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Abstract

To solve many environment and energy related issues, photosynthesis has been widely
investigated for the past several decades as it promises to be a potential reliable method
to convert the nearly unlimited solar energy to chemical energy. In particular,
photocatalytic water splitting has drawn great interest, which can decompose water
molecules to hydrogen and oxygen in the presence of semiconductor photocatalysts under
light irradiation. Among many semiconductors investigated for photocatalysis, layered
semiconductors form a unique group of photocatalysts due to their special properties such
as improved charge separation and easily tuned composition. Moreover, some layered
semiconductors can be exfoliated to ultrathin nanosheets (NSs), which not only exhibit
distinct properties compared to the bulk materials, but also can be used to fabricate novel
nanostructures. This dissertation is devoted to develop nanocomposites based on layered
semiconductors for efficient photocatalytic water splitting. A series of heterogeneous
photocatalysts were constructed from layered semiconductors such as graphitic carbon
nitride (g-CsN4) and exfoliated semiconductors including titanium oxide (Tig.9102) NSs and
g-C3N4 NSs.

By coupling Tip9:0, NSs and octahedral gold nanoparticles (NPs), a nanohybrid was
formed, in which Au NPs were embedded into the matrix of titanium oxide. The surface
plasmon resonance (SPR) effect of Au NPs introduced a broad absorption peak in the
visible region to the nanohybrid. The nanohybrid showed considerably improved
photocatalytic hydrogen production performance compared to naked titanium oxide and
conventional titanium oxide with photo-deposited Au due to the local light intensity

enhancement and photon scattering effect.

A nanocomposite photocatalyst composed of Tip9:02 NSs and CdTe@CdS nanocrystals
(NCs) was successfully synthesized via a facile restacking approach. In the
nanocomposite, the Tip 910, NSs randomly stacked upon each other while the CdTe@CdS
NCs were sandwiched between Tig91O> NSs. The introduction of CdTe@CdS NCs not
only extended the visible light absorption, but also formed p-n nanojunctions in the
nanocomposite. The photocatalytic hydrogen evolution under visible light irradiation was
significantly enhanced compared to pure CdTe@CdS NCs due to the effective charge
separation, which was achieved by the synergetic effect of proper energy band alignment

and p-n nanojunctions.



A new type of polymeric composite photocatalyst was prepared by co-loading g-C3N4 with
poly(3,4-ethylenedioxythiophene) (PEDOT) as hole transport pathway and Pt as electron
trap. As a result of the spatial separation of reduction and oxidation reaction sites on g-
C3Ny4 surface, the photocatalytic water splitting activity of the composite was dramatically
increased compared to those of C3N4-PEDOT and C3Ng-Pt.

Phosphorus-doped g-CsN4 NSs were synthesized by doping bulk g-C3N4 and subsequent
exfoliation in water. The obtained 1 nm-thick P-doped g-C3N4 NSs were highly stable in
water suspension and carried negative surface charge, while pure g-C3N,4 did not undergo
effective exfoliation. The NSs suspension was able to produce hydrogen under visible light
irradiation, in contrast to the visible-light-inactive undoped counterpart. More importantly,
the P-doped g-C3N4 NSs were demonstrated to be used to construct layer-by-layer (LBL)
assembly onto different substrates. The photoelectrode with LBL assembly on FTO glass

substrate showed visible light response.
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1. Introduction

1.1 Background

Energy crisis in the mid-1970s triggered the worldwide research enthusiasm of developing
renewable energy sources to replace conventional fossil fuels.> 2 Moreover, greenhouse
gases like carbon dioxide generated from combustion of fossil fuels bring us up against the

serious environmental issues, such as global warming and climate change.

In recently years, alternative energy sources including solar energy, wind energy,
geothermal energy, tidal energy etc. are recognised to be the “green energy” and “future
energy”. Solar energy is one of the most promising alternative energy sources that can
replace fossil fuels and fulfil the rising global energy consumption demand. The Sun can
provide enough energy for all human’s annual use in just one hour, supplying power of
1.2x10%" watts continuously.® Due to the nearly infinite solar energy, the decade 1996-
2005 witnessed an average annual 31% increase of solar cell market, as shown in Figure
1.1.3
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Figure 1.1 Solar cell market between 1996 and 2005.°

One of the most effective approaches to harvest the solar energy is the photoinduced
production of H, and O, molecules using semiconductor photocatalysts.* Unlike solar cells
which transform solar energy to electrical energy, photocatalysis utilizes sunlight to
generate hydrogen and oxygen directly. When a photocatalyst is irradiated with light, it

captures photons and is excited to generate electrons and holes, which are subsequently
used to decompose water molecules to H, and O,.

Hydrogen fuel is a good replacement of gasoline because hydrogen has the highest
energy capacity per unit mass among different fuels and generates just water after

combustion.® Hydrogen can be produced in various ways®:

1) Water electrolysis: the most important hydrogen production way because of the
high energy conversion efficiency.

2) Thermochemical water splitting and biomass decomposition: solar energy is
collected by tower concentrators and other devices and then concentrated to

produce very high energy; this high energy is subsequently used to split water or
thermochemical biomass decomposition.

3) Photoelectrochemical (PEC) and photocatalytic water splitting: PEC devices utilize

photoelectrode made of photocatalyst to split water with the assistance of external



voltage, while photocatalysis process only involves semiconductor materials and
light irradiation.

4) Biological hydrogen production: still in early laboratory-scale research stage, using
hydrogen-production enzymes.

Among all the hydrogen production methods, photocatalytic water splitting is the most
straightforward and promising one, considering the absence of external potential, safety

factor, environmental friendliness and nearly unlimited solar energy supply.



1.2 Research aim and scope of the project

This project aims to develop a series of heterogeneous photocatalysts based on layer-
structured semiconductors for efficient water splitting. Two semiconductors with layered
structure were chosen to be the starting materials, that is, caesium titanate with perovskite
structure, and graphitic carbon nitride (g-C3N4) with graphite-type structure. There are two

aspects from which the materials are manipulated:
(1) Exfoliation of the layered semiconductors to form 2-D ultrathin nanosheets (NSs)

(2) Constructing composites through combination of the layered materials or the

exfoliated NSs with guest species

Through the manipulation of photocatalysts from these two aspects, photocatalysts can be
delicately controlled and investigated in terms of:

(1) Achieving unique features after exfoliation of layered semiconductors, as the 2-D
NSs generally exhibit not only very different optical and chemical properties
compared to the bulk counterpart, but also altered surface and energy related

natures

(2) Introducing special functionalities by incorporation of guest species with desired
chemical or optical properties, such as excellent visible light absorbance, surface
plasmon resonance (SPR), etc.

Via the abovementioned methods, a group of heterogeneous layered nanomaterials can
be obtained, with potentially interesting structures and properties. Comprehensive
characterisations will be carried out in order to understand the structures and
physicochemical properties of the heterogeneous nanomaterials, and more importantly,
investigate the relationship between their properties and the photocatalytic water splitting

performance.
The key objectives of this project are to:

% Investigate the exfoliation process of both caesium titanate and g-CsN, via wet

chemistry method
% Constructing composites with layered semiconductors or the exfoliated nanosheets

% Study the structures and physicochemical properties of the composites



% Evaluate the photocatalytic water splitting capabilities of the composites

% Understand the relationship between the structure, physicochemical properties and

the water splitting performance



1.3 Thesis structure

The thesis is prepared with a publication-based style, in which a collection of relevant
publications is presented as the main body of the thesis. The overall structure of the thesis

will be presented as follows:
Chapter 1: Introduction- background, research aim and scope

Chapter 2: Literature review of the advances in heterogeneous photocatalysts based on

layered-structure semiconductors

Chapter 3: Research methodology- materials synthesis, characterisations and

photocatalytic water splitting evaluation

Chapter 4: Investigation of a nanohybrid of titania nanosheets and plasmonic gold

nanoparticles for photocatalytic water splitting

Chapter 5: Investigation of a nanocomposite material of titania nanosheets and
CdTe@CdS nanocrystals with p-n nanojunctions, and its capability of water splitting under

visible light irradiation

Chapter 6: Investigation of a polymer composite based on carbon nitride for visible light
hydrogen production and the spatial separation of charge carriers in the composite

material

Chapter 7: Investigation of a new type phosphorus-doped carbon nitride nanosheets, their

self-assembly and performance for photocatalytic and photoelectrochemical water splitting

Chapter 8: Overall conclusions and recommendations for future works
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2. Literature review

The purpose of this chapter was to provide a background context for this thesis. It presents
the mechanism and evaluation methods of photocatalytic water splitting, construction of
heterogeneous photocatalysts, and the advances of layered semiconductors and their
exfoliated form- 2D nanosheets. This chapter forms the foundation for the research and

development of heterogeneous photocatalysts based on layered semiconductors.



2.1 Introduction-photocatalysis

Figure 2.1 depicts the band structure characteristics of conductors, semiconductors and
insulators. The conduction band (CB) and the valence band (VB) are linked together in
conductors so electrons can move freely from the VB to the CB, making it possible to
conduct electricity; insulators generally have a very large energy gap between the VB and
the CB, inhibiting electron transition. Unlike conductors and insulators, semiconductors
have a relatively small band gap, so the VB electrons can be excited and “jump” to the CB

in the presence of external energy source (solar, thermal etc.).

a b c

Figure 2.1 Schematic of band structure of (a) conductor, (b) semiconductor and (c) insulator.

This unique energy band structure of semiconductors can be used for photocatalytic
applications. In a typical photocatalytic reaction, a semiconductor is photoexcited to
generate electrons and holes, and the photoinduced electrons and holes can be captured
by surrounding species and participate in reduction and oxidation reactions, respectively.
Semiconductor-based photocatalysis has been investigated for a few decades. As shown
in Figure 2.2, depending on what charge carriers are consumed, photocatalysis can be
generally categorized into two types: photo-oxidative reactions including oxygen evolution,
pollutant degradation, etc. and photo-reductive reactions such as hydrogen production,
carbon dioxide (CO,) reduction etc. For example, the CB electrons can be used to reduce
protons to hydrogen gases or to reduce CO, and H,O molecules to CO, CH,4, CH3OH, etc.
In the meantime, the VB holes can be used to oxidize H,O molecules to O, gases or to
oxidize organic pollutants into oxidized forms and further into CO, and other small

molecules.
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Figure 2.2 Schematics of photocatalytic processes: a) photo-reductive reactions and b) photo-

oxidative reactions.

Due to many factors such as semiconductor over potential, surface states, energy band
positions, co-catalyst, porosity, pH etc., overall water splitting (simultaneous production of
hydrogen and oxygen) is extremely difficult to achieve. In the presence of sacrificial agents
and co-catalysts, half of the water splitting, that is, either H, evolution or O, evolution, is

relatively easier to accomplish.
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2.2 Water splitting

2.2.1 Principles of photocatalytic water splitting

Water splitting refers to the decomposition of water molecules to hydrogen and oxygen

gases, according to Eq. 2.1.
H20 (1) — Ha (g) +; O2 (9) (Eq. 2.1)

This reaction has a Gibbs free energy change of AG®°=+238 kJ/mol, corresponding to a
typical endothermic or “uphill” reaction,® which means that this reaction in nature is not
spontaneous. The electrical potential corresponding to the Gibbs free energy change
calculated according to Eqg. 2.2 is 1.23 eV. In terms of wavelength of photons, this

corresponds to around 1000 nm (Eq. 2.3).
AG®=-nFE° (Eq. 2.2)
Where n is the number of electrons transferred in the reaction, F is the Faraday constant

1240eV
E (eV) :ﬁ (Eq. 2.3)

Semiconductors have a typical band structure as shown in Figure 2.3, in which the CB and
the VB are separated by a band gap. In order to excite a semiconductor, photons with
higher energy than the band gap are needed to hit the semiconductor, generating
electrons and holes in the conduction and valence band, respectively. The electrons in the
CB can be used to reduce protons to H,, while the holes in the VB can be used to oxidize
water to O,. From the angle of thermodynamics, in order to facilitate water splitting, the
bottom edge of the CB must be more negative than the proton reduction potential H*/H,
(0.0 V vs. normal hydrogen electrode (NHE) at pH=0, -0.47 V at pH=7), and the top edge
of the VB must be more positive than the water oxidation potential O,/H,O (1.23 V vs. NHE
at pH=0, 0.82 V at pH=7).2 Band positions of some semiconductors are illustrated in
Figure 2.4.3

Conduction band

H*/H,
Band gap

0,/H,0

Valence band

Figure 2.3 Band structures of semiconductor materials.
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Figure 2.4 Band positions of some semiconductors.?

As mentioned before, theoretically, a minimum band gap of 1.23 eV is required for overall
water splitting. However, due to over potential, charge separation and other factors, larger
band gap is more favourable for this process as it gives the CB electrons stronger

reduction power and the VB holes stronger oxidation power.

The overall photocatalytic water splitting process is shown in Figure 2.5. When a photon
with high energy excites the semiconductor, an electron in the VB jumps to the CB, leaving
a hole in the initial position in the VB. Then the photoexcited electrons and holes diffuse
from the bulk to the surface of the semiconductor, where they react with adsorbed water
molecules, forming hydrogen and oxygen. However, photoexcited electrons and holes
tend to recombine at the same time, not only in the diffusion process, but also at the

surface.

H, Surface
recombination

Electron
diffusion

@*0
Bulk
recombination

....

Figure 2.5 Schematic of the overall photocatalytic water splitting process.
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By analysing the overall photocatalytic water splitting process, it can be found that a good

photocatalyst should meet the following requirements:

1)

2)

3)

4)

Excellent light absorption. A good photocatalyst should be able to use a broad
range of the solar spectrum. Traditional photocatalysts generally utilize the UV
spectrum, which only accounts for 5% of total sunlight energy.* °> So a lot of work
has been done to increase visible absorption, including metal or non-metal doping,

defects tailoring and so on.

Proper energy band position. Semiconductor with high CB has high thermodynamic
reducibility, and that with low VB has high thermodynamic oxidizability.

Photocatalysts need to possess enough high CB and enough low VB.

Efficient charge carriers transfer. The charge diffusion is the key factor affecting
electron-hole recombination. If the electrons and holes can transfer to the material
surface quickly and reacts with water molecules, then charge recombination will be

greatly suppressed.

Abundant surface active sites. Even when charge carriers diffuse to the surface,
they may also recombine. Therefore, sufficient active sites must be present at the
surface of semiconductors, facilitating the water reduction and oxidization. In order
to achieve this, some strategies have been developed including addition of co-
catalysts, constructing porous structures, surface defect control, facet engineering,

surface-doping, etc.

2.2.2 Important components of a water splitting system

Besides the active semiconductor photocatalyst and water, other components may be

required in order to achieve efficient water splitting.

Co-catalyst

Photocatalyic activity greatly depends on the presence of co-catalyst in many material

systems. Many semiconductors exhibit large over potential, which hinders the redox

reactions at the surface. Co-catalysts generally have much smaller over potential in the

solution, facilitating the water oxidation or reduction and thus providing active sites. So far

some co-catalysts have been verified to be able to strongly promote H; evolution including
Pt,* 7 Au,®° MoS,,* 2 etc. or O, evolution including RuO,,** ** PbO,,"™ etc.

13



Sacrificial agent

Many semiconductors are only suitable for half of water splitting, that is, either hydrogen or
oxygen evolution. Then the holes in the VB (electrons in the CB) need to be consumed by

sacrificial agents like methanol (AgNOs), in order to prevent charge recombination.*® *’

Base buffer

Other than sacrificial agents, base buffers such as La,O3; are sometimes used to maintain
the pH of the solution.”’

2.2.3 Evaluation of efficiency

The photocatalytic efficiency of photocatalysts can be assessed by direct hydrogen or
oxygen gas evolved from water in a certain period of time upon light irradiation. Typically a
photocatalyst is dispersed in water, and the reaction proceeds in a quartz reactor
connected with an air-free closed gas circulation system.” " '8 Then the generated gas is
collected and analyzed by characterization devices such as Gas Chromatography (GC).

The efficiency can be expressed in the unit of ymol - h™ and pmol - h* - g™,

Comparison between different photocatalysts is very difficult as reaction conditions such
as light source, reaction vessels, co-catalyst and sacrificial agents may vary in different
labs. Quantum yield is an important concept in evaluating photocatalytic efficiency. Overall
and apparent quantum vyield are defined as Eq. 2.4 and Eq. 2.5, respectively. Apparent
guantum vyield is thought to be smaller than overall quantum yield because incident

photons usually outhnumber absorbed photons.

Overall quantum yield_ number of reacted electons

X 100% (Eq. 2.4)

number of absorbed photons

Apparent quantum yield=

number of reacted electrons 2 X number of H2 molecules evolved
— X 100% = —
number of incident photons number of incident photons
100% = 4xnumber of 02 molecules evolved % 100% (Eq 2.5)

number of incident photons
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2.3 Heterogeneous photocatalyst

Single-semiconductor photocatalysts often have some intrinsic limitations for water
splitting. For instance, many transition metal oxides such as TiO;, SrTiOs, NbyOs,
K4NbeO17, Ta,0Os, NaTaOs, etc. have a wide band gap, making them only active in UV
region and not able to capture visible light.* In addition, fast charge recombination often
restricts the overall photoconversion efficiency. To address some of the intrinsic
weaknesses of single semiconductor, a heterostructured photocatalyst is often constructed,
in which two or more functional or structural components are combined. Through the
synergistic effect of multiple materials, special advantages can be obtained in

heterostructured systems.

2.3.1 Mechanism of heterogeneous structure

Through the combination of different materials, unique properties can be introduced and
so the working mechanisms may be widely varied in different systems. However, achieving
effective charge separation is the ultimate aim of constructing heterostructured materials in
many cases. The basic principle in this regard is to make reduction and oxidation reactions
take place at different locations. Heterogeneous systems built with this principle can be

briefly categorized to 6 groups, as shown in Figure 2.6.*°

Ind|rect Z-scheme ‘ Vectorial electron transfer ‘
Red, 4)90 Red, )%0'
% (/O’/
cb &) » %,

Dye sensitization ’ Co-catalyst coupling ‘

Figure 2.6 Six groups of heterogeneous photocatalyst systems for achieving effective charge

separation.™®

Traditional charge-carrier transfer
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In the traditional charge-carrier transfer mechanism, electrons in the CB of a
semiconductor with higher conduction band minimum (CBM) will transfer to the CB of a
semiconductor with lower CBM, while holes in the VB of a semiconductor with lower
valence band maximum (VBM) will transfer to the VB of a semiconductor with higher VBM.
The two semiconductors must have suitable band positions and intimate contact, and the
transferred electrons and holes will have lower reduction and oxidation power respectively.

20,21

A typical example of this mechanism is CdS/TiO, composites, in which electrons in the

CB of CdS can be injected to the CB of TiO, upon visible light illumination.
Dye sensitization

Similar to the traditional charge-carrier transfer mechanism, the sensitization mechanism
uses a dye sensitizer with higher CBM than the semiconductor, and the electrons in the
CB of dye will inject into the CB of the semiconductor. A redox couple electrolyte is

required to reproduce the sensitizers.
Indirect Z-scheme

In the indirect Z-scheme mechanism, electrons will transfer from the CB of a
semiconductor with lower CBM to the VB of a semiconductor with higher VBM “indirectly”
via reaction with a redox couple species (I710* etc.) in the solution, so the high redox
power of electrons and holes is conserved. This is an effective way to isolate reduction
and oxidation reaction sites and also maintain the high redox potential of charge carriers,
but the efficiency is still quite low at this stage. For example, Higashi et al. built an indirect
Z-scheme system by using Pt-ATaO;N (A= Ca, Sr, Ba) as the hydrogen evolution
photocatalyst, Pt-WO3; as the oxygen evolution photocatalyst and 103/I" as the shuttle
redox mediator.?’> Impressively, when Pt-CaTaO,N or Pt-BaTaO,N is used as the H,

evolution photocatalyst, overall water splitting is achieved.

In addition, Maeda et al. %

reported a Z-scheme heterogeneous structure consisting of
modified ZrO,/TaON as the H, evolution catalyst and WO3 as the O, evolution catalyst.
When the ZrO,/TaON and WO3; were loaded with Pt, and I/10%was used as the redox
couple, stoichiometric H, and O, evolved from water, with high evolution rate of 260 and
133 pmol-h™ respectively. A quantum yield of 6.3% can also be obtained in the optimal
condition. Kazuhiko Maeda also tested RuO2/TaON?** and TasNs modified with Ir and rutile

titania® as the O, evolution part in the similar system.

