink-jet printing. The research
work from Černá shown in Figure 1-18, TiO2 was deposited on soda-lime glass via
ink-jet printing process [86]. Although TiO2 coating layers were homogeneous,
compact without any crack, morphology quality of TiO2 is inferior than the TiO2
prepared from template-assisted hydrothermal synthesis [87].
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Figure 1-18 SEM images for one-layer samples of TiO2 synthesized at 110 ◦C (top)
and 160 ◦C (bottom) for different time; 6 h (left); 24 h (middle); 48 h
(right) [86]

1.5

Energy-band engineering

The energy band or electronic band structure of solids describes the ranges of the
energies that the electrons in the materials may have (called energy band) and
ranges of the energies that the electrons may not have (called band gap)[88].
Also, the light absorption and structure patterns will have influences on the light
conversion efficiency. The surface morphology will determine the light quantity
through the materials. As a matter of fact, once the light reaches the surface of
materials, it will scatter or reflect from the surface. Some go in, some scatter away.
To ensure a plenty of luminous flux, there is a need for a reengineering of the
morphology and surface to a well-ordered assembly structure. These kinds of
structures would scatter the light within the materials so that the light will be
trapped into the materials. Inevitably, the absorption of the light would dramatically
increase in this way [89].
Moreover, the enhanced structures would strengthen the mechanical property and
thermal stability for the reason that the complexity of the structure could endure
much more stress and heat compared with the normal structures. At the same time,
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the dimension level and size of the structure patterns would affect the
recombination in the materials. These details provide more choices for the charge
transmission. In order to reduce the recombination, bulk materials could be shape
into Nano sized materials, which will shorten the transmission path of the charge.

1.6

Charge transportation optimization

Charge transportation or precisely charge separation and transportation is of vital
importance in the entire photocatalytic process, which ensure plenty of charge
taking place in the photocatalytic reactions [89]. When electrons in a filled valence
band (VB) are excited into a vacant conduction band (CB) by a photon of energy
greater than the energy of a gap between the VB and CB, a band gap, to give a
photo-excited electron (e−) and a hole (h+) in the CB and VB, respectively. These
species, i.e., charge carriers, in the CB and VB reduce and oxidize substrates
adsorbed on the photo-catalyst surface, respectively, or they recombine with each
other and disappear without leading to any chemical reaction. If the recombination
goes too fast, it will undoubtedly compensate the amount of charge carriers in the
reaction area where oxidation and reduction highly depend on participation of
these charge carriers. Therefore, the reducing charge recombination in photocatalysts can be one solution to improving the efficiency of the photo-catalysts[90].
Inspired by the function of Mott-Schottky barriers, separating charges in the
semiconductors, selective metal loading on the photocatalytic materials will also
work on the photo-catalysts. When the metal loaded onto the photocatalytic
semiconductors, a metal-semiconductor (M-S) junction is form in the surface [91].
The junction itself can be rectifying or non-rectifying. The rectifying M-S junction
forms Mott-Schottky barrier, while the non-rectifying M-S junction is called ohmic
contact. Whether it is an M-S junction or ohmic contact depends on the height of
the Mott-Schottky barrier, ΦB, shown in Figure 1-19 [30, 92, 93]. If the barrier is
significantly large, then the semiconductor will be depleted in the junction and
form a Mott-Schottky barrier. While for the lower barrier, the junction will therefore
form ohmic contact instead [94].
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Figure 1-19 Band diagram for Metal-Semiconductor junction at zero bias [94]

Due to existence of the energy barrier in materials, the excited electrons on CB are
incapable to overcome the barrier to get to the metal, while the positive charge
transfers to the metals. Therefore, the photo-induced charge carriers are able to be
separated by the barrier which consequently reduces the rate of the charge
recombination [95].
Utilizing advantage of the depletion zone in the junction, Mott-Schottky barrier can
also be applied in the semiconductor-semiconductor (S-S) junction as long as two
kinds of materials are in different band structure. In the heterojunction shown in
Figure 1-20, two kinds of semiconductors join together and probably perform more
than sums of the parts [96]. Apart from promoting charge separation, coupling
semiconductors with different gaps can also enhance the light absorption, promote
the surface reaction kinetics, and thus improve the photocatalytic efficiency [97].

Figure 1-20 Schematic diagram showing the energy band structure and electronhole pair separation in the heterojunctions [3]

Generally, the S-S heterojunctions can be divided into two kinds of group: p-n
heterojunction and non p-n heterojunction. Among these, construction of carbonsemiconductor (C-S) could be a promising way in the future. Carbon fibres, with
large surface area, are typically used as the structure or support of the
photocatalytic materials [98]. In the practical test published, the increase of the
surface area leads to a remarkably promotion in its photocatalytic activity [99],
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which can be explained according to the Langmuir-Hinshelwood mechanism.
Therefore, it can be expected the performance of photo-catalysts will be upgraded
on account of the combination of the carbons and semiconductors [3, 100].
To date, a large number of important papers have been published on the design of
hierarchical photocatalysts with multiple porous structures and enhanced
efficiency

[101-103].

Although

excellent

reviews

devoted

to

hierarchical

semiconductors such as ZnO, BiOBr and TiO2, only a handful topics referring to
their

energy

band

contributions and

applications

in

photocatalysis

and

photoelectrochemistry has been apprised. Thus, I believe that a comprehensive and
intensive research on this subject is timely to promote further developments in this
critical, exciting and still emerging area of research.
In this project, we thoroughly

discussed the

influence of hierarchically

nanostructured semiconductors on various photocatalytic applications. A special
emphasis is directed toward better understanding of the design, fabrication,
performance and applications of hierarchical semiconductor photocatalysts. Also,
various applications of hierarchical photocatalysts for degradation of pollutants,
air purification, H2 production, and CO2 reduction, and future research challenges
are discussed.
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Experimental Characterisation
2.1
2.1.1

Compositions and Structures
Powder X-ray Diffraction

X-ray diffraction (XRD) yields the atomic structure of materials. It is based on the
elastic scattering of X-rays from the electron clouds of the individual atoms in the
system. Powder X-ray Diffraction is a technique used to characterize the
crystallographic structure, crystallite size, and preferred orientation in polycrystalline or powder samples. Powder diffraction is commonly used to identify
unknown substances, by comparing the XRD pattern data with a database
maintained by the International Centre for Diffraction Data. Powder diffraction may
also be used to characterize heterogeneous solid mixtures to determine relative
abundance of crystalline compounds [104].
The planes of atoms are labelled with a set of integers (h, k, l), called Miller indices,
which identify the reciprocals of the fractional intercepts, which the plane of
interest makes with crystal axes. For cubic crystal the distance dhkl between
adjacent Bragg planes is
𝑑ℎ𝑘𝑙 = 𝑎

1

(1)

√ℎ 2+𝑘 2+𝑙 2

When a beam of X-rays interacts one of the atoms in the crystals, the X-rays are
diffracted in all directions. In general, these diffracted waves from different atoms
will be, on average, out of phase and cancelled out. However, for an X-ray
wavelength λ and the angle of incidence θ with respect to Bragg plane, scattered
waves from various ions lying in a single Bragg plane will be coherent if the angle
of reflection equals the angle of the incidence, as shown in the Figure 2-1 Scattering
in this direction from successive planes a distance dhkl apart will be coherent, and
will interfere constructively if
(2)

𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃

Where n is integer, and this equation is also known as the Bragg Law of diffraction.
Thus the diffracted beam makes an angle θ with the Bragg plane and the angle
between the incident beam and the diffracted beam is 2θ [36].
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Figure 2-1 Illustration of condition required for Bragg diffraction [105]

2.1.2

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), also known as Electron Spectroscopy for
Chemical Analysis (ESCA), is a quantitative spectroscopic technique that measures
the surface elements composition and the chemical and electronic states of the
elements. It also characterizes the valence band structure that exists within the
material. Generally, XPS spectra are obtained as plot of the number of detected
electrons by irradiating a material with a beam of X-ray while simultaneously
measuring the kinetic energy of the electron emitted from top 1 to 10 nm of the
material being analysed. It is a surface-sensitive technique when implemented to
the solid materials. The X-rays employed in XPS penetrate a substantial distance
into the sample. This method of excitation imparts no surface sensitivity at the
required atomic scale. For instance, electrons of a given energy, E0, are emitted
from atoms in a solid at various depths, d, below a flat surface. Only those electrons
which reach the surface and at the same time leave the solid still have their initial
energy (E0) and can be detected. This is not literally true in an XPS experiment, but
in XPS experiment it is only those photoelectrons, possessing characteristic
emission energies and contributing to the peaks, will be considered in the
subsequent analysis. Photoelectrons, which have lost some energy and contributed
to the background of the spectrum rather than a specific peak, are not considered
[106].
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Figure 2-2 Illustration of the XPS instrumentation [107]
The process by which an electron can lose energy as it travels through the solid is
known as ‘inelastic scattering’. Each inelastic scattering leads to a reduction in the
electron energy and a change in the direction of travel. Apparently if the source
atom is closer to the surface, then a greater fraction of the emitted electrons will
be detected since there will be less chance of inelastic scattering before it escapes
from the solid. Therefore, the surface sensitivity must arise from the emission and
detection of the photo-emitted electrons. The chemical state information obtained
with XPS includes oxidation states and hybridization states for chemical bonds of
elements. Application of peak fitting routines is generally required to distinguish
peaks from overlapping oxidation or hybridization states [108].
Fermi level (EF) is the highest energy level occupied by an electron in a neutral solid
at absolute 0 temperature. Electron binding energy (BE) is calculated with respect
to the EF [90]. The core electrons are local close to the nucleus and have binding
energies which are characteristic of their particular element [94].

Figure 2-3 Schematic of spin-orbit splitting[109]
.
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2.1.3

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) provides information about the surface
topography. And with help of EDX, composition of the materials can also be
analysed in the SEM. The most common mode of detection is via analysis secondary
electrons emitted from atoms excited by the electron beam. On a flat surface, the
plume of secondary electrons is mostly contained by the sample, but on a tilted
surface, the plume is partially exposed, and more electrons are emitted. By
scanning the sample and detecting the secondary electrons, an image can be
created to display the topography of the surface [110].
In my project, SEM was performed to investigate the surface morphology using JEOL
JSM-6301F Field Emission SEM at an accelerating voltage of 10kV-15kV.

2.2
2.2.1

Optical Properties Characterisation
Ultraviolet-Visible spectroscopy

Ultraviolet-visible spectroscopy also known as absorption spectroscopy or
reflectance spectroscopy in the ultraviolet-visible spectral region, which means it
uses light in the visible and near-infrared ranges. The absorption or reflectance in
the visible range directly affects the perceived colour involved of the sample
material, in which molecules or continuous solids undergo electronic transition
from the ground state to the excited state. Usually, the According to basic optical
theory, the absorbance, reflectance and transmittance of the light can be correlated
by using the equation below.
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 (%) + 𝑅𝑒𝑓𝑙𝑎𝑐𝑡𝑎𝑛𝑐𝑒 (%) + 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 (%) = 1

(3)

UV-Visible spectroscopy is very useful for exploring the optical and electronic
properties of materials, including light semiconductors and hydrid materials for
the solar energy conversion. In this project, this technique has been utilized to
characterize the photo degradation extent of the liquid organic dye pollutants, and
also the solid samples used for characterizing the absorption ability and electronic
band gap energy [33].
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Figure 2-4 Working principle of the UV spectrometer [111]
2.2.2

Fluorescence spectrometer

The fluorescence is a result of three-stage process happens in some materials. The
first stage is similar to the photo-catalysis process. Photons in the energy of hν are
supplied by light source for example incandescent lamp and strike on the surface
of the materials, creating an excited electronic state. In the excited electronic state,
the electrons transfer to higher energy level and afterwards they may fall to the
ground state. However, during this process, not all the excited electrons return to
the ground state because energy of electrons will be undermined by multitude
possible interactions with their molecular environment. When fluorophores return
to the ground states, photons are emitted from the surface. The fact is that one
fluorophore can generate lots of photons is fundamental to the high sensitivity of
fluorescence detecting technique.

Figure 2-5 Instrumental of the fluorescence detecting technique [112]
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In the photocatalytic process, there is charge recombination taking place all
through the process. However, it will fundamentally compensate the efficiency of
the reaction by reducing the charge density in the materials. The electrons are
excited and transfer to reaction interface; they will give off fluorescent light when
the recombination happens. In order to measure this phenomenon, the
fluorescence spectrometer can be applied to collecting its absorption spectrum and
emission spectrum [112].

2.3

DFT Simulations

For the past 30 years, the density functional theory has been the dominant theory
in the semiconductor calculation. The reliability of the calculation highly depends
on the development of approximation exchange-correlation function theory[113].
Significant progress has been made in the recent years in the local density
approximation [114].
The local density approximation is very simple and remarkably reliable for the
structure, elastic module, relative phase stability of many materials, but is less
accurate for binding energies and details of the energy surface away from
equilibrium geometries [115, 116], e.g.: transition states. The GGA family of
functional improves binding energies to average errors of 20 kcal/mol and relative
errors of 3-7% while meta-GGA and hybrid-exchange functional reduce these errors
to 3-5 kcal/mol and 2-3% [117]. This is close to the accuracy required for predictive
simulations of thermochemical properties. The GGA, meta-GGA and hybrid
functional retain, and somewhat improve, the LDA’s excellent description of bonds
lengths with typical errors in the region of 1-2 milli-Angstrom [96]. Using these
functional elastic moduli is reproduced to within 10% and vibrational frequencies
to approximately 40cm-1 [118].

2.4
2.4.1

Performance Evaluation
Photo-electrochemistry (PEC) test

In the study of semiconductors, the position and structure of the valence band and
conduction band are always of primary importance in the characterization of the
prepared materials. Usually, the XPS (X-ray photoelectron spectroscopy), DFT
(Density Functional Theory) simulation and electrochemistry test are the techniques
applied to identify the band structure of the semiconductors [12]. Among those,
Mott-Schottky plot is frequently used to determine the flat band and conduction
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band by plotting 1/C2 against the applied potential V, where C is the interfacial
capacitance. Mott-Schottky and EIS (electrochemical impedance spectroscopy) are
of significant importance in describing the very fundamental knowledge of the
semiconductor and electrolyte interfacial properties [119].
The energy levels for redox-active species in solution arise by virtue of the donors
(Red) and acceptors (Ox) in solution; that is,
Ox+𝑒 − ↔ Red
The energy of the solution states depends on whether the state is occupied (Red)
or vacant (Ox), owning to the different solvent sheath energy, λ, around Red and
Ox species. Since the solvent molecule exchange between the coordination sphere
of redox-active species and the bulk electrolyte is a dynamic process which leads
to a range of solvent-sheath energies, the density of the redox states can be best
described in terms of separate Gaussian distribution [7, 120].
In the interfacial of the semiconductor and electrolyte, the energy level can be
illustrated as the picture below. An energy-level diagram of the n-type
semiconductor and a redox couple in an electrolyte solution is shown in the Figure
2-6.
For the semiconductor, we have identified the valence band, the conduction band
edges (VB and CB respectively), the band gap energy (E g), and the Fermi level (Ef)
which is the energy at which the probability of an electronic state being occupied
is 0.5 [4, 121]. These bands are dependent on the semiconductor potential, φ,
charging as -eφ, where the e is the charge on the electron [31].
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Figure 2-6

Schematic of an n-type semiconductor showing the valence and

conduction bands, Femi level, band gap energy, and the redox states in
the

solution, with their corresponding Femi level and solvent

reorganization energy. Also, electronic equilibrium between the n-type
semiconductor and redox couple in solution is presented in the gram.
Situation when the semiconductor is at its flat-band potential V fb [94].
When an n-type semiconductor and a redox couple come into contact, EF is higher
in energy compared to Ef (redox), equilibrium can be derived through the transfer
of electrons from the semiconductor to Ox, so that the Fermi levels for both phases
are equal [122], as in Figure 2-6. This has the effect of charging the semiconductor
positively, and since semiconductor carrier densities are much lower than those in
solution, the diffuse charge in the semiconductor (space charge region) is
counterbalanced essentially by a sheet of charge in the electrolyte [57]. Changing
the voltage of the semiconductor artificially using a potentiostat causes the
semiconductor and redox couple Fermi levels to separate, and hence the level of
band bending owing to electron depletion in the semiconductor will change
depending on the applied voltage [92, 123, 124]. When the voltage is applied so
that there is no band bending, or charge depletion (Figure 2-6c), the semiconductor
is at its flat-band potential, V fb [125].
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The position of the valence band and conduction band comply with the Poisson
Boltzman Equation, which describe the electrochemical potential of irons in the
diffusion distribution in the three demission which [7, 126],
𝜕2 ϕ
𝜕𝑥 2

ρ

= − 𝜀𝜀

(21)

0

Where ρ corresponds to the charge density at a position x away from the
semiconductor surface, ε is the dielectric constant of the semiconductor, and ε0 is
the permittivity of free space. Using the Boltzmann distribution to describe the
distribution of electrons in the space charge region and Gauss’ law relating the
electric field through the interface to the charge contained within that region [116],
Poisson’s equation can be solved to give the Mott–Schottky equation:
1
𝐶2

= 𝜀𝜀

2
2
0 𝐴 𝑒𝑁𝐷

(𝑉 − 𝑉𝑓𝑏 −

𝑘𝐵 𝑇
𝑒

(22)

)

Here C and A are the interfacial capacitance and area respectively, ND is the number
of donors, V is the applied voltage, kB is Boltzmann’s constant, T is the Kelvin
temperature, and e is the electronic charge. Therefore, a plot of 1/C 2 against V
should yield a straight line from which Vfb can be determined from the intercept on
the V axis. The value of ND can also be conveniently found from the slope knowing
ε and A [122].
Besides, the charge transfer during the photocatalytic reactions is another aspect
which determines the performance of the photocatalysis. In order to have a good
understanding of charge transfer process, the Electrochemical Impedance
Spectroscopy (EIS) was introduced into my research to investigate the double layers.
EIS is a useful tool to characterise the electrochemical reaction, such as
photocatalytic reactions [116, 127, 128]. This technique offers means to measure
the current response over a range of frequencies, and therefore the impedance of
the system is determined. EIS is now widely applied to analysis of energy storage,
corrosion and coating properties [11, 129, 130].
The basis of the EIS experiment is to implement a small amplitude sinusoidal AC
voltage, V(t), and then measure the amplitude and phase angle of the resulting
current, I(t). From this impedance, Z(ω), can be expressed using the Ohm's Law.
𝑉(𝑡) = 𝑉0 + 𝑉𝑚 sin(𝜔𝑡)

(14)

𝐼 (𝑡) = 𝐼0 + 𝐼𝑚 sin(𝜔𝑡 + 𝜃)

(15)

𝑍(𝜔) =

𝑉𝑡

(16)

𝐼𝑡
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Here V0 and I0 are the DC bias potential and the steady-state current flowing through
the electrode, respectively, when the impedance experiment conducted V m and Im
are the maximum voltage and current of the supplied sinusoidal signals,
respectively, and θ is the phase angle of the resultant current. As an alternative, a
more solid explanation describes Z(ω) in terms of orthogonal axes rather than polar
coordinates:
𝑍(𝜔) = 𝑍 ′ + 𝑗𝑍′′

(17)

𝑍 ′ = |𝑍(𝜔)|cos(𝜃)

(18)

𝛧 ′′ = |𝛧(𝜔)|sin(𝜃)

(19)

Here j is the imaginary number (𝑗 = √−1 ). A range of frequencies, ω, can be
examined to generate an impedance spectrum.

