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Abstract

From economic and environmental aspects, the generation of hydrogen (H2) from renewable solar
energy and water through photocatalytic water splitting is a promising route, but the development of
an efficient catalyst remains a great challenge for its technological use on a large scale. Because of
several features like being metal-free, nontoxic, low cost, and chemically stable, carbon nitride has
attracted worldwide attention. Compared to bulk carbon nitride, mesoporous carbon nitride (MCN)
possesses a higher surface area and plentiful accessible mesopores. For the first time, Co304/MCN
nanocomposites were designed and synthesised for photocatalytic H2 evolution in this work. Co30Os4,
earth-abundant nanoparticles, were supported on MCN via an impregnation method. Complementary
characterisation techniques were employed to understand the properties of the fabricated catalysts.
The bare MCN prepared under optimum conditions showed high photocatalytic activity under visible
light irradiation without using any co-catalyst. The Co304/MCN with a CosO4 mass content of 5 wt%
exhibited the optimum photocatalytic activity in Hz evolution, which was two times higher than that
of the bare MCN. The improved photocatalytic performance may be attributed to the enhanced

catalytic properties, visible-light harvesting and effective charge separation.
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Introduction

Chapter 1: Introduction

1.1. Background

Meeting the future energy demand, in a way which is to be both safe and abundant, is the greatest

challenge of the 215tcentury. Nowadays, most of our energy resources (almost 80 %) come from fossil

fuelt. On the other hand, these resources will deplete in the future. Also, combustion of fossil fuel
emits greenhouse gases which lead to global climate change. Awareness of pollution problems has
tremendously increased. The global energy consumption rate in 2013 was 17 terawatts, and it is
predicted to nearly double by 20502, and the world’s population is increasing every day. As a result,
finding clean and renewable energy is required. Having clean energy has various advantages such as
economic, social and environmental ones. Among different kinds of energy, solar energy has received
great attention, though using solar energy has several drawbacks such as low density and expensive
storage cost. An alternative source of energy which is clean, storable, and renewable is needed.

An important clean fuel that has gained much attention during recent decades is hydrogen (H2). Hz is
the simplest and most common element in the universe. Hz is an ideal clean fuel of the future because
of (1) its ability to be produced from water, (2) conversion into a variety of fuels through many
different reactions, (3) abundance of sources, (4) having high energy density3. At present, about 95 %
of the Hz consumed in the world is produced from fossil fuel by steam reforming of hydrocarbons;
however, not only is this process extremely energy intensive, but it also emits greenhouse gases. From
economic and environmental aspects, the generation of Hz from renewable solar energy and water
through photocatalytic water splitting is one of the most promising method*. Annually, the earth’s
surface obtains about 3x102%4 J from solar irradiation, which is more than 100 times higher than the
annual world consumption®. Photocatalysis has attracted extensive attention to the fields of
environmental protection and clean energy and could be widely employed in many applications such
as Hz generation, air purification, and wastewater treatment. Photocatalytic water splitting by sunlight
has gained significant attention in the scientific community because of its substantial possibility to

solve the energy issue.
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Though semiconductor photocatalysis has been investigated for several decades, its practical
application is very limited. The major reason is the absence of a semiconductor that has the ability of
the sunlight into chemical energy conversion efficiently®. As a result, finding suitable materials for
photocatalytic processes is very demanding. Many attempts have been made until now to enhance the

efficiency of this process. In this project, we are trying to use abundant and non-noble metal
semiconductors for hydrogen production.

1.2. The scope of the thesis

Our goal in this project is the synthesis of cobalt oxides/mesoporous carbon nitride (MCN) for
photocatalytic water splitting. Although carbon nitride (C3N4) is an ideal photocatalyst for water
splitting, it has some drawbacks. Two ways to solve problems related to C3Na4are metal deposition
and morphology control. MCN has a high surface area which leads to more active sites for reaction.
Also, the optical properties can be increased upon deposition of metal. As a typical p-type
nanostructured semiconductor with an exceptional electronic configuration and magnetic properties,
cobalt oxide (CoOx) has received substantial attention during recent years. Deposition of CoOx into
MCN could increase the efficiency and reduce the recombination rate. The specific research objectives
are: 1) The synthesis of MCN and CoOx/ MCN; 2) Characterisation of these catalysts regarding the
physical, structural, morphological and optical properties; 3) Evaluation of their photocatalytic

activity in Hz production.