Direct Z-scheme
16



Similar to the indirect Z-scheme, direct Z-scheme facilitates direct electron transfer
between CB and VB by intimate contact between the two semiconductors, but does not
require redox couple any more. This is one of the most important mechanisms of

heterogeneous structure, and has been investigated by many groups.

For example, Sasaki et al. %

reported a Z-scheme photocatalytic system in 2009, using
Rh-doped SrTiO3 (RuOx-loaded as co-catalyst) and BiVO,4 as H, and O, evolution catalyst
respectively under visible light. The highest activity can be obtained when the weight ratio
of Ru/SrTiO3:Rh/BiVO, was 0.1/0.1. In addition, pH played an important role in the
photocatalytic process, and a pH value of 3.5 was found to be most favourable, which
gave proper contact between SrTiOs:Rh and BiVO, particles. 40 pmol-h™ for H, evolution
and 19 pymol-h™* for O, evolution can be obtained in the best condition. Following Sasaki’s

27

work, lwase et al. exploited reduced graphene oxide (rGO) sheets as the electron

mediator because of the good electrical conductivity of graphene.
Vectorial electron transfer

Achieving very intimate contact in the Z-scheme mechanism between two semiconductors
is very difficult, so the vectorial electron transfer mechanism has been developed, in which
noble metal such as Au is utilized to promote the electron injection. Essentially, the solid-
interface metal phase is used to replace the redox mediators in solution. A good example
is a CdS-Au-TiO;, nanojunction developed by Tada et al., in which the vectorial electron
transfer was driven by the two-step excitation of TiO, and CdS.?® This three-component

system showed a very high photocatalytic activity.
Co-catalyst coupling

The co-catalyst coupling mechanism draws increasing interest recently as more new
efficient co-catalysts are being explored, and in this mechanism two different types of co-
catalysts are exploited at the same time to catalyse reduction and oxidation reactions
separately. For example, Li et al. developed a dual cocatalyst system by loading Pt and
PdS on CdS as the reduction and oxidation cocatalysts, respectively, and achieved
impressively high quantum efficiency for hydrogen production.? *° Recently, the (010) and
(110) facets of the BiVO, crystals were revealed to be reductive and oxidative,
respectively.’ 3* Based on this finding, the selectively deposited reduction and oxidation
catalysts on different facets led to much improved oxygen production upon visible light
irradiation compared to BiVO4 with randomly distributed cocatalysts.

17



Even though the abovementioned six mechanisms have been carefully studied by
researchers, in many cases the actual working mechanism of heterostructured materials
may not be well-defined by only one certain mechanism and two possible mechanisms can
both exist. For instance, Wang et al. ** built a heterogeneous photocatalyst system
composing of ZnO and CdS. Instead of ZnO rods, Wang prepared hexagonal ZnO disks
with high facet ratio of the polar facet (top and bottom). The polar facets on the top and
bottom were found to be more active than the non-polar facets on the side, and the
ZnO/CdS heterostructure in the presence of Na,S/Na,SO3; can produce H, at a rate of
88.6 pmol-h™*, which is 2.8 times that of the ZnO rod one. However the mechanism was
not clear, and two mechanisms were proposed. One was the traditional charge-carrier
transfer, in which electrons transferred from the CB of CdS to that of ZnO while holes
transferred from the VB of ZnO to that of CdS. The other was direct Z-scheme mechanism,
in which electrons in the CB of ZnO combined with holes in the VB of CdS.

2.3.2 Different structures of heterogeneous photocatalyst

Depending on the type of materials used in constructing heterogeneous photocatalysts,
several structures may be formed, including semiconductor-semiconductor,
semiconductor-metal, and semiconductor-graphene. Moreover, a heterogeneous system
can also be built with multi-components, forming a more complex and functional

heterostructure.
Semiconductor-semiconductor

A semiconductor-semiconductor composite is the most extensively investigated
heterogeneous photocatalyst structure. In such a configuration, a better light absorption
can be obtained as different semiconductors can utilize different spectrum of the solar light.
Moreover, a proper alignment of the band energy positions can facilitate the charge
transfer between semiconductors and suppress charge recombination. A good example of
this type is TiOz-semiconductor composites, which attract much interest since TiO, was
first studied for photoelectrochemical (PEC) water splitting by Fujishima and Honda in
1972.%% So far many semiconductors have been used to construct composites with TiO5,
such as CdS,?® *** Cu,0,%*® Ccdse,*** Cr0,,** W03, etc.

Some special features can also be introduced to semiconductor-semiconductor
composites, such as p-n junctions. The concept of forming p-n junctions in photocatalysts

has been found to be very effective for promoting photocatalytic performance.*®*® For
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example, Meng and his co-workers directly grew p-type MoS, nanoplatelets onto n-type
nitrogen-doped rGO.* The nanoscale p-n junctions in the composites significantly
improved the photocatalytic hydrogen production performance. Hou and his co-workers
fabricated a composite of n-type BisTi3O12 nanofibers and p-type BiOl nanosheets (NSs)
through a simple process of electrospinning combined with a successive ionic layer
adsorption and reaction, which showed enhanced visible-light-driven photocatalytic activity
for rhodamine B decomposition.*®

Semiconductor-metal

Deposition of metal particles onto semiconductors is a general method to introduce
surface active sites for photocatalytic reactions. With this principal, a variety of noble metal
particles have been used to synthesize semiconductor-metal composites, in which the
noble metal particles are termed as co-catalyst. The most popular noble metal is Pt,* ¢’
whereas others have also been investigated including Au,®*° Ru,>>® Pd,>**® Ag,>"*° Rh,*®

®1 etc.

Despite the good performance of noble metals as co-catalyst, the high cost is an issue.
Researchers have been trying to find alternatives, and some progress has been witnessed
in recent years. One important noble metal alternative is MoS,, which was first used by
Zong et al. as an efficient co-catalyst to CdS.** Following Zong’s research, a number of
semiconductor-MoS, hybrids were studied such as MoS,-TiO»,°% ® Mo0S,-CdSe,®* MoS,-
C3N4,% etc. In addition, Zong’s finding greatly triggered the interest of finding low-cost
noble-metal-free cocatalysts, and many more candidates have been found to perform well.
Those include some sulphides such as NiS,%® ® PdS,*® Ag,S,*® WS,,” etc. and other
compounds such as WC,”" "2 MnO,,”® Ni-Mo-N,"* etc.

Semiconductor-graphene

Since its discovery in 2004, graphene, the single layer form of graphite, has attracted huge
amount of attention in many fields due to its outstanding electrical, mechanical, thermal
and optical properties.” In particular, as graphene has excellent electron conductivity,
significantly expanded surface area and easy functionalization of its surface states, it
promises to be an ideal scaffold for semiconductors. When semiconductors are loaded
onto graphene sheets, the photogenerated charge carriers are supposed to quickly
transfer to graphene, suppressing the charge recombination.’® Inspired by this idea, many
graphene-based photocatalysts have been developed in order to improve the

19



77-79

photocatalysis efficiency, including TiO,-graphene, CdS-graphene,®® 8 zno-

graphene,®  C;3N,-graphene,® % BiVO,-graphene,®® ¥ etc.

2.3.3 Building blocks of nanostructured heterogeneous photocatalyst

Traditionally, heterogeneous photocatalysts were fabricated with bulk particles, which have
some limitations with regards to the contact between different components. The most
advantages of heterostructured photocatalysts depend strongly on the chemical and
electric interaction between different components near the interfacial region,®® so large
contact area will be very beneficial, which is not present in the bulk materials. The quick
development of nanomaterials paves the way for designing novel heterogeneous
nanostructures as nanomaterials not only possess much larger surface area, but also
exhibit distinct properties compared to their bulk counterpart such as increased surface
active sites and shifted optical absorption.® *© Nanomaterials with a wide range of
architectures, morphologies, dimensions provide a large and important group of building

blocks for heterogeneous photocatalysts.®®
Nanoparticles

When the size of a semiconductor particle is reduced, the energetics will be altered. As a
result of quantum size confinement effect, the band gap is enlarged, with upshift of CBM
and downshift of VBM.? %2 The optical absorption properties will also be affected. In
addition, the fraction of atoms located at the surface is increased, leading to more
available active surface sites and faster interfacial charge-carrier transfer rates.*® The
fascinating properties of nanoparticles drive the numerous research on semiconductor
nanoparticles. For example, TiO, nanoparticles with various morphologies and dimensions
have been synthesized via different methods, including sol-gel method, hydrothermal
reaction, solvothermal reaction, sonochemical method, microwave treatment, etc.'® *3 Via
hydrolysis and polycondensation of titanium alkoxide (Ti(OR)s) in an environment
containing tetramethlammonium hydroxide (MesNOH), Chemseddine et al. successfully

synthesize TiO, nanocrystals of different size and shapes, as shown in Figure 2.7.%*
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100 nm
TiO,-TMA

Figure 2.7 TEM images of TiO, nanocrystals prepared via hydrolysis of Ti(OR),4 in the presence of
Me,NOH.**

It is also found that the facets of TiO, nanoparticles play an important role in determining
the photocatalytic activities. Based on density functional theory calculations and first
principles molecular dynamics simulations, Gong et al.*® concluded that the minor (001)
facets in anatase are more active. Yang et al.*® first synthesized anatase TiO, with 47%
(001) facets using HF to control the morphology, as shown in Figure 2.8. Later Han et al.®’
reported an anatase phase with 89% of exposed (001) facets prepared via hydrothermal

|.98

route. Xie et al.”™ also prepared hollow TiO, boxes with >83% (001) facets by calcining

TiOF, precursor with cubic structure.

Figure 2.8 TEM image of anatase TiO, with 47% (001) facets synthesized by Yang et al.*®
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Besides semiconductor nanopatrticles, some noble metal nanoparticles such as Ag, Au, Cu,
etc. have drawn great interest recently due to their unique surface plasmon resonance
(SPR) properties.**!?! SPR is defined as the collective oscillation of free electrons when
the frequency of incident photons approaches the natural frequency of surface electron
oscillation.’®> SPR effect can induce a very strong localized electric field near the noble
metal nanostructures, and it can be significantly influenced by the size, shape and
embedding medium.*®*1%" Of those noble metals, Au draws particular attention as it has
strong SPR effect in visible region and many researchers have successfully synthesized
Au nanoparticles with varied sizes and diverse morphologies.’”**° Personick et al.
synthesized Au nanoparticles of four different morphologies: octahedral, rhombic
dodecahedra, truncated ditetragonal prisms, and concave cubes by tuning the
concentration of Ag® in the reaction solution in a seed-mediated growth method, as shown
in Figure 2.9.1%° With the arising interest in the SPR study of Au, many semiconductor/Au
composites have been investigated in terms of visible light activities and it was found that
in many cases the enhancement of photocatalytic activities occurred at wavelengths
corresponding to the metal SPR.}*%!? The enhancement induced by SPR has been
contributed to three proposed mechanisms: direct charge injection from Au nanoparticles
to semiconductors, strong SPR-induced near-field electromagnetic energy and effective
photon scattering.'®®

Figure 2.9 SEM images of (A) octahedra, (B) rhombic dodecahedra, (C) truncated ditetragonal
prisms, and (D) concave cubes synthesized via a seed-mediated growth method. Scale bar: 200

nml109
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1-dimensional nanostructures

One dimensional (1D) nanostructures including nanowires, nanorods, nanotubes and
nanobelts have stimulated significant interest as they are very suitable for studying the
dependence of properties on the size and dimensionality.***** 1D nanostructures can be
synthesize via both template assisted methods (soft-template and hard-template) and

template-free methods (molten salt synthesis, hydrothermal, thermolysis, etc.).

The high surface-volume ratio of 1D nanostructures is potentially beneficial for
photocatalysis, and so a number of 1D nanostructures has been studied for photocatalytic
reactions.’® For example, 1D nanostructures of some perovskites including KNbO3,**’
NaTaO3 '8 BiFeOs;™° SrTiO3*° etc. have been shown to have good photocatalytic
activities. As an efficient visible-light-active photocatalyst, 1D CdS nanostructures have
also been studied.**"**® For example, Jang et al. prepared CdS nanowires decorated with
TiO, nanoparticles by solvothermal method and sol-gel synthesis, which can produce
more hydrogen compared to pure CdS nanowires.'?” Other semiconductor 1D
nanostructures have also been investigated, such as TiO, and Zn0.****3! Composites
based on 1D nanostructures have also been constructed. Lv et al. synthesized a
nanocomposite of NaNbO3; nanorods and In,O3z nanoparticles, which showed improve
photocatalytic hydrogen production under visible light irradiation and pure water splitting

under UV irradiation (Figure 2.10).*

Potential / eV vs. NHE
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In,0;
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H /H
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Figure 2.10 The TEM images (a,b) and HRTEM image (c) of the NaNbO3/In,03; nanocomposite,

and its band structure diagram (d).**

2-dimensional nanosheets
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The discovery of graphene inspires the exploration of other single-layered materials, that is,
2-dimensional (2D) nanosheets (NSs), synthesized via delamination of the layered
precursors. However, single-layered materials are not new at all. The emergence of NSs
dates back to the 1950s, when smectite-type clay minerals were reported to disperse well
in water and yielded a colloidal suspension as a consequence of spontaneous exfoliation

or delamination.t3313%

The term “nanosheet” was first defined by Sasaki et al.'*

in 1996 when they were
investigating the exfoliation process of a layered protonic titanate of lepidocrocite-type
structure, HyTiz404-H2O(x~0.7). “Nanosheet” reflects the ultimate 2D anisotropy, with
extremely small thickness around 0.7 nm and lateral size from a few hundreds of
nanometers to microns depending on the size of the precursor titanates. Following
Sasaki’s findings, a wide variety of cation-exchangeable layered transition metal oxides
and anion-exchangeable layered hydroxides, have been successfully delaminated into

single host layers. 13> 137 138

To date, there are several groups of NSs: metal oxide NSs, layered double hydroxide
(LDH) NSs, transition metal chalcogenide NSs and other types of NSs. Metal oxide NSs
and carbon nitride NSs will be explained in detail in chapter 2.4.2. Notably, in 2011,
Coleman et al. reported an easy method to exfoliate many transition metal
dichalcogenides (TMDs) such as MoS,, WS,, MoSe,, MoTe,, TaSe,, NbSe;, NiTe, and
other layered materials including BN and Bi,Tes.*® *° The elemental slabs of TMDs are
typically composed of two layers of chalcogen atoms wrapping a hexagonal layer of metal
atoms between them. Coleman et al. found that the exfoliation of those materials can be
achieved by sonication in common solvents, among which N-methyl-pyrrolidone (NMP)
and isopropanol (IPA) are most efficient. This method is thought to be scaled up to
produce large quantities of exfoliated materials. TEM images and photographs of MoS,,
WS, and BN NSs are shown in Figure 2.11.
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139
Figure 2.11 TEM images and photographs of MoS,, WS, and BN NSs.
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2.4 Layered semiconductors and exfoliated nanosheets for
photocatalysis

Layered materials form a very important large category of semiconductors for
photocatalysis. These layered materials include metal oxides with layered structure
(SrTiOg, etc.), LDHs (Zn-Cr-LDH, etc.), transition metal chalcogenides (MoS., etc.), boron
nitride (BN), graphitic carbon nitride (g-C3N4), etc. In general, ionic bonding or covalence
bonding connected networks form the individual layers, with much weaker bondings
holding different layers such as van der Waals force and weak ionic bonding. The unique

structure of layered materials leads to some special advantages for photocatalysis.

Firstly, it is found that layered structure is beneficial to catalytic activity because the
asymmetric structure can assist separation of electrons and holes.** For example, under
atomic force micrograph (AFM), Matsumoto et al. observed that active sites for photo-
reduction and photo-oxidation were located at different regions of a TiOx NS with a
lepidocropcite-type structure prepared from KggTi173Lio2704.2* The photo-reduction
reactions, that is, photodepositions of Ag, Cu, and Cu,0 took place mainly at edges in the
lateral direction of the TiOx NS, while the photo-oxidation reactions, that is,
photodeposition of MnO, occurred all over the surface. In addition, when studying the
photophysical and photochemical properties of a layered semiconductor with perovskite
structure, Miseki et al. found the selective photodepostion of Pt, Au, Ni and PbO, onto the

basal or edge plane of BaLasTi;O15.M*

Secondly, water molecules can easily penetrate to the interlayer gallery of some layered
semiconductors, so more active sites give rise to better photocatalytic activities. For
example, Takata et al. reported that in a group of ion-exchangable layered perovskites
with a formula of A,4La,Tiz«NbxO1o (A=interlayer cations such as K, Rb, Cs, etc.; x=0, 0.5,
1), H.O molecules were oxidised to O in the interlayer space while protons were reduced
to H, at the surface where Ni/NiO was present.*** Moreover, Domen et al. found that for a
group layered perovskite niobates, A(vn-1NbrO3sn+1) (A=Na, K, Rb, Cs; M=La, Ca, etc.), the
proton-exchanged form exhibited better water splitting performance as the enlarged
interlayer spacing allowed reactants such as H,O and methanol to move into the interlayer

spaces.*

Thirdly, the relative large interlayer spacing also greatly facilitates the doping process of
layered semiconductors as the the dopant source can easily diffuse to interlayer space. As

a result, homogeneous doping can be achieved. Using ammonia gas as the nitrogen
26



source, Liu et al. demonstrated the bulk doping of a layered titanate, CsggsTi1.8304, Via a
calcination process.'*® Similar method was applied to prepared N-doped BasTa4O1s,**" N-
doped Sr,Ta,07,**® N-doped CsCa,Taz010,™*° etc.

Last but not least, the weak interlayer bonding in some layered materials provides the

possibility of exfoliating the bulk materials to ultrathin NSs.*%% 1%

Here we will mainly discuss two main types of layered materials: transition metal oxides

and carbon nitride.

2.4.1 Layered semiconductors
2.4.1.1 Transition metal oxides

Among layered transition metal oxides, perovskites are the most reported in terms of
crystal structure. As shown in Figure 2.12, Osterloh summarized layered materials with
perovskite structure in several groups including (110), (100) and (111) layered
perovskites.? (110) layered perovskites with a generic composition of AnBnOsms2 (M=4,5;
A= Ca, Sr, La; B= Nb, Ti), was discovered by Hwang et al.’®! They contain perovskite
slabs parallel to (110) direction. Domen’s group*>*>* first reported (100) layered structure
perovskites including AsNbsO17 (A= K, Rb, Cs), with stacked niobate sheets along the b-
axis of an orthorhombic unit cell. ACa;NbzO1, where A is an alkali metal, with a typical
Dion-Jacobson-type perovskite structure, was first studied by Dion et al.'®® In this structure,
the alkali metal ions lie between perovskite slabs composed of corner-sharing NbOg
octahedra and Ca ions'*®. As a group of (111) layered perovskites, Aurivillius perovskites
have a general formula of (Bi,02)*"(Am-1BmOsms+1)®, and contain m perovskite units
sandwiched between bismuth oxide layers, where A and B are the two kinds of cations

which enter the perovskite unit.>" 18
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Figure 2.12 Crystal structure of layered perovskites.?

With regards to the composition of transition metal oxides, titanates are the most
intensively investigated group, which are formed via fusion between TiO, and other metal
oxides. Some titanates are able to achieve either H, or O, production. For example,

Ishikawa et al.t>% 160

systematically studied oxysulfides Ln,Ti»S,05 (Ln = Pr, Nd, Sm, Gd,
Tb, Dy, Ho and Er), and the series of oxysulfides could evolve H, or O, from aqueous
solution in the presence of a sacrificial electron donor (Na,S-Na,SO3; or methanol) or
acceptor (Ag’) respectively under visible light (420-650 nm). They all have narrow band
gaps, as shown in Table 2.1. Moreover, they are stable against photocorrosion while other
photocatalysts containing S* are often subject to photodegradation due to the oxidation of
S% by photoexcited holes. Sm,Ti»S,0s, which possesses the structure of Ruddlesden-
Popper-type layered perovskite (I4/mmm group), has the highest quantum efficiency, 1.1%
and 0.1% for O, and H; evolution, respectively. More importantly, some titantates are able
to achieve overall water splitting under certain conditions. For instance, Thaminimulla et al.
181 introduced Ni and Cr oxide into K,La,TisO1 by co-impregnation method, and a
composition of Cr (0.5 wt%)-Ni (3.0 wt%)-K;,La,TizO19 was able to decompose KOH
solution into H, and O, stoichiometrically with high evolution rates of 885 and 442 pmol-h™

under A>190 nm.
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Table 2.1 Band gaps of Ln,Ti,S,0s.