Figure 2-7 Schematic of double layer in a liquid at contact with a positivelycharged solid electrode

40

Chapter 2

Figure 2-8 Typical EIS response for TiO2 in the electrolyte [131]
Interoperation of this EIS data was carried out by considering the faradic and nonfaradic process, which can take place on the interfacial between the TiO2 surface
and electrolyte and relate the results back to the Randles circuits as shown in Figure
2-8.
The only faradic process involves the charge transfer in the redox couple. Charge
transfer in this redox couple is represented by the resistance of Randle circuit (RCT).
In the parallel with RCT is the non-faradic electrode capacitance caused by the
building up of charge at the TiO2 electrode surface [7, 129, 132]. In the Randle
circuits, it is usually presented by the constant-phase element (CPE) to take into
account of the non-homogeneity of the electrode surface; for example, surface of
roughness. The depressed semi-circuit seen in the Figure 2-8 indicates surface nonhomogeneity. The impedance of a CPE in an arc circuit, Z CPE , is
𝑍𝐶𝑃𝐸 = 𝜎𝜔−𝑚 [𝑐𝑜𝑠 (

𝑚𝜋
2

) − 𝑗𝑠𝑖𝑛 (

𝑚𝜋
2

)]

(20)

Where σ is the CPE prefactor, ω is the angle frequency, m is the CPE exponent. R CT
and ZCPE are in parallel with each other because they represent alternate charge
paths at the electrode surface. Also included in series with RCT is Warburg
impedance, ZW, which account for the diffusion of electroactive species towards the
electrode. It is of significant importance at low frequencies. Z W is essentially the
same as ZCPE , but with m = 0.5. The final component is another resistance (RS)
representing the voltage drop in the electrolyte owing to the passage of current
between the surface of the TiO2 electrode and the reference electrode.
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Zn-doped BiOBr photocatalysts: the
effects of Zn-doping on the structure and the
visible-light-responsive

photocatalytic

properties
3.1

Introduction

Bismuth oxyhalide compounds have found to be potential candidates in the
preparation of photocatalytic heterojunction. Among those bismuth oxyhalide,
BiOBr is of particular importance because it’s visible light response, relatively stable
under the light irradiation and superior to the commercialized Degussa P25 (TiO 2
aerosol mixture comprising of Rutile and anatase phases) under UV illumination
[133, 134]. As shown in the picture below, BiOBr is a type of layer-structured
semiconductor that consists of tetragonal [Bi2O2]2+ positive slabs, which is
intercepted by double slabs of Br- to form Bi2O2Br2 layers along c axis. The excellent
intrinsic crystal structure endows BiOBr with excellent electrical, optical and photocatalytic property [67, 134, 135]. Apart from that, its photocatalytic performance
is also correlated with particle size and crystallinity, which is determined by the
synthetic routes. The various preparation of the BiOBr in the same time exerts
certain influence on the morphology and efficiency of photo-catalysis of the
material [136].

Figure 3-1 2×2×1 supercell of BiOBr
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In the view of improving the efficiency of the photo-catalyst, the band structure
engineering with dopants can be a reasonable technique, not only because doping
can optimize electronic properties of the materials by influencing the band
structure of materials but also promote the light harvesting of the materials [32,
137, 138]. Performance of numerous photo-catalysts has been reported to be
successfully promoted by modification of the electronic band structures and crystal
properties [56, 67, 106, 115, 139-143]. The modification of BiOBr by doping

metal ions and coupling with other semiconductors can significantly
promoted the processes of photocatalytic reactions. Transition metal elements
with multi-valence states and abundant d orbital electrons had also proved to be a
promising candidate for the band structure engineering [144]. However, the
dopants in the materials do not always produce the good result [139]. It depends
on electronegativity of the elements and how the dopants integrate in the materials
structure [145]. Interstitials or substitution of the atoms in the cell structure will
make a different influence on the properties of the materials [146, 147]. Nowadays,
there are some papers claiming that the Zn doped BiOBr or ZnO/BiOBr
heterojunctions has significantly promote the photocatalytic efficiency of the ZnO
or BiOBr [148, 149]. By introducing Zn into the materials, mixed structures of
(Zn)BiOBr, ZnO/BiOBr, ZnO(Br) and ZnBr would probably also obtained in the
product. And also, the unique structure of BiOBr may be influenced by the Zn
doping [115, 150, 151]. As a consequence, it cannot simply attribute the enhanced
performance to the Zn dopants. More importantly, in the previous work, the
contribution from photoexcited electrons and holes during the photocatalytic
reaction of BiOBr is still under debate. Traditional method for investigating the
contribution from charge carriers depends heavily on the performance comparing
of photodegradation in different dye solution, nevertheless it has limitations in
quantification and isolation of the contribution from charge carriers and radicals.
Here, in order to understand the influence of the metal doping in the BiOBr and the
experiment was set up to explore the photocatalytic properties and mechanism of
Zn-doped BiOBr, the crystal structure, and electronic structure. 1/8 and 1/16 Zndoped BiOBr was prepared to discuss the metal doping and influence on the energy
band and photocatalytic performance. The origin of the visible-light response of
the Zn-doped BiOBr was interpreted via valance band XPS and first-principle
simulation using CASTEP package. The photo-catalysis performance of the BiOBr
and Zn-doped BiOBr was quantitatively measured by photoelectrochemistry test
under visible-light to conclude the roles of Zn-doping as well as the contribution of
the photoexcited charge carriers.
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3.2

Experimental Section

3.2.1

Synthesis of hierarchical structured Zn-doped BiOBr

The different ratios Zn-doped BiOBr was prepared via a simple hydrothermal
synthesis. Typically, 1.48g Bi(NO3)3· 5H2O was dissolved in 3 ml acetic acid (HAc)
and diluted with 17 ml deionised water. Then various amount of Zn(NO) 3∙6H2O was
added into the solution of Bi(NO3)3. The mole ratio between Zn and Bi were in 0:1,
1:8 and 1:16. 2.035g NaOH and 0.415g KBr were dissolved in 20ml deionised water.
Two solutions were mixed together with the pH kept in 12. The resulting solutions
were then undergoing rigorous stirring for 6h before an overnight aging. After that
the precipitation was washed with deionised water and dried in oven under 60℃.
The photoelectrodes of xZn-BiOBr photocatalysts were fabricated by doctor-blade
coating of the photocatalyst pastes onto clean ITO/glass (resistance of 15Ω/sq, 1.5
cm x 1.5 cm slices) which was pre-washed alternatively by DI water and absolute
ethanol under ultrasonication (40 kHz, 5 min each). The pastes of photocatalysts
were prepared by mixing 0.1 g photocatalysts with 100 µL ethanol/water (3:1)
solution. 10 µL of photocatalyst paste was dropped on the dry clean ITO/glass
fixed on flat bench using scotch tape to expose 1 x 1.5 cm2 area, and then slowly
rolled a clean glass rod to cast the film. The casted films were then dried at 60 ℃
for 24 h before photoelectrochemistry tests.
3.2.2

Characterizations

All the x-ray diffraction data were collected form the Rigaku Smart Lab using CuKα1 radiation (λ=0.154056 nm) at a scan rate of 0.05° 2θ-1s and were used to
determine the phase of the structures of the samples. The UV-vis diffuse reflectance
spectra were obtained on Perkin Elmer Lambda 950 UV/Vis/NIR spectrophotometer
equipped with a 150 mm snap-in integrating sphere for capturing diffuse and
specular reflectance. BaSO4 was used as a reflectance standard in the UV-visible
diffuse reflectance experiment. Scanning electron microscopy (SEM) was performed
to investigate the surface morphology using JEOL JSM-6301F Field Emission SEM at
an accelerating voltage of 10kV. X-ray photoelectron spectroscopy (XPS) was
performed in a Thermo Scientific Escaplab 250 K-alpha photoelectron spectrometer
using monochromatic Al-Ka radiation. Survey scans were collected in the range 0–
1100 eV (binding energy) at pass energy of 160 eV. Valence band spectra were also
recorded. Peak positions were calibrated to carbon and plotted using CasaXPS
software.
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3.2.3

DFT simulations

The CASTEP code was applied to calculate the band structure of the Zn-BiOBr on
the supercomputer. The electronic structure was calculated via HSE06 (HeydScuseria-Ernzerhof) function which is a kind of hybrid approximation of the
exchange-correlation functional energy in density functional theory (DFT). The nonconserving pseudopotentials were implemented in the calculation. In my
calculation, the spin polarization effect is considered, and the energy cut-off for
the plane wave expansion is set to be 750 eV, meanwhile, the calculation precision
is set to 2.0×10−6 eV/atom. The band structures were calculated along the special
lines connecting the following high-symmetry points: Z (0,0,0.5), A (0.5,0.5,0.5), M
(0.5,0.5,0), Γ (0,0,0), Z (0,0,0.5), R (0,0.5,0.5), X (0,0.5,0) and Γ (0,0,0) in the kspace. The k-point spacing is 0.125. The module and parameters of the crystal was
set up on the Material Studio before submitted to the supercomputer. Here the
super cell (2×2×1) was built to simulate the Zn doped BiOBr. One of the Bi atoms
in the super cell was replaced by the Zn. After that the cell was optimized and
uploaded to the supercomputer to carry out the rest of the simulations.
3.2.4

Photocatalytic tests

The photocatalytic activity of the prepared samples in terms of the photocatalytic
decolourization of RhB(Rhodamine B) aqueous solution was performed at ambient
temperature under visible-light irradiation using a 500W Xe lamp (15 cm above the
dishes) with a 400 nm cut-off filter as a light source. In the photo catalysis
experiments, 0.1 g of the prepared photo catalyst powder was dispersed in a 100
mL RhB aqueous solution with a concentration of 10 ppm in a beaker. The mixed
solution was remained in dark for an hour to establish an RhB solution adsorption–
desorption equilibrium on the photo catalyst before light irradiation. During
photocatalysis, the 4mL reaction solution was taken out in every 3 mins irradiation
interval and filtered to measure the concentration change of RhB using a UV-visible
spectrophotometer. Since the RhB was at rather low concentration in the aqueous
solution, its photo degradation followed a pseudo-first-order reaction and its
kinetics can be expressed as
c

− ln (𝑐 ) = kt

(1)

0

Where k is the apparent rate constant and c0 and c are the initial and reaction
concentrations of aqueous RhB solution, respectively. Photoelectrochemical
measurements were conducted in three-electrode cell using AUTOLAB PGSTAT 30.
The as-prepared films were used working electrode. A platinum wire was used as
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counter electrode and calomel electrode was used as reference electrode. All the
electrode was placed in electrolyte of 100ml 0.5M Na2SO4 (pH 6.5). Potentials were
referenced to reversible hydrogen electrode (RHE) using Nernst equation:
0
0
𝐸𝑅𝐻𝐸 = 𝐸𝑐𝑎𝑙𝑜𝑚𝑒𝑙
+ 𝐸𝑐𝑎𝑙𝑜𝑚𝑒𝑙 + 0.059𝑝𝐻, 𝐸𝑐𝑎𝑙𝑜𝑚𝑒𝑙
= 0.241 𝑎𝑡 20℃

(2)

The quantitative analysis of M-S data to acquire flat band potential (V fb) is based on
−2
the Mott-Schottky law from the plots of 𝐶𝑠𝑐
versus the applied potential bias (V app):
1
2
𝐶𝑠𝑐

= 𝐴2 𝜀

2
0 𝜀𝑟𝑒𝑁𝑑

(𝑉𝑎𝑝𝑝 − 𝑉𝑓𝑏 −

𝑘𝐵 𝑇
𝑒

)

(3)

where Csc, A, Nd, 𝜀𝑟 and 𝜀0 are respective to the space capacitance, electrode area
(1.0 cm2 in this work), donor density, relative dielectric of semiconductor and
vacuum dielectric, while the kB, T and e stand for the Boltzmann constant (1.38x1023 J/K), system absolute temperature (293 K here) and charge of electron
(1.602x10-19 C). Extrapolation linear M-S plot to potential bias axis leads to an
interception potential (V extro, the corresponding charge energy of Eextro =e∙Vextro),
while the slope of the M-S straight plot is proportional inversely to the density of
majority carriers (Nd, e- and h+ for

n-type and p-type

semiconductor,

respectively)[122]. The acquired Eextro can be manipulated by the following
equations to gain band edges in RHE scale.
𝐸𝑓𝑏~𝑆𝐶𝐸 = 𝐸𝑒𝑥𝑡𝑟𝑜 − 𝑘𝐵 𝑇/𝑒
0
𝐸𝑓𝑏~𝑅𝐻𝐸 = 𝐸𝑓𝑏~𝑆𝐶𝐸 + 𝐸𝑆𝐶𝐸~𝑅𝐻𝐸
+

(4)
𝑅𝑇
𝑛𝐹

𝑝𝐻

(5)

𝐸𝐶𝐵𝑀 = 𝐸𝑓𝑏~𝑅𝐻𝐸 − 0.2𝑒𝑉

(6)

𝐸𝑉𝐵𝑀 = 𝐸𝐶𝐵𝑀 + 𝐸𝑔

(7)

The equations 3~4 were applied to calibrate the potential contributions from
temperature T (by

𝑘𝐵 𝑇
𝑒

in eq. 4) and pH (by

𝑅𝑇
𝑛𝐹

𝑝𝐻 in eq.5), where R, n and F represent

the universal gas constant, the number of electrons involved in the electrode
reaction and the Faraday constant, respectively. In the equation (6), 0.2 eV was
applied because the CBM potential is typical 0.2 V more negative than flat-band for
most n-type semiconductors [122, 152]. The Eg, ECBM and EVBM are bandgap, energy
positions of CBM and VBM, respectively.
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3.3

Results and Discussion

3.3.1

Crystal structure and Morphology

The X-ray diffraction results confirmed the presence of the layered BiOBr in the
materials. All the detailed patterns from BiOBr and Zn-doped BiOBr in the Figure
3-2(a) are well matched the pure tetragonal phase BiOBr (JCPDS 73-2061), which
indicates the zinc dopant did not significantly change lattice structure of BiOBr.
However, a slightly shift of (110) and (102) peaks can be observed in the Figure
3-2(b). Peak (110) is shifted to higher degree in Zn-doped BiOBr, while (102) is
shifted to smaller degree. The lattice parameters derived from XRD results and
computational simulation are compared and presented in the Table 3-1. In the
Table 3-1, the lattice parameters a, b and c derived from XRD are gradually reduced,
which are in a good agreement with the results of CASTEP. By introducing Zn into
the BiOBr, Bi ions with radius of 1.03Å were partly replaced by smaller Zn ions
0.74Å, which would directly leads to a decrease in the lattice parameters a and
b.[153] At the same time, in the c-axis, Van der Walls force between the [Bi2O2]2+
and Br- layers were gradually reduced as more Zn2+ took the place of Bi3+ in crystal
structure. In general, the influence of zinc dopant on the lattice parameters can be
observed through peaks shifts in the XRD patterns, which implies that inner built
electric filed by layered structure could be affected when zinc was introduced into
the system. In the BiOBr, it is of importance to retain its layered structure for its
photocatalytic properties, because the dipoles induced by the layered structure will
contribute to the charge separation in the photocatalytic process.
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Figure 3-2 XRD patterns of pure BiOBr sample, 16Zn-BiOBr and 1/8Zn-BiOBr
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Table 3-1 Lattice parameters and band gap derived from XRD results and CASTEP
calculations

BiOBr
(CASTEP)

1/16 ZnBiOBr
(CASTEP)

1/8 Zn-BiOBr
(CASTEP)

3.3.2

a=b/Å

c/Å

V/Å3

Eg/eV

c/a

3.7573

9.7672

137.6224

2.42

2.5995

(3.8377)

(9.4045)

(138.5089)

(2.60)

(2.4506)

3.7421

9.2882

130.0656

2.76

2.4821

(3.8133)

(9.3998)

(136.6849)

(2.67)

(2.4650)

3.7273

9.3503

129.9015

2.87

2.5086

(3.7945)

(9.3595)

(134.7602)

(2.88)

(2.4666)

XPS analysis

The BiOBr core level X-ray photoemission spectroscopy (XPS) was conducted on the
surface of BiOBr and Zn-doped BiOBr. In Figure 3-3(a), the peaks of 159.4 eV and
164.8 eV are corresponding to Bi 4f7/2 and Bi 4f5/2, respectively. The fitted peaks
centring at 159.4 eV can be attributed to Bi3+ bonded with O. Meanwhile, minor
peaks of 160.5 eV and 165.5 eV can be ascribed to the Bi5+ in the materials. When
Zn amount in the materials increased, a clear red shift of the peaks of the Bi 4f can
be observed, in which the BE (Binding Energy) of Bi is reduced as Zn dopant was
introduced into the system to replace the position of Bi in the materials. The Figure
3-3(b) presents the O1s XPS of all three samples. The spectroscopy of O1s in pure
BiOBr is composed of three peaks centring at: 532.8 eV, 531.1 eV and 530 eV. The
peak at 532.8 eV is corresponding to the surface attached oxygen species such as
OH groups, which is result of alkane synthesis condition. The peak at 531.1 eV is
corresponding to the Bi-O bond in the BiOBr, and the peak at 530 eV is reasonably
assigned to the oxygen vacancies. Comparing O1s peaks of different BiOBr samples,
all the peaks are shifted to lower energy as In Figure 3-3(c), the peak located at
69.5 eV and 68.5 eV are corresponding to the contribution from Br 3d3/2 and Br 3d5/2.
Again, all the peaks of Br are shifted to lower binding energy. The red-shifted peaks
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of Br are due to the gradually weakened Van de Walls force between the [Bi2O2]2+
and Br- labs as Bi3+ was replaced by Zn2+. In the spectroscopy of Zn, the intensity
peaks of Zn 2p gradually increased with increasing amount of Zn in the materials.
The overall VBM (valence band maximum) of three samples are compared in the
Figure 3-3(e). The width of the valence band is broadened when zinc incorporated
into the structure. The rising of the VBM in the Zn-doped BiOBr can be ascribed to
the influence of Zn dopants in the materials.
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Figure 3-3 Core level XPS of (a) Bi 4f, (b) O1s, (c) Br 3d, (d) Zn 2p and (e) valence
band maxium of BiOBr and Zn-doped BiOBr

3.3.3

Computational simulations

The crystal structure of BiOBr belongs to tetragonal matlockite PbFCl-type structure,
with symmetry of P4/nmm (space group). This is a layered intergrowth structure
that is constructed by the combination of double bromine ions layers and bismuth
oxygen layers. A Bi atom is coordinated to with four O atoms; O atom is tetrahedral
coordinated to four Bi atoms, and the bromine atom is localized at the vertex of
the pyramid that is formed with four Bi atoms in a planer square. Nevertheless, the
Bi and Br bonds are very long, so there are no bonds between Bi and Br atoms. Its
layered structure is exhibited by an ordered packing of Bi2O4 alternating with Br
atoms along the c axis direction, through the van der Waals interaction. Using the
above-mentioned computational method, the lattice parameters of BiOBr were
obtained and listed in table 1: a=b=3.8377 Å and c=9.4045 Å in BiOBr, a=b=3.8133
Å and c=9.3998 Å in 1/16 Zn-doped BiOBr; For 1/8 Zn-doped BiOBr, the optimized
parameters are a=b=3.7945 Å and c=9.3595 Å. In the simulation results, the lattice
parameters (a, b, c) as well as cell volume (V) are slightly suppressed with
increasing the zinc dopant in BiOBr, which reflex similar trend with the XRD result.
However, the lattice distortion induced by the Zn doping is not obvious in the
simulation. On the contrary, the lattice parameters derived from XRD reveals
considerable distortion had taken place in the crystal structure. The distortion and
displacement in cells would change the inner built electric field, thereby probably
impacting the photocatalytic performance of the materials.
The electronic bandstructures of both BiOBr and Zn-doped BiOBr are calculated and
ploted in the Figure 3-4. The energy zero (i.e., the Fermi energy level, E f) is set at
the VBM (valence band maximum). The VBM of pristine BiOBr and Zn-doped BiOBr
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are located at the k-point line of Z-R, while the CBMs (valence band maximum) are
located at the k-point of Z, which unquestionably indicating Zn-doped BiOBrs are
still indirect band gap semiconductor. At the same time, the spin-up sates and the
spin-down states are completely coincident. The spin-up and spin-down states are
in the same in the cases of pure BiOBr calculation and Zn-doped BiOBr. The
calculation shows the band gap of the BiOBr is 2.60 eV which is in a good
agreement with the previous report, and the band gap of 1/16 Zn-doped BiOBr and
1/8 Zn-doped BiOBr are 2.68 and 2.88 eV respectively. By Zn doping, the value of
Eg is obviously increased, while the type of the band gaps of Zn-doped BiOBr remain
indirect. In the Figure 3-4, there is no obvious impurity energy level in the band
gap of 1/16 Zn-doped BiOBr and 1/8 Zn-doped BiOBr.
The calculated total and partial density of states of BiOBr and 1/8 Zn-BiOBr are
compared in the Figure 3-5. The Bi and Zn mainly contribute to the conduction
band, whereas Bi, Br and O contribute to valence band. In the detailed plot of the
density of states in the Figure 3-6, the Bi 6p is the major contribution to the
conduction band in the BiOBr, while Zn 4s and Bi 6p contributes to the conduction
band in 1/8 Zn-doped BiOBr. Compared with Zn, Bi mainly concentrated in the
upper part of conduction band, while the Zn contributes to the bottom of
conduction band of Zn-doped BiOBr. Comparing the conduction bands of BiOBr and
Zn-BiOBr in Figure 3-6, when Zn dopants were introduced into the system, the
density of states of the CBM was increased by Zn dopant, yet a clear up-shift of
CBM can be observed.
The valence bands, on the other hand, consist of the electrons from Br 4p, O 2p
and Bi 6s, among which the electrons from Br 4p hold the majority states of the
upper valence band. Meanwhile, it is also noteworthy that the states of Br 4p, O 2p
as well as Bi 6s in top of valence band are reduced in terms of density of states as
Zn introduced into the system. And overall area of VBM of Zn-doped BiOBr declines
compared with pure BiOBr, indicating that number of photoexcited holes will be
reduced. However, the width of the valence band of Zn-doped BiOBr is slightly
increased, which is also evidenced by the results from valence band XPS in Figure
3-3(e). From the view of kinetics and thermodynamic, the width of the valence band
governs the mobility of photoexcited h+ (holes or positive charges), the widened
valence band implies a higher mobility of the holes generated. By Zn doping, the
more electrons will be introduced into the CBM and at the same time the positive
charged defects will be produced as a result of Bi3+ replaced by Zn2+ in the BiOBr.
When zinc incorporated into the crystal structure of BiOBr, it not only gives a raise
to the conduction band edge of BiOBr, but also extends the width of valence band
as well as reduces the states of valence band top. Besides that, in order to keep the
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charge balance in the materials, extra negatively charged oxygen vacancies and
bromide may also have introduced into the materials.