1.3. The structure of the thesis

This brief introduction is followed by Chapter 2, which first explains the mechanism of photocatalytic
water splitting and conventional materials which were used for this reaction. Then, C3sNasand its merits
and demerits are introduced. MCN as a promising metal-free semiconductor is introduced. The
reasons behind the necessity of MCN modification are discussed. In Chapter 3, synthesis of catalysts,
characterisation techniques, and photocatalytic Hz production tests employed throughout the thesis
are described. In Chapter 4, the results related to MCN and Co0304/MCN characterisation and

photocatalyst activity are analysed. In Chapter 5, the research outcomes, significance and ultimate
impact of the work presented are summarised, and suggestions for future work are made.
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Chapter 2: Literature Review

2.1. Mechanism of photocatalytic H2 generation

The process of water splitting into H2 over photocatalysts is shown in Figure 2-17. For this process, a

catalyst which is a semiconductor is normally used. The catalyst is activated by photons, which
promote the transfer of an electron from the valence band (VB) to the conduction band (CB).

Due to electronic rights restrictions, this third party image has been
suppressed from the digital thesis. Please see the citation listed
below for further details on where the original image can be
accessed

Figure 2-1 Schematic illustration of water splitting over semiconductor photocatalyst’.

When excited charges are generated, separation/migration and charge recombination are the two
significant competing processes inside the semiconductor photocatalyst that largely impact the
photocatalytic reaction efficiency®. The generated electrons are very unstable, and they have a
tendency to recombine. If electron-hole carriers recombine, there is no reaction involved, just a release
of energy. Otherwise, these carriers can contribute to the oxidation and reduction reactions and be
captured by species to complete reactions. To have high efficiency, recombination should be

hindered®. There are many methods to avoid recombination such as loading with co-catalysts®, using
sacrificial agentst®, and coupling with another semiconductor with different band gaps!?.

For overall water splitting, the electrochemical potential for the hydrogen evolution reaction (HER)
is at 0 eV vs. normal hydrogen electrode (NHE) at pH = 0, and the electrochemical potential for the

oxygen evolution reaction (OER) is at +1.23 eV vs. NHE, leading to a theoretical minimum band gap
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of 1.23 eV that a semiconductor needs to perform this reaction'2. Figure 2-2 shows the band structure

of various semiconductors and the redox potentials of water splitting.

Due to electronic rights restrictions, this third party image has been
suppressed from the digital thesis. Please see the citation listed below
for further details on where the original image can be accessed

Figure 2-2.Band levels of various semiconductor photocatalysts®.

Reactions which happen during photocatalytic water splitting are mentioned below:

2 —— 2 ece+2hwet (2-1)
H20 () + 2 hve" —— ~02(9+ 2 H*(ag (2-2)
2H g +2ece —— Ha) (2-3)

Overall reaction:
2hv +H200) —» % 02 (g) + Hzg) (2-4)
where h is Planck’s constant and v is the frequency.

Fujishima and Honda in 1972 discovered overall water splitting over a titanium dioxide (TiO2)
electrode*. Since then, extensive studies have been done to enhance the activity of TiO2 and to
understand the reaction mechanisms. The following year they described the minimum requireme nts
needed for water splitting, indicating that it was possible for the reaction to occur without the
requirement for an external bias potential, thus marking the beginning of photocatalytic water
splitting.
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Semiconductors should meet several requirements to be suitable for photocatalytic water splitting.
One of the most important features is a proper band gap, which determines the light absorption range.
This property controls the ability of a semiconductor to undertake photoinduced electron transfer to
the adsorbed species. For example, the lower the band gap, the higher the absorption of light. In
addition to the band gap, the CB and VB positions of the semiconductor must be appropriate for the
desired redox reaction. For example, in photocatalytic water splitting, VB must be appropriately
positive to oxidize water for oxygen generation, and CB must be appropriately negative to be able to
reduce water for hydrogen production. Since the ability of photocatalysis to utilise the solar energy as
much as possible is very important, an efficient photocatalyst should absorb the sunlight effectively.
The major portion of the solar spectrum is visible light which means that, to use the sunlight
successfully, the semiconductor must have a band gap smaller than 3.0 eV. Another important
property of photocatalysts is chemical stabilty and photo-corrosion resistance to avoid their
decomposition during the reaction. The amount of active sites is a significant property that should be
taken into account in photocatalysis. Being abundant and inexpensive are other properties of a suitable

semiconductor to facilitate practical application finally.