Band gap
Compound (eV)

Sm,TiS,05 2.13
Gd,Ti,S,05  2.09
Tbh,Ti,;S,05 2.04
Dy,Ti»S;05 2.00
Ho,TixS,05  1.98

ErzTizszo5 1.94

SrTiO3 is one of the most studied titanates, which crystallizes in a peroskite type layered
structure with a band gap of 3.2 eV. SrTiOg is very active for hydrogen evolution, due to its
high CBM. In order to extend its light absorption to the visible spectrum, some researchers
tried to dope SrTiOgs, especially with metal ions. For instance, Yu et al. synthesized Cr-
doped SrTiO3 via sol-gel hydrothermal method, which exhibited H, evolution rate of 82.6
umol-h™ (methanol solution, <540 nm).'® Konta et al. *** doped SrTiO3; with noble metal
ions (Mn, Ru, Rh, Ir etc.), giving a adsorption shoulder in the visible region as shown in
Figure 2.13, which is indicative of a localized level in the band gap. SrTiO3; doped with 0.5%
Rh has the highest H, evolution rate of 17.2 umol-h™* while that doped with 0.5% Ru has
the highest O, evolution rate of 3.9 umol-h™ under visible light. Doping SrTiOz with one
single metal element often causes instability as a result of charge imbalance, so codoping
with two elements of different valences has been studied. For example, Niishiro et al.
co-doped SrTiO3z with nickel and tantalum or niobium in order to achieve charge
compensation as Ni possess lower valence number than Ti. Exploiting the same
mechanism, Kato et al. *** codoped SrTiO3 with antimony and chromium and successfully

extended the photocatalytic hydrogen evolution activity to visible region.
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Figure 2.13 Diffuse reflectance spectra of SrTiO3;:M(0.5%). M= (a) Mn, (b) Ru, (c) Rh, (d) Pd, (e) Ir,

and (f) Pt. A broken line represents a spectrum of nondoped SrTiO3.*%?

2.4.1.2 Carbon nitride

Since the pioneer work on using graphitic carbon nitride (g-C3N,4) for photocatalytic water
splitting reported by Wang et al.’®®, g-CsN4, a polymer semiconductor has drawn great
attention as a promising metal-free photocatalyst due to its visible light absorption, suitable
band position for both H, and O, production, and relatively good thermal and chemical

166 4-C3N, is the most stable allotrope of carbon nitride with tri-s-triazine as the

stability.
repeating unit.'®’ Since the s-triazine ring (C3N3) is aromatic, T-conjugated planar layers
tend to be formed, which gives a similar structure as graphite.'* 1% %% |n the structure of

g-C3Ny, the tri-s-triazine units are bridged by N atoms, as shown in Figure 2.14.
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Figure 2.14 Structure of g-C3N,.*%®

Pyrolysis of cyanamide, dicyandiamide or melamine is generally used to synthesize g-
CsNg4, which usually exhibits a colour of yellow. However, the absorption edge may be
varied depending on the preparation process, including the type of precursors,

polycondensation temperature, treatment time, atmosphere, etc. The synthesis condition
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may affect the packing density, defects or local structure, and thus the optical

absorption.'®® 7% 17! The corresponding band gaps of g-CsN, range from 2.3 to 2.8 eV.

The optical properties g-C3N4 of can be modified through doping. For example, Liu et al.
successfully doped g-CsN4 with S through a calcination process in H,S gas flow.? It was
found that the band gap of g-C3N4 was increased from 2.73 to 2.85 eV after S doping, with
both CBM and VBM upshifted. However, when g-C3N, was doped with other elements
such as P, F, etc., the band gap was often reduced. For instance, using 1-butyl-3-
methylimidazolium hexafluorophosphate (BmimPFg) as a mild phosphorus source, Zhang
et al. doped g-CsN,4 with P, which not only greatly extended its visible light absorption, but

also improved the electric conductivity.!”

Wang et al. prepared fluorinated g-C3sN,4 by
incorporating NH4F to the condensation process.” The band gap was slightly decreased
after fluorination, and the photocatalytic activity was increased with the larger amount of
fluorine. In addition, Niu et al. introduced nitrogen vacancies to g-CsN4 through elevating
the condensation temperature.'” The nitrogen-deficient g-CsN4 possessed smaller band
gap (2.66 eV) compared to the normal one (2.74 eV), and showed enhanced

photocatalytic activities.

In order to suppress the charge recombination of g-C3Ns and to improve the light
absorption, a number of composites were also constructed. Hybridizing g-C3N4 with other
semiconductors provides an effective way to improve photocatalytic activities thanks to the
charge transfer between g-C3N4 and other semiconductors. For example, a composite of
g-C3N4 and Bi,WOg showed enhanced visible light-induced photocatalytic degradation of
methyl orange (MO).'"® Pan et al. synthesized a BiPO,@C3sN, core-shell structured
composite, which showed impressive improvement for photocatalytic degradation of
methylene blue (MB).*”” A chemisorption method was used by Wang et al. to prepare ZnO
hybrized by C3N4, and the photocurrent of ZnO was enhanced by 5 times under UV light
irradiation.!’® Other than C3N4-semiconductor composites, CsN4-polymer hybrids were also
found to have advantages for photocatalysis. For instance, a polymer composite of g-C3Ny4
and poly(3-hexylthiophene) (P3HT) prepared by Yan et al. showed a hydrogen production
rate 300 times of the rate of g-CsN4.'"® Sui et al. reported that the hydrogen production
activity of g-C3sN4 from pure water was increased up to 50 times when conductive polymer
polypyrrole (PPy) nanoparticles were loaded.’® In addition, loading g-CsN4; with metal

nanoparticles such as Au and Ag was also found to promote photocatalytic activities.*®" 182
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2.4.2 Exfoliation of layered semiconductors

As mentioned in chapter 2.3.3, through the exfoliation of layered materials, a number of

ultrathin NSs can be obtained.

2.4.2.1 Metal oxide nanosheets

Typical synthesis process of metal oxide NSs is achieved via chemical exfoliation of a
parental layered precursor in an exfoliating solution, as a result of extremely high degree
of swelling and simultaneously weakened interaction between the layers, as shown in
Figure 2.15. Several factors can affect the exfoliation process: composition of the host
layers, the layer charge density, the ionic species between host layers, exfoliating solution
etc. Careful controlling of these factors can lead to high degree of swelling of the host
layers and finally single elemental layers under mechanical assistance such as shaking or

ultra-sonication.**®

Stir in HCI for 3 days

o 19

exfoliation Shake in TBAOH for 1 week

TBA®

[ Tio5:0; nanosheet suspension I

Figure 2.15 Typical synthesis process of Tig 9102 NSs.

So far, a wide variety of layered oxides have been delaminated to single layer oxide NSs,
such as Csg7Ti1.g2504, % Ko4sMnO,, 8 K4NbO17,"®* and NagoM0,0..2%° These layered
precursors are usually composed of stacked negatively charged layers with MOg (M=Ti,
Mn, Nb etc.) octahedrons sharing corners or edges, and alkali metal ions (Cs, K, Na).
They all have cation exchangeability, which enables intercalation of other ions into the
galleries without changing the structure of the layers at room temperature. A three-step
soft chemistry exfoliation process has been well established: the layered precursors are
first synthesized via solid state reaction at high temperature; then they are treated with

acid for a few days, giving a protonic hydrated form, e.g. Ho 7Ti1.82504-H20O; finally, shaking
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the protonic precursors in exfoliating solutions which contain bulky organic cations,
typically TBAOH (tetrabutylammonium hydroxide) solution, will produce the NSs
suspension. Via this process, a number of metal oxide NSs have been obtained, which
have been summarized in Table 2.2. Structures of several typical oxide NSs are shown in
Figure 2.16. Most of the metal oxide NSs contain d° transition metal, which gives them

valence band composed of O 2p and conduction band composed of empty d orbitals.**
186

Those negatively charged NSs are covered with electrical double layers, and the electrical
repulsion between NSs gives stable colloidal suspension. The good dispersibility of the
NSs can be verified by a clear Tyndall light scattering effect. The size of NSs is generally
determined by parental layered materials: the thickness depends on the intrinsic
crystallographic thickness of the host slabs, while the lateral size is controllable by
changing the crystal size of the precursors. For example, Tanaka et al. have synthesized
large size titania NSs (~4 mm), starting with the synthesis of single crystal Ko gTi; 73Lip 2704

through flux growth method.*®’

Table 2.2 Reported materials of oxide NSs.™*®

Ti oxide Tig.0102, Tigg705, TizO7, TisOg,
TisO11, Ti1.xC0,O5 (X < 02), TiixFexOo
(X S0.4), Til-anXOZ (X < 04), Tio_g-
X/4Fex/2C00_2.x/402 (X:0.2, 0.4, 06)

Mn oxide MnO,, Mn307, Mn;4xC0,0O-»
(x<0.4),Mn; sFe O, (x<0.2)

Ti-Nb oxide TiNbOs, TioNbO7

Ti-Ta oxide TiTaOsg

Nb oxide Nb308, Nb6017

Ta oxide TaOs;

Iayered LaNb207, Lao_goEUO_05Nb207,

perovskite EugseTa,O7,SrTa,07, BirSrTas0o,

CasN bgolo,ser b3010, NaCaTagolo,
CalLaN sziOlo, LazTizN bolo,
BasTas015, W207

Ru oxide RuO,

W oxide Cs4W11036
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Figure 2.16 Structure of several typical oxide nanosheets.'*

Of all those various metal oxide NSs, Tip010, is the most and best studied NS. The
parental caesium titanate, CsgesTi1g304, has a lepidocrocite-type body-centered
orthorhombic layered structure, with Cs* occupying 70% of the pseudocubic sites inside
the host slabs. In the crystal structure of CspesTi1.s304, two layers of the network of TiOg
octahedra sharing four edges are nested into a zigzag sheet as the structure unit, and that
is also the basic unit of anatase titania.}*® The parental titanate can be converted to
protonated forms by cation-exchange process with H*. Sasaki et al.*®® '® studied the
exfoliation process of HpgsTiig304-H20 by nearly infinite osmotic swelling in TBAOH
solution. In the exfoliation process, bulky TBA" cations will replace the interlayer HzO" ions,
expanding the spacing until complete delamination. The ratio of TBA*/H" greatly affects
the exfoliation process. A ratio of 0.5-5 is found to be favourable for complete delamination,

above which only swelling happens.

[ 190 186, 191-194

Tip.9102, NSs were further studied by Gateshki et a and Sasaki’s group
concerning the crystal structure, band structure, crystallization in restacking process and
other properties. The architecture of Tip010> is illustrated in Figure 2.17, composed of
octahedra at different levels in the b-axis sharing the edges with a thickness of 0.75 nm.
Vacancies at some Ti sites make the NSs negatively charged. Band structure of the NSs is
shown in Figure 2.18, in which a larger band gap can be observed than anatase due to the
guantum size effect. The enlarged band gap is accompanied by a blue-shift in the UV-Vis

absorption spectrum, as shown in Figure 2.19.
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Figure 2.17 Architecture of Tiye,0, crystallites.'**
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Figure 2.18 Band structures of Tio.9;0, NSs and anatase.**
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Figure 2.19 UV-visible spectra of (a) the protonic layered titanate Hg g Tiz 8304-H,O and (b) a film of
NSs on a SiO, glass substrate. The former was recorded in a diffuse reflectance mode and the

latter in a transmission. The data for the colloidal suspension is denoted by a dashed trace.**

The chemical composition and band structures of titania NSs can also be tailored through
doping. For instance, Liu et al. prepared N-doped Tip.9102 NSs through exfoliation of an N-
doped titanate precursor, CsoesTi1g30axNy.'>> The N-doped Tipe:0, NSs exhibited
improved visible light absorption compared to the undoped counterpart. Dong et al.
reported titania NSs codoped with binary transition metal ions including Mn and Fe, and

the optical absorption can gradually be controlled with different ratios of dopants.*®
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2.4.2.2 Carbon nitride nanosheets

Its laminar structure triggers the interest of exfoliating bulk g-C3N4 to form graphene-like
carbon nitride NSs, which can potentially exhibit special electronic and optical properties.

171, 198, 199 methods

In order to synthesize g-CsN, NSs, both bottom-up®®” and top-down
have been investigated, but top-down methods remain to be prevalent. In top-down
synthesis processes, bulk g-C3Ny4 is first prepared via thermal condensation before being
exfoliated through chemical, thermal or other reactions. For example, Niu et al. found that
g-C3N4 NSs with thickness of 1.65 to 2.62 nm can be obtained via a thermal oxidation
etching process.™ Moreover, sonication in different solvents such as H,O, isopropanol,
1,3-butanediol etc. provides a facile way to delaminate bulk g-C3N4 to NSs of several
atomic layers with thickness ranging from 1 nm to 2.5 nm.*"* 1929 Ag shown in Figure
2.20, Yang et al. obtained g-C3N4 NSs with an average thickness of 2 nm via sonication in
isopropanol.}”* Zhao et al. combined both thermal oxidation and sonication in methanol,
and successfully prepared single-atomic-layered g-C3Ns NSs with thickness of 0.4-0.5

nm.199

In addition, Xu et al. also obtained single-atomic-layered g-C3sNs NSs by
intercalation of H,SO,4 molecules in the interplanar space and subsequent exfoliation in

Hzo 201

Despite the fact that the aforementioned g-C3N; NSs possess dramatically expanded
surface area, improved electrical conductivity and altered energy band structures, the
optical absorption edge was generally blue-shifted due to the enlargement of band gap.*™®
198,201 The enlarged band gap will inevitably limit the visible light absorbance of g-CsN,
NSs.
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Figure 2.20 a,b) Typical FE-SEM (a) and TEM (b) images reveal the flexible g-C3N, NSs with the

size from 500 nm to several micrometers. c, d) Representative AFM image (c) and corresponding

thickness analysis (d) taken around the white line in (c) reveal a uniform thickness of about 2 nm
for g-CsN, NSs.'"™*

2.4.3 Nanostructures built from nanosheets

The diversity of 2D semiconductor NSs and their unique physicochemical properties open
up great opportunities of developing novel heterogeneous nanostructures. Through
hybridization of NSs with a great variety of guest species with different strategies,
significant progress has been made in building nanocomposites for wide applications such
as photocatalysis, photoelectrochemical devices, energy storage, electronic/optoelectric
devices, etc.’®® 22 The nanoassemblies based on 2D NSs can be categorized to three

groups: surface anchoring, exfoliation-restacking and layer-by-layer (LBL) assembly.

2.4.3.1 Surface anchoring

The extremely large surface area of NSs provides not only abundant anchoring sites for
guest nanoparticles, but also nucleation sites for the in-situ growth of nanoparticles. As we
discussed in chapter 2.3.2, graphene has been extensively studied as the support of
various guest particles since it not only provides a good scaffold to graft nanoparticles, but
also works as the cocatalyst in some cases.?”® Unlike graphene, studies on grafting
nanoparticles onto semiconductor NSs are still limited. Maeda et al. prepared negative-
charged potassium hexaniobate nanoscrolls (NS-K4NbgO17) via exfoliation of K4NbgO,7,
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which adsorbed cationic dye tris(2,2"-bipyridyl)ruthenium(ll) chloride (Ru(bpy)s>*) on the
surface.”® The dye-grafted nanoscrolls allowed for rapid generation of photoinduced
electrons and efficient hydrogen production. Similar method was also used to prepare
hexaniobate nanoscrolls (NS-H4sNbgO;17) and acid-restacked calcium niobated NSs (R-
HCa,NbsO10) adsorbed with (Ru(bpy)s®") dye.?®® Moreover, Kim et al. grew Au
nanoparticles onto MoS, and WS, NSs through a spontaneous redox reaction, and found
that Au preferentially grew at the surface defect sites.?*®

2.4.3.2 Exfoliation-restacking

Hata et al. reported a general method to intercalate Au NPs into galleries of layered
materials such as Dion-Jacobson layered perovskite HCa;Nb3O1p via pre-intercalation of
TBAOH and polyallylamine (PAA) to enlarge the interlayer space.?®’ This general method
promises to be a simpler method of embedding guest nanoparticles into layered
semiconductor matrix. Nevertheless, the size of nanopatrticles is greatly restricted because

the degree of gallery expansion is very limited.

An exfoliation-restacking method has been developed to address the issues of the
abovementioned intercalation method, which involves the electrostatic attraction of the
NSs and guest nanoparticles and the restacking of the NSs. Compared to the intercalation
method, exfoliation-restacking shows two major advantages: the sizes of guest particles
are much more flexible; the choice of nanoparticle species is significantly broader. For
instance, as the metal oxide NSs possess negative surface charges, nanoparticles with
positive charges can be directly absorbed onto the NSs while negatively charged
nanoparticles can be linked to the NSs through organic polycations. Through this
exfoliation-restacking method, a pillared structure is often obtained, with NSs randomly

stacked upon each other and guest nanopatrticles sandwiched between NSs.

During the 2000s, Choy et al. conducted a number of pillaring experiments for
photocatalytic purpose, and some functional species including chromia, iron oxide, nickel
oxide, anatase RuS, etc. were introduced into pillared titania NSs structure.** 2°221® Nano-
sized anatase particles were first introduced into titanate interlayer galleries via the
interaction between anatase nanosol solution and Tipg:02 NSs suspension in Choy’s
work.20% 210. 214, 215 agter pillaring, the interlayer spacing was expanded to 4.36 nm from
0.92 nm of HoesTirg304-H2O. From nitrogen adsorption-desorption isotherm, a

microporous structure was revealed. A red shift of UV-Vis absorption spectroscopy and
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better photocatalytic properties under UV spectrum can be observed for the pillared

titanate.

Apart from anatase nanoparticles, other metal oxide including Cr, Zn, Fe and Ni oxide
were used for pillaring titania NSs by interacting NSs suspension with metal acetate, which
gave the nanohybrids visible light absorbance and stability.*> 2 213217 218 cy oxide was
also pillared into layered titanate, and Cu exhibited both monovalency and divalency.?*°
Upon calcination, the nanohybrid structure transformed to rutile and then anatase in
different temperature range. Choy et al. also fabricated other pillared structures via the
exfoliation-restacking method, such as RuS; pillared titanate,?* TiO, pillared M0S,,?*®® ZnO
pillared MnO,??* and so on. Similarly, Kim et al. synthesized a nanocomposite of rtGO NSs
and TiO, nanoparticles through the electrostatic assembly of the oppositely charged NSs
and nanoparticles.???

The versatility of the exfoliation-restacking method allows not only the fabrication of
composites of NSs and nanopatrticles, but also the self-assembly of different NSs. For
example, Gunjakar et al. reported a mesoporous nanohybrid of positively charged Zn-Cr-
LDH NSs and negatively charged titanate NSs, as shown in Figure 2.21.%?® This
nanohybrid showed not only enhanced photocatalytic activities but also improved chemical
stability.

d "-'-1 > Titanate

The layer-by-layerstacked

The enlarged side view structure oftwo nanosheets

Figure 2.21 (a) Cross-sectional HR-TEM image of the Zn-Cr-LDH-titanate nanohybrid and (b) its

enlarged view and structural model.”*

2.4.3.3 Layer-by-layer (LBL) assembly

Due to their negative surface charge, transition metal oxide NSs such as Tio.0:0,**° and

MnO,%* can be used for electrostatic LBL self-assembly via sequential adsorption onto
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different substrates.’® % |n a LBL process, colloidal NSs can be combined with
oppositely charged species including organic polyelectrolytes such as polyethyleneimine
(PEI) and polyaniline (PANI).**> ?** For example, Sakai et al.?*® synthesized hybrid films
with Tig.9102 NSs and MnO, NSs using PEI as binding agent.