As a result, the lattice

parameters of the materials will therefore change because size of anions is
relatively lager than that of cations.

Figure 3-4 Plot of simulation shows the details of the conduction band and
valence band of the 1/8 Zn-doped BiOBr, 1/16 Zn-doped BiOBr and
BiOBr
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Figure 3-5 DOS (electronic density of states) of 1/8 Zn-doped BiOBr, 1/16 Zndoped BiOBr and pure BiOBr
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Figure 3-6 PDOS of pure BiOBr, 1/8 Zn-doped BiOBr and 1/16 Zn-doped BiOBr
3.3.4

Optical properties

UV–Vis diffuse absorbance or reflection spectra of a photocatalyst may reflect its
ability to harvesting solar radiation and its bandgap energy can be calculated from
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the corresponding spectrum. Figure 3-7(a) compares the absorbance of the BiOBr
and Zn-doped BiOBr. The absorbance spectrum of pristine BiOBr extends to 600nm,
while 1/16 Zn-BiOBr tails at 550nm and 1/8Zn-BiOBr tails at 530nm. BiOBr shows
much higher absorption than Zn-doped BiOBr in the range of 400nm-600nm. shows
higher absorption than Zn-doped BiOBr from 400nm to 600nm. The 1/8 Zn-doped
BiOBr exhibits the lowest absorption compared with BiOBr and 1/16 Zn-doped
BiOBr. The data collected from the UV-Vis reflectance was transformed into the
Tauc plot in Figure 3-7(b), where the optical band gap of the materials can be
obtained. The optical band gap of BiOBr, 1/16 Zn-deoped BiOBr and 1/8 Zn-doped
BiOBr are 2.42 eV, 2.74 eV and 2.87 eV respectively. An obvious increase of the
gap can be observed. The UV diffusion results identify the computer simulation
that the both materials are in a similar band gap. The broaden band gap of the
semiconductor can be attributed to the influence of Zn dopant on the energy bands
and crystal structure of BiOBr.
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Figure 3-7 UV-Vis absorbance spectra and tauc plot using the data from UV-vis
diffuse reflectance spectra of pure BiOBr, 1/16 Zn-BiOBr and 1/8 ZnBiOBr samples
3.3.5

Photocatalytic activity

During the degradation test, catalyst (0.1g) was added in 20ppm RhB solution with
a filter of 400nm cut-off. In the Figure 3-8(c), the photocatalytic performance of
BiOBr is superior to the Zn-doped BiOBr in the degradation of RhB. The activity of
the photocatalytic degradation decreased with increase of zinc amount in BiOBr.
The degradation of RhB on BiOBr and Zn-doped BiOBr follows the pseudo-first-order
kinetics model, ln(C/C0) =-kt, where the C and C0 are the concentration of RhB in
the solution during the reaction and the beginning, respectively, and k is the rate
constant of the kinetics model. The k of degradation of RhB was calculated from –
ln(C/C0)/t and listed in the Table 3-2. Among three samples, pristine BiOBr shows
the highest photocatalytic activity with k=0.1528, which followed by k=0.1357 of
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1/16 Zn-BiOBr and k=0.1028 of 1/8 Zn-BiOBr. The difference in photocatalytic
reactions activity can be ascribed to the broadened the optical band gap in the Zn
doped BiOBr. Reduced the light absorption in the Zn-doped BiOBr suggest less
energy can be utilised in the reaction process. Thus, energy dependant
photocatalytic

reaction

was

influenced.

Furthermore,

increase

of

charge

recombination in the materials due to the unbalanced internal electric field by Zn
dopants will also have a negative impact on the photocatalytic performance.
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Figure 3-8 Visible-light photocatalytic water splitting (a) and RhB photodegradation
on BiOBr and Zn-BiOBr samples: (b) apparent kinetic curves and (c)
effects of adding radical scaverngers

Table 3-2 Kinetics constants of photodegradation from BiOBr and Zn-BiOBr

K

BiOBr

1/16 Zn-doped BiOBr

1/8 Zn-doped BiOBr

0.1528

0.1357

0.1028

58

Chapter 3
3.3.6

Photoelectrochemical performance of ZnBiOBr and BiOBr

In order to understand the influence of transition metal doping on the
photocatalytic performance, M-S (Mott-Schottky) plot was recorded in order to
discuss the charge density and conduction behaviour in the BiOBr and Zn-doped
BiOBr. As shown in Figure 3-9, all the M-S plots display clear n type semiconductor,
due to negative slopes in the linear area. The flat band of each sample can be
derived by extrapolating the linear area to x-axis, where intercept on x-axis is flat
band potential of the materials. In the Figure 3-9, the flat band of BiOBr sample was
gradually declined from -0.45V vs SCE (calomel electrode) to -0.66V (1/8 Zn doped),
while the flat band of pure BiOBr is locate as low as -0.45V. According to the
equation:
1
𝐶2

=𝜀

2
0 𝜀𝑟 𝑒𝑁𝐴

(𝑉 − 𝑉𝑓𝑏 −

𝑘𝐵 𝑇
𝑒

)

(8)

The flat-band values of different samples were determined by the intercepts on the
potentials, where the plots were extrapolated to the x-axis. The flat-band potentials
of BiOBr and Zn-doped BiOBr are listed in the Table 3-3. Taking the typical
difference between the CBM and flatband as ca.0.3v, the CBM of BiOBr therefore
approximately locates at -0.15 V vs. RHE. Thus, the VBM (valence band maximum)
can be derived by VCBM-Eg, where Eg is band gap from UV-Vis results. The calculated
the CBM and VBM are presented in the table 3. Therefore, the band diagram of
BiOBr and Zn-doped BiOBr were constructed in the Figure 3-12 with potentials
reference of water splitting. The CBM of BiOBr was gradually raised to higher level
with increasing amount Zn, which is ascribed to the contribution of Zn dopant in
the conduction band. In contrast, the VBM of BiOBr was reduced to lower level with
an increase of Zn in the materials, which is in a good agreement with the XPS
valence spectrum and can be attributed to the electron localization of Zn in the
materials.
Table 3-3 the energy band postion of BiOBr and Zn-BiOBr
Sample

Vfb(vs.

CBM (vs. RHE)

calomel)

VBM (vs.

Slope

RHE)

BiOBr

-0.45V

-0.15V

2.27V

0.9570×109

Zn-BiOBr 1/16

-0.56V

-0.26V

2.50V

3.7783×109

Zn-BiOBr 1/8

-0.62V

-0.32V

2.55V

3.2109×109
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Figure 3-9 Mott-Schottky plots of BiOBr and Zn-doped BiOBr
The photo-current response was measured by the chronoamperometry test under
Xe lamp with a filter of 400nm cut-off. In order to have a better understanding of
the mechanism of the reaction in the photocatalytic reaction on the surface, dye
solution and electron/hole scavengers were also added into the electrolyte. The
concentration of EDTA-Na, isopropanol and RhB was kept at 20ppm which is the
same concentration of the RhB in the photodegradation test. Comparing with the
plots of different samples in Na2SO4 shown in Figure 3-10, the pure BiOBr exhibited
the highest light response among all three samples, but the light current
attenuated as increasing the amount of Zn dopants in the materials. No matter in
Na2SO4, Na2SO4+isopropanol, Na2SO4+EDTA-Na or Na2SO4+RhB solution, the light
current intensity of BiOBr remains highest in all three samples, followed by 1/16
Zn-doped BiOBr and 1/8 Zn-doped BiOBr in terms of peak intensity of current. On
the other hand, comparing the light response of a same material in different
electrolytes, it is obvious that the peaks of light current intensity are in the order
of Na2SO4+RhB> Na2SO4> Na2SO4+EDTA-Na> Na2SO4+isopropanol. The materials
sensitised by the dye molecules processes the highest activity light response.
Furthermore, the individual contribution of electrons, holes and dye molecules can
be extracted by calculating the difference between the Na2SO4+X and Na2SO4.
Accordingly, we can propose that it is dye sensitization plays most important role
in the degradation of RhB as current response in the dye mixed electrolyte exhibits
the highest intensity. In the electrolyte of RhB, the pure BiOBr remains the highest
light response, while the light current of Zn doped BiOBr is gradually decreased
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with increasing amount of zinc in the materials. It is in a good agreement with the
photo-degradation test above. The EDTA-Na and isopropanol here were acted as
electrons and holes scavengers respectively during the test, which consumed the
electrons or holes during the photocatalytic reactions. Apparently, the huge
difference between the current response of materials in the EDTA-Na and
isopropanol clarified that the photoexcited electrons other than photoexcited holes
contribute most to the photocatalytic process of BiOBr and Zn-doped BiOBr. When
comparing the values of the photocurrent in different electrolyte, the sum of the
current values in EDTA-Na and isopropanol perfectly match the current values in
the Na2SO4, which indicates that electrons and holes are the two major parts
participating in the photocatalytic reactions.
The comparison of photocurrents arising from solely photogenerated h+ (Figure
3-10, using p-BQ to scavenge e-) and e- (Figure 3-10, using EDTA to scavenge h+)
enable us to define their contributions and infer the influences of Zn-dopant on
photocatalysis:
1.) The

photogenerated e- contributes more than holes on generating

photocurrents, which is a typical characteristic of n-type semiconductors
(confirmed by Mott-Schottky characterisations, Figure 3-9). Such semiconductor
photogenerated e- combined with the e- injected from photoexcited dye
predominate their photocatalytic activity;
2.) Relative to BiOBr, the increase of Zn-doping of Zn-BiOBr samples considerably
reduce photocurrents of semiconductors and their photogenerated e- and h+,
which may be mainly due to attenuated light absorption by Zn-dopants.
3.) The sums of photocurrents arisen from the respective photogenerated e- and
h+ on 1/16Zn-BiOBr and 1/8Zn-BiOBr are approximately 20 % and 15% greater
(~20%) than that acquired from Na 2SO4 solution. Such photocurrent difference may
be ascribed to the recombination of photogenerated e- and h+ when scavengers
are absent. However, the sum of photocurrents induced by e- and h+ for BiOBr
photoelectrode are almost identical to its intrinsic photocurrent in Na2SO4
electrolyte solution. Apparently, Zn-doping does enhance the recombination of eand h+ for Zn-BiOBr samples in comparison to BiOBr, though the Zn-dopant induced
recombination doesn’t contribute significantly to the detrimental photocatalytic
activity, at least, much weaker than the dye-sensitisation effects.
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Figure 3-10 Chronoamperometry test of BiOBr, 1/16 Zn doped BiOBr and 1/8 Zn
doped BiOBr in Na2SO4, Na2SO4+Isopropanol, Na2SO4+EDTA-Na and
Na2SO4+RhB
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Table 3-4 Steady state photocurrents on the pristine and Zn-doped BiOBr
photoelectrodes

Photocatalyst
s

Photocurrent density (μA/cm2) in the electrolyte solutions

a

Na2SO4

Na2SO4 + RhBb

Na2SO4 + EDTAc

Na2SO4 + p-BQd

BiOBr

0.32

0.51 (+59.4%)

0.17 (~53.1%)

0.15 (~46.9%)

1/16Zn-BiOBr

0.19

0.30 (+57.9%)

0.13 (~68.4%)

0.10 (~52.6%)

1/8Zn-BiOBr

0.13

0.21 (+61.5%)

0.09 (~69.2%)

0.06 (~46.2%)

The photocatalytic degradation of BiOBr was heavily influenced by the participation
of the dye molecules. Obviously, the dye molecules RhB was sensitized by adsorbed
dye molecules could more effectively inject their photoexcited electrons into the
CB of the semiconductor, which then react with surface-adsorbed molecular oxygen
to generate active species for pollutant degradation. The ejected electron reacts
with adsorbed oxidants (usually O2) to produce active oxygen radicals (e.g., O 2•- ,
OOH,

•

OH), which subsequently degrade or mineralize the dyes. In the

•

photocatalytic reactions without dye molecules, the photoexcited electrons
contribute most to the photocatalytic reactions compared with holes in the
electrolyte. On the other hand, the defects in the structure account for the low
efficiency of the Zn-doped BiOBr. In order to compromise the positive charge
introduced by the Zn, a number of negative ions, such as Br - and oxygen vacancies,
were incorporated into the lattice. These large diameter negative ions inevitably
changed the regular layered slabs of the BiOBr. Therefore, the original featured
internal layered static electric field between the [Bi2O2]2+ slabs and double [Br] - slabs
will be heavily weakened by introducing extra negative ions in the structures. More
importantly, in the BiOBr photocatalytic degradation test, the internal layered
electric field could be advantageous because it is believed to induce efficient
separation of the photo-generated electron-hole pairs. As a result of the change in
energy band and internal structure, the performance of Zn-doped BiOBr in the
photocatalytic activities shows inferior to the pure BiOBr.
The band structures of the BiOBr and Zn-doped BiOBr are ploted out according to
data from the XPS and Mott-Schottky plot with the reference of water splitting
potentials in the diagrams as well. All the CBM is more negative than H2 evolution
potentials, which shows promising potential for the water splitting. However, with
the increase amount of zinc dopant in the materials, the CBM is upshifted and the
VBM become lower. The overall band gap of BiOBr is gradually widened with the
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increase of zinc content in the materials, which lead to an inevitably decrease of
the photo-degradation performance and photoelectrochemical response. The
decrease of the photocatalytic light response and degradation performance in Zndoped BiOBr is mainly assigned to weakened light absorption and fewer valence
electrons brought by zinc dopant in BiOBr, which is evidenced by the result in the
DFT calculation and XPS spectroscopy of overall valence band.
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Figure 3-12 Band positions of the BiOBr compared to the potentials of water
splitting at pH 0

3.4

Conclusion

Detrimental visible-light photocatalytic activity is observed on the Zn-doped BiOBr
samples relative to the pristine BiOBr which were synthesised via a simple alkaline
co-precipitation

method.

The

nature

of

Zn-doping

effects

on

the

RhB

photodegradation is convincingly clarified from energy perspectives with respect
to band structure and photoactive particles (e - and h+), through a comprehensive
spectral, DFT and photoelectrochemical investigation on the crystal structure,
optoelectronic properties and photoelectrochemical performance of pristine and
Zn-doped BiOBr.
The experimental and DFT characterisations of pure and Zn-doped BiOBr reveal that
Zn-doping shrinks the lattice of BiOBr but expands the bandgap due to more
negative CBM and more positive VBM, which is different from the doping effects of
other metals with open d or f electronic shells. The CBM of BiOBr is predominated
Bi 6p state, the CBMs of Zn-BiOBr is found much denser and mainly composing of
Zn 4s electron state with a little contribution from Bi 6p state via hybridisation.
Very similar to BiOBr, the VBM of Zn-BiOBr comprises Br 3d, O 2p and Bi 6s states
but has reduced density. Zn-dopant also expands CB and VB band widths. Although
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the band structures of Zn-doped BiOBr samples are changed significantly relative
to BiOBr, their bandgap transitions remain indirect. The closed Zn 3d10 electrons
are found locating in deeper band far from VBM. The donation of core electrons
from Zn to other component atoms has been identified.
The increase of Zn-doping reduces the activity of visible-light-responsive
photodegration of RhB.

The detrimental photocatalytic activities on Zn-doped

BiOBr samples are clearly attributed to the weaker light absorption due to
broadened bandgap, reduced dye-sensitisation effects and the ineffectiveness of
photogenerated electrons and holes, whereas the Zn-dopant caused recombination
of photogenerated e --h+ plays marginal roles. The research provides a convincingly
quantitative methodology to investigate photocatalysts from optoelectronic energy
perspectives, in particular defining the roles of light adsorption, dye sensitisation
and photogenerated active particles (e - and h+).
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Develop Hierarchically Zn-doped
BiOBr Architectures for Enhanced
Photoelectrocatalytical Energy Recovery
4.1

Introduction

The previous chapter has clearly proven that the Zn-doped BiOBr with suitable
doping level may enhance the water splitting performance because the Zn-dopant
promoted conduction band minimum (CBM) position and thus increases the driving
force of hydrogen evolution. However, the Zn-doping also broadens the bandgap
of BiOBr that decrease the absorption within the sunlight spectrum. Moreover, the
Zn-doped BiOBr materials possess low surface areas, which is not satisfactory with
the photocatalysis or photoelectrocatalysis because high-performed photocatalysts
require large surface areas.
Hierarchical architectures of pristine and doped BiOBr photocatalysts have been
reported usually exhibiting enhanced photocatalysis performance in environment
remediation, for example photocatalytic degradation of organics or NOx. It has
been widely accepted that hierarchical architectures of photocatalysts can not only
enhance the absorption of incident light due to attenuated light scattering but also
can provide larger surface areas because of the spatial assemblage of constituent
nano-blocks. Since photocatalytic reaction is a surface reaction, the large surface
area will not only provide more active site for the reactions, but also improve charge
transfer in the materials.
Numerous attempts had been made to develop hierarchically assembled pristine
and modified BiOBr photocatalysts. However, most of the reported methodologies
are either using expensive organic solvent or surfactants which increase the cost
of synthesis and bring about environment concerns. Moreover, the conventional
synthesis routes also exert different effects on its particle size and morphology,
which remarkably influence on their photocatalytic activity [154, 155].
Therefore, it is a necessity to discover a cheaper and environment friendly synthesis
method. For example, the micro-emulsion synthesis has been employed to prepare
nano-sized BiOBr, nevertheless, the preparation process is costly and timeconsuming [156]. The widely applied solvothermal synthesis can easily create the
hierarchically assembled architectures of BiOBr nanoflasks, while it requires of
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large amount of organic solvent, normally ethylene glycol [157]. In contrast,
hydrothermal synthesis is a versatile, low-cost method, which has been used to
prepare bismuth oxyhalide in alkaline atmosphere with the assistance of
surfactants, such as environment concerned CTAB [158].
This chapter reports a facile hydrothermal method for preparation of hierarchical
micro-flowers of Zn-doped BiOBr photocatalysts, which not only preserve the
intrinsic photocatalytic properties of Zn-BiOBr but also enhanced the surface areas
as compared to randomly aligned Zn-BiOBr photocatalysts. The assembly of the
construction nano-blocks may be adjusted by a cheap and environment-degradable
surfactant, PEG. Such novel structured Zn-BiOBr photocatalyst are applied in
photocatalysis and photoelectricocatalytic energy recovery from wastewater.