2.2. Semiconductor materials for photocatalytic water splitting

2.2.1. TiO,-based semiconductors

TiO2 was the first semiconductor for photocatalytic water splitting*. Being chemically stable, safe to
humans and the environment, photostable, easy to produce and cost-effective are some properties of
TiO213:14, The high significance of TiO> as a photocatalyst is because of its ability to oxidize a great
number of organic compounds into harmless CO:2 and H2O and to split water into oxygen and
hydrogent®>. This feature lies in its suitable electronic band structure. The valence band and the
conduction band of TiO2 are +2.53 and —0.52 eV, respectively, but there are several disadvantages
related to this material. The band gap of TiO2 (> 3.0 eV) limits its application to uliraviolet (UV)
wavelengths, which comprises only 4 % of solar radiation. The main portion of the solar spectrum
(45-50 %) is contributed by visible light, and finding a catalyst which could convert solar energy in
this range is highly important.
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Various strategies to improve the efficiency of TiO2 have been applied so far. Controlling porosity as
an ordered macroporous and mesoporous structures is the most extensively explored in TiO2
photocatalysis because of having the abundance of active sites, high surface area, and easily accessible
channels®:17, Metal deposition into a TiO2 structure reduces the recombination rate of electron-hole
pairs which leads to better photocatalytic activity!®. Another way is coupling with other
semiconductors such as Ta20s, WOs, ZrO2, and SnO2 with TiO2, which increases the charge
separation and decreases the possibility of charge carrier recombination!®. Dye sensitization of TiO2
increases the efficiency asa photocatalyst by absorbing visible light?°. Doping metal and non-metallic
nanoparticles into the TiO2 structure decrease the energy gap by either raising the lower VB edge or
dropping the upper edge of the CB2.

2.2.2. Other metal-oxide semiconductors

Besides TiO2, some metal oxides have been investigated for water splitting due to their stability in
aqueous solution and low cost. Among them could be mentioned Fe203%2, ZnO%3, Ga20324, and
C03042%, Similarly to TiO2, most of them only absorb UV light because of their large band gaps. To
improve their visible-light absorption, methods to increase the efficiency of TiO2, including doping,
controlling porosity, sensitizing, and coating different kinds of metal nanoparticles could be used
equally with other oxides. Also, ternary metal oxide compounds such as Bi2oTiO3226, SnNb2O6?7, and
BiVO428 have been explored to overcome these limitations. Metal sulfides are considered as a good
candidate for photocatalytic water splitting. Compared to metal oxides, they have a narrower band
gap which increases their ability to absorb light?°. ZnS and CdS are the most considered metal sulfide

photocatalysts over recent years?®.

Transition metal oxide nanoparticles show an important class of inorganic nanomaterials that have
been explored widely because of their interesting magnetic, electronic, and catalytic properties relative
to those of the bulk counterparts, and wide scope of their potential applications3°. Among them, cobalt
oxide has attracted a great deal of attention. There are three types of cobalt oxides, i.e., Co304 with a
spinel structure, CoO with a rocksalt structure, and Co203 with a hexagonal structure!. In particular,
tricobalt tetraoxide (Co0304), a p-type semiconductor, has been explored as a promising material in

heterogeneous catalysts®2, gas sensors®3, electrochemical devices®4, Li-ion batteries®>, magnetic
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materials®®, and photocatalysts3”. The spinel cobalt oxide Co30a4 is a magnetic semiconductor

containing cobalt ions in Co®*and Co?* oxidation states32.

2.2.3. Metal-free materials

Metal-free semiconductors have appeared as a new generation of visible- light-driven photocatalysts.
In spite of the improvement in the field of metal-based semiconductors, they still suffer from some
problems like corrosiveness, toxicity, and instability3®. The metal-free photocatalysts studied up to
now consist of earth-abundant elements, such as N, C, P, S, etc. Phosphorus is an interesting material
as a photocatalyst for Hz production®®. Among its three allotropes (red, white and black), black and
red phosphorus have been reported for a photocatalytic Ha generation. Different types of carbon-based
materials such as carbon dot*°, carbon nanotube*!, and graphene oxide*? have been studied for

photocatalyst processes.