Besides organic polyelectrolytes, the oppositely charged species used in LBL can also be

[ 226

other charge-carrying particles. For instance, Zhou et a assembled multilayered hybrid

film with alternating Tip 910, NSs and silver metal particles. By exploiting LBL method and

| 227

using spherical poly-methylmethacrylate (PMMA) as templates, Wang et a successfully

prepared hollow shells with titania NSs pillared by aluminium Keggin ions. In addition,

| 228

Wang et a reported films of titania NSs and Ru complexes via LBL.

Interesting features can also be introduced to LBL assembly via selecting some
polyelectrolytes. For instance, Seger et al. fabricated an n-type to p-type swithable
photoelectrode via LBL assembly of titania NSs and PANI, as shown in Figure 2.22.%%
PANI itself can switch from an n-type to p-type semiconductor, but Seger's work
demonstrated the possibility of altering the photoelectrical performance of the PANI-titania

film by simply changing the electrolyte.

'
N7
é\{gl\& Tloa:0; Nanosheets

Polyaniline

Glass substrate

Figure 2.22 Layer-by-layer deposition of the PANI-titania film.?*
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2.5 Summary

Despite of the great variety of photocatalysts studied to date, the overall energy
conversion efficiency is still quite low due to several reasons including quick recombination
of charge carriers, limited light absorption in the visible region, poor photo-stability in the

agueous reaction environment, etc.

The diversity of layered semiconductors and exfoliated 2D NSs and their unique properties
open up enormous possibilities of fabricating novel nanostructured photocatalysts for
water splitting. In particular, by using 2D NSs as the building blocks, a number of
heterogeneous materials can be designed in order to overcome the disadvantages of

traditional photocatalysts.

First, due to their asymmetric structure, layer-structured semiconductors can possess
separate reduction and oxidation sites, facilitating charge separation. At the same time,
thanks to the single crystallinity within the 2D NSs, the confined charge transfer in the 2D
direction can be greatly improved. As for nanohybrids based on NSs, proper band
alignment will allow the charge transfer between different semiconductors, thus making

reduction and oxidation reactions take place at different semiconductors.

Second, by hybridizing layered semiconductors or NSs with small band-gap light
absorbers, the optical absorption in the visible region can be effectively improved. As
different components can absorb varied spectrum of solar light, the hybrids can utilize the
overall solar spectrum more efficiently. In the meanwhile, the problem that recombination

centres may be introduced in doped semiconductors can be avoided.

In addition, semiconductors with layered structure essentially have more active sites as
reactant molecules can penetrate into the interlayer spacing. In the nanohybrids formed
with NSs, a mesoporous structure is often obtained, in which the interlayer spacing
between nanosheets is expanded, facilitating photocatalytic reactions.
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3. Research methodology

3.1 Materials synthesis

3.1.1 Synthesis of exfoliated titania NSs

Titania NSs suspension (Tip9102 NSs) was prepared according to previous reports by
Sasaki’s group.’™ In a typical synthesis process, the layered CsggsTi1g304 precursor was
first obtained by solid state reaction, followed by proton-exchange to HoegTi1.8304-H20 in
hydrochloric acid and a delamination step in the presence of tetrabutylammonium cations
(TBA™). Stoichiometric mixture of Cs,CO3 and TiO, were thoroughly ground before heated
at 1033 K for 30 min. Then the sample was reground and reheated at 1033 K for another
12 h. The obtained CsggsTi1 8304 titanate precursor was subsequently placed in excess
amount of hydrochloric acid (1 M) and stirred vigorously for three days. The hydrochloric
acid was refreshed every 24 h and the proton-exchanged titanate HoggTi1.8304-H2O can be
collected by centrifugation and wash with deionised water. The dried Hg sTi1.8304-H>.O was
re-dispersed in tetrabutylammonium hydroxide (TBAOH) solution containing same amount
of TBA+ as protons, and the white suspension was shaken for over 7 days. To remove the
un-delaminated precursors, the suspension was centrifuged under 4700 rpm and the
supernatant suspension was collected for use. The concentration of Tip910, NSs

suspension is ca. 1.79 g/L.
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3.1.2 Synthesis of octahedral gold nanoparticles

Octahedral Au nanoparticles (NPs) were synthesized via a simple hydrothermal method
reported before.® 0.055 g of cetyltrimethylammonium bromide (CTAB) was first dissolved
in 9.7 mL of deionised water, and then 250 pL of 0.01 M HAuCl, and 50 pyL of 0.1 M
trisodium citrate were added. The solution was then transferred to a Teflon-lined autoclave
and heated at 383 K in an oven for 48 h. The concentration of Au NPs suspension is ca.
0.05 g/L.

3.1.3 Synthesis of CdTe@CdS nanocrystals

The CdTe@CdS NCs were prepared via a simple one-pot hydrothermal reaction.®
Typically, CdCl, (51.52 mg), tri-sodium citrate dehydrate (560 mg) and mercaptosuccinic
acid (MSA) (141.4 mg) were dissolved in 66 mL of deionized water in 3-neck flask. The
solution was bubbled with N, gas for some time. Then 2 mL of Na,TeOj3 solution (0.014 M)
was added to the flask rapidly under vigorous stirring and N, gas bubbling. After 5 min, 2
mL freshly prepared NaBH, solution (0.93 M) was quickly added to the flask. When color
of the solution became golden, it was transferred to a Teflon-lined autoclave and heated in
oven at 453 K for 50 min. In the synthesis process, the amount of Cd** is excessive so the
concentration of the CdTe core is determined to be 0.096 g/L based on the concentration

of Te source.

3.1.4 Synthesis of nanohybrid of titania NSs and gold nanoparticles

Under vigorous stirring, 2 mL of Au NPs suspension was added dropwise to 50 mL of
Tip.9102 NSs suspension. After 30 min of stirring to reach a uniform mixture of NPs and
NSs, hydrochloric acid (1 M) were added to flocculate the NSs coupled with NPs. The
nanohybrids were centrifuged, washed with deionised water and ethanol for several times
and dried in a 373 K oven. The as-prepared sample is denoted as O-Au-NS. Then O-Au-
NS was placed in an alumina crucible and calcined at 723 K for 2 h, which is denoted as
O-Au-A. The ratio of Au in both O-Au-NS and O-Au-A is calculated to be around 0.11 wt%.

As comparison, two types of nanohybrids between Tip 910, NSs and irregular Au NPs were
prepared, in which the ratio of Au was kept to be 0.11 wt%. One sample was prepared by
direct deposition of Au particles onto Tip9102 NSs via photo-deposition, flocculation with
protons and calcination. First, 2 mL of HAuCl, solution (0.01 M) and ethanol were added to
50 mL of Tip9102, NSs suspension. Under stirring, the suspension was illuminated by

Xenon lamp for 6 h, and flocculated with hydrochloric acid (1 M). To ensure that HAuCl,
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has been completely reduced to Au, the supernatant solution after centrifugation was
treated with NaBH, solution and its absorption spectrum was measured by a UV-Vis
spectrometer. The flocculated product was then calcined at 723 K and this sample was
denoted as Au-A-1.

The other sample was prepared by photo-depositing gold onto restacked NSs after
calcination. 50 mL of Tip9102 NSs suspension was first flocculated with hydrochloric acid
(1 M), followed by calcination 723 K for 2 h. The obtained product (A) was then dispersed
in ethanol solution containing 2 mL of HAuCl, (0.01 M), and illuminated by Xenon lamp for
6 h. Similar method was implemented to ensure the complete reduction of HAuCl, as used

in the preparation of Au-A-1. This sample was denoted as Au-A-2.

3.1.5 Synthesis of nanocomposite of CdTe@CdS nanocrystals and
titania NSs

CdTe@CdS NCs suspension was first washed in order to remove excessive organic
chemicals and other ions. CdTe@CdS NCs suspension was mixed with equal volume of
ethanol, and centrifuged at 4500 rpm for 10 min. After centrifugation, the supernatant
solution was removed and the deposits were redispersed in deionized water to keep the
same concentration. Under vigorous stirring, 10 mL of CdTe@CdS NCs suspension was
added to 25 mL of titania NSs suspension. CdTe@CdS NCs and titania NSs were allowed
to fully mix for 30 min, and 5 ml of PEI solution (0.125 wt%)was then added. After stirring
for another 1 h, the suspension was centrifuged at 4700 rpm and washed for several times.
The nanohybrid was finally dried at 313 K in a vacuum oven, and ca. 45 mg of final
product was obtained. In this nanohybrid, the ratio of CdTe is calculated to be 2.1 wt%

based on the concentrations of Tig 910> NSs and CdTe core.

3.1.6 Synthesis of graphitic carbon nitride (g-C3Ny)

The g-C3N4 powders are prepared via polycondensation of dicyandiamide according a
reported method.” In a typical synthesis, dicyandiamide powder was placed in an alumina
crucible, covered with cap and heated at 823 K for 4 h in a muffle furnace with a ramp rate
of 2.3 K/min and in the cooling process the ramp rate was maintained at 1 K/min. The

obtained yellow agglomerates were ground to fine powders in an agate mortar for later use.

55



3.1.7 Synthesis of C3N4,-PEDOT composites

To prepare the C3N4s-PEDOT composites, the g-CsN, powders were mixed with
commercial PEDOT:PSS “solution” containing 0.5 wt%, 1 wt%, 2 wt% and 5 wt% of
PEDOT:PSS respectively. The suspension was then evaporated under vigorous stirring
via heating. To make the PEDOT insoluble, the dried powders were subsequently soaked
in ethylene glycol (EG) and stirred for 1 h. After treatment with EG, the C3N4,-PEDOT
composites were centrifuged, washed with deionized water and ethanol for several times
and dried in a 373 K oven. The final products were ground again after being dried, and
different composites were denoted as C3N4-0.5%PEDOT, C3N4-1%PEDOT, Cj3Ns-
2%PEDOT and C3N4-5%PEDOT, respectively.

3.1.8 Synthesis of phosphorus-doped C3N4 NSs

To prepare the phosphorus-doped g-CsNg4, 0.5 g of sodium hypophosphite monohydrate
(NaH,PO,-H,0) and 0.5 g of g-C3Ns were thoroughly ground together before being
transferred to a quartz boat. The mixture was then placed in a tube furnace and heated at
773 K for 1 h under N, gas flow. The as-prepared phosphorus-doped g-C3N4 powder was
then washed via dialysis.

The phosphorus-doped g-C3sN4 was then dispersed in water and sonicated with an ultra-
sonication probe (300 W, 40 kHz) for 1 h. After exfoliation, the nanosheets (NSs)
suspension was centrifuged at 4700 rpm to remove unexfoliated precursors. The
concentration was determined to be 2.4 g/L. The NSs suspension is very stable and no
visible precipitates can be found within 6 months.

As a comparison, g-C3N4 was also dispersed in water and sonicated with ultra-sonication
probe for 1h. However, the sonicated g-C3N4 suspension fully precipitated in 2 weeks,
leaving the supernatant solution clear. So the sonication time was extended from 1 hto 8 h,

but same phenomenon was observed.

3.1.9 Layer-by-layer assembly with phosphorus-doped C3N4 NSs

Both quartz and fluorine doped tin oxide (FTO) glass substrates were cleaned by being
sonicated in diluted HCI solution, acetone, ethanol and deionized water for 10 min each.
The clean substrates were stored in deionlised water before use.

Layer-by-layer assembly of poly(diallyldimethylammonium chloride) (PDDA) and P-doped

g-C3sN4 NSs was conducted on quartz substrate. The substrate was immersed in an
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aqueous PDDA solution (20 g/L) for 10 min and diluted NSs suspension (100 mg/L) for 4
min for each layer. After the deposition of each layer, the substrate was rinsed with
copious deionized water and dried with N, gas.

Layer-by-layer assembly of PEI and P-doped g-C3N4 NSs was conducted on FTO glass
substrate. The substrate was immersed in an aqueous PEI solution (2.5 g/L) for 20 min
and diluted NSs suspension (100 mg/L) for 20 min for each layer. After the deposition of
each layer, the substrate was rinsed with copious deionized water and dried with N, gas.
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3.2 Materials characterisations

The absorption spectra were measured using a Shimadzu 2200 UV-Vis spectrometer. The
X-ray diffraction (XRD) measurements were conducted on a Rigaku Miniflex XRD
instrument with Co Ka (A=1.78897 A) radiation. Photoluminescence (PL) measurements
were performed with an Edinburgh Instruments FLS 920 Fluorescence spectrometer. Zeta
potential was recorded on a Malvern Instruments Nano ZS Zetasizer. The transmission
electron microscopy (TEM) images were taken using a JEOL JEM 1010. The high
resolution TEM (HRTEM) images were taken using a JEOL JEM 2100. The X-ray
photoelectron spectroscopy (XPS) measurements were conducted on a Thermo Escalab
250 spectrometer with monochromatic Al KR x-ray source. Atomic force microscope (AFM)
measurements were performed with Asylum MFP-3D stand alone AFM.

3.3 Photocatalytic water splitting

The photocatalytic hydrogen reactions were carried out in a quartz reactor connected to a
closed-gas circulation and evacuation system. In a typical test, certain amount of catalyst
was suspended in 300 mL aqueous solution containing sacrificial agent. 1 wt% of Pt was
added as co-catalyst. The reactor was thoroughly evacuated before the photocatalytic
reaction, and then irradiated by a 300 W Xe lamp (Beijing Trusttech Co. Ltd., PLS-SXE-
300UV) equipped with an optical cut-off filter (A>420 nm or A>400 nm) to remove UV light.
A water filter was applied to eliminate infrared light. A cooling water cycle system was
used to keep the temperature at 293+5 K. The produced H, gas was detected by gas

chromatography (GC) with Ar as the carrier gas.

3.4 Photoelectrochemical tests

The photoelectrochemical tests were conducted in a quartz cell in a three-electrode setup
using a CH instruments 660D electrochemical workstation. Pt foil was used as the counter
electrode and an Ag/AgCI electrode was used as the reference electrode. The electrolyte
was 0.5 M Na,SO, solution and the visible light source was provided by a solar simulator

(Newport Oriel 69907) equipped with an optical cut-off filter (A > 400 nm).
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4.1 Abstract

A nanohybrid material containing exfoliated titania nanosheets and gold nanoparticles was
prepared by the coupling between negatively charged Tip 910, nanosheets and surfactant-
capped Au nanoparticles, followed by flocculation and calcination. After hybridization with
titania nanosheets, octahedral Au nanoparticles were embedded into the matrix of titania,
which led to a broad absorption peak assigned to surface plasmon resonance (SPR) effect
in the visible region. The obtained nanohybrid showed considerably improved
photocatalytic hydrogen evolution performance compared to naked titania and
conventional titania photo-deposited with Au due to the special SPR effect of the relatively
large octahedral Au NPs. Through some comparison experiments, we demonstrated that
the octahedral Au NPs mainly function as local light intensifier and photon scattering agent.

4.2 Introduction

Finding suitable semiconductors for artificial photosynthesis purpose is the key to solving
many environmental and energy-related issues. One of the most important and promising
artificial photosynthesis processes is hydrogen production from solar water splitting in the
presence of semiconductor particulate catalyst, in which the clean hydrogen fuel with high
energy capacity can be generated from water. > Among various semiconductor
photocatalysts, TiO, has been the most intensively investigated one because of its
attractive features such as low cost, photo- and chemical- stability, and high synthesis
controllability.> * However, TiO, has a relatively wide band gap (ca. 3.2 eV) and thus can
only absorb UV light while it remains inactive in the visible region. To improve the
photocatalytic activities of TiO; in visible region, guest species are often introduced via two
different strategies: doping and heterostructuring. Doping is an effective way to incorporate
guest atoms into the crystal lattice of TiO, and render visible light absorption. Nevertheless,
doping often creates crystal defects, which may act as recombination centres for

photoinduced electrons and holes.®
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Unlike doping, heterostructuring allows the introduction of relatively bulky guest species by
directly combining different materials with proper energy band alignment. A good example
is the metal/semiconductor heterogeneous structure, in which noble metals such as Pt®
and Au” ® are often loaded onto semiconductors, and such a structure can provide
effective charge separation and more active sites for water splitting. In addition, noble
metal nanoparticles such as Ag, Au, Cu etc. have attracted much interest recently due to
their unique surface plasmon resonance (SPR) properties.* ® *° SPR is defined as the
collective oscillation of free electrons when the frequency of incident photons approaches
the natural frequency of surface electron oscillation.* SPR effect can induce a very strong
localized electric field near the noble metal nanostructures, and it can be significantly
influenced by the size, shape and embedding medium.'*™® Of those noble metals, Au
draws particular attention as it has strong SPR effect in visible region and many
researchers have successfully synthesized Au nanoparticles (NPs) with varied sizes and

diverse morphologies.***’

With the arising interest in the SPR study of Au, many semiconductor/Au composites have
been investigated in terms of visible light activities and it was found that in many cases the
enhancement of photocatalytic activities occurred at wavelengths corresponding to the
metal SPR.®®*% The enhancement induced by SPR has been contributed to three
proposed mechanisms: direct charge injection from Au NPs to semiconductors, strong
SPR-induced near-field electromagnetic energy and effective photon scattering.** In order
to verify these mechanisms, titania-supported Au NPs have been prepared in various
methods: direct adsorption of pre-synthesized Au colloids, photo-deposition, deposition-
precipitation, core-shell structure construction, etc.”* However, there are two great
limitations of these methods. First, generally the size and morphologies of Au NPs cannot
be precisely controlled owing to the absence of morphology-control reagents. In most
cases, the Au NPs are of spherical shape. Second, Au NPs tend to aggregate or grow up
at the surface of TiO; particles during the composite material synthesis process, which will
lead to the variation of SPR properties. This issue can be solved by separating gold
nanoparticles with titania, and thus forming a structure in which Au nanoparticles are

embedded into titania, for example, core-shell structures.?*?°

Although constructing core-shell structure provides an effective way to separate Au NPs,
the coating process of tiania shell often involves careful and complex chemical and
physical control.?® Hata et al. reported a general method to intercalate Au NPs into

galleries of layered materials such as Dion-Jacobson layered perovskite HCa;Nb3Oq9 via
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pre-intercalation of tetrabutylammonium hydroxide (TBAOH) and polyallylamine (PAA) to
enlarge the interlayer space.?” This general method promises a simpler method of
embedding Au NPs into semiconductor matrix compared to the core-shell structure.
Nevertheless, the size of gold is greatly restricted because the degree of gallery expansion
is very limited. Here we report a facile way to prepare titania-gold nanohybrid materials
with easily tunable Au NPs. By thorough mixing of exfoliated titania nanosheets (NSs) and
pre-synthesized Au NPs followed by flocculation and calcination, most of the octahedral
Au NPs can be incorporated into the matrix of anatase titania. The Au NPs can be simply
controlled in terms of their shapes and sizes during the synthesis process, so particular
SPR properties can be intentionally introduced into the hybrid material. We successfully
synthesized an Au/TiO, composite material containing relatively large Au NPs. The Au
NPs were well separated in the nanohybrid. Moreover, large octahedral Au NPs provide
good SPR-induced optical properties such as localized light intensity enhancement and
photon scattering improvement, and thus the as-prepared nanohybrid exhibited
dramatically improved hydrogen evolution performance compared to the naked titania.

4.3 Results and Discussion
Formation and microstructure of the nanohybrid materials

The Tip9102 NSs used in this work were obtained from exfoliation of a layered protonic
titanate of lepidocrocite-type, HoesTi1g304-H,O in aqueous solution of TBAOH.?® 2° The
prepared NSs possess a thickness of 0.75 nm taking the outer edge of surface oxygen
atoms, and negative charges of ca. -39 mV.** 3! TEM image in Figure 4.1a confirms the

ultrathin nature of Tig.910, NSs and their extremely high two-dimensional anisotropy.

Figure 4.1 TEM images of (a) Tig9:0, NSs and (b) octahedral Au NPs prepared via hydrothermal

method.

As shown in Figure 4.1b, the pre-synthesized Au NPs possessed octahedral morphology

and relatively uniform size. To confirm the size of the octahedral Au NPs, dynamic light
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scattering (DLS) technique was implemented. The octahedral Au NPs have very uniform
size distribution around 69 nm. As the octahedral Au NPs synthesized via hydrothermal
method are capped with cetyltrimethylammonium bromide (CTAB), their surface will be
positively charged. Zeta potential measurement showed that the octahedral Au NPs

carried a positive charge of +59 mV.