4.2
4.2.1

Experimental details
Materials Synthesis

The different ratios Zn-doped BiOBr was prepared via a simple hydrothermal
synthesis. Typically, 1.48g Bi(NO3)3· 5H2O was dissolved in 3 ml acetic acid (HAc)
and diluted with 17 ml deionised water. Then various amount of Zn(NO3)2∙6H2O
was added into the solution of Bi(NO3)3, with the elaborated mole ratios between
Zn and Bi were in 0:1, 1:8 and 1:16. The co-precipiting agent is a mixed solution
containing 2.035g NaOH and 0.415g KBr in 20ml deionised water with pH of 9.5.
The above solutions are mixed together under rigorous stirring for 6h, then
transferred to 100ml Teflon-lined stainless autoclave, followed by hydrothermal
treatment at 120℃ for 6 hours. After cooling to room temperature naturally, the
precipitates are washed with ethanol and deionised water prior to drying in an oven
under 60 ℃ overnight to obtain the desired photocatalysts.

4.2.2

Materials Characterisation

All the X-ray diffraction data were collected from the Rigaku SmartLab X-ray
diffractometer, using Cu-Kα1 radiation (λ=0.154056 nm) and a scan rate of 0.05°
2θ/s, to determine the crystal phases of the samples. The UV-vis diffuse reflectance
spectra were obtained on Perkin Elmer Lambda 950 UV/Vis/NIR spectrophotometer
equipped with a 150 mm snap-in integrating sphere for capturing diffuse and
specular reflectance, where BaSO4 was used as standard reflectance.
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X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific
Escaplab 250 K-alpha photoelectron spectrometer using monochromatic Al-Kα
radiation. Survey and Valence band spectra were collected in the range 0–1100 eV
(binding energy) at pass energy of 160 eV. Peak positions were calibrated to carbon
and fitted using CasaXPS software. The morphologies of the samples were
measured on JSM59 SEM manufactured by JEOL on which Energy Dispersive X-Ray
(EDX) analyser was installed to analyse the composition of specimens in question.
4.2.3

Photocatalytic degradation of RhB and water splitting

The photodegradation of Rhodamine B (RhB) on the as-prepared samples was
performed at ambient temperature under visible-light irradiation. A 300 W Xe lamp
equipped with a 400 nm cut-off filter to remove UV light was used as light source,
irradiating atop with light intensity of 30mW/cm2 and 15 cm distance away from
the beaker containing photocatalyst and RhB aqueous solution. In a typical
photocatalysis experiment, 0.1 g of the photocatalyst powder was dispersed into
100 mL 20 ppm RhB aqueous solution. Before light irradiation, the mixed system
was remained in dark for one hour to establish RhB adsorption-desorption
equilibrium on catalyst surface. The initial concentration (C 0) was defined as the
concentration of RhB upon adsorption-desorption equilibrium rather than the
original concentration of RhB solution because the photocatalysis occurs on
catalyst surface. In order to determine the temporal RhB concentration (C t) at
certain photo-reaction time (t) during photocatalysis, 4 mL liquid suspension was
taken out every 3 mins and centrifuged under 6000 rmp to obtain supernatant
solution for sampling by a UV-visible spectrophotometer (PerkinElmer Lampda
750s). Since photodegradation of dilute RhB in the aqueous solution is a pseudofirst-order reaction, the apparent kinetic coefficient (k) can be calculated form using
the equation below:
𝐶

(1)

− ln ( 𝑡 ) = kt
𝐶0

Radical scavenging experiments were conducted to identify the rate-limiting
reactive species. Because ethylenediaminetetraacetic acid (EDTA), isopropanol (IPA)
and p-benzoquinone (p-BQ) are effective scavengers with respective to h+ at VBM,
hydroxyl radical (•OH) and superoxygen radical due to e - at CBM, they were mixed
into RhB solution respectively to acquire corresponding photodegradation activities
for comparing and assessing the contributions of photogenerated e - [159] and h+
[160] at band edges into photodegradation.

69

Chapter 4
The experiments of photocatalytic hydrogen from water splitting were carried out
in the similar procedure presented in the previous report [161]. Briefly, 100 mg of
as-prepared photocatalysts was taken into a homemade reactor containing 80 mL
deionized water and 20 mL methanol, to which H2PtCl6·6H2O (0.5 wt% to
photocatalysts) was added as a co-catalyst. Before photocatalytic testing, the
reactor and the entire gas circulating system were de-aerated using a vacuum pump
for 30 min. All photocatalytic H2 generation tests were under continuous
illumination using an Autolight CEL-HXF300 xenon lamp (300 W, 100 mW/cm2)
equipped with optical cut-off filters to realize visible light irradiation. The
photocatalytic H2 production was determined using Agilent gas chromatography
(GC, 7900) at the sampling interval of 60 mins per test.
4.2.4

Electrochemical measurements

Photoelectrochemistry measurements of the as-prepared BiOBr and Zn-doped BiOBr
photoelectrodes were carried out at room temperature in a standard threeelectrode cell using the AUTOLAB PGSTAT 302N equipped with FRA spectroscopy.
The as-prepared film electrodes, a platinum disk and a saturated calomel electrode
(SCE) were used as working electrodes, counter electrode and reference electrode,
respectively. The electrolyte supporting solution was 100 mL 0.5 M Na 2SO4 solution
with constant pH of 6.5. The Mott-Schottky (M-S) data were acquired at the
optimised frequency of 3000 Hz in dark, with 10 mV/s scan rate and 10 mV AC
amplitude. The acquired potentials were transformed to reversible hydrogen
electrode scale (RHE) to pH of 0.
The retrieved data of BiOBr and the Zn-doped BiOBr were listed in Error! Reference s
ource not found.. The chronoamperometry tests (I-t plots) were recorded at light
on-off cycle operation (on-off time interval of 20 s) at open circuit potentials (VOC).
The photocurrents acquired from Na2SO4 electrolyte solution containing RhB were
applied to assess the dye-sensitisation effects.
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4.3

Results and discussion

4.3.1
4.3.1.1

Materials structures and morphologies
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Figure 4-1 XRD pattern of hierarchical BiOBr and Zn-doped BiOBr samples
The XRD patterns shown in the Figure 4-1 are in good match with BiOBr diffraction
pattern (JCPDS 73-2061). The indexed peaks exhibited clear tetragonal BiOBr phase
with no impurity peaks was identified. However, the shift of the characteristic Bragg
diffraction peaks can be ascribed to the incorporation of Zn dopants in the
materials. The lattice parameters of the pristine BiOBr and Zn-doped BiOBr were
calculated and listed in the Table 4-1. The decrease of lattice parameters of Zndoped samples relative to the pristine BiOBr can be associated to the substitution
of larger Bi3+ (radius of 1.03 Å) by Zn2+ with smaller radius (0.74 Å).
Table 4-1 Lattice parameters and band gap of BiOBr and Zn-doped BiOBr
a=b/Å

c/Å

c/a

V/Å3

Eg/eV

BiOBr-H

3.7621

9.7692

2.5967

138.2673

2.68

BiOBr

(3.7573)

(9.7672)

(2.4506)

(137.6224)

(2.79)

1/16 Zn-BiOBr-H

3.7475

9.5621

2.5516

134.2878

2.80

1/16 Zn-BiOBr

(3.7421)

(9.2882)

(2.4650)

(130.0656)

(2.92)
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4.3.1.2

SEM & EDS

The SEM images of the pure BiOBr and Zn-doped BiOBr synthesised through the
PEG-assisted hydrothermal method show they both possessed self-aggregated
hierarchical structures. It can be clearly observed in Figure 4-2 (a) that the pure
BiOBr-H consists of many microspheres with an inhomogeneous size ranging from
3 µm to 10 µm, whereas the size of 1/16ZnBiOBr-H samples shown in Figure 4-2
(c) are more uniform, with the diameters ranging from 3 µm to 5 µm. The detailed
morphology unveiled in the Figure 4-2 (b) and (d) suggest that the 1/16ZnBiOBr-H
architectures possessed regular microsphere structure, in contrast to the pristine
BiOBr-H are randomly assembled randomly platelets of BiOBr. The results suggest
Zn-dopant can not only rectified the lattice parameters of the BiOBr crystals, but
also influence their self-assembling process.
Moreover, the composition mappings were depicted by EDS characterisation
presented in Figure 4-3. According to the mappings, the Zn-dopants are uniformly
distributed across the microspheric structures of the photocatalysts. The Zn/Bi
molar ratio is roughly 1:15, indicating that Zn ions has been successfully
incorporated into the structure of BiOBr, otherwise the Zn would be localised in
some parts of the materials [162].

Figure 4-2 SEM images of pure BiOBr-H (a), (b) and 1/16ZnBiOBr-H (c), (d)

Pure BiOBr-H
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1/16 ZnBiOBr-H
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Figure 4-3 EDS mapping of pure BiOBr-H and 1/16 ZnBiOBr-H
4.3.2

Optical properties

The optical absorption of BiOBr and Zn-doped BiOBr were investigated by the UVVis spectrometer. The absorbance of BiOBr samples transformed from diffuse
reflectance spectra (DRS) was presented in Figure 4-4 in comparison with 1/16
ZnBiOBr. Although the hierarchical Zn-doped BiOBr-H still exhibited inferior light
absorption to that of BiOBr, though their absorbance edges, terminated
respectively at 500nm and 550nm, are more red-shifted compared with those of
the irregular counterparts. The improved light absorption of hydrothermal
prepared BiOBr-H and Zn-BiOBr-H can be ascribed to the hierarchical structured
morphologies, because more internal-reflection among the constituent nano-flakes,
in other word enhanced light trapping within the structure.
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Figure 4-4 UV-vis absorbance spectrum of BiOBr-H and 1/16 ZnBiOBr-H (a) and the
Tauc plots of two samples (b)
4.3.3

Photocatalytic performance

The photocatalytic degradation is an effective measurement to evaluate the overall
performance of the photocatalysts. It is well known that the morphology, energy
band structure and light absorption will have important influence on the
degradation process. Prior to light-on degradation, there was a 75-min quiet time
in the dark for the establishment of the equilibrium of RhB adsorption-desorption
on the surface of samples. During the process, the changes of the RhB
concentration in the solution were recorded. As presented in Figure 4-5, more RhB
molecules are adsorbed onto 1/16 ZnBiOBr-H than BiOBr-H, which are both more
than that on the irregular BiOBr. Normally, the amount of molecule absorption can
be related to the surface area of absorbent. Assuming only one-layer RhB adsorbed
on the photocatalyst’s surfaces, the whole surface area of the material can be
calculated by dividing adsorbate mass. Given that the diameter of RhB molecule is
1.5nm, the surface areas of both BiOBr and ZnBiOBr can therefore be estimated in
terms of absorption amount presented in Table 4-2. The calculated specific surface
areas of BiOBr and ZnBiOBr are listed in Table 4-2.
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Figure 4-5 RhB adsorption-desoprtion eqilibirum on the surface of BiOBr-H and
ZnBiOBr-H samples
The photocatalytic degradation is an intrinsic surface reaction; the surface area is
closely related to the rate of the reaction. According to Figure 4-6 (a), pure BiOBrH exhibits a higher photocatalytic activity over 1/16ZnBiOBr-H in RhB degradation.
Moreover, comparing the results shown in Figure 4-6 (b), the hierarchically
structured samples outperformed the degradation performance of irregular
samples. The kinetics plots presented in Figure 4-6 (c) and (d) indicate that RhB
degradation on BiOBr-H and ZnBiOBr-H follows the pseudo-first-order kinetics
model, ln(C/C0)=-kt, where C and C0 are the concentration of the dye in solution at
time t and beginning, respectively; k here is the reaction rate constant. Comparing
the kinetic constants (k) and the photodegradation performance, the hierarchical
BiOBr and ZnBiOBr are more active photocatalysts over irregular ones, which can
be ascribed to the difference in two aspects: the enhanced light absorption and
larger surface areas.
To identify the contribution of each aspect, the specific kinetics constant k’ were
also calculated through dividing the k values by the adsorption amount of RhB,
which is proportional to the absorbent surface area. Here the specific kinetics k’
represents the photocatalytic reaction rate per unit area suggesting the influence
from the light absorption. Comparing the k’ list in Table 4-2, BiOBr-H shows the
highest k’, followed by BiOBr, 1/16ZnBiOBr-H and 1/16 ZnBiOBr, which is in the
same sequence of their light absorption results. Moreover, it is worth noticing that
the k’ of hierarchical samples is almost twice of irregular ones, while the difference
of k’ between the hierarchical and the irregular is dramatically narrowed down. It
is clear that the large surface area due to the hierarchical structures play a
dominant role in the photocatalytic degradations.
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Figure 4-6 Photocatalytic performance of BiOBr and ZnBiOBr in heirarchical and
irregular structures: (a), (b) Photocatalytic degradation performance of
BiOBr and ZnBiOBr in hierarchical structures and structures; (c),(d) the
reaction kinetics plots of BiOBr and ZnBiOBr in hierarchical structures
and structures

77

Chapter 4

Table 4-2 Specific surface area and photodegradation constant rate of
hierarchical and irregular BiOBr and ZnBiOBr
Samples

BiOBr-H

BiOBr

1/16 Zn-BiOBr-H

1/16 ZnBiOBr

4.75

2.96

5.14

2.97

10.55

6.57

12.53

6.57

k

0.2174

0.1231

0.1876

0.0962

k’ (=k/SSA)

0.0457

0.0416

0.0365

0.0324

Dye
absorption
(mg/g)
Specific area
(m2/g)

4.3.4

Photoluminescence

The large specific surface areas of hierarchical samples are often associated with
rich surface defects that exert tremendous influences on the charge recombination
and thus photocatalytic performance of the BiOBr-H and Zn-BiOBr-H. In principle,
large amount of defects may result in deep intra-band gap states that impede
carrier transport, whereas shallow traps may promote carrier transport via the
rather inefficient process of diffusion [163]. It’s important to understand the
chemical nature of these traps so that they could be manipulated for a particular
application.
The photoluminescence (PL) spectra of BiOBr-H and 1/16ZnBiOBr-H shown in Figure
4-7 reflect the charge recombination from the materials under 350nm ultraviolet
irradiation. The normal emission of BiOBr nanoparticles is dominated by PL arising
from the recombination of trapped electrons with valence band holes, leading to a
broad spectrum with a peak in the black. However, when Zn was introduced into
the materials, a higher energy emission (“green PL”) was observed in the spectrum,
arising from the recombination of mobile electrons with trapped holes, which we
assign to oxygen-vacancy centres. Because both types of recombination depend on
the spatial coincidence of trapped and mobile charges, the PL intensity is greater
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when transport is hindered, while lower as the charges are more mobile (as in
sintered porous films used for solar energy conversion). The PL is quenched by
oxygen at the surface, the PL of porous films is much more strongly affected by
oxygen than that of dense films. Here, the higher intensity PL response from
pristine BiOBr-H indicates a higher charge recombination within the pristine
materials and more well-ordered porous structure in 1/16ZnBiOBr-H.
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Figure 4-7 Plots of photoluminescence spectra of BiOBr-H and 1/16ZnBiOBr-H
4.3.5

Photoelectrochemical characterisations and energy recovery from
wastewater

4.3.5.1

Mott-Schottky

The energy band position is the key factor of photocatalysts for energy recovery,
because the position of the VBM and CBM determine their Redox ability in the
photocatalysis and/or photoelectric catalysis. In this work, for recovering energy
from organics in wastewater, the VBM of the photocatalyst should be strong
enough to oxidise the organics in the solution. Consequently, analysis of energy
band position is critical in understanding its photoelectrochemical reaction process.
Mott-Schottky spectrum offers a mean to investigate the flat band potentials of the
as-prepared materials. According to Figure 4-8, the M-S plots of pure and Zn-doped
BiOBr display negative slopes in their linear regions, indicating they are n-type
semiconductors.
The energy band positions of the samples can be further calculated according to
the Mott-Schottky equation:
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1
𝐶2

2

= 𝐴2 𝑒𝜀𝜀

0 𝑁𝐷

(𝐸 − 𝐸𝑓𝑏 −

𝑘𝐵 𝑇
𝑒

(2)

)

where 𝑁𝐷 is the charge carrier density, 𝜀0 is the permittivity in a vacuum, 𝜀 is the
dielectric constant of the material, 𝐸 is applied potential,

𝑇 is the absolute

temperature, 𝑒 represents the elementary charge and 𝑘𝐵 is the Boltzmann constant.
The flat-band potentials can then be determined by extrapolating the straight line
to the x-axis to obtain intercept which corresponds to the value of 𝐸𝑓𝑏 +

𝑘𝐵 𝑇
𝑒

. As

an n-type semiconductor, the conduction band potential is close the flat-band
potential (𝐸𝑓𝑏 ). Typically taking the difference between conduction band bottom
(CBM) and 𝐸𝑓𝑏 as ca. 0.2 eV, therefore the edge of conduction band was calculated
and displayed in Table 4-3. The 𝐸𝑓𝑏 of the BiOBr-H located at -0.43 eV (vs. SCE),
while the 𝐸𝑓𝑏 of 1/16ZnBiOBr-H extended to deeper -0.48 eV (vs. SCE).

6

C-2 (109 F-2 cm4)

BiOBr
1/16 Zn-BiOBr

4

2

0
-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

Potential (V vs. SCE)

Figure 4-8 Mott-Schottky plots of BiOBr-H and 1/16ZnBiOBr-H
The shift of the flat band corresponded to the shift of the conduction band,
indicating uprising of the conduction band when Zn dopant was incorporated into
the material. And according to the band gap given by the UV-Vis spectra, the
valence band bottoms (VBM) were also calculated in Table 4-3. The VBM of
1/16ZnBiOBr-H becomes slightly more positive than the pure BiOBr. The detail band
structure diagram of the materials was depicted in Figure 4-9 based on the obtained
result with respect to the potentials of water splitting (at pH=0). From Figure 4-9,
both pure BiOBr-H and 1/16ZnBiOBr-H showed more negative potential than the H2
evolution exhibited potential for water splitting.

80

Develop Hierarchically Zn-doped BiOBr Architectures for Enhanced
Photoelectrocatalytical Energy Recovery

-4

-2
-1

Eg=2.67 eV

Eg=2.58 eV

V vs. NHE pH=0 (eV)

-3

H+/H2

0
1

H2O/O2

2
3
4

1/16ZnBiOBr-H

BiOBr-H

Figure 4-9 band position of the pure BiOBr-H and 1/16ZnBiOBr-H with the reference
to the NHE at pH=0

Table 4-3 Electronic band position of BiOBr-H and 1/16ZnBiOBr-H
Samples

Eg (eV)

Efb(eV vs. SCE)

BiOBr-H

2.68

-0.43

-0.03

2.65

1/16Zn-BiOBr-H

2.81

-0.55

-0.15

2.66
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4.3.5.2

Hydrogen evolution
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Figure 4-10 Photocatalytic hydrogen evolution of BiOBr and 1/16 ZnBiOBr under
AM1.5 (a) and visible (b) irradiation, the photocatalytic hydrogen
evolution rates under single-wavelength light and the corresponding QE.
The hydrogen evolution of BiOBr–H and 1/16 ZnBiOBr-H was carried out under AM
1.5 and visible light irradiation for 3 hours, respectively.As shown in Figure 4-10
(a) and (b), the H2 production performance under full arc is 131 µmolg -1h-1, which is
apparently higher than that under the visible light. The apparent quantum
efficiencies (QEs) of the hydrogen production were calculated to evaluate the solar
energy conversion ability of the materials using Equation:
𝑄𝐸 =

2×(𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠)
(𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠)

× 100%

(3)

The QEs of BiOBr-H and 1/16ZnBiOBr-H were respective 22.6 % and 62.3 % under
full arc irradiation of 300W Xenon lamp, which dropped dramatically down to
0.84 % and 4.6 % under visible light. The results suggest that these hierarchical
architectures are more effective under UV light. Here the enhancement of
hydrogen evolution of 1/16ZnBiOBr-H compared to BiOBr-H can be attributed to
the upshifted CBM arisen from Zn doping which promotes the reducibility of the
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photo-excited electrons of ZnBiOBr-H. On the other hand, the VBM of ZnBiOBr is
more positive than that of pristine BiOBr, namely more oxidative in photocatalytic
oxidation.