Carbon dots (CDs) are of particular interest as a new generation of materials for photocatalysis. CDs
are provided with a varying range of optical properties and performance parameters because of the
variety of synthetic methods and materials. Different kinds of CDs, which are all attributed to the 0D
carbon-based nanomaterials, have similar nontoxic, water-soluble, easily prepared, environmentally
friendly, photo-stable and tunable fluorescent properties*®. CDs can generate e—/h+ pairs under light
irradiation with the advantages of non-toxicity, low cost and unique photoelectric properties*4. Carbon
nanotubes (CNTSs), generally as form of single-walled carbon nanotubes (SWCNTSs) and multi-walled
carbon nanotubes (MWCNTS), gain substantial attention because of their distinct structure and high
mechanical strength which makes them suitable options for advanced composites. Based on the
structure and shape, CNTs conduct electricity due to delocalization of the =-bond electrons®®.
Graphene, asingle layer of sp2- bonded carbon atoms, has a large exposed area and a p-conjugation
structure that shows outstanding electronic mobility*6. These properties make graphene a viable co-
catalyst to accept electrons for exciton separation. Though, graphene sheets are hydrophobic and
unsuitable for direct use in water splitting*2. The physicochemical properties of graphene oxide (GO)
can be tuned by engineering its atomic and chemical structures*’. From a wider viewpoint, the
promising properties such as hydrophilic and tunability inherent to GO sheets are very promising for
facilitating a different range of applications and shows remarkable performance in photocatalytic

water splitting*84°.
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Compounds of carbon and nitrogen, known as carbon nitrides (C3Na4), have been shown to have
promising properties for photocatalytic water splitting. The visible-light photocatalytic activity of
CsNa4 for Hz production in the presence of a sacrificial donor was discovered by Wang et al.5°. Because
of several features like being metal-free, nontoxic, low-cost, chemically stable, C3N4 has attracted
worldwide attention. At ambient conditions, graphitic carbon nitrides (g-C3Na4) are regarded to be the
most stable allotrope. The N links the rings in the end to form an infinite plane®!. Generally, C3Na4 has
been synthesised through thermal condensation from nitrogen-rich precursors like urea®?,
cyanamide®3, melamine®4, and 3-amino-1,2,4-triazole®®. The composition, crystallinity, and structure
of C3Na4 control the properties of C3N4 materials®6. The raw materials for the synthesis of g-C3Na are
various and easily accessible. The process of high-temperature polymerisation is the key reactions for
the precursor. This reaction for cyanamide is shown in Figure 2-3 (a)°’. Polyaddition and
polycondensation are the two main reactions. Firstly, the precursors polymerise to melamine. Then
condensation happens by removing ammonia from melamine to form the g-CsNa polymer. g-C3Na is
a two-dimensional sheet containing of triazine groups (Figure 2-3 (b)) and is the most stable
allotrope®°.

Due to electronic rights restrictions, this third party image has been
suppressed from the digital thesis. Please see the citation listed
below for further details on where the original image can be
accessed

Figure 2-3. (a) Reaction pathways for the formation of g-C3sNa using cyanamide®’, (b) Scheme of

triazine-based connection in g-C3N4%0.

g-C3Nas has similar n-conjugated planar layers to that of graphite, which makes it possess high stability

against thermal and chemical attacks and an appealing electronic structure®®. During the past decade,
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the use of C3N4 for various applications like fuel cell and photocatalysis, as well as CO2 capture and
heterogeneous catalysis, has increased progressively. The band gap of C3Nasis about 2.7 eV, which is
tunable by the amount of nitrogen in the C3Nastructure. This quantity is related to the synthesis
temperature and the type of precursor. The band structure of g-C3sNa4is shown in Figure 2-4°°. It can
be concluded from the figure that g-C3Na possesses the required band positions of the CB and VB
(CB=-1.3eV, VB=1.4eV vs. NHE, pH=7) for photocatalytic water splitting.
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Figure 2-4.The band energies of g-C3N4and TiO2, a relative to the redox reactions of water and

photoemission energies®®.