The synthesis routes and denotation of all the samples are shown in Scheme 4.1. When
Au NPs were added to NSs suspension, Au NPs were attracted to the surface of NSs as a
result of electrostatic force and so the white suspension became pink-ish. Upon the
addition of hydrochloric acid, the NSs attached with octahedral Au NPs flocculated and
settled, leaving the supernatant solution colourless. The flocculated NSs remained pink-ish
after drying at 100 °C (O-Au-NS) and calcination at 450 °C (O-Au-A). As a comparison,
other two types of Au-TiO, composites were also prepared, in which Au nanoparticles
were introduced to different locations in the composites via direct photo-deposition. In one
composite, Au particles were directly photo-deposited onto NSs before calcination, so
most of the Au particles were distributed in the interior of the final composite (Au-A-1). In
the other composite, however, flocculated NSs were first calcined to anatase particles (A)
and then photo-deposited with Au particles (Au-A-2), so the Au particles were dispersed
only on the surface of Au-A-2. It should be noted that all nhanohybrids contain the same
amount of Au (0.11 wt%).

Figure 4.2 illustrates the XRD patterns for all nanohybrid materials synthesized. The XRD
patterns of O-Au-NS exhibited a (010) peak at 26=8.74 °, corresponding to d spacing of
1.17 nm (Figure 4.2a). There were no distinct peaks assigned to titania phase in O-Au-NS,
which reflects the lack of three-dimensional order in long distance. Its XRD pattern is
typical for intercalated complex with lattice expansion along the b-axis.®* * The relatively
broader peaks of the nanohybrid result from elastic deformation of host layers upon lattice
expansion®*. The XRD result demonstrated the randomly restacked structure of NSs in O-
Au-NS. After calcination at 450 °C, the small angle peak disappeared while peaks
assigned to anatase phase evolved in the XRD pattern of O-Au-A (Figure 4.2b), which
indicates that the stacked sheets structure collapsed to form an anatase crystal structure.
It has been previously demonstrated by Fukuda et al. that a very thin film made of several
stacked layers of single titania NSs could transform into anatase at elevated temperatures
and the transformed temperature decreased for thicker films.* The films composed of
more than five layers of NSs were found to transform to anatase at 400-500 °C.

Considering that our nanohybrid was prepared by stacking multilayers of Tip910, NSs,
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calcination at 450 °C could induce the recrystallization of titania NSs to form three-
dimensional crystalline anatase structure. It is noted that no peaks of Au appeared in the
XRD patterns of neither O-Au-NS nor O-Au-A, which we believe is due to the fact that
most Au NPs have been sandwiched between Tig910> NSs. Similar to O-Au-A, both Au-A-
1 and Au-A-2 showed peaks of anatase phase in their XRD patterns, but a small peak at
20=52 ° assigned to Au appeared (Figure 4.2c and 4.2d).
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Au particles NPs
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e ﬁ;
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Scheme 4.1 Schematics of the synthesis routes of different hybrid samples.
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Figure 4.2 XRD patterns of (a) O-Au-NS, (b) O-Au-A, (c) Au-A-1, and (d) Au-A-2.
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To investigate the morphology of the nanohybrid materials, TEM was performed. In O-Au-
NS, the ultrathin NSs formed a randomly stacked structure, in which the Au NPs were
extremely difficult to find (Figure 4.3a and 4.3b). This is in good agreement with our
observation in the XRD patterns. After very careful searching in TEM, we only found very
few octahedral Au NPs which were wrapped by NSs, and all NPs were well separated
because of their small amount and thorough mixing before flocculation. After calcination at
450 °C, the stacking structure of NSs collapsed due to recrystallization, transforming to
irregular-shaped porous anatase particles in O-Au-A (Figure 4.3c). Similar to O-Au-NS, Au
NPs were very scarce and we were only able to find one after very long time of searching
in TEM (Figure 4.3d). We believe that most Au NPs were embedded into the matrix of
anatase after calcination. It is noted that after calcination, the morphology and size of Au
NPs remained unchanged. We assign the stability of Au NPs to the protection of titania
surrounding Au NPs. TEM images of Au-A-1 and Au-A-2 are presented in Figure 4.3e and
4.3f, respectively, and it can be seen that the photo-deposited Au particles are of irregular
spherical shape and possess smaller sizes compared to the pre-synthesized octahedral
Au NPs.

Figure 4.3 TEM images of (a) and (b) O-Au-NS, (c) and (d) O-Au-A, (e) Au-A-1 and (f) Au-A-2.
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Nitrogen adsorption-desorption isotherm measurements were carried out to further study
the microstructure of the prepared nanohybrids. As shown in Figure 4.4, all nanohybrids
exhibited Type IV isotherms, corresponding to mesoporous structure.® Isotherm of O-Au-
NS showed a H3-type hysteresis loop in the IUPAC classification,® revealing the presence
of slit-shaped pores. Such type of isotherms have been observed in nickel oxide pillared
titania NSs before, which highlighted the existence of open slit-shaped capillaries with very
wide bodies and narrow short necks.?* It is noted that the hysteresis loops of O-Au-NS
appeared in the region with relative pressure p/pp>0.5, which suggests that the majority of
the porosity in the nanohybrid originates from mesopores in the randomly stracked
structure.>* 3" After calcination, an H1-type hysteresis loop appeared in the isotherms of all
nanohybrids containing anatase phase (O-Au-A, Au-A-1 and Au-A-2), indicating that the
materials microstructure has changed to agglomerates of spheres.®® All results from
nitrogen adsorption-desorption isotherms agreed well with our previous analysis of XRD
and TEM data. Table 4.1 summarizes the surface area of all nanohybrids according to
BET equation based fitting analysis. Calcination caused collapse of the stacking structure
and agglomeration of anatase particles, which is reflected in the drop in surface area of O-
Au-A (84 m?/g) compared to O-Au-NS (135 m?/g).
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Figure 4.4 Nitrogen adsorption-desorption isotherms of (a) O-Au-NS, (b) Au-A-2, (c) O-Au-A, and
(d) Au-A-1.
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Table 4.1. BET surface areas of all nanohybrid

materials.

Sample BET surface area
(m?/g)

O-Au-NS 135

O-Au-A 84

Au-A-1 166

Au-A-2 114

Chemical state analysis

To investigate the chemical states of Au present in the nanohybrids, the Au 4f levels were
measured using XPS. As shown in Figure 4.5, the peaks of Au 4f;, located at 83.3-83.4
eV are close to metallic Au® 4f;, (84.0 eV), and different from Au® 4f, (85.2 eV) and Au®'
4f;, (86.7 eV),*® 3 which confirms the metallic state of Au. The surface Au:Ti atomic ratios
detected by XPS in Au-A-2 and Au-A-1 are 0.018:1 and 0.0033:1 respectively, which
verified the fact that most Au particles existed at the surface of Au-A-2 and in the interior of
Au-A-1. However, no signals of Au 4f were detected in XPS spectra of O-Au-NS and O-
Au-A. This is possibly due to the fact that Au NPs were mostly wrapped by titania and the
numbers of Au NPs were very small, so the signals of Au NPs were screened by titania.
We implemented Ar ion-sputtering to O-Au-NS and O-Au-A, scanned the samples again
but the signals of Au were still not detected even though a 40 nm-thick surface layer was
removed. Considering the scarcity of Au NPs and the fact that the XPS technique can only

detect a tiny area of the sample, this phenomenon is understandable.
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Figure 4.5 High resolution XPS spectra of Au 4f (top) and Ti 2p (bottom) in (a) O-Au-NS, (b) O-Au-
A, (c) Au-A-2 and (d) Au-A-1.

Light absorption properties analysis

Figure 4.6 gives the overall light absorption spectra for all hybrid materials along with the
naked titania (A). All hybrid materials containing Au particles exhibited a broad absorption
peak in the wavelength range of 500-600 nm, which can be assigned to the SPR effect of
Au patrticles. The naked titania (A) showed an absorption edge at a wavelength of 418 nm
corresponding to a band gap of 2.97 eV (Figure 4.6a), which is slightly smaller than normal
band gap measured for anatase (ca. 3.2 eV). Since A was prepared by calcining
flocculated NSs and some organic chemicals like TBA® might be incorporated into
flocculated NSs, a little amount of C may exist in A, leading to the extended light
absorption above 400 nm. All the other hybrid materials possessed larger band gaps of
around 3.12-3.26 eV, compared to A. It has been reported that in an Au-TiO, composite,
the Fermi level equilibration between TiO, and Au leads to Au nanoparticles undergoing

charging, which induces a negative shift in the Fermi level of TiO,.**** O-Au-NS (Figure
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4.6¢) and O-Au-A (Figure 4.6b) exhibited slightly red-shifted SPR peaks at around 565 nm
compared to those of Au-A-1 (Figure 4.6e) and Au-A-2 (Figure 4.6d) at around 550 nm,
which is due to the presence of larger octahedral Au NPs in the former two nanohybrids.

This phenomenon has been observed before, 184344

and it agrees well with the
observations from TEM images. Moreover, Noguez reported that compared to polyhedral
nanoparticles, spherical ones will have blue-shifted SPR peaks.” At the same time, we
noticed that there was no obvious change of the SPR peak position after O-Au-NS was

calcined, which again reflects the retainment of the size and shape of octahedral Au NPs.
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Figure 4.6 UV-Vis absorption spectra of (a) A, (b) O-Au-A, (c) O-Au-NS, (d) AU-A-2 and (e) Au-A-1.
Photocatalytic hydrogen production test

The average hydrogen evolution rates for all samples are shown in Figure 4.7. The Xe
lamp produces both UV light and visible light (Figure S4.2). Naked titania A can only
produce H, at a low rate of 1474 umolsh™*+g™. O-Au-NS showed very low activities, which
is mainly because of its low crystallinity. However, after calcination, the hydrogen evolution
rate dramatically increased (up to over 270 times), to 6753 umol+h™eg™, which is 3.6 times
faster than A. O-Au-A can also produce hydrogen faster than Au-A-1 (5071 umolsh™*+g™)
and Au-A-2 (3443 pmolsh™g™).
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Figure 4.7 Normalized average hydrogen evolution rates for all samples prepared. Experimental
conditions: 40 mg of catalyst powder photo-deposited with 1wt% Pt (except the last one) was

dispersed in 300 mL of agueous ethanol solution (20vol%), light source was 300 W Xenon lamp.

Analysis on the role of Au NPs

The most efficient nanohybrid, O-Au-A, can evolve hydrogen more than 3.6 times faster
than naked titania A, even though the ratio of Au is extremely low (ca. 0.11 wt%). The
phenomenon indicates the vital role of octahedral Au NPs in the photocatalytic reaction. As
mentioned before, several mechanisms regarding the role of Au NPs have been proposed
by researchers. We conducted some experiments to investigate the roles of Au NPs in our

material system.

Conventionally, Au in a metal-semiconductor composite system can act as a sink for
photoinduced electrons and catalyse the reduction of water molecules, in which way Au
improves the photocatalytic performance as the co-catalyst. In order to effectively act as
co-catalyst, Au must exist in the interfacial region between semiconductors and the
solution. In a control experiment, we conducted hydrogen evolution with O-Au-A in the
absence of Pt. Surprisingly, O-Au-A alone produced even less hydrogen compared to A-
TiO, deposited with Pt, as shown in Figure 4.7. This phenomenon can be explained in the
way that due to the scarcity of Au NPs at the surface of O-Au-A, the ability of octahedral
Au NPs as co-catalyst was very limited in the nanohybrid. However, we believe that
octahedral Au NPs still partly acted as co-catalyst, which is a minor function of Au NPs in

our nanocomposite system.

In the direct electron injection mechanism, Au NPs undergo SPR-induced excitation upon
visible light irradiation and electrons in the surface plasmon (SP) states possess enough
energy to be injected to the conduction band of the semiconductors. This mechanism has
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been very controversial in Au-TiO, composite systems. Even though water splitting under

2 410 no direct evidence of electron

visible light has been reported by several groups,
transfer between Au particles and titania were provided. At the same time, the possibility of
photoexcitation of Au NPs by visible light has been ruled out in several papers of Cronin’s
Group in recent years.®® *® 4" They claimed that there is no highest occupied molecular
orbital-lowest unoccupied molecular orbital (HOMO-LUMO) energy band configuration like
semiconductors in a plasmon excitation, so the visible activities originated from the sub-
bandgap transition in TiO, with some dopants. In another control experiment, we equipped
the Xe lamp with a 420 nm cut-off filter so only visible light can reach the reactor. For all
samples, no hydrogen can be detected. Since titania cannot be excited by photons with
wavelength longer than 420 nm, Au NPs did not seem to act as visible light sensitizer in
our case. Similar results were obtained by Chen and his co-workers.*® In their work, they
synthesized an Au-TiO, (Degussa P25) composite, which showed no appreciable H,
evolution under only visible light. Although their composite produced more hydrogen under
UV plus visible light than under pure UV light due to SPR effect, they did not give detailed

explanation.

From the discussion above, octahedral Au NPs seem to work insignificantly as co-catalyst
and hardly as visible photosensitizer. However, the dramatically improved hydrogen
production capability of O-Au-A compared to A highlights the importance of octahedral Au
NPs. Therefore, in our opinion, the other two effects of SPR, that is, intensified localized
electric field and photon scattering, are likely to work at the same time to enhance the
photocatalytic water splitting. The mechanism of the two effects is shown in Scheme 4.2.
Upon SPR-induced excitation of Au NPs, charges are concentrated at the metal-
semiconductor interface, yielding a dramatic amplification of localized electric field.*® In this
case, Au NPs essentially act as light concentrators and the localized field is distributed
very unevenly, with the highest intensity at the surface of Au NPs and decreasing
exponentially within 20-30 nm from the surface and linearly further away.** Through finite-
difference time-domain (FDTD) simulation, Christopher et al. reported that an isolated Ag
nanocube with an edge length of 75 nm can produce a SPR-induced electric fields with
intensity of ~10° times larger than the incident photon flux while two same nanocubes with
1 nm distance can enhance the light intensity up to ~10° times.*® Using similar FDTD
simulation, Liu et al. also found that the localized SPR-induced electric field intensity in
their Au-anodic TiO, film can reach up to 1000 times that of the incident electric field

intensity.*® This largely enhanced local light intensity will promote photoexcitation of
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semiconductor and thus produce more electrons and holes, considering that the charger
pair formation rate is proportional to the local light intensity.*! In addition, the plasmonic
nanostructure acts as a nanomirror, maintaining the resonant photons in the system for a
longer time.** %! |n this way, photons are given many more passes through the materials
and utilized more efficiently. It has been previously found that with the increase of the size
of metal nanoparticles, the photon scattering effect become more significant.>* This photon
scattering mechanism can explain why O-Au-A showed better photocatalytic performance
than Au-A-1 and Au-A-2. The bigger octahedral Au NPs embedded in O-Au-A can scatter
photons throughout the catalyst particles more efficiently than the small irregular-spherical
Au patrticles in Au-A-1 and Au-A-2.

Direction of light intensifying

Local light intensity enhancement

Photon scattering

Scheme 4.2 Schematics of the two effects of octahedral Au NPs: Local light intensity

enhancement and photon scattering.
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So to briefly conclude, we believe that Au NPs mainly function to enhance local light
intensity and scatter photons in our system. On the contrary, the possibility of
photosensitization of Au NPs can be ruled out and the role as co-catalyst is minor.

4.4 Conclusions

We demonstrated a method to prepare Au-TiO, nanohybrid with well separated octahedral
Au NPs of relatively large size. By using Tip.910> NSs and pre-synthesized Au NPs as the
starting materials, it is easy to achieve the embedding of Au NPs with designed size and
morphology into the matrix of anatase. The synthesized nanohybrid showed much better
photocatalytic hydrogen evoluition performance compared to naked titania and titania
photo-deposited with Au due to the excellent SPR properties of the pre-synthesized
octahedral Au NPs. The strategy is important for the development of nanohybrid materials,
which is applicable to both other NSs (NbgO17*, CasNbsO1g, etc.) and plasmonic metal
NPs (Ag, Cu, etc.).
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Figure S4.1 Overall system set-up for solar water splitting. A, pump; B, on/off valve; C, Xenon
lamp; D, reactor containing reaction suspension; E, water filter; F, magnetic stirrer; G, cooling

water cycle system; H, sampling device, and I, gas chromatography.
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Figure S4.2 Light spectrum of the Xe lamp.
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5.1 Abstract

A nanohybrid photocatalyst composed of CdTe@CdS nanocrystals and single-layered
titania nanosheets was synthesized through a well-defined restacking approach. The
nanohybrid possessed an expanded layered structure, with ultrathin titania nanosheets
randomly restacked upon each other and CdTe@CdS nanocrystals sandwiched between
the titania nanosheets. The introduction of CdTe@CdS nanocrystals not only extended the
light absorption of titania nanosheets to the visible range, but also formed p-n
nanojunctions in the nanohybrid. This nanohybrid containing same amount of CdTe@CdS
nanocrystals showed 43.4 times higher activity than pure CdTe@CdS nanocrystals for
hydrogen production under visible light irradiation (A> 420 nm) while titania nanosheets
stayed inactive. The excellent photocatalytic efficiency of the nanohybrid can be attributed
to the effective charge separation, which is achieved by the synergetic effect of suitable

arrangement of energy bands and the p-n nanojunctions.

5.2 Introduction

Photocatalytic hydrogen production provides a potential solution for the future energy
shortage, and thus draws great attention worldwide.® In photocatalytic reactions (artificial
photosynthesis), a semiconductor photocatalyst is used to absorb incident light, generate
excited electrons and holes, and subsequently drive the reactions. Despite the large
amount of work dedicated to developing different photocatalysts, titanium oxide (TiO3)
remains the most intensively researched material.> As a typical n-type semiconductor, TiO,
has good stability and relatively good photocatalytic performance upon band gap excitation.
However, due to its relative large band gap of 3.2 eV, TiO; is only able to utilize the high-
energy UV irradiation, which merely accounts for less than 5% of the overall sunlight
spectrum. In order to extend the light absorption, researchers have tried to dope TiO, with
metal and non-metal elements, which can effectively introduce visible light absorbance to

TiO,.2 However, doping with guest elements often introduces recombination centers for
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electrons and holes, and although visible light activity can be obtained, the photocatalytic
performance under the whole solar spectrum is deteriorated.* Another method to extend
the light absorption is to couple TiO, with other narrow-band-gap semiconductors to form a
heterogeneous structure.® Unlike doping in TiO,, heterogeneous photocatalysts have
improved charge separation because the energy band alignment in the composite
structure can allow photoinduced charge carriers to flow between the narrow-band-gap
semiconductor and TiO, upon visible light illumination.

In the heterogeneous structures, the physicochemical interaction between different
components near the interfacial region is critically important. In this regard, nanostructured
materials are the ideal building blocks for heterogeneous structure due to their unique
surface properties and enlarged specific surface area.® The successful preparation of
various inorganic 2D semiconductor nanosheets (NSs) with surface charges,” ® makes it
possible to deliberately synthesize some unique heterogeneous structures. Based on 2D
semiconductor NSs, Hwang and his co-workers synthesized a series of hybrid materials
with very porous structure and well-controlled electronic properties, by coupling NSs with
guest species including metal oxide nanoparticles and different types of NSs.®*? In
particular, the assembly of 2D NSs and 0D nanoparticles will form a layered structure with
0D nanoparticles pillared between 2D NSs, as a result of the house-of-cards-type stacking
of the sheet-like crystallites. Our group also reported a nanohybrid of titania NSs and
anatase nanoparticles, which greatly improved the performance of dye-sensitized solar cell
(DSSC) due to suppressed charge recombination and unique properties related to its

special porous structure such as excellent light scattering and increased dye adsorption.*?