4.3.5.3

Chronoamperometry

The temporal photocurrents were measured at open circuit potential (OCP) in
various electrolyte solutions, which contain different organics to model the
conditions of typical wastewaters. The acquired plots of photocurrent against
irradiation time (I~t) under light on-off cycles on the pristine and Zn-doped BiOBrH photoanodes are compiled in Figure 4-11. The I-t plots clearly show the Zn-BiOBrH specimen displays weaker temporal photocurrent than that of BiOBr photoanode
under all the adopted conditions. Since the photocurrent at OCP is related to the
surface effective photogenerated charge carriers [164, 165], the photocurrent
values under designed electrolyte solutions allow weighing the impact factors to
photoelectrocatalytic activities.
The photocurrents acquired from 0.5M Na2SO4 electrolyte solution reflect the
intrinsic photoelectrochemical nature of the samples. It can be seen from Figure
4-11 (a) that the photocurrent of the 1/16ZnBiOBr-H is significantly lower than that
of BiOBr-H, which may be due to its relatively weaker light absorption of
1/16ZnBiOBr-H. The photocurrent ratios between BiOBr-H and 1/16Zn-BiOBr-H is
about 9:5, suggesting the extractable photogenerated charge carriers are reduced
55 % because of Zn substitution of 1/16 in the BiOBr matrix.
It is noticeable that the photocurrent ratio is much higher than the surface
photocatalytic kinetic constants in dye photodegradation, which inspires us to
investigate how the dye would contribute to the photocurrents on each sample.
The photocurrents measured in the RhB-containing (20 ppm) 0.5M Na2SO4 solutions
enable to identify the dye sensitisation effects on the photoelectrodes. Greatly
enhanced photocurrents induced by RhB can be observed on the both
photoelectrodes (Figure 4-11b). The photocurrent enhancements relative to those
acquired from RhB-free 0.5 M Na2SO4 electrolyte solutions are increased 54.3% and
22.7% on the pristine BiOBr and 1/16ZnBiOBr-H photoanodes, respectively. Such
enhancements are due to electron injection from excited RhB to CBM of the
photocatalysts and then exiting to the external circuit. The results clearly reveal
the RhB photosensitisation exerts profound influences on the photocatalysis of the

83

Chapter 4
catalysts, whereas the intrinsic photogenerated charge carriers remain the core
factor to determine their apparent photocatalytic activities.
Moreover, it is worth noting that the photocurrent sparkles for the photo-anodes
under dye sensitisation conditions are distinct from those without dye, mainly
longer discharging spans, suggesting the dye sensitisation also prolong the charge
decay time [166]. The in-depth investigation to the lifetime of the surface charge
carriers is ongoing.
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Figure 4-11 Photocurrent response of BiOBr and ZnBiOBr with hierarchical
structures and irregular structures
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Figure 4-12 Electron flow in n-type semiconductor electrode under irradiation with
solution containing redox couple D/D+
4.3.5.4

Energy recovery

In order to evaluate their potentials for energy extraction from aqueous organic
wastes, a series of photocatalytic electricity generation tests on the BiOBr-H and
1/16ZnBiOBr-H were carried out in two electrode systems, where a Pt cathode was
used as counter electrode without involving of reference electrode. In photo
electrochemistry cells, the semiconductor electrodes act as electron pump,
converting the light to electrons flow. As shown in Figure 4-12, the photon induced
charge carriers was separated on the surface of electrode which is similar to what
occurs at p-n junctions. However, in the liquid junction cells, because electrons and
holes are normally not stable in the solution, their transportation through the liquid
rest with occurrence of chemical reactions on the electrode-solution interface. In
this case, it provides a means of energy conversion from storable chemicals to
electricity [167]. The results presented in Figure 4-13 illustrate their photocurrent
differences under the visible light. The photocurrent response in Na2SO4 reflected
corresponds to the intrinsic solar energy conversion on the materials, while the
respective addition of RhB, glucose and citric acid into the Na2SO4 solution, stronger
current responses are observed on both BiOBr-H and 1/16ZnBiOBr-H systems,
suggesting more energy has been pumped into the circuit.
The results in Figure 4-13 show a slightly stronger photocurrent response on the
BiOBr-H than that of 1/16ZnBiOBr-H system in Na2SO4 solution. This is due to the
fact that the photoelectrical energy recovery is not determined by the band position
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but the light absorbance of the photocatalysts. Meanwhile, the photoluminescence
spectra shown in Figure 4-7 suggest that the charge recombination on BiOBr-H is
more significant than that on ZnBiOBr in wide spectrum range. Therefore, there are
no significant difference in the photocurrent responses of the two hierarchical
samples in Na2SO4 solution. Meanwhile, the calculated specific kinetics constant k’
values (Table 4-2) also verified the influence of light absorption in the
photocatalytic degradation.
The additional energy release can be ascribed to the photo-driven reactions with
the organics as “fuels” on the surface of BiOBr-H and 1/16ZnBiOBr-H samples. These
are due to the fact that the organics can be hole scavengers, leading to more photoexcited electrons pumping into the Pt cathode. The electrons can reduce H2O to
generate H2 or reduce O2 to generate superoxygen radicals which subsequently
converts to hydrogen peroxide (H2O2). Therefore, in the photoelectrocatalytic
energy

recovery

process,

more

current

responses

can

be

obtained

by

photodegradation of the “fuel” on the photoanodes. According to the band
structure diagrams shown in Figure 4-9, the VBM of 1/16Zn-BiOBr-H is slightly lower
(more positive) than that of BiOBr-H, indicating the higher oxidation power of the
former sample in the photocatalytic organic oxidation reactions.
The dependence of temporal photocurrents of the BiOBr-H and 1/16ZnBiOBr-H on
the organics are compared systematically in Figure 4-13. It can be seen that the
existence of organics did enhance the photocurrent responses, though they are
acidic organic, citric acid in this study, is more effective than the neutral organics.
More interestingly, the ratios of photocurrent on BiOBr-H to that on 1/16ZnBiOBrH are almost same to that without organic in the Na2SO4 solution, suggesting that
the light absorption is still the crucial factor in determining the energy recovery.
This is different from that in water splitting.
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Figure 4-13 Photo-current density transient with light on/off for hierarchical and
irregular BiOBr and ZnBiOBr
The stability of the energy recovery is also of utmost importance in the practical
applications. On that account, photocatalytic stability of each sample was
characterised in the long-time chronoamperometry tests in the dual-electrode
system. The results presented in Figure 4-14 show that the photocurrent generated
from the “fuels” is gradually declined over time, which is due to the consumption
of the “fuels” during the photocatalytic reactions.
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Figure 4-14 Photocurrent response under long-time irradiation
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Moreover, the intrinsic efficiency of the photocatalysts in the cells with various
“fuels” can be evaluated via the current-voltage (J-V) plots acquired from the linear
sweep voltammetry (LSV). The obtained LSV plots were then transformed into the
current-power (J-V) plots and presented in Figure 4-16 according to the composition
of the electrolyte. The fill factor (FF) was also calculated according the following
equation:
𝐹𝐹 =

𝑃𝑚𝑎𝑥

(4)

𝐽𝑠𝑐 ×𝑉𝑜𝑐

Where 𝑃𝑚𝑎𝑥 stands for maximum power density, 𝐽𝑠𝑐 is short-circuit current density
and 𝑉𝑜𝑐 is the open-circuit voltage under the irradiation. The FF represents the
difference between the actual maximum power density output from the cell and
theoretical maximum power, which is an important index describing the overall
efficiency of the photovoltaics device. The calculated values listed in Table 4-6
shows the energy extraction efficiency of the catalyst from different type of
chemicals.
Under the darkness, the 𝑉𝑜𝑐 between the working electrode (WE) pure BiOBr and
the counter electrode (CE) Pt was -0.43 V and the 𝐽𝑠𝑐 was 0.15 µA/cm2. Because the
as-prepared BiOBr-H and 1/16Zn-BiOBr-H are n-type semiconductors, the inner built
electric field is in the direction from bulk of the materials toward the interface with
electrolyte. Thus, when photo-induced electrons hole pairs (e --h+) forms on the WE,
the electrons will exit the WE through external circuit and flow to the CE, meanwhile
the holes will migrate towards the WE surface to reaction with organics or dissolved
oxygen.
According to the results shown in the Table 4-4 and Table 4-5, the light excitation
had made potential of WE more negative so that more electrons can be separated
and move to the CE for the reactions. Also, it is worth noting that the 𝐽𝑠𝑐 of both
BiOBr and ZnBiOBr are promoted when extra chemical “fuels” were brought into the
electrolyte. As a photoelectrochemical cell, magnitude of the 𝐽𝑠𝑐 and 𝑉𝑜𝑐 stands for
the maximum output voltage and current can be reached during the reactions.
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Figure 4-15 Linear sweep voltammetry of BiOBr and 1/16ZnBiOBr (in hierarchical
and irregular structures) under visible light irradiation in different fuels
added electrolyte
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Figure 4-16 Current-power (J-V) plots for pure BiOBr and ZnBiOBr under visible
light irradiation

Table 4-4 Open-circuit voltage of BiOBr and ZnBiOBr in different electrolyte under
visible light irradiation
Voc (V)
Test Conditions
BiOBr-H

BiOBr

1/16 ZnBiOBr-H

1/16 ZnBiOBr

Na2SO4 Dark

-0.4387

-0.2629

-0.4948

-0.1409

Na2SO4 Light

-0.5119

-0.3215

-0.5314

-0.1726

Na2SO4+Citric acid Light

-0.5876

-0.1970

-0.5510

-0.1946

Na2SO4+Glucose Light

-0.4704

-0.1946

-0.5193

-0.1970

Na2SO4+RhB Light

-0.4436

-0.3386

-0.4489

-0.2434
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Table 4-5 Short-circuit current density of BiOBr and ZnBiOBr in different
electrolyte under visible light irradiation
Jsc (µA/cm2)

Electrolyte/
Conditions

BiOBr-H

BiOBr

Na2SO4 /Dark

0.1549

0.0988

0.0915

0.1278

Na2SO4 /Light

0.6071

0.2631

0.3768

0.1668

0.8280

0.2762

0.7889

0.2166

0.5315

0.2853

0.6938

0.2927

0.3967

0.304

0.3037

0.2967

Na2SO4+Citric acid
/Light
Na2SO4+Glucose
/Light
Na2SO4+RhB /Light

1/ 16 ZnBiOBr-H 1/16 ZnBiOBr

Table 4-6 Fill factors of various BiOBr and ZnBiOBr in different electrolyte under
visible light irradiation
Fill factor
Electrolyte/ Condition

1/16 Zn-

BiOBr-H

BiOBr

1/16 ZnBiOBr-H

0.3041

0.1267

0.3070

0.2672

0.2293

0.2825

0.2394

0.2565

Na2SO4+Glucose/Light

0.3737

0.3662

0.5928

0.2834

Na2SO4+RhB/Light

0.4511

0.3970

0.5938

0.4053

Na2SO4 /Light
Na2SO4+Citric
acid/Light
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Conclusion
Hierarchically structured BiOBr and Zn-doped BiOBr were successfully prepared via
a facile hydrothermal synthesis using PEG2000 as structure-direct agent. In
contrast with previous prepared irregular BiOBr and Zn-doped BiOBr, the selfassembled microsphere structures not only possessed higher specific surface area,
but also increased the light absorbance of the materials. The photocatalytic
performance of the

samples was evaluated in hydrogen evolution and

photodegradation of RhB.
When Zn incorporated into the materials, an enhanced performance of BiOBr was
observed in the hydrogen evolution, which can be ascribed to the uprising of the
CBM of the ZnBiOBr due to the Zn-dopants. However, for the RhB photodegradation,
the BiOBr showed superior photocatalytic activity to Zn-doped BiOBr. In a dual
electrode photoelectrochemical cell, the energy recovery from photocatalytic
degradation of dissolved organics, including glucose and citric acid, were also
tested to evaluate the applications on the electricity generation from the
wastewater. During the test, due to large surface area, the surface potentials of the
hierarchical BiOBr and ZnBiOBr were remarkably changed by the adsorbed species
in the solution. The results suggested that BiOBr-H benefited from the large light
absorbance and large specific surface area displayed a more efficient energy
conversion capability.
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PEG-Assisted Hydrothermal
Synthesis of Hierarchical BiOBr/ZnO
Heterojunction with Abnormal
Photoelectrical Responses
5.1

Introduction

In the Chapters 4 and 5, the influences of Zn-doping on the structure and
photo(electro)catalytic performance of BiOBr photocatalysts were clarified and
rationalised. However, the Zn-doping levels are very restricted and higher Zndoping amount will lead to isolation and segment of ZnO on the surface of BiOBr
to form heterojunction. This phenomenon inspires us to further investigate the
heterojunction of ZnO and BiOBr, in particular their hierarchical architectures due
to the beneficial effects of the built-in electrical field across their interface and
convenient fabrication.
ZnO is one of the most promising semiconductors, intensive efforts have been
devoted to extending its application in the electrical and chemical engineering. Zinc
oxide (ZnO) is a versatile semiconductor with a wide direct band gap (3.37eV) and
large excitation binding energy (60 meV) [74]. In the past decade, researchers have
endeavoured to synthesise nanoscaled ZnO materials with diverse morphologies,
such as nanorod, nanowire, nanotube, quantum dot, nano spring, nano-helix,
triangle, disk and ring, etc [168, 169]. Among them, ZnO nano-flakes have drawn
special attention for their improving molecular transportation, enhancing light
harvesting and large surface area, which increase the number of active sites and
accelerate the surface photocatalytic reactions [170-172]. Additionally, the CB and
VB of hierarchically structured ZnO can be engineered by reducing the size of
building blocks to the nanoscale level and taking advantage of the quantum size
effect [173].
However, ZnO, as a wide band gap semiconductor, is only ultraviolet light
responsive. In consequence, it couldn’t be harvest ~95% solar energy during the
photocatalytic reactions. To improve the light harvesting on ZnO, heterojunction of
ZnO and a narrow band gap semiconductor will be an effective approach to
optimize the photovoltaic properties of ZnO. In fact, the combination of ZnO and
second semiconductor will not only improve light absorption of ZnO, but aslo
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reduce the charge recombination within the materials [13, 31, 174]. BiOBr, as
described in the previous chapters, may be a promising option as the second
semiconductor to form heterojunction with ZnO [14, 50, 175].
Based on the previous research progress reported in literature, we have
successfully obtained hierarchical ZnO and BiOBr/ZnO-PEG heterojunctions. To
achieve a hierarchically assembly structure in the materials, the hydrothermal
synthesis was carried out in the preparation. The previous papers reported that
nanostructured ZnO can be obtained preferentially through hydrothermal synthesis
in a broad mild temperature range with the assistance of surfactant [58, 176]. Once
surfactant is introduced into the hydrothermal system, the surface energy of
individual crystal surface will be tuned and thus allow oriented growth to form
different morphology of resultant ZnO nanomaterials.
The work in this chapter aims to develop a facile template-assisted synthesis of
ZnO flakes and their heterojunctions with BiOBr nanoflakes[177], in which the
polyethylene glycol (PEG) is adopted because it is able to guide the orientation of
ZnO crystals in synthesis and is environmentally friendly[178]. Moreover, in order
to further increase the photocatalytic performance of ZnO-PEG, ZnO-PEG coupling
with varied amount of BiOBr was also prepared for investigation on physicochemical
properties in solar energy conversion.
5.1.1

Materials synthesis

The preparation was via the following process: 1.10g Zn(Ac) 2•2H2O and various
amount of PEG-20000 dissolved in 15 ml distilled water and 60ml ethanol, 5 ml
concentrated ammonia solution was then added under intensively stirring before
addition of 0.4g sodium hydroxide. The obtained clear solution was directly
transferred to oven to dry up for 5 hours under 120℃. After cooling down to room
temperature, the precipitation was collected and washed alternatively with distilled
water and absolute ethanol and dried in the air at 120℃ overnight to receive the
hierarchical ZnO, denoted as ZnO-PEG (ZnO+0%BiOBr).
The as-prepared ZnO-PEG samples were then mixed with 40ml 0.05M KBr solution
according to mole ratio between ZnO-PEG and BiOBr (5%, 10%, 15%). Under vigorous
stirring for 3 hours in the beaker, 0.05M Bi(NO3)3 was dropwise added into the
mixed solution. The obtained suspensions were aged overnight before filtration.
The precipitation was collected and then rinsed with water and ethanol separately
and transferred to the oven for drying under 80℃/4 hours. The received samples
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are denoted as xBiOBr/ZnO, where x represents loading percent of BiOBr, of 5, 10
and 15 in wt%, respectively.
5.1.2

Characterisation

The morphology and structure of the as-prepared products were characterized by
using Quanta 200 FEG field-emission scanning electronic microscopy (FESEM)
operated at an accelerating voltage of 10.0 kV, JEOL-2010 transmission electron
microscopy (TEM) operated at 200 kV, Rigaku Smartlab Pro X-ray diffractometer
(XRD) with Cu Kα radiation (1.5418 Å).
The photocatalytic activity of the prepared samples was evaluated by photocatalytic
decolourization of methylene blue (MB) aqueous solution under visible-light
irradiation using a 300WXe lamp (15 cm above the testing dishes) equipped with a
400 nm cut-off filter to remove UV. In the typical photocatalysis experiments, 0.1
g of the prepared photocatalyst powder was dispersed in a 100 mL MB aqueous
solution with a concentration of 10 ppm in a beaker.