To make the aforementioned heterogeneous structure, various guest nanoparticles can be
incorporated into the restacked NSs. Among all different types of nanoparticles, we are
particularly interested in metal chalcogenides nanocrystals (NCs) such as CdTe, CdSe,
CdS, etc. because they generally possess small band gaps (visible light absorption) and
high conduction band (driving force for hydrogen production).***’ Moreover, as these NCs
are capped with stabilizing organic molecules, their surface charges can be easily tailored
by ligand exchange or using different stabilizing molecules.'” *® Compared to CdSe and
CdS, CdTe has higher conduct band edge,*® ?° which makes it an excellent material not
only for photocatalytic and photoelectrochemical hydrogen production, but also for
quantum dot sensitized solar cells (QDSSCs).** 2122 Besjdes single phase NCs, type-I|
core-shell structure NCs such as CdTe@CdS, CdTe@CdSe and CdSe@CdS have also

been constructed, which are found to have some advantages including prolonged charge
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lifetime, enhanced charge transfer, extended absorption edge and improved photo-
stability.*® > 2 A good example of typical type-Il core-shell structure is CdTe@CdS, in
which electrons are allowed to be transferred to the shell and the holes to the core. In
addition, as CdTe is p-type semiconductor while CdS is n-type, a p-n nanojunction will
form at the interface, which can further promote charge separation with its induced electric
field.'® The concept of forming p-n junction in photocatalysts has been found to be very
effective for promoting photocatalytic performance.**?® For example, Meng and his co-
workers directly grew p-type MoS, nanoplatelets onto n-type nitrogen-doped reduced
graphene oxide (rGO).?” The nanoscale p-n junctions in the composites significantly
improved the photocatalytic hydrogen production performance. Therefore, the special
properties of CdTe@CdS make it a potentially better photocatalyst compared to pure
CdTe.

Herein we reported a new nanohybrid photocatalyst for efficient visible light hydrogen
production, which was prepared by hybridization of single-layered titania NSs and
CdTe@CdS NCs. Even though titania NSs were inactive in the visible region (A>420 nm)
while pure CdTe@CdS NCs had extremely low activity, the as-prepared nanohybrid
showed dramatically enhanced photocatalytic activity under the same conditions. By
coupling CdTe@CdS NCs and titania NSs, many p-n nanojunctions are formed in the
nanohybrid, which can enhance the electron transfer from CdTe to titania, suppress the
charge recombination, and subsequently improve the photocatalytic hydrogen production.

5.3 Results and discussion

The synthesis of the nanohybrid material is schematically shown in Scheme 5.1.
CdTe@CdS NCs and Tip0102 NSs were first thoroughly mixed under stirring conditions.
The mixed suspension remained stable because both Tip9;0, NSs and CdTe@CdS NCs
carry negative charges. Tip.910, NSs have been reported to possess negative charge of ca.
-39 mV.?° Moreover, CdTe@CdS NCs also carry negative charge (-28 mV detected by
Zeta potential measurement) because of the thiol group in the capping agent, that is,
mercaptosuccinic acid (MSA). After the complete mixing of NSs and NCs,
poly(ethyleneimine) (PEI) chains with positive charges were added to the suspension. The
introduction of PEI will not only bind NSs and NCs together as glue, but also restack the
Tip.9102 NSs. The randomly restacked Tip910, NSs will form a layered structure with
CdTe@CdS NCs located in the interlayer gallery. This nanohybrid material is denoted as
CT.
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CdTe NCs

+ + +

Scheme 5.1 Formation mechanism of the nanohybrid CT.

To analyze the structure of the NCs and the nanohybrid, X-ray diffraction (XRD) was
conducted. The XRD pattern of the as-prepared CdTe@CdS NCs (Figure S5.1, ESIt)
indicated a cubic crystal structure, with peaks located between cubic CdTe and cubic CdS.
The XRD pattern proved the co-existence of both CdTe and CdS in the NCs. Similar

phenomenon was observed in previous studies of CdTe@CdS core-shell NCs.?® %

After the hybridization of Tip910, NSs and CdTe@CdS NCs, the XRD pattern of CT
(Figure 5.1c) showed a broad peak around 10.8 °, which is a typical feature of restacked
layered materials.®" % Several other weak peaks were also observed, which can be
assigned to the individual Tio.0:0, NS layers.®® As the ratio of CdTe@CdS NCs in CT is
very low (2.1 wt% of CdTe), we were not able to identify the peaks of CdTe or CdS.

To compare the interlayer spacing difference between CT and the titanate precursors, we
also conducted XRD of both CsggsTi1.8304 and HpesTi1.8304-H20O. Based on the position of
the (020) peak, the layered titanate precursor CsoegTii1g304 has a basal spacing of 0.86
nm (Figure 5.1a), which is expanded to 0.95 nm after proton exchange (Figure 5.1b). The
nanohybrid CT (Figure 5.1c) showed a similar gallery spacing of 0.95 nm to that of the
protonated titanate HggsTii18304-H20. The increased interlayer distance indicated the
successful intercalation of CdTe@CdS NCs and PEI chains. Moreover, the expanded
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interlayer space can also promote electrolyte to diffuse into the space between layers and
react with active sites of the photocatalyst.**

To explore the morphology of the nanohybrid, HRTEM was performed. Figure 5.2a
showed a typical cross-sectional view of CT, displaying a layered structure composed of
stacked Tip.0102 NS (parallel dark lines). The interlayer spacing of CT was estimated to be
ca. ~0.93 nm, which is in good agreement with the calculation based on its XRD pattern.
Moreover, CdTe@CdS NCs were observed in the HRTEM images of CT (Figure 5.2b).
The sizes of NCs were determined to be 3-4 nm, and the clear interplanar spacing of 0.18
nm corresponds to the (311) lattice fringe of the CdTe crystal. The observations in HRTEM

confirm the proposed layered structure of the nanohybrid.
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Figure 5.1 The powder XRD patterns of (a) CsgesTi18304, (D) HoesTi18304-H,O and (c) CT.

Figure 5.2 HRTEM images of CT. (a) relatively large-scale view of the restacked layered structure,
and (b) local view of the CdTe@CdS NCs.
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The UV-Vis absorption spectrum of CdTe@CdS NCs (Figure 5.3b) showed a low energy
excitonic absorption peak around 570 nm, which is in good agreement with previous
reported NCs of similar sizes.?* ?® Peng and his co-workers® built up a link between the
position of this excitonic absorption peak with the size of CdTe NCs, as shown in Eq. 5.1.
Calculated from this equation, the size of our CdTe is 3.43 nm, which is very close to our
observations in HRTEM. The titania NSs have an absorption edge around 300 nm (Figure
5.3a), corresponding to a band gap of 4.1 eV, which makes it unable to capture visible light.
After the hybridization, CT underwent significant enhancement of visible absorption, with
an absorption edge of 670nm (Insert of Figure 5.3). The extended light absorption of CT
also indicated the successfully intercalation of CdTe@CdS NCs.

D = (9.8127 x 1077)A3 — (1.7147 x 1073)22 + (1.0064)A — (194.84) (Eq. 5.1)

Where D (nm) is the size of CdTe NCs and A is the wavelength of the low energy excitonic
absorption peak.
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Figure 5.3 UV-Visible absorption spectra of (a) Tig.9:0, NSs suspension and (b) CdTe@CdS NCs

suspension. Insert: powder UV-Visible absorption spectrum of CT.

To further confirm the existence of CdTe@CdS NCs in the nanohybrid, X-ray
photoelectron spectroscopy (XPS) analysis was performed. As shown in Figure 5.4, Te 3d

showed two peaks, with Te 3ds, and Te 3ds, located at 572.5 eV and 582.8 eV
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respectively. The position of Te 3d peaks are very close to previous reports of Te 3d in
CdTe,* %" which indicates that Te exists in the form of Te? instead of TeO, or Te. The S
2p spectrum can be fitted with a single doublet with S 2p3/, located at 161.4 eV and S 2p1.
at 162.6 eV, when using Shirley type background function. This doublet agreed well with S
2p in CdS.? *8 |t has been reported that a Cd-MSA complex will form on the surface of
CdTe NCs during the synthesis, which gradually decomposes and generates a layer of
CdS.?® After the hydrothermal reaction, a CdTe@CdS core-shell structure will be obtained.
The analysis of S 2p spectrum verified the formation of CdTe@CdS core-shell structure.
The peak positions of Cd 3d are very close in CdTe and CdS.***° The peaks of Cd 3ds
and Cd 3ds; of CT are centered at 405.2 eV and 411.9 eV, respectively, which fall into the
region of Cd 3d in CdTe and CdS.
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Binding Energy /eV Binding Energy /eV

Ti2p,,
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Figure 5.4 High-resolution XPS spectra for Te 3d, S 2p, Cd 3d and Ti 2p in CT.

The photocatalytic activity of CT was tested by hydrogen production under visible light
illumination. As shown in Figure 5.5, pure Tip9102 NSs (25 mL) were not able to produce
any hydrogen and CdTe@CdS NCs (10 mL) can only produce hydrogen at a very slow
rate of 0.47 pmol-h™. Impressively, when CT (ca. 45 mg) containing the same amount of
CdTe@CdS NCs was tested, the activity was significantly improved and an average
hydrogen evolution rate of 20.85 pmol-h™ was obtained, which is 43.4 times higher than

pure CdTe@CdS NCs. This gives a normalized hydrogen rate of 463.24 pmol-h™*.g*
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based on the weight of CT, even though the ratio of the NCs in CT is very low (ca. 2.1 wt%
in terms of the CdTe core in the CdTe@CdS NCs). In a control experiment, we also tested
hydrogen production with only the sacrificial agent Na,S/Na,SO; solution, and no
hydrogen was detected. Figure 5.6 shows the typical time course of hydrogen evolution
over CT. There is a subtle induction time in the first hour, #* which is possibly due to the

photodeposition of Pt.
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Figure 5.5 Normalized hydrogen production rates of CT, pure CdTe@CdS NCs, Na,S/Na,SO3;
solution and Tig9:02 NSs. In the test, the catalyst was loaded with 1 wt% Pt as cocatalyst, and 300
mL of Na,S/Na,SO; (0.01 mol) solution was used as the sacrificial agent. High energy Xenon lamp

equipped with 420 nm cut-off filter was used as the light source.
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Figure 5.6 Time course of hydrogen evolution with CT. 45 mg of CT was dispersed in 300 mL
Na,S/Na,SO; (0.01 mol) solution, and 1 wt% Pt was loaded as cocatalyst. High energy Xenon
lamp equipped with 420 nm cut-off filter was used as the light source.
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To explain the origin of significant photocatalytic hydrogen evolution activity enhancement
of CT compared to that of pure NCs, photoluminescence (PL) analysis was performed. As
shown in Figure 5.7a, CdTe@CdS NCs exhibited a PL peak at around 610 nm, which is
close to previous reports based on the size of CdTe NCs.?® *° However, CT showed
significantly weakened PL signal and nearly complete quenched peak (Figure 5.7b). The
huge change in the PL intensity indicated that the electron-hole recombination was vastly
suppressed in CT.
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Figure 5.7 PL spectra of (a) CdTe@CdS NCs and (b) CT. Excitation wavelength: 420 nm.

Even though CdTe NCs have been used as the visible light absorber in the process of

photocatalytic hydrogen production,* %

we only detected extremely small amount of H;
product on the CdTe@CdS NCs alone. There are two possible reasons for this
phenomenon. First, due to the very rapid charge recombination in the CdTe@CdS NCs,
photoinduced electrons will be annihilated before diffusing to Pt particles and reducing
protons. Second, photocorrosion of CdTe may happen. Previous studies showed that
when Au was grown on CdTe nanostructure via photodeposition method using Au (lIl) as
precursor, CdTe will be consumed and Te® be oxidized to Te®.* ** Earlier work showed
that the S*/S,2 redox couple has a reduction potential of around -0.5 V (vs NHE), which is
capable of capturing the photoinduced holes in the valence band of CdTe.?> %
Nevertheless, as the reaction of holes and S* is a rate-determining process, the self-
corrosion of CdTe may dominate over the hole capture by S*.*° Some researchers
reported that S*/S,? redox couple is not very efficient in terms of stabilizing CdTe in

aqueous solution.** *° So CdTe NCs may undergo decay not only during the
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photodeposition process of Pt particles, but also in the following photocatalytic reaction
process. However, Sheng et al. reported that in a CdTe@CdS core-shell structure, due to
much lower oxidation potential of the CdS shell than the CdTe core, the photooxidative
degradation can be reduced.!® To rule out the possibility that the poor photocatalytic
performance of CdTe@CdS NCs was due to an improper sacrificial agent, we also tested
hydrogen production with ascorbic acid (H,A) as the sacrificial agent. Even though H,A

has been shown to be quite effective in CdTe-based systems,* #

we still could only
obtain similar small amount of hydrogen product (not shown). Therefore, the rapid charge
recombination may be the dominant factor which limited the photocatalytic hydrogen

production capability of the pure CdTe@CdS NCs.

Despite the very low activity of pure CdTe@CdS NCs, CT has dramatically improved
hydrogen production capability even though the ratio of CdTe@CdS NCs in CT is very low.
Jasieniak et al. conducted a systematically study on the size dependence of the
conduction band and valence band positions of several nanocrystals including CdTe,
CdSe, PbS etc., and the relationship between the band position and the size of CdTe NCs
can be described in Eq. 5.2 and 5.3.%° Based on the size of our CdTe NCs and Eq. 5.2 and
5.3, the CB and VB edge are located at -2.35 eV and -4.99 eV, respectively, with reference
to Eyac. After converting to the redox potential with reference to NHE, the CB and VB edge
are -2.15 V and 0.49 V, respectively. So the conduction band edge of our CdTe NCs is
well above those of CdS and titania.*” *® Scheme 5.2 shows the energy alignment in CT.
The proper energy band configuration in CT facilitates the electron flow in the direction of
CdTe-> CdS-> Tip 9102, and therefore electrons can be effectively separated from holes.
Therefore, the significantly suppressed charge recombination is a result of the charge
transfer between CdTe@CdS NCs and Tip9102 NSs. Moreover, as CdTe is a p-type
semiconductor while CdS and titania are n-type semiconductors, p-n nanojunctions will
form at the interface. The Fermi level alignment near the p-n junction interface results in
the upward and downward shifts of the energy bands of CdTe and CdS, respectively.®
The interfacial electric field induced by the p-n nanojunction can further promote the
electron flow from CdTe to CdS. Therefore, the configuration of our semiconductor

composite greatly facilitates the charge separation and thus the photocatalytic hydrogen

production.
E. = —3.29 + 4.19 x D~1.21 (Eq. 5.2)
E,, = —4.74 — 0.80 x D~%97 (Eq. 5.3)
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Where the E¢, (eV) and E,, (eV) are the conduction band edge and valence band edge
with reference to the vacuum energy (Eyac), respectively, and D (nm) is the diameter of the
CdTe NCs.

CdTe (p-type)

. CdS (n-type)
Tig 9,0, (n-type)

h™ h* h* h*
p-n nanojunction
VB s

Scheme 5.2 Schematic of the energy alignment in the CT.

To determine whether CT was photocorroded after the reaction, we collected CT after test
and performed XPS again. The XPS spectrum of Te 3d showed identical position to that of
fresh CT (Figure S5.2, ESIt), and no peaks of Te 3d in metallic state showed up. This

indicates that CT remained relatively stable in the photocatalytic reaction process.

5.4 Conclusions

In summary, a nanohybrid composed of CdTe@CdS nanocrystals and titania nanosheets
with layered structure was synthesized and used for photocatalytic H, production under
visible light. Despite the fact that neither pure CdTe@CdS NCs nor pure titania
nanosheets were efficient photocatalyst for hydrogen production, the nanohybrid of the two
showed very impressive hydrogen production capability. The improved photocatalytic
performance can be attributed to two factors: the excellent visible light absorption
introduced by the incorporation of CdTe@CdS NCs and the greatly enhanced charge
recombination due to the proper energy band alignment and the formation of p-n
nanojunctions. The finding demonstrates the great importance of the dual functions of
CdTe@CdS NCs, i.e., visible light absorber and p-n nanojunction. More important, this
concept can be extended to other nanocrystals (either single component or core-shell
structured) and nanosheets (metal oxide nanosheets, layered double hydroxides, polymer
semiconductor nanosheets like C3Ng4, etc.), which holds promise for synthesizing highly

efficient photocatalyst for producing H- fuel from solar energy.

90



5.5 References

1. G. C. Xie, K. Zhang, B. D. Guo, Q. Liu, L. Fang and J. R. Gong, Adv. Mater., 2013,
25, 3820-3839.

2. G. Liu, L. Wang, H. G. Yang, H. M. Cheng and G. Q. M. Lu, J. Mater. Chem., 2009,
20, 831-843.

3. X. Chen and S. S. Mao, Chem. Rev., 2007, 107, 2891-2959.
4. X. Chen, S. Shen, L. Guo and S. S. Mao, Chem. Rev., 2010, 110, 6503-6570.
5. Y. Q. Qu and X. F. Duan, Chem. Soc. Rev., 2013, 42, 2568-2580.

6. J. L. Gunjakar, I. Y. Kim, J. M. Lee, Y. K. Jo and S. J. Hwang, J. Phys. Chem. C,
2014, 118, 3847-3863.

7. M. Osada and T. Sasaki, Adv. Mater., 2012, 24, 210-228.
8. R. Z. Ma and T. Sasaki, Adv. Mater., 2010, 22, 5082-5104.
9. T. W. Kim, S. G. Hur, S. J. Hwang and J. H. Choy, Chem. Commun., 2006, 220-222.

10. J. L. Gunjakar, T. W. Kim, H. N. Kim, I. Y. Kim and S. J. Hwang, J. Am. Chem. Soc.,
2011, 133, 14998-15007.

11. T.W.Kim, S. G. Hur, S. J. Hwang, H. Park, W. Choi and J. H. Choy, Adv. Funct.
Mater., 2007, 17, 307-314.

12. S. I. Shin, A. Go, I. Y. Kim, J. M. Lee, Y. Lee and S. J. Hwang, Energy Environ. Sci.,
2013, 6, 608-617.

13. Y. Bai, Z. Xing, H. Yu, Z. Li, R. Amal and L. Wang, ACS Appl. Mater. Interfaces,
2013, 5, 12058-12065.

14. Z. Han, F. Qiu, R. Eisenberg, P. L. Holland and T. D. Krauss, Science, 2012, 338,
1321-1324.

15. F.Wang, W. G. Wang, X. J. Wang, H. Y. Wang, C. H. Tung and L. Z. Wu, Angew.
Chem., Int. Ed., 2011, 50, 3193-3197.

16. M. A. Holmes, T. K. Townsend and F. E. Osterloh, Chem. Commun., 2011, 48, 371-
373.

17. X. Michalet, F. F. Pinaud, L. A. Bentolila, J. M. Tsay, S. Doose, J. J. Li, G.
Sundaresan, A. M. Wu, S. S. Gambhir and S. Weiss, Science, 2005, 307, 538-544.

18. I. L. Radtchenko, G. B. Sukhorukov, N. Gaponik, A. Kornowski, A. L. Rogach and H.
Mohwald, Adv. Mater., 2001, 13, 1684-1687.

19. P. Sheng, W. Li, J. Cai, X. Wang, X. Tong, Q. Cai and C. A. Grimes, J. Mater.
Chem. A, 2013, 1, 7806-7815.

20. J. H.Bang and P. V. Kamat, ACS nano, 2009, 3, 1467-1476.

21. Z.J.Li, X.B.Li, J.J.Wang, S. Yu, C. B. Li, C. H. Tung and L. Z. Wu, Energy
Environ. Sci., 2013, 6, 465-4609.

91



22. J.Wang, |. Mora-Sero6, Z. Pan, K. Zhao, H. Zhang, Y. Feng, G. Yang, X. Zhong and
J. Bisquert, J. Am. Chem. Soc., 2013, 135, 15913-15922.

23. X.Peng, M. C. Schlamp, A. V. Kadavanich and A. Alivisatos, J. Am. Chem. Soc.,
1997, 119, 7019-7029.

24.  D.Hou, X. Hu, P. Hu, W. Zhang, M. Zhang and Y. Huang, Nanoscale, 2013, 5,
9764-9772.

25. L.Yang, S. Luo, Y. Li, Y. Xiao, Q. Kang and Q. Cai, Environ. Sci. Technol., 2010,
44, 7641-7646.

26. M. Long, W. M. Cai, J. Cai, B. X. Zhou, X. Y. Chai and Y. H. Wu, J. Phys. Chem. B,
2006, 110, 20211-20216.

27. F.Meng, J. Li, S. K. Cushing, M. Zhi and N. Wu, J. Am. Chem. Soc., 2013, 135,
10286-10289.

28. Y. Zhu, Z. Li, M. Chen, H. M. Cooper, G. Q. Lu and Z. P. Xu, J. Colloid Interface
Sci., 2013, 390, 3-10.

29. G. Liu, L. Wang, C. Sun, Z. Chen, X. Yan, L. Cheng, H. M. Cheng and G. Q. M. Lu,
Chem. Commun., 2009, 1383-1385.

30. Z.T.Deng, O. Schulz, S. Lin, B. Q. Ding, X. W. Liu, X. X. Wei, R. Ros, H. Yan and
Y. Liu, J. Am. Chem. Soc., 2010, 132, 5592-5593.

31. T.W.Kim, l.Y.Kim, T.S. Jung, C. H. Ko and S. J. Hwang, Adv. Funct. Mater.,
2013, 23, 4377-4385.

32. J.L.Gunjakar, T.W. Kim, I. Y. Kim, J. M. Lee and S. J. Hwang, Sci. Rep., 2013, 3.

33. G. Liu,C. H.Sun, L. Z Wang, S. C. Smith, G. Q. Lu and H. M. Cheng, J. Mater.
Chem., 2011, 21, 14672-14679.

34. Y. Ebina, T. Sasaki, M. Harada and M. Watanabe, Chem. Mater., 2002, 14, 4390-
4395.

35.  W.W.Yu, L. Qu,W. Guo and X. Peng, Chem. Mater., 2003, 15, 2854-2860.
36. H. Zhang and B. Yang, Thin Solid Films, 2002, 418, 169-174.
37. H.Zhang, Z. Zhou, B. Yang and M. Gao, J. Phys. Chem. B, 2003, 107, 8-13.

38. X.X.Yan, G. Liu, L. Z. Wang, Y. Wang, X. F. Zhu, J. Zou and G. Q. Lu, J. Mater.
Res., 2010, 25, 182-188.

39. L.Wu,J.C.Yuand X. Z. Fu, J. Mol. Catal. A-Chem., 2006, 244, 25-32.

40. Z.Deng, O. Schulz, S. Lin, B. Ding, X. Liu, X. Weli, R. Ros, H. Yan and Y. Liu,
Journal of the American Chemical Society, 2010, 132, 5592-5593.

41. Y. Khalavka and C. S6nnichsen, Adv. Mater., 2008, 20, 588-591.

42. L. Carbone, S. Kudera, C. Giannini, G. Ciccarella, R. Cingolani, P. D. Cozzoli and L.
Manna, J. Mater. Chem., 2006, 16, 3952-3956.

92



43. A. B. Ellis, S. W. Kaiser, J. M. Bolts and M. S. Wrighton, J. Am. Chem. Soc., 1977,
99, 2839-2848.

44. A. B. Ellis, S. W. Kaiser and M. S. Wrighton, J. Am. Chem. Soc., 1976, 98, 6418-
6420.

45, P. M. Lessner, F. R. McLarnon, J. Winnick and E. J. Cairns, J. Electrochem. Soc.,
1993, 140, 1847-1849.

46. J. Jasieniak, M. Califano and S. E. Watkins, ACS nano, 2011, 5, 5888-5902.
47. C. G. Van de Walle and J. Neugebauer, Nature, 2003, 423, 626-628.
48. A. Kudo and Y. Miseki, Chem. Soc. Rev., 2008, 38, 253-278.

5.6 Supporting information

— CdTe cubic

111

— (CdS cubic

Intensity(a.u.)

— 311

- 222
——— 400

~ 400

20 40 60 80
20/degree

Figure S5.1 XRD pattern of pure CdTe@CdS NCs.
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6.1 Abstract

A new type of graphitic C3sN4-based composite photocatalysts were prepared by co-loading
PEDOT as hole transport pathway and Pt as electron trap on CsN4. The as-prepared
C3N4-PEDOT-Pt composites showed drastically enhanced activity for visible light-driven
photocatalytic H, production compared to those of C3N4-PEDOT and C3Ng-Pt possibly due

to the spatial separation of the reduction and oxidation reaction sites.

6.2 Introduction

Photocatalytic hydrogen evolution using semiconductor materials provides a promising
way to produce clean hydrogen fuel.! However, a significant factor limiting the overall
photocatalytic efficiency is the rapid charge recombination after photo-excitation, which
often happens during the diffusion of charges in the bulk as well as on the photocatalyst
particle surface.?® In order to suppress the charge recombination, one effective solution is
to design photocatalysts with spatially separated oxidative and reductive sites. For
example, Kudo and co-workers prepared a NiO-loaded NaTaOs; doped with lanthanum®.
The Lanthanum doping induced the formation of nanostep structure on the surface of
NaTaO3; and H; evolution occurred on the NiO particles while O, evolution took place at
the groove of the nanostep structure. Therefore, this type of catalysts exhibited high
efficiency for overall water splitting into H, and O, under UV illumination due to the
separation of the reduction and oxidation sites. Li et al. developed a dual cocatalyst
system by loading Pt and PdS on CdS as the reduction and oxidation cocatalysts,
respectively, and achieved impressively high quantum efficiency for hydrogen production.>
® Recently, Li and co-workers found that the (010) and (110) facets of the BiVO, crystals
are reductive and oxidative, respectively.” ® Based on this finding, the selectively
deposited reduction and oxidation catalysts on different facets led to much improved
oxygen production upon visible light irradiation compared to BiVO, with randomly
distributed cocatalyst. In this regard, the spatial separation of charge carriers in

photocatalyst is significantly important for the photocatalytic efficiency.
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Since the pioneer work on using graphitic carbon nitride (g-C3N,4) for photocatalytic water
splitting reported by Wang et al.®, g-CsNi, a polymer semiconductor has drawn great
attention as a promising photocatalyst due to its visible light absorption, suitable band
position for both H, and O, production, and relatively good thermal and chemical
stability.*® However, the photocatalytic activities of pure g-CsN, are still limited due to the
serious charge recombination, and much effort has been devoted to addressing this

issue.11®

Poly (3, 4-ethylenedioxythiophene) (PEDOT) has been recognised to be an excellent
conducting polymer in optoelectronic devices because PEDOT possesses excellent
conductivities, thermal stability, transparency in the visible range and the ability to be
processed in aqueous solution.’” *® For instance, as a result of its high hole mobility,
PEDOT is often exploited as hole conductor in Dye Sensitized Solar Cells (DSSCs).*® *°
Moreover, PEDOT has been used to not only conduct holes but also catalyse water
oxidation reaction in the configuration of photoelectrochemical cells.?*® Considering the
aforementioned outstanding electrical, chemical, catalytic and optical properties of PEDOT,
we wondered whether it was possible to construct a C3N4-PEDOT composite and use
PEDOT as a hole transport pathway. Furthermore, as Pt particles are often deposited onto
g-C3N4 as proton reduction sites, we may create a C3N4-PEDOT-Pt system, in which
PEDOT and Pt act as oxidation and reduction reaction sites, respectively. Herein, we
report a new type of C3N, composite photocatalyst by co-loading PEDOT and Pt
cocatalysts on C3N4. The as-prepared C3N4-PEDOT-Pt photocatalyst produced 4 times
more hydrogen than conventional C3N4-Pt photocatalyst under optimised conditions. The
speculated spatial separation of the reductive and oxidative reaction sites on C3zN4 can
efficiently suppress the recombination of photogenerated electrons and holes and was
supposed to be the main reason for the drastically enhanced photocatalytic performance.

6.3 Results and Discussion

The C3N4-PEDOT-Pt composites were prepared by co-loading PEDOT and Pt particles on
g-C3N4 using a two-step method (Scheme 6.1, see ESIt for experimental details).
Commercially available poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT-
PSS) complex was used, in which the PSS has dual functions of acting as the counterion
of the positively charged PEDOT and rendering the dispersibility in aqueous medium.? In
the first step, different amounts of PEDOT-PSS were loaded on g-C3N4 by impregnating g-
CsN4 in commercial PEDOT-PSS solution. As PEDOT-PSS is soluble in water, the
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resulting C3N4-PEDOT composite was post-treated with ethylene glycol (EG) to avoid the
detachment of the PEDOT in aqueous solution.?> Moreover, treatment with EG can
improve the conductivity and stability of PEDOT.'" ?? In the second step, Pt nanoparticles
were loaded on the C3N4-PEDOT composite powder via an in-situ photoreduction method

in the presence of a hole scavenger.

g-CNy
= g-C;N,
VB g'CJ'\-l VB VB s
TE q TEA(?)

PEDOT:PSS PEDOT:PSS
TEA* TEA®

Scheme 6.1 Schematic of the preparation process of the C3N,-PEDOT-Pt composite and the

proposed mechanism of the photocatalytic reaction.

The X-ray diffraction (XRD) pattern of as-prepared g-CsN4 (Figure S6.1a, ESIt) shows two
peaks: a low-angle (100) peak at around 15.3° corresponding to the tri-s-triazine units
packing in the lattice planes parallel to the c-axis, and a (002) peak at around 32.1°
stemmed from the periodic stacking of individual layers.* *® XRD patterns of CsN4;-PEDOT
composites with different ratios of PEDOT are very similar to that of g-C3Ng, indicating that
the addition of PEDOT made insignificant change to the crystal structure of g-C3N4 (Figure
S6.1b-e, ESIt). The optical absorption properties of all samples were then examined by
UV-visible spectroscopy. The g-C3N4 has an absorption edge at 466 nm, corresponding to
a band gap of 2.66 eV (Figure S6.2a, ESIt). After the impregnation of PEDOT, the
absorption edge of g-C3N4 remained nearly unchanged while the baseline was elevated
(Figure S6.2b-e, ESIf). This phenomenon reveals that PEDOT did not change the
electronic structure of g-C3N4. The rise of absorption baseline by PEDOT is reflected by
the gradual colour change of C3N4-PEDOT from yellow (pure g-C3Ny) to dark green (C3Ng-
5 wt% PEDOT) with the increase of the ratios of PEDOT.

The morphology of C3N4-PEDOT composite was investigated with transmission electron
microscopy (TEM). The g-C3N4 possessed a layered structure (Figure 6.1a and Figure
S6.3). To confirm the presence of PEDOT in the polymer composite and determine the
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distribution of PEDOT, element mapping analysis was conducted. As shown in Figure
6.1b-e, all C, N, O and S elements are evenly distributed at the surface of C3N4-5 wt%
PEDOT. S elements only come from the C-S-C in the PEDOT and sulfonic acid or
sulfonate functional groups in the PSS, while O elements only come from sulfonic acid or
sulfonate functional groups in the PSS. The distribution of S and O elements indicates that

the surface of g-C3sN4 was relatively uniformly covered by the PEDOT-PSS polymer.

To further confirm the existence of PEDOT on C3N4, X-ray photoelectron spectroscopy
(XPS) analysis was performed. Similar results in the XPS spectra of S 2p of all C3Ny-
PEDOT samples were observed (Figure S6.4, ESIt). The lower binding energy peaks at
163.5 eV and 164.7 eV can be assigned to sulphur atoms in PEDOT while the higher
binding energy peak at 168.8 eV corresponds to S atoms in PSS.?* Moreover, the ratio of
PEDOT to PSS is estimated to be around 1:3 based on the measured area ratio of PEDOT

to PSS in the S 2p spectra, which is in good agreement with previous reports .2 2*

We then investigated the photocatalytic H, evolution performance of the composites.
Figure 6.2A shows the H; evolution rates of all samples under visible light illumination.
When loaded with Pt, pure g-C3N4 (Figure 6.2A-a) can only produce H, at a rate of 6.4
umol h™ in the first 4 h. With the increase of the amount of PEDOT, the hydrogen
production rate steadily rose, reaching a maximum at 2 wt% loading. C3N4-2 wt% PEDOT
(Figure 6.2A-d) showed a hydrogen evolution rate of 32.7 umol h™, which was over 4 times
higher than that of g-C3N4. However, when the loading was increased to to 5 wt%, the
activity decreased (Figure 6.2A-e). All the C3N4-PEDOT-Pt composites exhibited much
improved H, evolution compared to g-C3N4-Pt in aqueous triethanolamine (TEA) solution.
In a control experiment, we also tested the H, evolution on C3N4 without Pt, and only
negligible amount of H, was detected when using C3Ny4-2 wt% PEDOT (Figure 6.2A-f). The
results indicate that PEDOT cannot work as the reduction reaction site like Pt. Moreover,
PEDOT by itself was not able to produce any H, in TEA solution regardless of the
presence of Pt (not shown in the Figure 6.2). This indicates that PEDOT cannot act as the

light absorber to induce photocatalytic H, production.
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Figure 6.1 TEM image of C3N4-5 wt% PEDOT (a) and elemental maps of C (b), N (c), O (d) and S
(e).

In order to investigate the origin of the difference of the photocatalytic performance and the
role of PEDOT, photoluminescence (PL) analysis was performed. Figure 6.3 shows the PL
spectra of g-C3N4 and PEDOT-C3N4 composites. The broad peaks at around 460 nm are
related to the electron-hole recombination in g-C3N4,13' 16
with the band gap (2.66 eV) of g-C3N4. When the PEDOT loading was increased, the PL

peak became gradually quenched. The weakened PL signals with the increased PEDOT

and the peak position agrees well

loading implied a decreased electron-hole recombination, which led to the improved H,
evolution. Theoretically, as PEDOT is a hole conductor, photogenerated electrons will not
transfer from g-CsN4, to PEDOT and therefore Pt cannot form on the PEDOT surface.
Instead, PtCls® ions can only be reduced to Pt on the bare surface of g-CsN, where
PEDOT is not present (Scheme 6.1). Therefore, reduction (Pt) and oxidation (PEDOT)
reaction sites should be spatially separated on the surface of g-C3N4 through the present
two-step method. Such a structure will facilitate charge separation and is supposed to lead
to enhanced photocatalytic performance. This is further confirmed by the further quenching
of PL signal upon photodeposion of Pt on C3N4-PEDOT (Figure 6.3B). It is worth noting
that even though C3N4-5 wt% PEDOT has the weakest PL peak, when loaded with Pt it
produced less H, than C3N4-2 wt% PEDOT- 1 wt% Pt and C3Ny4-1 wt% PEDOT- 1 wt% Pt.
We believe that when the PEDOT loading was too high, the available surface sites for
PtCls” reduction were limited, and so the lessened Pt sites led to drop in hydrogen
production. We tentatively used TEM to acquire the direct evidence on the spatial
separation of the reduction (Pt) and oxidation (PEDOT) reaction sites on C3N4 but no
desirable results were obtained due to the low contrast between PEDOT and Cj3Na.

However, from the synthesis process shown in Scheme 6.1, the as-designed spatial
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separation of Pt and PEDOT should be achieved, which is the supposed to be the main

reason for the high photocatalytic activity of the composite.

To test the stability of C3sN4,-PEDOT in the aqueous reaction environment, a 12-hour cycle
experiment was carried out with C3Ns-2 wt% PEDOT. During the reaction, the reaction
system was re-evacuated every 4 h and illumination was resumed after re-evacuation. As
shown in Figure 6.2B, the activity was well maintained after 12 h and the catalyst can
produce a total amount of 452.77 pmol of H,. Moreover, it is noticed that the second and
third cycles witnessed slightly increased H, evolution than the first cycle, possibly due to
the photodeposition of Pt particles in the beginning of photocatalytic reaction. In previous
reports about C3Ny-polymer composites, H, evolution always suffered decay after
prolonged reaction time possibly due to photocorrosion.> > The remarkably improved
stability of our C3N4-PEDOT composites can be attributed to the stability of PEDOT and
the intimate contact between PEDOT and g- C3Na.

B #\'acuul ion &n‘atuatinn

Amount of H7
o

Rate of H2 evolution {pmol h- I}

01234567 8910111213
n

Tir l.".l:rll
Figure 6.2 H, evolution performance on different samples. A: rates of photocatalytic H, evolution
in the first 4 hours on (a) pure g-C3N,4, C3N4-PEDOT with PEDOT loading of (b) 0.5 wt%, (c) 1 wt%,
(d) 2 wt%, and (e) 5 wt% and (f) C3N4-2 wt% PEDOT without Pt. B: the time course of H, evolution
in a 12-hour cycle experiment on C3N4-2 wt% PEDOT. In all experiments, 0.1 g of catalyst was
loaded with 1 wt% Pt as the cocatalyst except (f) in A. 300 mL of triethanolamine (TEA) aqueous
solution (10 vol%) was used as the reaction solution. High energy Xenon lamp equipped with 400

nm cut-off filter was used as the light source.
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Figure 6.3 The PL spectra of pure g-C3N, and C3N,-PEDOT composites. A: PL spectra of all
samples before photocatalytic reaction: (a) pure g-CsN,, CsN4-PEDOT with PEDOT loading of (b)
0.5 wt%, (c) 1 wt%, (d) 2 wt% and (e) 5 wt%. B: PL spectra of C3N;-2 wt% PEDOT (a) before and

(b) after photocatalysis reaction with photodeposited Pt particles.

6.4 Conclusions

In summary, we presented a new type of CsNg-based composite photocatalyst loaded with
dual cocatalysts Pt and PEDOT. The as-prepared composites exhibited very stable and
drastically enhanced photocatalytic hydrogen production compared to pure g-C3sN4 under
visible light illumination. The excellent performance of the composites can be attributed to
the spatial separation of the reduction and oxidation reaction sites on C3N4. This finding
demonstrates the important role of hole-conducting polymer for the generation of specially
separated reductive and oxidative sites toward more efficient photocatalysis, and this

concept could also be applied to other semiconductor-based photocatalyst systems.
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Figure S6.1 X-ray diffraction patterns of (a) pure C3N,, (b) C3N4-0.5%PEDOT, (c) C3N4-1%PEDOT,
(d) CsN4-2%PEDOT and (e) C3N,-5%PEDOT.
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Figure S6.2 UV-visible absorption spectra of (a) pure C3N4, (b) CsN4-0.5%PEDOT, (c) CsNgs-
1%PEDOT, (d) C3N4-2%PEDOT and (e) C3N4-5%PEDOT. The photos of all samples above the
spectra show the gradual colour changes when the amount of PEDOT is increased.
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Figure S6.3 TEM image of CsN4;-5%PEDOT.
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Figure S6.4 High-resolution XPS spectra for S 2p measured on (a) CsN4-0.5%PEDOT, (b) C3N;-
1%PEDOT, (c) C3N4-2%PEDOT, and (d) C3N;-5%PEDOT.
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7.1 Abstract

Ultra-thin two-dimensional nanosheets are versatile building blocks for a variety of
functional nanocomposites and nanodevices that have potential applications in
photocatalysis, optoelectronic devices, etc. Herein we presented the fabrication of a
semiconducting metal-free nanosheets device using phosphorus-doped carbon nitride (P-
g-C3N4) nanosheets as the building block. The doping of P in g-C3N4 nanosheets not only
extended the absorption of the nanosheets to the infrared region, more importantly
endowed the nanosheets with highly negative-charged feature, which facilitated their even
and stable dispersion in aqueous media. The as-prepared P-g-C3N4 nanosheets can be
easily assembled with a layer-by-layer strategy to obtain nanodevices which resembled
the first metal-free semiconducting nanosheet-based devices. Moreover, the P-doped g-
CsN4 nanosheets demonstrated potential applications for solar energy conversion via
water splitting under visible light irradiation. This work not only enriches the nanosheet
galleries but also opens up new possibilities in fabricating metal-free nanosheet-based
nanodevices for optoelectronic applications.

7.2 Introduction

The discovery of graphene, a single atomic layer “nanosheet (NS)” of carbon networks,
has sparked enormous research interest thanks to its excellent physicochemical
properties.' Along with graphene, a variety of inorganic NSs including metal oxide NSs,%®

9 10 atc. have

layered double hydroxides (LDHs) NSs,” ° metal dichalcogenides NSs,
drawn great research interest since the term “nanosheet” was first defined by Sasaki et al.
in 1996 when they successfully synthesized titanium oxide NSs via a soft chemistry
exfoliation method.'* 2 In particular, the charge-bearing metal oxide NSs can be
assembled into different nanostructures through a variety of solution-based processing
techniques, including Layer-by-Layer (LBL) deposition, Langmuir-Blodgett (LB) deposition,
flocculation, etc.® 83 The great variety of metal oxide NSs, unique properties associated
with the NSs and the high controllability of the nanostructures constructed from the NSs

open up possibilities for designing novel nanodevices or nanocomposites for
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optoelectronic applications, photocatalysis, photolumiscence, etc. At present,
metal-based nanosheets account for the most fraction of the nanosheets gallery.
Developing metal-free nanosheets that are capable of fabricating nanodevices still

represents a big challenge.