5.2
5.2.1

Results and discussion
The crystallinity and morphology

In Figure 5-1, the XRD patterns indicate a wurtzite zinc oxide (hexagonal phase,
space group P63mc, JCPDS: 890511) with high crystallinity. The calculated lattice
constant is a=3.2490A, c=5.2040A, respectively. In comparison with XRD pattern
from ZnO-Ref, ZnO-PEG sample displays stronger relative intensity of (101) surface,
suggesting the (101) facet constructs the most exposed surface. In addition, XRD
patterns of BiOBr/ZnO-PEG samples were gradually broadened their FWHMs (full
width at half maximum): The XRD patterns of the ZnO-PEG sample show rather
broader FWHMs than ZnO-Ref which are lower as well. The differences of the XRD
patterns for ZnO-Ref (JCPDS: 890511) and ZnO-PEG should be caused by the PEG
surfactant: In the synthesis, the long-chain PEG surfactant can be selectively
adsorbed onto the ZnO crystal seeds as they formed initially. We propose the zinc
coordinates [Zn(NH3)4]2+ well coordinate with –OH chain of the surfactant PEG, hence,
once adding NaOH into the precursor solution, zinc oxide precipitation took place
on the PEG which guides the formation of ZnO-PEG nanospheres in the
hydrothermal treatment.
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However, when varied amount of BiOBr was loaded onto ZnO-PEG, the peak from
BiOBr can be observed in the ZnO-PEG heterojunctions. The intensity of the peaks
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Figure 5-1 XRD patterns of ZnO-PEG and BiOBr/ZnO couplings: (a) XRD patterns of
hierarchically assembled ZnO; (b) the XRD patterns of ZnO with varied
amount of BiOBr loading
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Figure 5-2 SEM images of ZnO-PEG and BiOBr/ZnO-PEG couplings(a),(b)the SEM
images of prepared ZnO with PEG; (c),(d) the SEM images of ZnO with
PEG
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Figure 5-3 SEM image and EDX patterns of ZnO-PEG after loading with BiOBr: (a)
ZnO-PEG with 5% BiOBr loading; (b) ZnO-PEG with 10% BiOBr loading; (c)
ZnO-PEG with 15% BiOBr loading
Figure 5-2 shows the SEM images of the ZnO samples synthesised with existence
of PEG-20000. These pictures unveil the overall appearance of the materials and
the right-hand side show the enlarged details of each group. (a) and (b) are ZnOPEG under the SEM. As it shown in the Figure 5-2, ZnO prepared with PEG shows
nanorods co-existing with the flakes. In the Figure 5-2 (b), sphere with a diameter
of 3 μm were presented in a closer examination of this sample. Some holes in the
surface may a hollow interior of this nano structure. According to Figure 5-2Error!
Reference source not found. (a), the diameters of these nano-spheres are not
evenly distributed, which ranges from 0.5 μm to 5 μm. After loading with BiOBr as
shown in Figure 5-3, the hierarchical structures of ZnO was gradually covered up
by the random aligned BiOBr particles. In Figure 5-3 (a), (b), (c), the SEM images
became pale and blurred with increasing BiOBr loading amount, which probably is
due to surface charging because the SEM images were taken in BSE mode.
In addition, the quantitative elemental composition of the materials was analysed
using EDX (Energy Dispersive X-ray), which confirmed existence of the increasing
amount of BiOBr was combined with ZnO-PEG in the BiOBr/ZnO-PEG.
5.2.2

Optical properties

Figure 5-4 (a) depicts the UV-vis diffuse absorption spectra of the ZnO-PEG and
BiOBr/ZnO-PEG heterojunctions. As shown in Figure 5-4, a sharp reduce in the light
absorption can be observed in the spectra of all the samples at the wavelength
region around 400nm, indicating a strong ultraviolet absorption of ZnO-PEG and
BiOBr/ZnO-PEG composites. With increasing of BiOBr loading amount, the light
absorption of the BiOBr/ZnO-PEG composites are slightly reduced within the region
from 200nm to 400nm. However, the light absorbance of these samples is nearly
the same in visible light region.
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The band gaps of ZnO-PEG and BiOBr/ZnO-PEG samples are calculated according to
the Tauc plot equation 𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔 )𝑛/2 and presented in Figure 5-4 (b), (c),
where α, ℎ𝜈 , 𝐸𝑔 and A are the optical absorption coefficient, photonic energy,
optical band gap and proportionality constant. ZnO-PEG is found a direct-band-gap
semiconductor and BiOBr an indirect semiconductor. Both direct and indirect-bandgap behaviour of BiOBr/ZnO-PEG heterojunctions were presented in the Tauc plots
(Figure 5-4). Applying the Kubella-Monk relationship, the retrieved band gap of
ZnO-PEG and BiOBr from their Tauc plots are 3.0 eV and 2.8eV, respectively.
Considering the band gap of BiOBr/ZnO can be direct or indirect, the band gaps
were calculated in both conditions and listed in Table 5-1. In either case, the band
gaps of BiOBr/ZnO-PEG are apparently larger than ZnO-PEG or BiOBr. Moreover, it
is interesting to find that the bandgaps of BiOBr/ZnO-PEG were gradually
broadened with increasing loading amount BiOBr. It is noteworthy that the ZnO-PEG
shows significant light absorption in the visible light region (400-800 nm) as shown
in Figure 5-4 (a). The extended tailed spectra can be ascribed to bulky doping
impurity levels or existence of N-doped ZnO-PEG on the surface.
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Figure 5-4 (a) UV-Vis absorbance spectra of BiOBr/ZnO-PEG; (b) Tauc plots of
BiOBr/ZnO-PEG with direct band gap; (c) Tauc plots of BiOBr/ZnO-PEG
with indirect band gap
Table 5-1 Direct and indirect band gap BiOBr/ZnO-PEG in comparison with ZnOPEG and BiOBr
Direct band gap (eV) Indirect band gap (eV)
3.0

ZnO-PEG
ZnO+5%BiOBr
ZnO+10%BiOBr
ZnO+15%BiOBr

3.24

3.10

3.26

3.12

3.28

3.15
2.8

BiOBr

5.2.3

Electrochemistry characterisation

EIS (Electrochemical Impedance Spectroscopy, including Mott-Schottky and Nyquist
plots) of the prepared materials is a powerful measure to determine the electronic
properties of the semiconductor photocatalysts and their charge transfer process
between the electrolyte and electrode. The EIS Electrochemical impedance spectra
were measured in a standard three-electrode system consisting of a platinum
counter electrode, a saturated calomel electrode (SCE) reference electrode and the
thin film of the as-prepared materials as working electrodes. In the electrochemical
characterisations, Mott-Schottky (M-S) scan was firstly recorded to determine the
charge density and conduction behaviour in the ZnO-PEG and BiOBr/ZnO-PEG
heterojunctions.
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As shown in Figure 5-5, the negative slopes in the linear areas of all the M-S plots
clearly suggest they are n type semiconductor. Their flat band potentials can be
derived from extrapolating the linear area to x-axis, where intercepts on x-axis are
the flat band potentials of the materials. According to the equation:
1
𝐶2

=

2
𝜀0𝜀𝑟 𝑒𝑁𝐷 𝐴2

(𝑉 − 𝑉𝑓𝑏 −

𝑘𝐵 𝑇
𝑒

(1)

)

Where the C is the interface capacitance, A the area of interface, N D the donor
density, V the applied voltage, kB is Boltzmann’s constant, T the absolute
temperature and e is the charge of an electron.
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Figure 5-5 Mott-Schottky plots of BiOBr/ZnO heterojunction and ZnO-PEG; (a)MottSchottky plot of BiOBr/ZnO in comparison with ZnO-PEG; (b) Enlarged
picture of Mott-Schottky plots of BiOBr/ZnO heterojunction

As shown in Figure 5-5, the Vfb (flat band) of ZnO-PEG sample locates -0.95V vs SCE,
whereas the flat band potentials of BiOBr/ZnO-PEG samples are dramatically
upshifted as BiOBr loaded. In addition, it is worth noting that the V fb of BiOBr/ZnOPEG heterojunctions shift to positive potentials when gradually increasing the
loading amount of BiOBr. The V fb of ZnO with 5% BiOBr, 10% BiOBr and 15% BiOBr
loading are located at -0.55 V, -0.58 V and -0.64 V. Taking the 0.2 eV potential
difference between the CBM and flat band for many semiconductors and the pH
effects into account, the CBM of the BiOBr/ZnO-PEG are converted to the RHE scale.
Accordingly, the CBM of ZnO+5%BiOBr, ZnO+10%BiOBr and ZnO+15%BiOBr locates
-0.15 eV, -0.18eV and -0.24 eV respectively. With increasing the loading amount of
BiOBr, the CBM of BiOBr/ZnO-PEG are upshifted to higher positions.
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Figure 5-6 Impedance spectra of BiOBr/ZnO-PEG heterojunctions and ZnO-PEG
All the Nyquist plots of the samples were acquired under at OCP (Open Circuit
Potential) of corresponding samples scanned from 0.1Hz to 100kHz. As presented
in Figure 5-6, all the spectra of relevant samples show straight lines with slight
curvature at low frequency (high impedance), indicating there are no faradic
reactions occurring at the electrode surface at OCP conditions.

CPE1

R1

R2

CPE2

Figure 5-7 Equivalent circuits of BiOBr/ZnO at OCP potentials
The Nyquist data suggest that a capacitor behaviour is dominating, while the tilt
reflects a minor contribution of the resistive components. In high frequency region,
the Impedance is greatly decreased, and the Nyquist plots bends downwards. The
obtained impedance spectra can be interpreted as a three-elements Randel-type
electrical equivalent circuit, consisting of CPE (Constant Phase Element), R (Resister)
and W (Warburg element). Here, the equivalent circuit model presented in Figure
5-7 was employed to interpret the impedance spectra. The CPE1 in this circuit is
the EDL (Electron Double Layer) capacitance and CPE2 it is parallel with charge
transfer resistance R2. The Warburg element stands for finite diffusion impedance
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in the electrolyte. W contributes both to the real and imaginary parts of impedance.
R1 representing the contact resistance between the electrode and substrate ITO
glass connect in series with the three-component circuit. The calculated value of
each component in the Randles circuits were presented in Table 5-2.
Table 5-2 Calculated value of the components in fitted Randles circuits
Samples

CPE1

CPE2

R1(Ω)

R2(Ω)

ZnO-PEG

621 nF

413nF

33.0

132

ZnO+5%BiOBr

11.1 μF

565aF

32.4

1.05×105

ZnO+10%BiOBr

11.9 μF

457nF

36.1

6.10×105

ZnO+15%BiOBr

16.1 μF

183nF

33.3

1.10×1012

The capacitance of the CPE obeys the equation:
𝐶𝜔 = 𝑄𝜔𝑛−1

(2)

Where ω is the angular frequency of the AC voltage, Q is the reciprocal resistance
of the CPE. n (ranging from -1 to +1) determine the properties of CPE. When n=1
the CPE is an ideal capacitor; when n=0 CPE becomes ideal resistance; when n=0.5
the CPE act as ideal Warburg diffusion impedance in the electrolyte. According to
the results in Table 5-2, the value of R2, due to charge transfer resistance between
the electrode and electrolyte, is dramatically increasing with the amount of BiOBr
loading on ZnO-PEG [164, 179]. The increasing resistance on the surface will
inevitably reduce the charge mobility. Meanwhile, CPE1, the capacitance of the
double layer, is reduced as increasing loading amount of BiOBr, which indicate
more charge would be accumulated in the double layer [180]. However, comparing
with of BiOBr/ZnO-PEG heterojunctions, the ZnO-PEG electrode exhibits the lowest
charge transfer resistance and the smallest capacitance of double layer, which
means more photo-excited electrons can be delivered to the interface between the
electrode surface and electrolyte, where the photocatalytic reaction takes place. As
a consequence, more intensive light response current would probably occur on the
pure ZnO-PEG electrode under the light.
1.3.4 Photoelectrochemical response
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Figure 5-8 Chronoamperometry response of ZnO and BiOBr/ZnO-PEG samples
In order to testify the prediction made in EIS discussion, chronoamperometry was
carried out to measure the photo current response from varied BiOBr loading ZnOPEG. The photo response current can be a direct means to evaluate the
photocatalytic performance of BiOBr/ZnO-PEG because it represents the net
effective charges across the photoelectrode-electrolyte interface.
In the electrolyte of 0.5M Na2SO4, the ZnO-PEG photoelectrode shows the highest
photocurrent

response

followed by

5wt%BiOBr/ZnO, 10wt%BiOBr/ZnO

and

15wt%BiOBr/ZnO, respectively. Obviously, the responsive photocurrent on the
BiOBr/ZnO-PEG decreases when increasing the BiOBr loading amount. The
reduction of the photo current response reveals that the loading of BiOBr
deteriorates photocatalytic activity of ZnO-PEG despite that they form BiOBr/ZnOPEG heterojunctions. Generally, heterojunction exhibits enhanced photovoltaic
properties comparing to individual materials. Nonetheless, instead of enhancing
the photocatalytic performance of ZnO-PEG, BiOBr/ZnO-PEG shows a poor
performance, which may be due to the comprehensive results of their weaker light
absorption, lower charge transfer efficiency and smaller surface areas [181].
Considering the drastic transformation in the morphology and structures, these
abnormal phenomena can be mainly ascribed to the demolition of the hierarchical
structures of original prepared ZnO-PEG. Hierarchically structured nanospheres can
enlarge the surface area of ZnO-PEG and increase the light absorption by reducing
the reflectance on the surface. In contrast, when BiOBr was loaded onto ZnO-PEG,
the hierarchically structured ZnO was gradually covered up by the randomly aligned
BiOBr particles. Therefore, more reflectance occurred on the surface and light
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absorption is reduced (Figure 5-4). Apart from the influences on light absorption,
the hierarchical structures also provide the path for charge transfer and large area
for the photocatalytic reaction, which have been confirmed in the Nyquist plots.
In summary, it is of importance to create large surface area on the photocatalyst
because all the photocatalytic reactions take place on the surface. Large surface
area not only provide place for the reactions but also sufficient photogenerated
charge carriers for photocatalytic reactions.

5.3

Conclusion

Hierarchical ZnO-PEG was prepared via hydrothermal synthesis, which exhibit a
hierarchically assembled structure. After loading with various amount of BiOBr, the
photocurrent responses decrease, which can be ascribed to the cover of the BiOBr
over the ZnO. The photocatalytic performance of the BiOBr/ZnO-PEG was evaluated
by photoelectrochemistry method, which indicated the performance was also
greatly influenced by the increasing amount of BiOBr. Here, the research further
confirms that the hierarchical structure is of greater importance than the light
absorption in the photocatalytic reactions for the BiOBr/ZnO-PEG heterojunctions
and their individual constituent semiconductors.
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Photo-electrochemistry Performance
of Electrode-deposited BiOBrxI1-x/CuSCN
Heterojunction films
6.1

Introduction

Solar energy conversion with adequate efficiency is the most challenging aspect in
the

traditional

photovoltaics

materials.

In

the

traditional

heterojunction

photocatalysts are composed of the holes transport layer (HTL) and electrons
transport layer (ETL) [182-185]. And in the conventional bulk solar cells, the
heterojunctions or PN junctions in the materials are not only generate photoexcited electricity current but also at same time assisting the charge separation
[164]. Using heterogeneous deposition on highly structured semiconductor
substrates to form heterojunctions has been an attractive component in many
electrical, photoelectrical, and catalytic applications where an enlargement of the
interface area is generally desirable [46, 186]. This is especially valuable for
nanocrystal photovoltaic cells and photo-catalysts, because of the enhancement of
the light trapping for the photo-generated carriers and the separation of the excited
charges. The previous work from Zhao’s group had succeeded in using hierarchical
TiO2 nano-tubes and vertical aligned ZnO nano-wires to supply good charge transfer
efficiency [187]. However, in order to receive high reaction activities in the
performance,

p-type

semiconductors

can

be

also

introduced

to

form

heterojunctions with some n-type semiconductors, such as TiO2, ZnO and BiOBr [33,
188, 189]. As p-type semiconductor, copper thiocyanate (CuSCN) is thought to be
one of most promising candidates due to its transparency in the visible light
spectrum, reasonable holes conductivity and relative good chemical stability [49].
More importantly, CuSCN works excellent in the solution with appropriate solvent
and concentration under room temperature, therefore making CuSCN possible for
low-cost, large scale application on flexible substrate applications [45, 46].
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Figure 6-1 Solar cell structure diagram
There are multiple techniques for synthesis CuSCN. Whereas considering its
thermal stability, CuSCN film making could be crucial in the device making. In the
past papers, CuSCN films were mostly reported to be obtained from CBD, SILAR
and electronic deposition process, in which the electronic deposition was
recognised as a feasible and reliable process for coating complex structure on the
ITO/FTO glass [116, 190]. Up to now, most electronic deposition related synthesis
CuSCN were carried out in organic solution because of the instability of Cu (I)
cations and SCN anions in aqueous solution. At the same time, the process of the
deposition was hampered by poor conductivity of organic solvent [179, 191].
However, using EDTA-chelated copper electrolyte can be solution to the problem.
EDTA here will not only protect Cu (I) cations but also act as templates to assist
assembling of hierarchical structures on ITO glass. Although CuSCN exhibits good
performance as photocatalyts in the reactions, it has a critical limitation, in that its
photo-catalytic

performance

is

restricted

by

its

wide

band-gap

energy

(Eg = 3.4~3.9 eV), which make it only ultraviolet response. In order to further
increase the light harvesting efficiency, combination with second semiconductor to
form heterojunction would open a wide area for the application not only in
photocatalyst but also in the photovoltaics and sensor. The hierarchically
assembled CuSCN will be a good support for a p-n junction or heterojunction for
photovoltaics application. Bismuth oxyhalide (BiOX), with a relatively smaller band
gap, will undoubtedly increase the light harvesting during the photocatalytic
process[188]. Also, BiOBr, as an active n-type semiconductor, possesses a layered
structure, which endows BiOBr with outstanding performance in charge separation
and transition [41, 95]. Once BiOBr is coupled with CuSCN forming a heterojunction,
the overall optical band gap will be therefore reduced， which correspond to a
increase in solar energy absorption. In addition, all BiOX compounds share a similar
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structure, which make it possible to produce a solid solution of BiOX 1-xYx (X, Y=F, Cl,
Br and I) by introducing impurity Y into BiOX. BiOX 1-xYx hybrid system provides
another

possibility

to

further

modify

the

photo-electric

properties

and

corresponding photocatalytic performance of the BiOX/CuSCN heterojunction.
Iodine with the largest radius in the halogen and abundant electrons in the valence
band will probably uplifting the VBM of BiOBr by importing impurity level between
the conduction band and valence band, when Iodine is incorporated into the
structure [135, 192].

Figure 6-2 Crystal structure of CuSCN [3, 115].
Here a hierarchically aligned BiOBrxI1-x/CuSCN heterojunction were prepared by dipcoating and electrode deposition process. And its photovoltaics properties were
discussed in the followings.

6.2
6.2.1

Experimental sections
Materials synthesis

The electrode deposition of CuSCN was carried out in the 250ml beaker with 3
electrodes-systems. Prior to the electrode deposition, the ITO substrates were
ultrasonically cleaned in the sequence of acetone, ethanol and water. A platinum
rod was used as counter electrode; SCE electrode was set as reference electrode. A
solution of 50ml containing 0.025M CuSO4, 0.025M KSCN and 0.025M EDTA was
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used as electroplating bath. The potentials bias of the working electrode was set
as -0.3V under the room temperature. All the potentials reported in this work were
vs. SCE referenced scale. After the deposition process all the samples were cleaned
by deionised water and dried in the furnace of 60℃ to remove the templates
reagent on the surface of the films.
6.2.2

BiOBrxI1-x/CuSCN Dip-coating

In order to investigate the influence of the heterojunction on the photocatalysts,
varied layered BiOBrxI1-x was coated onto CuSCN through dip-coating process. Three
kinds of solutions: 10mM Bi(NO3)3, 10mM KBr and 10mM KBr/I (K and I in different
ratio) were prepared as coating solution. The entire process is illustrated as below
in Error! Reference source not found.. The films of CuSCN were dipped in the s
equence of Bi(NO3)3, H2O, KBr or KBr/I and H2O. H2O dipping here was used to
prevent the contamination of coating solution.

Figure 6-3 Schematic showing the order of dipping used in the dip coating
experiments

6.2.3

Characterisation

All the x-ray diffraction data were collected form the Rigaku Smart Lab using CuKα1 radiation (λ=0.154056 nm) at a scan rate of 0.05° 2θ-1s and were used to
determine the phase of the structures of the samples. The UV-vis diffuse reflectance
spectra were obtained on Perkin Elmer Lambda 950 UV/Vis/NIR spectrophotometer
equipped with a 150mm snap-in integrating sphere for capturing diffuse and
specular reflectance. BaSO4 was used as a reflectance standard in the UV-visible
diffuse reflectance experiment. Scanning electron microscopy (SEM) was performed
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to investigate the surface morphology using JEOL JSM-6301F Field Emission SEM at
an accelerating voltage of 10kV.
The

photo-electro-chemistry tests were conducted by

using an AutoLab

electrochemical workstation in a three-electrode cell with a Pt rod and a saturated
calomel electrode respectively as counter electrode and reference electrode. Prior
to measurement, the working electrodes were immersed in Na 2SO4 solution (0.1 M)
for 30 s. A 500 W Xenon arc lamp was utilized as the light-source. Electrochemical
Impedance Spectroscopy (EIS) was used to evaluate the properties of the different
photocatalysts under AC polarization. EIS experiments were conducted in a 0.5M
sodium sulphate (Na2SO4) solution and in a frequency range of 100 kHz to 100 mHz
for an amplitude of 10 mV in DC potential. In addition, Mott-Schottky experiments
were conducted to evaluate the capacitance behaviour under DC potential
polarization. The potential range was -0.8 to +1.5V (vs. SCE) with potential steps of
50 mV at a constant frequency of 3000 Hz.