Graphitic carbon nitride (g-C3N4), a stable polymeric semiconductor, has been widely
studied for photoconversion applications due to its proper energy band structure.?*?* g-
CsN4 possesses a similar lamellar structure as graphite, with N-bridged tri-s-triazine
forming the planar layers.?® ® The synthesis of graphene via exfoliation of graphite
inspires the exfoliation bulk g-C3N,4 to form graphene-like carbon nitride NSs, which can
potentially exhibit special electronic and optical properties. In order to synthesize g-CsN4

NSs, both bottom-up?® and top-down?"%?

methods have been investigated, with top-down
methods remaining to be the prevalent strategy. Through these methods, g-C3N4 NSs with
various numbers of atomic layers can be obtained ranging from single atomic layer (ca.

0.3-0.4 nm) to several layers (1-3 nm).

Despite the fact that the aforementioned g-C3N4 NSs possess dramatically expanded
surface area and altered energy band structures, the optical absorption edge is blue-
shifted due to the quantum size effect.?” 3 32 The enlarged band gap will inevitably limit
the visible light absorbance of g-C3N4 NSs. Moreover, there are still no reports on g-C3N4
NSs assembly for fabricating nanodevices, which is possibly due to the deficiency of these
NSs as indicated in our following investigation. Herein, we reported P-doped g-C3N4 NSs
synthesized by first doping bulk g-CsN,4 via calcination and subsequent exfoliation process
in water. P doping dramatically improved the visible light absorption, and led to a highly
negative charge on the P-doped g-C3N4 NSs. The negative surface charge not only made
the P-doped g-C3N4 NSs suspension in aqueous media very stable, but also enabled the
LBL assembly of NSs to form nanodevices. Moreover, P-doped g-C3sNs NSs showed the
capability of photocatalytic water splitting under visible light irradiation.

7.3 Results and discussion

P-doped g-C3N4 powder was prepared with a simple two-step approach as shown in
Scheme 7.1. In the first step, g-C3sN4 was prepared by calcining dicyandiamide at 550 °C
for 4 h in air. The as-prepared g-C3sN4 was then grounded with sodium hypophosphite
monohydrate (NaH,PO,-H,0) followed by heating under N, flow at 500 °C for 2 h to obtain
P-doped C3N,4 (P-CsN,4) (see ESIt for experimental details). The crystal structures of P-

C3N4 as well as that of the pristine g-C3N4 were investigated with X-ray diffraction pattern
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(XRD). As shown in Figure 7.1, two peaks located at 15.3 ° and 32.1 ° were observed for
both samples. The peak at around 15.3 ° corresponds to the (100) plane of g-C3N4, which
is originated from the tri-s-triazine units packing in the lattice planes parallel to the c-axis.
The peak at around 32.1 ° corresponds to the (002) plane, indicating the stacking of
individual C-N layers.®®* The intensity of the XRD peaks of P-doped g-CsN, decreased
slightly (Figure 7.1b), indicating the decreased crystallinity of g-C3sNs upon P doping.
Similar phenomena were observed in many samples containing foreign dopants.®* *°
However, since the XRD patterns of both the doped and undoped samples were similar, it
is reasonable to conclude that the original C-N structure remained almost intact after P

doping.

P dopant

P doping

Calcination in N,

@

g-C;N, P-doped g-C;N,

Exfoliationl Sonication @

l ' Polyelectrolyte

m szm Layer-by-layer
CICICCICICICICHCIC

self-assembly

CRCHCECICICHCEC S a—
DO DO O OO W G » PDDA, PEL etc.

®

P-doped g-C;N,NSs

Scheme 7.1 Schematics of the fabrication of P-C3N, NSs device with LBL strategy.
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Figure 7.1 XRD patterns of (a) (a) g-CsN,, (b) P-doped g-C3N4 and (c) g-CsN, calcined with
NazPO,.

To confirm the existence of P in the C-N network and investigate the chemical state of P
dopant, X-ray photoelectron spectroscopy (XPS) analysis was conducted on P-C3N,. As
shown in Figure 7.2, the P 2p peak is centred at ca. 133.3 eV, which is very close to that of
P-N bond reported in P-doped g-CsN4.*® 3" Therefore, P dopant most likely replaces the
corner or bay carbon, forming P-N bonding in the doped C-N framework.*® Based on the
measured area of different elements in the XPS analysis, the atomic ratio of P is roughly
estimated to be ca. 2.4%. The distribution of P dopants in P-doped g-C3N, was
investigated with element mapping analysis under TEM. As shown in Figure 7.3, the P-
doped g-CsN, possessed a typical layered structure (Figure 7.3a), with C, N and P

elements evenly distributed throughout the particle (Figure 7.3b-c).
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Figure 7.2 High-resolution XPS spectra for P 2p measured on P-doped g-C3Nj.

Figure 7.3 TEM image of P-doped g-Cs;N, (a) and elemental maps of carbon (b), nitrogen (c) and
phosphorus (d).

The chemical structure of all samples was further studied by FTIR analysis. Both g-C3N4
and P-doped g-C3N4 showed very similar FTIR spectra (Figure S7.1, ESIt), with typical C-
N heterocycle stretches in the ~1100-1600 cm™ region and breathing mode of the tri-s-
triazine units at 800 cm™.% This indicates that the original C-N network was unchanged
after P doping. The vibrations of P-related group can barely be observed, which is
probably due to the very low ratio of P dopant.®’
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The optical properties of P-C3N4 and g-CsN4 were examined by UV-Visible spectroscopy.
The absorption edge of g-C3N4 is at ca. 466 nm (Figure 7.4b), corresponding to a band
gap of 2.66 eV. After doping with P, the absorption of the resulting P-C3N,4 was significantly
extended to the infrared region (Figure 7.4c). The great absorption extension was
accompanied by the noticeable colour shift from yellow to red brown-ish (Figure 7.4),

indicating the drastic modification of the electronic structure of g-C3N4 after P doping.
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Figure 7.4 UV-visible absorption spectra and corresponding photos of (a) g-Cs;N, calcined with
NasPO,, (b) g-CsN,4 and (c) P-doped g-CsN,.

In the present synthesis, we used NaH,PO,-H,O as a novel doping reagent for g-CsN4. By
heating the mixture of g-CsN4 and NaH,PO,-H,O at 500 °C, NaH,PO,-H,O can produce
PH; and NazPO, in-situ,®® *° and the resulting PHs; and NasPO, could both act as the
doping source for P. To investigate whether PH3; or NazsPO,4 plays the role of P doping
source, we calcined g-CsN,4 together with NazPO4 at similar condition with that of preparing
P-C3N4. It was found that the XRD pattern and UV-Vis spectroscopy of the resulting
product were both similar with those of the undoped one (Figure 7.1 and Figure 7.4),
indicating that the role of NazPO, as the P doping source is negligible. Therefore, we can
conclude that PH3 is the P source, which play the main role for the modification of the
electronic structures of the original g-C3N,4. Our group has reported that in semiconductors

with layered structure or channelled structure, the process of nitrogen doping was greatly
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facilitated when using NH3 gas as N source because NH3; molecules can diffuse into the
interlayer space or the channels of those semiconductors and lead to relatively uniform
doping.*®*? Therefore, we propose that due to the layered structure of g-CsN4, PH3 gas
can diffuse into interlayer spacing and lead to the uniform doping of P in the C-N network

and thus effective tuning of its electronic structure.

After confirming the successful preparation of P-C3Ny4, we tentatively exfoliated P-C3N4 to
obtain the corresponding NSs by sonicating P-C3N4 powder in water for 1 h with an ultra-
sonication probe (step 2 of Scheme 7.1). The obtained nanosheets suspension was very
stable and no precipitates were found within 6 months. As a comparison, we also tried to
exfoliate undoped g-C3N4 with the same method. However, in the sonicated g-C3N4
suspension, all g-C3N4 sank to the bottom of the suspension in 2 weeks, leaving the
supernatant solution clear. Even if the sonication time was extended from 1 h to 8 h, the

same phenomenon was observed.

The morphologies of the as-prepared samples were first investigated via transmission
electron microscopy (TEM). Bulk g-C3N4 is mainly composed of large particles with laminar
structure (Figure S7.2a, ESIt). TEM image of P-doped g-C3N4 NSs shows the extremely
thin nature (Figure S7.2b, ESIt), which is distinct from the bulk material. The morphology
of P-doped g-C3N4 NSs is very similar to previous reports on g-C3sN4 NSs and metal oxide
NSs.?® %3 However, we found that the sonicated g-CsN, was not successfully exfoliated to
thin sheets, and still composed of a number of layers (Figure S7.2c, ESIt). To further
confirm the exfoliation of P-doped g-C3N, and determine the thickness of NSs, atomic
force microscopy (AFM) was conducted. The AFM image of NSs on a silicon wafer is
shown in Figure 7.5, and the substrate was densely covered with overlapped NS flakes
with lateral size of several hundreds of nanometers. Careful searching of non-overlapped
regions showed that a thickness of ca. 1 nm was obtained. Considering that the theoretical
thickness of a single atomic layer of g-C3N, is 0.325 nm,** ** the as-prepared P-doped g-

Cs3N4 NSs are composed of 3 atomic layers.
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Figure 7.5 AFM image of P-doped g-CsN, NSs and corresponding thickness analysis taken around

the white line.

In the XRD pattern of the P-doped g-C3N4 NSs, the (002) peak was significantly attenuated
and broadened while the (100) peak still existed (Figure 7.6a). This phenomenon reflects
that the in-plane structure of the C-N layers was retained and the layered structure of g-
CsN4 was successfully delaminated to NSs.>* 3! The exfoliated NSs has weaker and
noisier FTIR spectrum (Figure 7.6b) compared to the bulk materials (Figure S7.1, ESIT),
but the overall spectrum was very similar. XRD pattern and FTIR spectrum of the NSs
indicate that the in-plane structure of NSs were nearly unchanged.
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Figure 7.6 XRD pattern (a) and FTIR spectrum (b) of P-doped g-C3;N4 NSs.

Figure 7.7 shows the photos and UV-Visible absorption spectra of both P-doped g-C3N4
NSs and the undoped counterpart dried onto substrates. The P-doped g-C3N4 NSs have a
very broad absorption shoulder in the visible region (Figure 7.7b), while the undoped
counterpart has very weak absorption above 400 nm (Figure 7.7a). The optical absorption
corresponds well to their colors, with yellow brown-ish color of the doped NSs and the
almost white color of the undoped counterpart.
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Figure 7.7 UV-visible absorption spectra and photos of (a) sonicated g-C3;N, suspension and (b) P-

doped g-CsN,4 NSs suspension dried onto substrate.

Zeta potential measurement depicted that the as-prepared P-doped g-CsN4 NSs carried a
negative charge of ca. -48.5 mV while the sonicated g-C3N4 had negligible surface charge.

We also observed that the P-doped g-C3N4 NSs suspension flocculated upon addition of
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cations such as hydrochloric acid or NaCl, and this phenomenon agreed well with its
negative surface charge. The great difference in surface charge explains why P-doped g-
CsN4 NSs were extremely stable in water but sonicated g-CsN4 precipitated quickly. This
phenomenon also highlights the importance of the P dopants in the C-N structure for the
successful exfoliation and impressive stability in water. The planar structure of g-C3N,4 will
be distorted as a result of the longer P-N bond strength (150-170 pm) compared to that of
C-N (135 pm),**’ which could possibly faciliate the delamination process. In addition, the
larger surface charge may be attributed to the lower electronegativity of P (2.19) than that
of C (2.55).%8

This feature of negative surface charge of P-doped g-C3N4 NSs is very similar to metal
oxide NSs such as Tig9:02°*® and MnO,°*, which can be used for electrostatic LBL self-
assembly via sequential adsorption onto different substrates.® ’ In a LBL process, colloidal
NSs can be combined with oppositely charged species including organic polyelectrolytes
such as polyethylenimine (PEI) and polyaniline (PANI).** “° However, to our knowledge, g-
CsN4 NSs have never been used as the building blocks to fabricate LBL assembly. We
tried to use both poly(diallyldimethylammonium chloride) (PDDA) and PEI as the binding
agent to fabricate LBL assembly with the as-prepared P-doped g-C3N4 NSs. Figure 7.8A
presents the UV-Visible absorbance spectra of the multilayer films of (PDDA-P-doped g-
C3N4 NSs), deposited on a quartz substrate. The peak-top absorbance at ca. 300 nm
showed almost a linear increase with the increasing number of deposited PDDA-P-doped
g-C3N4 NSs bilayers (insert of Figure 7.8A), which provides a strong evidence of the
multilayer growth of P-doped g-CsN4 NSs.***° The results also demonstrate the possibility
of constructing nanostructures from g-C3Ns-based NSs via LBL assembly method. In
contrast, it is not possible to perform LBL assembly with the sonicated g-C3N4 as it does

not possess surface charge.

We also fabricated a (PEI- P-doped g-C3N4 NSs), film onto fluorine-doped tin oxide (FTO)
coated glass substrate. The photocurrent responsive behaviour of the film as photoanode
in the visible range was investigated in a standard three-electrode photoelectrochemical
(PEC) quartz cell. Figure 7.8B shows the I-t curves of both the (PEI- P-doped g-C3Ng4
NSs), film and bare FTO substrate. While bare FTO substrate had no photo-response, the
(PEI- P-doped g-C3N4 NSs), film showed obvious anodic photocurrent upon visible light
irradiation at 0.45 V vs Ag/AgCI. The observed photocurrent is apparently attributed to the
visible light absorption of P-doped g-C3N4 NSs.
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Figure 7.8 (A) UV-Visible absorption spectra of multilayer films of (PDDA-P-doped g-CsN4 NSs),
on a quartz glass substrate, in which n represents the bilayer number. The insert shows the
dependence of absorbance at 300 nm as a function of the bilayer number. (B) Photocurrent

responses (I-t) at 0.45 V vs Ag/AgCl reference electrode of (a) bare FTO glass and (b) (PEI- P-
doped g-CsN4 NSs), nanosheet film. Measurement condition: a 300 W Xe lamp equipped with 400
nm cut-off filter served as the visible light source, and 0.5 M Na,SO, solution was used as the
electrolyte. The illuminated photoanode surface area with the deposition of 4 layers of nanosheet

film was ca. 2.3 cm?.

The photocatalytic hydrogen production performance was also studied. Surprisingly, the
sonicated g-CsN,4 suspension was not able to produce any hydrogen under visible light
irradiation, while P-doped g-CsN4 NSs could yield hydrogen at a rate of 4.8 ymol-h™*.g*
under same conditions. We believe that the improved hydrogen production activity is due

to the enhanced visible light absorption of P-doped g-C3N4 NSs.

7.4 Conclusions

In summary, we successfully synthesized phosphorus-doped g-CsN4 NSs with enhanced
visible light absorption. The P dopants replace the carbon atoms in the C-N network while
not changing the overall g-C3N4 structure. The 1 nm-thick NSs colloidal suspension in
water is highly stable and the NSs carry negative surface charge. We also demonstrated
the possibility of constructing LBL assembly with the P-doped g-C3Ns NSs and organic
polyelectrolyte, and the LBL assembly on a FTO substrate showed photocurrent under
visible light irradiation. The P-doped g-C3N4 NSs also exhibited the capability of performing
visible light photocatalytic hydrogen production. The findings not only provide a method to
enhance the visible light absorption of g-CsN4 NSs, but also promise a new class of
building blocks for nanostructure design for a broad range of applications including

photocatalytic and photoelectrochemical reactions.
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Figure S7.1 FTIR spectra of (a) g-CsN4 and (b) P-doped g-C3N,.
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Figure S7.2 TEM images of (a) pristine g-CsN4, (b) P-doped g-CsN4 NSs, and (c) g-C3N, powders
sonicated with ultra-sonication probe (300 W, 40 kHz).
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8. Conclusions and
recommendations

8.1 Conclusions

This thesis aims to fabricate a series of heterogeneous photocatalysts based on layered
semiconductors and the exfoliated nanosheets in order to improve the photocatalytic
activities. Starting from two types of layered semiconductors including caesium titanate
with perovskite structure and graphitic carbon nitride with graphite-like structure, wet
chemistry method was used to exfoliate them into ultrathin 2D nanosheets. Via various
strategies including impregnation, exfoliation-restacking and layer-by-layer deposition,
composites and assemblies were constructed based on not only the pristine layered
semiconductor (C3N4-PEDOT), but also the exfoliated nanosheets (Tip.9102-Au, Tig.9102-
CdTe@CdS, P-C3N4-PEI). More, the effect of forming heterogeneous structures on the
overall photocatalytic water splitting performance was studied. The main conclusions of

this thesis are as follows:

(i) An exfoliation-restacking method was used to prepare a nanohybrid of titania
nanosheets and octahedral Au nanoparticles, which showed considerably improved
photocatalytic hydrogen production performance compared to naked titania and titania with
photodeposited Au patrticles.
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In this nanohybrid, octahedral Au nanoparticles were embedded into the matrix of titania,
which possessed excellent surface plamson resonance (SPR) properties. The SPR effect
greatly enhanced the local light intensity and effectively scattered photons thorough titania
particles, contributing to the overall hydrogen evolution activities. Moreover, the general
strategy can be applied to other nanosheets or plasmonic metal nanopatrticles in order to
tailoring the SPR effect.

(i) A nanocomposite was built with titania nanosheets and CdTe@CdS nanocrystals
through exfoliation-restacking method. This nanocomposite exhibited impressively
enhanced hydrogen production capability compared to both its single component under

visible light irradiation.

The introduction of CdTe@CdS nanocrystals not only extended the visible light absorption,
but also dramatically suppressed charge recombination due to the proper energy band
alignment and the formation of p-n nanojunctions. The dual functions of CdTe@CdS
nanocrystals were highlighted, i.e., visible light absorbed and p-n nanojunction.

(i) A new C3Ny-based composite was synthesized by co-loading PEDOT as the hole
transport pathway and Pt as the electron trap. The as-prepared composite exhibited
significantly increased hydrogen production under visible light illumination compared to

pure C3N4 and remained very stable in the photocataytic reaction process.

In this composite, PEDOT was first loaded onto C3N4 via impregnation as the hole
transport pathway, and then Pt was photodeposited at the bare C3N,4 surface with PEDOT.
Through this method, the reduction and oxidation reaction sites were spatially separated,
giving rise to more efficient photocatalysis. The importance of hole conducting polymer like
PEDOT was demonstrated.

(iv) Phosphorus-doped C3N; nanosheets with enhanced visible light absorption were

successfully synthesized.

Pristine C3N4 was found to be difficult to be exfoliated via sonication in water while the P-
doped C3N4 was not only delaminated to 1 nm-thick nanosheets, but also remained
extremely stable in the colloidal suspension. The P-doped CsNs nanosheets showed
visible light hydrogen production while the undoped counterpart was not active at all. The
P-doped C3N; nanosheets carried negative surface charge in the suspension, which
enabled its LBL assembly with polyelectrolyte such as PDDA and PEIl. The findings
promise novel metal-free building blocks for photoelectrochemical devices.
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8.2 Recommendations for future works

This thesis has demonstrated some effective strategies to construct heterogeneous
photocatalysts based on layered semiconductors and exfoliated 2D nanosheets. Through
careful selecting the proper guest species and synthesis method, efficient photocatalytic
activities can be obtained. Despite the great variety of 2D nanosheets and functional
nanoparticles, the works on nano-assembly based on them are still very limited. Therefore,
future works are highly recommended in the following aspects:

(i) Constructing nanohybrids with various nanosheets and nanoparticles through
exfoliation-restacking. Less studied nanosheets other than titania nanosheets such as
niobate nanosheets, carbon nitride nanosheets should be made use of to form
heterostructured photocatalysts. Exfoliation-restacking is a powerful method to build

loosely packed heterostructures, especially for photocatalytic water splitting.

(i) Building new layer-by-layer assemblies with metal-free nanosheets such as carbon
nitride nanosheets. The emergence of more metal-free nanosheets opens up the
opportunities of building exciting LBL assemblies, with special chemical, electrical and

optical properties.

(iif) Modification of nanosheets for tuning their properties. As a result of quantum size
confinement effect, the exfoliated nanosheets often possess enlarged band gaps
compared to the pristine layered semiconductors, which can limits the optical absorption.

Careful modifications such as doping can effectively improve the optical absorption.
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