6.3
6.3.1

Results and Discussion
Microstructure, morphology and composition of CuSCN thin films

The XRD patterns of CuSCN shown in the Error! Reference source not found. (a) e
videnced CuSCN was successfully obtained from electrode deposition. Although
some peaks of ITO glass showed on the XRD pattern of CuSCN films, highly
crystalline CuSCN can be clearly identified in the diffraction patterns below. The
XRD patterns of CuSCN deposited under different ratio of Cu2+/SCN- are compared
in Figure 6-4(a). During all the electrode deposition process, the concentration of
Cu2+ and EDTA were kept same at 0.12M, while the concentration of SCN - varied
among 0.06M, 0.12M and 0.24M. All the major peaks are indexed, and other peaks
can be identified from ITO substrate. The orientation of the CuSCN films is along
with the direction of (003) perpendicular to the substrate. When SCN - was kept at a
low concentration, numbers of minor peaks from the impurity phase can be
observed in the diffraction patterns; however, with increasing the concentration of
SCN- in the deposition the impurity phases were gradually reduced. The pattern of
the CuSCN films which Cu: SCN=1:2 shows best match among three samples. All
the peaks are in good match with hexagonal crystal lattice of β-CuSCN (ICSD No.
01-075-2315). The Figure 6-4(b) shows the XRD patterns of BiOBrxI1-x/CuSCN
heterojunction with various coating layers of BiOBrxI1-x. Comparing the diffraction
patterns of pure CuSCN film and ITO substrate, the peaks of BiOBrxI1-x can be
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identified on the patterns of BiOBrxI1-x/CuSCN film. Although some peaks
disappeared after BiOBrxI1-x was coated onto CuSCN, the characteristic peak (003)
of CuSCN remains unchanged in the BiOBrxI1-x/CuSCN patterns. More importantly,
with increasing layers of BiOBrxI1-x coated onto CuSCN, no obvious peak shift or
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Figure 6-4 XRD patterns of (a) CuSCN films synthesed in different Cu2+/SCNratios;(b) XRD patterns of CuSCN films coated with various layers of
BiOBr.
Morphologies of the as-prepared CuSCN and BiOBrxI1-x/CuSCN film are revealed by
SEM shown in Figure 6-5. Considering the similar crystal structure of BiOX, multilayer coated BiOBr/CuSCN was set as an example for morphologies transition
discussion. Figure 6-5 are the SEM image of CuSCN prepared in different Cu/SCN
concentrations. Figure 6-5 (a) and (b) are the top view of the films prepared in the
lower concentration of SCN-, which display a close-packed vertical aligned nano
arrays with diameter of 150nm. The size of nanorods in the (a) and (b) are uniformly
distributed. When the concentration of SCN- was kept same as Cu2+, the deposited
CuSCN still displays vertical nanorods shown as in (c) and (d). But the diameter of
the nanorods is increased to 220nm. Further increasing the concentration of SCN -,
the morphologies of the CuSCN are nanorods with a diameter increased to 400nm.
According to the images delivered by the SEM, all the morphologies of deposited
CuSCN exhibit vertically aligned nanorods, and the diameter of nanorods increased
with the concentration of SCN- in the solution. Considering the XRD patterns in
Figure 6-5, high ratio of SCN- are not only contribute to the good crystallinity but
also increase the dimension of the deposited CuSCN nanorods on ITO substrate as
well. Moreover, some research pointed out that as an intrinsic p-type
semiconductor, high concentration of SCN- in CuSCN creates a stoichiometric
deficiency of Cu in the crystal, and hole-transporting character is close related with
Cu vacancies in the CuSCN. By introducing Cu vacancies, acceptor impurity level
generated close to VBM (valence band maximum) will lower the band gap of CuSCN,
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and thus increase the solar energy conversion efficiency in the materials. In order
to optimize the dip-coating layers of BiOBrxI1-x, various layers of BiOBrxI1-x were
coated onto CuSCN films. As shown in Figure 6-7, the top view of BiOBrxI1-x-coated
CuSCN was listed in the sequence of number of BiOBrxI1-x coating layers. The pure
CuSCN film was presented in the Figure 6-7 (a). The following pictures (b), (c) and
(d) display the morphology of CuSCN films with 5 layers of BiOBr, 10 layers of BiOBr
and 15 layers of BiOBr respectively. Increasing the coating layers of BiOBr, the
nanorods on the surface of CuSCN films were gradually covered by flake-structured
coating layers, which can be observed in Figure 6-7. With increasing number of
layers of BiOBr on CuSCN, the hierarchical surface was gradually covered by the
random deposited particles. On the other hand, the colour appearance of BiOBrxI1/CuSCN was also changed by varying I ratios in fixed coatings layers of BiOBrxI1-x.

x

A clear colour transition of films as shown in Figure 6-6 reflects I dopants influence
on light absorbance of BiOBrxI1-x/CuSCN under the visible light range.
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Figure 6-5 SEM images of electrochemical deposited CuSCN on ITO: (a), (b)
CuSCN films prepared in Cu/SCN=2:1; (c), (d) CuSCN films prepared in
Cu/SCN=1:1; (e), (f) CuSCN films prepared in Cu/SCN=1:2.

Figure 6-6 Colour change of coated CuSCN films with varied Br/I ratios
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Figure 6-7 SEM images of multi-layer BiOBr coated CuSCN films: (a) Image of
CuSCN film for reference; (b) CuSCN coupled with 5 layers of BiOBr; (c)
CuSCN coupled with 10 layers of BiOBr; (d) CuSCN coupled with 15
layers of BiOBr.
6.3.2

Optical and electrical properties of CuSCN films

The optical properties of the photocatalyst are crucial factor to determine the light
absorption during the photocatalytic process. In this work, the light absorption of
BiOBrxI1-x coated CuSCN films was studies by UV-Vis/DRS shown in Figure 6-8. The
reflectance of the BiOBrxI1-x/CuSCN films was converted from absorbance and
transmittance spectra. Pristine CuSCN shows an ultraviolet absorption, while the
BiOBrxI1-x dip-coated samples exhibited strong visible light absorbance. Comparing
with BiOBrxI1-x coated films, the light absorbance edge of CuSCN tailed at 350nm,
while BiOBrxI1-x/CuSCN heterojunctions had extended their absorbance up to 600nm.
It is also worth noting that the light absorption of BiOBrxI1-x/CuSCN expanded with
increasing I ratios in BiOBrxI1-x coating layers, which is good agreement with the
results shown in Figure 6-6.
Tauc plots presented in Figure 6-8 (b) shows the band gap of various BiOBr1-aIa
loaded CuSCN films. The corresponding band gap Eg of CuSCN is locates at 3.6 eV
and Eg of the BiOBrxI1-x/CuSCN films are approximately in the region of 2.82-1.86 eV
dependent on the composition of BiOBr1-xIx and loading layers, smaller than that of
CuSCN. The band gap of CuSCN shows a good agreement with the previous
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research results. Because BiOBr process a much lower optical band gap of 2.6-2.8
eV, the band gap and light absorption of the heterojunction BiOBrxI1-x/CuSCN was
eventually narrowed down. According to the calculated band gaps of BiOBr xI1/CuSCN presented in Table 6-1, BiOI/CuSCN possessed the smallest band gap as

x

1.86eV,

which

followed

by

BiOBr0.25I0.75/CuSCN(),

BiOBr0.5I0.5/CuSCN,

BiOBr0.75I0.25/CuSCN and BiOBr/CuSCN. Apparently, the band gaps of BiOBrxI1/CuSCN were gradually decreased with increasing I ratio in BiOBr xI1-x coating layers.
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Figure 6-8 UV-Vis/DRS of BiOBrxI1-x/CuSCN films with vaious Br/I ratios
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6.3.3

PEC and electrochemical properties of CuSCN thin films

In order to have a good understanding of the band structure of the CuSCN and
BiOBrxI1-x/CuSCN heterojunctions, the EIS (electrochemical impedance spectroscopy)
scan was implemented in the experiments. The Mott-Schottky plots of the materials
were obtained from the impedance potential scanning at the frequency of 3000Hz.
The BiOBrx/I1-x-coated CuSCN films of different Br/I ratios and layers were both
presented in Figure 6-10 (a) and (b) separately. In Figure 6-10 (a), the capacity
measurements result from different ratios of Br/I are plotted and compared. In
addition, all the sample listed in Figure 6-10 (a) are deposited with 15 layers of
BiOBrx/I1-x. According to the equation：
1
𝐶2

= 𝐴2 𝜀

2
0 𝜀𝑟 𝑒𝑁𝐷

(𝑉 − 𝑉𝑓𝑏 −

𝑘𝐵 𝑇
𝑒

(1)

)

(2)

𝐸𝑏𝑎𝑛𝑑 𝑒𝑑𝑔𝑒 = 𝜇 ± 𝑞𝑉𝑓𝑏

the flat band potentials of these materials can be determined by extrapolation of
Mott-Schottky plots, as shown in Figure 6-10 (a) from the depletion layer region of
voltage to the intercept. Here μ is derived from solid state physics measurements
of the energy difference between bulk conduction band edge and Fermi energy. As
μ is generally only order of 0.2 eV from the conduction band or valence band, the
measurement of V fb provides a good estimate of the band edge location. The
negative slope of the Mott-Schottky plots in Figure 6-10 has confirmed that all the
BiOBrxI1-x/CuSCN films exhibit p-type semiconductor behaviour in the electrolyte. In
a typical p-type semiconductor, the flat band usually locates close to the valence
band maximum. Therefore, the flat band potentials as well as the valence band
edges can be calculated and listed in Table 6-1.
Table 6-1 Calculated flat band and VBM of 1-layer coating BiOBrxI1-x/CuSCN films
Sample

Vfb vs. NHE (eV)

VBM vs. NHE (eV)

Band gap (eV)

BiOBr/CuSCN

0.90

1.20

2.82

BiOBr0.75I0.25/CuSCN

0.84

1.14

2.50

BiOBr0.5I0.5/CuSCN

0.82

1.12

2.11

BiOBr0.25I0.75/CuSCN

0.85

1.15

2.07

BiOI/CuSCN

0.86

1.16

1.86

CuSCN

0.83

1.13

3.62

According to Table 6-1, varying the ratio between Br and I in the coating layers, the
flat band potentials of BiOBrxI1-x/CuSCN is slight increased. As a result, the overall
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valence band of the BiOBrxI1-x/CuSCN heterojunction shows a lower potential
comparing with the valence band in pure CuSCN. The shifts of the valence band
can be ascribed to the band alignment in heterojunction. When two types of
semiconductors were in contact at the interface, not only the structures of the
materials are bonded together, but also the energy bands. When BiOBrxI1-x was
coated onto CuSCN, a typical p-n junction was formed on the interface of two
materials. As shown in Figure 6-9, BiOBrxI1-x/CuSCN heterojunction is an effective
architecture for the highly efficient charge collection and separation. Due to the
built-in electric filed, the photo-induced electrons and holes were forced to travel
in opposite directions. Thus, more charge carriers can be transferred to surface for
further photocatalytic reactions. Comparing flat band potentials of the BiOBrxI1/CuSCN heterojunctions in Table 6-1, BiOBr0.5I0.5/CuSCN possessed highest flat

x

band potential among all BiOBrxI1-x/CuSCN films, which indicating superior
oxidation performance in the degradations of chemicals. In addition, by increasing
coating layers of BiOBr0.5I0.5, the flat band potentials of BiOBr0.5I0.5/CuSCN were
gradually reduced as shown in Figure 6-10 (b), because the depletion layer on the
electrode interface is decreased as more active electrons was introduced from
BiOBr0.5I0.5 donor layers.

Figure 6-9 Band structure diagram of BiOBrxI1-x/CuSCN heterojunctions
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Figure 6-10 Mott-Schottky plot of BiOBrxI1-x/CuSCN films: (a) Mott-Schottky plots of
BiOBrxI1-x/CuSCN films with various Br/I ratios; (b) Mott-Schottky plots of
BiOBr0.5I0.5/CuSCN films with various BiOBr0.5I0.5 coating layers
The impedance scan was also employed to investigate the charge transport process
of photocatalytic materials. The scanning frequency was set from 0.1Hz-100kHz
which is capable to describe the wide-range internal resistance of electrochemical
process. The impedance at low frequency (0.1-1Hz) corresponds to the Nernst
diffusion in the electrolyte [7, 164]. The impedance at high frequency (1-100K) is
related with the capacitance and charge transfer resistance at the electrolyte
interface. Figure 6-11(a) shows the impedance spectra of pure CuSCN and varied
ratio of BiOBrxI1-x/CuSCN films. In the experiments, the BiOBrxI1-x coating layers
degraded with time, resulting in more complex behaviour. The impedance spectra
of the BiOBrxI1-x/CuSCN were fitted with equivalent circuits presented in Figure 6-12.
As shown in Figure 6-12, the CPE1 stands for capacitance of double layer between
the CuSCN and electrolyte. CPE2 stands for the capacitance between the coating
layer of BiOBr and electrolyte. R1 represent the serious connected resistance of
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electrode, and R3 represent the kinetically controlled charge-transfer resistance of
interface between the electrode and electrolyte. The W (Warburg impedance) in the
circuit stands for resistance of diffuse layer in the electrolyte [15, 30,
193].According to the equivalent circuit, the value of each component of the circuit
was obtained by fitting the impedance spectra. The fitted results are shown in the
Table 6-2. According to the simulation results listed in Table 6-2, the series
connected resistance R1remain almost same which indicates that electrodes was
setup in a similar condition. Also, it is worth noting that the capacitance of BiOBrxI1/CuSCN double layer is stabilized at 10μF, showing a limited capacitance behaviour.

x

In the aspect of charge transfer resistance R3, the BiOBrxI1-x/CuSCN with 1:1 Br/I
ratio shows the lowest charge-transfer resistance among all the samples, indicating
active faradic process occurring on the surface of BiOBr0.5I0.5/CuSCN during the
photocatalytic reactions. At the same time, the Nyquist plots shown in Figure 6-11
Nyquist plots of the BiOBrxI1-x/CuSCN films: (a) impedance spectra of BiOBrxI1/CuSCN with different Br/I ratios; (b) impedance spectra of BiOBr0.5I0.5/CuSCN with

x

various BiOBr0.5I0.5 coating layers(b), the heterojunction film of 15 layers coating
shows smallest radius which correspond to the lowest charge-transfer resistance
comparing with the rest of samples.
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Figure 6-11 Nyquist plots of the BiOBrxI1-x/CuSCN films: (a) impedance spectra of
BiOBrxI1-x/CuSCN with different Br/I ratios; (b) impedance spectra of
BiOBr0.5I0.5/CuSCN with various BiOBr0.5I0.5 coating layers
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Figure 6-12 Randles circuits used to fit the impedance spectra

Table 6-2 Parameters obtained by fitting the impedance spectra
Samples

R1(Ω)

R2(Ω)

R3(Ω)

CPE1(μF)

CPE2(μF)

Pure CuSCN

24.1

27.0

Br: I=1: 0

32.0

6.97k

2.55k

19.5

11.3

107

Br: I=3: 1

30.7

6.77k

2.18k

6.11

7.0

264

Br: I=1: 1

28.8

7.86k

684

10.8

9.5

334

Br: I=1: 3

30.9

11.4K

39.9K

10.4

8.9

1000

Br: I=0: 1
Br: I=1: 1
(5 cycles)
Br: I=1: 1
(10 cycles)
Br: I=1: 1
(15 cycles)

36.2

35.2k

1.10T

10.3

8.7

1000

46.6

774

8.15k

18.0

13.1

30.0

35.2

6.52k

1.37k

41.3

28.8

80.0

36.1

4.36k

1.10T

7.14

20.1

90.1

7.182

W(μMho)
73

The photocatalytic performances of the BiOBr xI1-x/CuSCN films were measured by
chronoamperometry test under the visible light. All the measurement was carried
out under the open circuit potential (OCP) and 20 seconds quite time was given to
each test to establish the equilibrium in the electrolyte. As shown in Figure 6-13,
when lights on, a negative current was generated in all the samples, which
indicating all the samples display a p-type semiconductor behaviour. Comparing
the light response from different samples, the BiOBr0.5I0.5/CuSCN exhibits the
highest light response among all the samples represented in Figure 6-13. On the
other hand, the BiOBrxI1-x/CuSCN with various coating layers was also measured in
Figure 6-13. The BiOBr0.5I0.5/CuSCN with 15 coating layers exhibits most active light
response, which can be ascribed to the enhancement of light absorbance and
charge transfer efficiency in the heterojunctions.
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Figure 6-13 Chronoamperometry plots of the BiOBrxI1-x/CuSCN: (a) photocurrent
response of BiOBrxI1-x/CuSCN films in various Br/I ratios; (b)
photocurrent response of CuSCN films coated with various layers of
BiOBr0.5I0.5

6.4

Conclusion

In order to investigate influence of the heterojunction on the photocatalytic
performance of CuSCN, BiOBrxI1-x were coupled with CuSCN via dip-coating process.
Various ratios of Br/I and layers of coating were compared in the experiment.
Coupling CuSCN with BiOBrxI1-x not only increased the light absorption of CuSCN
films, but also supressed the charge recombination by built-in electric field of
BiOBrxI1-x/CuSCN heterojunctions. As a result, the photocurrent response of the
heterojunction was increased compared with pure CuSCN films. Moreover, by
controlling the Br/I ratios in the coating layer, the strongest photocurrent was
observed at Br:I=1:1. At the same time, the electron-transfer resistance of the
interface was increased after coating, which implies that the photo-excited
electrons would be reduced as more energy are required to overcome the
resistance on the surface of the films. The impedance spectra and UV-vis spectra
evidenced the result from light response current in the chronoamperometry test.
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Sulphur Doped Hierarchical ZnO and
Application in the Antibiotic
7.1

Introduction

ZnO is recognised as a promising solution to address current environment and
energy issues. It is an intrinsic n-type semiconductor with favourable thermal
stability and photovoltaic properties [102]. Additionally, the preparation cost of
ZnO is up to 75% lower than that of TiO 2 and Al2O3 [194]. Therefore, ZnO has
received increasing attention on its applications for photocatalysis and energy
conversions [137]. However, due to a wide band gap of ZnO (3.37 eV), only
ultraviolet light can be utilised during the photocatalytic process. Over the past
decades, a variety of attempts has been made to tuning the band gap of ZnO so
that more solar energy can be employed in the reactions [32, 55, 173]. Generally,
doping with non-metal or transition metal, coupling with other small-bandgap
semiconductors or metals, and creating structural vacancies have been proved as
good approaches towards energy bands engineering [17, 106]. The band gap
modification of ZnO by impurity incorporation is currently an important
methodology in the scientific research and industry production. Doping selective
elements into the ZnO offers an effective tool not only for energy band engineering,
but also dramatic changes in its optical and electrical properties [195].
Inspired by the success in the enhanced visible-light response of non-metal-doped
TiO2 [196], non-metal-doped ZnO photo-catalysts have been recently attempted
because the non-metal (S, N or C) dopants can extend visible light absorption
significantly and well suppress photo generated charge recombination at suitable
doping level [87, 106, 197, 198].
Nitrogen and sulphur doped ZnO are emerging visible light response photocatalysts with extraordinary performance in the water-splitting, environment
cleaning, photo-electrochemical cells [199]. Although N-doped ZnO and S-doped
ZnO have been already prepared in the previous studies, the preparation process
was complicated and expensive involving several precursors and procedures [106,
112, 114, 139]. Here we are going to present a facile pyrolysis approach to prepare
sulphur doped ZnO.
Here, simple one-step combustion synthesis of S-doped ZnO is presented in this
chapter. A hierarchically assembled S-doped ZnO was obtained. The structure of
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the ZnO was investigated using SEM and XRD.

In addition, the photocatalytic

performance and antibiotic properties of the ZnO was also examined in the
following discussion.

7.2
7.2.1

Experimental section
Materials synthesis

All the chemicals were reagent-grade and were purchased from Sigma-Aldrich
Company without any further purification. Deionised water was used in all the
experiments. In order to explore the suitable doping level of sulphur and the
correlation between the dopant level and photo-catalytic performance, the
experiment was set in 5 groups. In the experiment, 4.065 g Zn(CH3COO)2 was
dissolved in the mixture of the 15 ml deionised water, 5ml ethanol and 1 ml acetic
acid glacial (HAc) and under rigorous stirring to obtain a clear solution. Then
different amount of L-Methionine was added into the beakers. The resulting mixed
solutions were then transferred to the oven for drying under 125℃ and heated
overnight to vapour solvents. The gel was grounded to powder before calcination
in the muffle oven at 450℃ for 3hours at the speed of 2℃/min. In comparison, a
pristine ZnO was prepared in the same procedure without adding any Methionine.
The detailed recipe is placed below:
Table 7-1 Recipe of S-doped ZnO preparations

Zn(Ac)2·2H2O (mol)

L-Methionine (mol)

S1

0.02

0

S2

0.02

0.01

S3

0.02

0.02

S4

0.02

0.03

S5

0.02

0.04

7.2.2

Ethanol+H2O+HAc
15ml H2O+5ml Ethanol+1ml
Acetic acid

Characterisation

X-Ray diffraction (XRD) patterns were obtained on a Rigaku Smartlab using Cu-Ka1
radiation at a scan rate of 0.05° 2θ-1s and were used to determine the phase
structures of the samples. Scanning electron microscopy (SEM) analysis was
conducted using a JEM-2100F microscope (JEOL, Japan) at a 20kV accelerating
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voltage. The UV-vis diffuse reflectance spectra were obtained on Perkin Elmer
Lambda 950 UV/Vis/NIR spectrophotometer equipped with a 150 mm snap-in
integrating sphere for capturing diffuse and specular reflectance. BaSO4 was used
as a reflectance standard in the UV-visible diffuse reflectance experiment. X-Ray
photoelectron spectroscopy (XPS) measurements were performed on the ESCALAB210 spectrometer (Thermo VG Scientific, UK) with an Mg-Ka source. All the binding
energies were referenced to the C1s peak at 284.6 eV of the surface adventitious
carbon.
The photocatalytic activity of the prepared samples in terms of the photocatalytic
decolourization of methylene blue (MB) aqueous solution was performed at
ambient temperature under visible-light irradiation using a 500W Xe lamp (15 cm
above the dishes) as a light source. In the photo catalysis experiments, 0.1 g of the
prepared photo catalyst powder was dispersed in a 100 mL MB aqueous solution
with a concentration of 10 ppm in a beaker. The mixed solution was remained in
dark for an hour to establish an MB solution adsorption–desorption equilibrium on
the photo catalyst before light irradiation.

7.3
7.3.1

Results and Discussion
Structure and Morphology of S-doped ZnO

All the x-ray diffraction data were collected form the Rigaku Smart Lab using CuKα1 radiation at a scan rate of 0.05°2θ-1s and were used to determine the phase of
the structures of the samples. In the Figure 7-1, it shows clear XRD patterns of the
prepared 5 samples calcined at 450℃. All the Bragg diffraction peaks of the ZnO
and S-doped ZnO can be identified and indexed according to the hexagonal
wurtzite ZnO (P63mc, JCPSD: 890511), though the S-doped ZnO shows an obvious
weaker diffraction intensity compared with ZnO, which unveils the fact that sulphur
doped ZnO possesses lower crystallinity or smaller crystallite size. The shift of the
strongest peak in the diffraction shows that the sulphur doping contributes to the
change in the parameter of the ZnO cell. As the data listed in Table 7-2, crystal size,
lattice parameter and unite cell volume of the S doped ZnO are indeed greater than
the ZnO. The difference of the lattice parameter can be attributed to the presence
of the sulphur atoms in the structure. Given the fact that radius of the sulphur is
greater than the oxygen, the replacement of the sulphur will intrigue expansion of
the crystal cell. As for the last group, there is a dramatic fall in the parameter which
is probably the result of the transformation of the crystal phase.
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Figure 7-1 X-ray diffraction pattern of S-ZnO

Figure 7-2 Details of the highest peak in the diffraction patterns
In the Table 7-2 the lattice parameter evidences the result of the XRD. When the S
doping level reach over 1:1 with Zn, the crystal structure and the lattice changed
dramatically, which can be attributed to the overwhelmingly introduced the S into
the materials. Although the S ratios were quite high in the experiment, yet some
part of the methionine was burn out as fuel in the pyrolysis process. Also, ZnO is
more stable than ZnS in the same atmosphere because ZnO possessed a much
lower Gibbs energy as -348kJ/mol compared with -204.6kJ/mol of ZnS. As a result,
S doping wouldn’t reach a high level in the combustion, although the ratio of
methionine was relatively high in the preparations.
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Table 7-2 Lattice parameter of samples

Sample

Crystallite size
(nm)

Lattice parameters(Å )
a=b

c

Unit cell
volume (Å 3)

S1

39.2886

3.2488

5.2054

47.58

S2

39.8767

3.2484

5.2158

47.66

S3

45.5059

3.2470

5.2037

47.51

S4

40.8787

3.2559

5.22

47.92

S5

26.8993

3.2471

5.2104

47.58

SEM (Scanning electron microscope)
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Figure 7-3 SEM pictures unveil different morphology and topology of the S-doped
ZnO. An obivious transition from hierarchical nano-roads to flake
cluster with amount of sulphur
The SEM images of the prepared the S-doped ZnO illustrate a gradual transition in
the morphology of the materials from the hierarchical assembled nanorods to the
nanoflake. With increasing the amount of the methionine, a clear trend of the
transformation of the particle size was exhibited in the detailed SEM pictures. The
higher level the sulphur was doped into the ZnO, the greater particle size materials
would be produced, which also manifests the result in the XRD. In the images of
S1, the pure ZnO exhibits flower-like assembled nanorods. Sizes of these nanorods
range from 2μm to 4μm. However, when methionine introduced into the synthesis,
the morphology of the materials changed instantly into nanoflakes. From sample
S2 to S5, the constituent and structure of the materials gradually transformed into
random mix of flakes and irregular shapes. In the detailed pictures of SEM,
increasingly amount of amorphous lump took shape around the nanoflakes when
S doping level increased. This phenomenon may ascribe to the aggregation of
methionine. The excessive amount of methionine probably aggregated together
and closely covered the Zn ions in the reaction.
7.3.2

Optical property of S-doped ZnO

The UV-vis reflectance data was collected on the Lambda 750s shown in the
pictures below. In order to calculate the band gap of the catalysts, the absorption
was approximate through the Kubelka-Munk Equation:
𝐹 (𝑅) =

(1 − 𝑅)2
2𝑅
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Where R is the reflectance directly collected from the spectrometer. For
semiconductor samples, the optical band gap can be given by the Tauc plot
(𝐹(𝑅) × ℎ𝜈)𝑛 vs. hv. As for a direct band gap semiconductor like ZnO, the plot n=1/2
will show a linear Tauc region just above the optical absorption edge. Extrapolation
of the line to the photon energy axis yields the semiconductor band gap of the
sulphur doped ZnO. The difference of the light absorption characteristics was
comparatively presented in the Figure 7-4. Compared with the pure ZnO, the band
gap of the S doped ZnO (except for the last one) is gradually decreased with the
amount of sulphur increased. However, when sulphur ratio to ZnO is over 1:1, the
band gap of the photo-catalyst increase.

Figure 7-4 Uv-vis absorbance spectra and correspond reflectance vs. wavelength
plot

Figure 7-5 Tauc plot of different samples according to the UV-vis spectra
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7.3.3

The Influence of Zn-dopant on Energy Band Structure

The XPS measurement was conducted to analyse the surface species and valence
band of ZnO and S doped ZnO. The core-level XPS clearly evidences that Sulfur has
been doped into ZnO in both sulfur cations (S-O and S=O) and anion (Zn-S bond)
modes. The mode and amount of S species are directly proportionate to the
Zn/methionine ratio. Valance band (VB) XPS shows S-doping may upshift VB
maximum (VBM) and expands VB band width regardless of the mode of sulfur
species. According to the intrinsic XPS peaks of sulphur, the S 2p 1/2 should appear
in higher binding energy compared with S 2p 3/2. As shown in the Figure 7-7, two
sulphur peaks in the plot represent S 2p 1/2 and S 2p 3/2. Obviously, all the S
peaks consist of two satellite peaks which could contribute to the S-O, S-S and SZn. By increasing the amount of methionine, in the Figure 7-8, there is a clear redshift in the peak of S 2p 1/2, which is resulting from the reduced Sulphur spices as
increasing the amount of methionine acted as reductant in the pyrolysis.
Figure 7-7 shows the O1s XPS of pure and S-doped ZnO calcines at 450 °C. For pure
ZnO, a large O 1s locates at 529.8eV is due to Zn-O bonds in wurtzite ZnO crystal,
and a shoulder peak (531.3eV) of 25% height to the major peak may be due to
surface chemical adsorbed oxygen species, such as OH- group and carbonates. The
O1s XPS of S-doped ZnO encompass a peak of Zn-O is gradually left-shifted and
diminished in the intensity. O1s XPS of S-doped ZnO were fitted into three peaks
centering at 529.8 eV, 531.5 eV and 532.2 eV. The peak at 529.8 eV can be ascribe
to Zn-O bond, while the peaks located at 531.5 eV is assigned to the oxygen species
(OH group) and carbonate 532.2 eV can be reasonably attributed to the sulfate in
S-doped ZnO. It is difficult to determine the concentration of ZnSO4 or ZnO species
from the O1s XPS because the peaks are heavily overlapped. However, a significant
increase of the S-Zn bond in the S-doped ZnO can be identified as increasing
amounts of methionine.
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Figure 7-6 XPS survey of different samples, Sample 1-5 with increasing amount of
S in the materials
Valence band (VB) XPS is a powerful tool to investigate the influence of impurity on
the band structure of semiconductors. Figure 7-6 comparatively shows VB XPS
spectra acquired on ZnO and S-doped ZnO. It clearly shows the C-doping not only
red-shifts valance band maximum (VBM) energy but also expands the VB band
width. The VBM of ZnO is approximately 2.24 eV relative to vacuum level, however
it rose to 1.43 eV when sulphur was introduced in the material, indicating the rising
of valence band in the S-doped ZnO. In addition, the ZnO VB with width about 6.0
eV is more localized with clear discrete energy levels than the VB of S-doped ZnO.
The VB of S-doped ZnO is greater than 7.0 eV and overlapped with deeper energy
level, revealing its VB electrons are delocalized and more dispersive.
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Figure 7-7 XPS peaks of the sulphur 2p, S1-5 with increasing amount of S in the
materials

Figure 7-8 XPS patterns of sulphur 2p 3/2, Sample1-5 with increasing amount of S
in the materials
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Figure 7-9 XPS patterns of the oxygen in the samples, Sample1-5 with increasing
amount of S in the materials
7.3.4

Photo-catalytic activity test

Figure 7-10 show the time-dependent absorption spectrum of degradation of
methylene blue (MB) on the S-ZnO under the visible light and full arc of the
illumination. The photo-degradation should be induced by the photocatalytic
reaction because the MB degradation is negligible without photo-catalysts and no
degradation was observed in the dark. The spectrums reveal that although the S
doped ZnO did promote the light absorption, ZnO exhibits a notable higher
activeness in the photo-catalytic degradation in the MB than S-ZnO in both visible
light and full spectrum. Owing to the wide band gap, ZnO cannot be excited by the
visible light so that the degradation performance of the MB on the ZnO can be
attributed to the dye-sensitized photo-catalysis. Under visible light, illumination of
MB is excited by the light shorter than its characteristic absorption wavelength
662nm and then injects photo-excited electrons into the ZnO CB [200]. The
electrons injected onto ZnO CB react with dissolved oxygen and give rise to active
oxygen species which can decompose the excited MB. In contrast, S-doped ZnO
may be excited by visible light due to its narrowed band gap to valence electrons
onto CB and leave holes on VB. Furthermore, S-doped ZnO should have shown
stronger dye-sensitising effect than ZnO since sensitising opportunity should be
increased due to higher MB adsorption amount. It seems that the heavy S-doped
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ZnO should be more active, whereas the experimental results demonstrate that it
is less active than ZnO, suggesting heavy S-doping would deteriorate the dyesensitised photo-degradation. It is reasonable to conclude that bandgap excitation
of the S-doped ZnO contributes a little to the overall MB photo-degradation in
comparison to the dye-sensitisation under visible-light illumination. The fact is that
heavy S-doping and derived O vacancy would correspondingly serve as
recombination centres in the photoreaction which may reduce dye-sensitising
effects by trapping the electrons from excited dyes, and thus deteriorate photodegradation on C-doped ZnO relative to ZnO.

Figure 7-10 Photocatalytic activity of methylene blue degradation on ZnO and Sdoped ZnO under full arc irradiation

Figure 7-11 ZnO and S-doped ZnO photocatalytic activity for methylene blue
degradation in visible light.
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7.3.5

Antibacterial Test

Since sulphur is commonly used in the sterilization and disinfection in the medical
care and the daily life. At the same time, during the photo-catalysis process the
oxide radicals emerge in the particles, which may also enable the antibacterial
process. Furthermore, considering its performance in the MB degradation test, Sdoped ZnO were also expected to present a good performance in the antibacterial
test. The experiment was divided into 5 groups with different doping levels S-doped
ZnO. In order to identify its light-responded antibacterial activity, a controlled
experiment was introduced into each group where photo-catalyst with bacteria, in
the same concentration, was placed in the dark. For the test, plastic loops of
bacteria were dispersed evenly in a small amount of 1/500 nutrient broth and the
bacterial cell content of the suspension for inoculation was adjusted to about 108
cells/ml. The result unveiled that S-doped ZnO showed a remarkable performance
in the antibacterial test.

Figure 7-12 Antibacterial result of ZnO and S-doped ZnO under visible light.
In Figure 7-12, ZnO and S-doped ZnO samples all exhibited antibacterial property,
while S-doped samples outperformed ZnO in dark and under light irradiation. All
samples showed better antibacterial activity under light than in dark, indicating
photo-catalysis contribute to their antibacterial performance. The photocatalytic
contribution is much more significant for ZnO sample than S-doped samples. In the
dark, S-doped ZnO exhibits comparable bactericidal activity to the pure ZnO under
light, suggesting S-doped sample possesses intrinsic antibacterial property.
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Compared with all the S-doped ZnO performance in the antibacterial test,
increasing S-doping level just slightly enhances their antibacterial performance;
however, it significantly reduced the photo-degradation performance in the MB
solution. ZnO showed notably higher activity in photo-reduction of MB than S-doped
ZnO, further confirming limited contribution of photo-catalysis for S-doped ZnO to
antibacterial. From Figure 7-12, the exciting results suggest that S-doped ZnO is of
great potential the sterilization and medical care.

7.4

Conclusion

We established a rapid pyrolysis method for facile synthesis of S-doped ZnO with
controlled S-doping level and desired hierarchical morphology. Zn/methionine
ratios govern the S-doping level, morphology, crystallinity and light adsorption of
the S-doped ZnO.
S-doped ZnO with large surface area were successfully synthesised via pyrolysis
process using methionine as direct agent. The S-doping leads to enhanced UV and
visible light absorption yet does not affect the electron transition feature of ZnO.
VBM XPS evidence the S-doping expands valence band width of ZnO and lifts its
VBM energy as well as narrowed down the band gap. Although the S-doped ZnO
showed enhanced light absorption in the UV test, its visible light activity test in MB
photo-degradation is not as good as the pure ZnO because the S-doping led to
significant charge recombination. In the antibacterial test, both kinds of the
materials showed a good potential in the sterilization. However, photocatalysis
contributes significantly for antibacterial property on ZnO, while S-doped ZnO
possess intrinsic bactericidal capability less dependent of photo-catalysis.
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Conclusion & Future work
8.1

Conclusion

ZnO as a simple efficient second semiconductor in the heterojunctions was first
prepared and examined. In this project, S-doped hierarchical ZnO was prepared via
a simple combustion synthesis. Unlike metal doped BiOBr, S doped ZnO present a
superior photocatalytic degradation. It is worth noting that S-doped ZnO also
exhibited improved antibacterial performance with comparison of pure ZnO.
However, due to the limitation of the equipment, PEC and water splitting
performance was not measured. Although the heterojunction of ZnO/BiOBr were
successfully prepared via hydrothermal synthesis, the photocatalytic performance
of the hybrid materials is not as our expectation. The reduction in the
photocatalytic performance of ZnO/BiOBr can be ascribed to the overwhelming
amount of BiOBr cover up the ZnO seeds.
BiOBr is a promising photocatalyst for versatile application including solar energy
conversion and environment remediation because of its unique layered structure
and outstanding physic-chemical properties. However, the inherent drawbacks
such as small specific surface area, low efficiency of solar energy harvesting and
pH sensitivity have limited the photocatalytic performance of pristine BiOBr. To
address these challenges, plenty of effort has been made in this project to improve
the photocatalytic performance of BiOBr, including band structure engineering,
morphology design and synthesis of heterojunction.
By introducing transitional metal Zn into the lattice of BiOBr, the influence of Zn
doping on both energy band position and light absorbance were investigate by DFT
calculations and XPS analysis. Meanwhile, the mechanism of the uphill and downhill
energy

conversion

was

also

closely

evaluated

by

the

means

of

the

photodegardation and PEC results. The results confirmed that the holes are the rate
limiting species during the photodegardation process. And the detrimental of the
degradation process can be ascribed to the broadened band gap due the Zn-dopant.
However, the uphill energy conversion of ZnBiOBr is superior to that of pristine
BiOBr due to the uprising of the CBM as well as the reduction of the charge
recombination. Similar results were also confirmed in the hierarchically structured
BiOBr.
In the hierarchically structured BiOBr and Zn-doped BiOBr, the photocatalytic
performance was further promoted in both hydrogen evolution and chemical
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degradation. Energy extraction of BiOBr form the waste was also testified by
chronoamperometry with several simple organic compounds introduced into the
electrolyte respectively.
Moreover, the p-n junction of BiOBrxI1-x/CuSCN was also investigated in the reaserch.
Due to the inner built electric field within the depletion zone of p-n junction, the
photo-induced electron-hole pairs were separate and transported to the surface
and bulk of the material superlatively. Hence, stronger photo response currents
were observed indicating a stronger photocatalytic activity. However, CuSCN is not
stable at the temperature more than 150 ℃. The decomposition of CuSCN would
break the junction with BiOBr. In this case, the charge transfer from the top layer
of BiOBr would be blocked.
Generally, the photocatalytic performance of BiOBr is not only depends on the
morphology and light absorbance, but also lie with energy band position. The
energy band positions of the materials determine the oxidation and reduction state
during the reaction. Although the heterojunction with second semiconductor can
improve the photocatalytic performance, yet imbalanced ratio between the
materials would also result in the detrimental impact on the photoreactions.
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8.2

Future work

Although the relation between energy band and photocatalytic performance of
BiOBr-based materials were explored in this work, yet some of the problems need
further discussion.
1. Abnormal charge transfer between electrodes and electrolyte. During the
photo-electrochemistry test, the photocurrent from the BiOBr films
sometime exhibited cathodic behaviour instead of anodic. And this
phenomenon disappears after a long-time irradiation.
2. According to a series experiment, the influence from heterojunction in the
photocatalytic reaction require more detailed discussion, because some
heterojunction showed a decreased photocatalytic activity, which is quite
different from previous reports.
3. The device fabrication. More efforts should be made to prepare a complete
photocatalytic device, such as photocatalytic cells. And chemical property of
electrolyte and solvent in the cells need more investigation as well.
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