Controlling the CB and the VB position of C3N4 by changing the amount of nitrogen is a challenging
research area. The improvement of the photocatalytic performance of g-C3Na4 by changing the design
of the nanostructure is a promising method. Various structures such as bulk CzN4, C3N4 nanosheets
(C3N4aNSs) and C3N4nanotubes (C3N4NTs) have been synthesised®?-61, Compared to bulk C3Nas and
C3N4 NSs, C3N4 NTs have higher performance, which could be related to sufficient active sites, high
photogenerated carrier transfer efficiency and better mass transfer capability®®. In spite of the
mentioned fascinating properties of C3Na4, some disadvantages like low surface area, high
recombination rate and visible-light absorption limitation beyond 460 nm limit the usage of this
material for practical applications®2. Recently, many methods have been proposed to overcome these
shortcomings such as metal doping®3, nonmetal doping®4, modification with conductive materials®®,

morphology control®®, and coupling with other semiconductors®”.
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2.3. Mesoporous carbon nitride (MCN)

Morphology control via synthesis of a mesoporous structure has gained attention during recent years.
There are several methods for the synthesis of mesoporous materials such as the soft and hard
templating approaches. Having abundant active sites, high surface areas and readily accessible
channels are the properties of porous materials, which are favorable for promoting the diffusion of
reactants and products, showing a promising class of structure for photocatalysis application®8. Based
on the definition of the International Union of Pure and Applied Chemistry (IUPAC), porous solids
are categorized into three classes based on their pore diameter (d), namely microporous (pore size <
2 nm), mesoporous (pore size 2-50 nm), and macroporous (pore size > 50 nm) materials. Macroporous
and mesoporous g-CsNa4were prepared by soft- and hard-templating methods, as shown in Figure 2-
569,
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Figure 2-5.Scheme of two major routes for the synthesis of MCN: (a) soft-templating and (b) hard-
templating method®°.

2.3.1. Synthesis of MCN

2.3.1.1. Hard-templating method

The hard template approach has been used widely for MCN synthesis due to accurate morphology
control, uniform pore structure, highly ordered nanopores and excellent thermal stability. By synthesis
of the porous material via templating strategies, problems related to the low surface area and the pore
volume could be solved. These properties give a high number of active sites, strong adsorption ability

and higher selectivity toward the desired product, which lead to better performance. Porous materials
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may curtail the migration distance and reduce the recombination possibility. Figure 2-6 summarises

the application of MCN, its properties and ways to fabricate MCN?®6,
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Figure 2-6. Overall scheme for the synthesis, functionalisation, and applications of the MCN®S.

Silica is usually used as a template and is removed at the end of the reaction by mixing with de-
template agents such as hydrogen fluoride (HF) and ammonium hydrogen fluoride (NHsHF2). The
type of silica for a hard template could affect different properties of MCN such as the structure. Using
silica nanoparticles leads to MCN with a disordered spherical morphology and using synthesised
SBA-15 leads to MCN with an ordered rod-like morphology. Figure 2-7 shows the synthesis of MCN
via two different silica templates’®.
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Figure 2-7.Synthetic pathways to MCN through hard-templating methods’®.

Template synthesis, the temperature of carbonisation, the mass ratio of template to precursor and the
type of precursor affect the physical, morphological, optical and structural properties and performance
of MCN. Luo et al. investigated MCN for RhB photocatalytic degradation’. KIT-6 silica was used as
a hard template. They investigated the mass ratio of KIT-6 silica to melamine as a precursor. With an
increasing ratio of KIT-6 to melamine from 0 to 80 %, the surface area increased from 15.1 to 279.3
m?/g. Further increasing caused a decrease in surface area. The lowest recombination rate and highest
photogenerated charge carriers separation and photo-absorption were obtained when the ratio of KIT-
6 silica to melamine was 80 %. This sample had the highest activity and degraded RhB totally within
50 min. Urea was used as a precursor to synthesise MCN by Lee et al.>2. They investigated the effect
of the mass ratio of urea to silica on the morphology of the MCN, the pore-size distribution, and the
specific surface area. There is no clear correlation between specific surface area and the mass ratio of
urea to silica. Silica washing could cause pore collapse, and as a result low surface area, especially
when the ratio of urea to silica was too low, and the morphology of sample is worm-shaped structures
like bulk carbon nitride. Samples which have higher surface area showed the better photocatalytic
removal of phenol. When the mass ratio of urea to silica was too high, the surface area is low because
of the decreased formation of MCN due to the growth of CN without template confinement.
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Park et al. prepared MCN from 3-amino-1, 2, 4-triazole as a single molecular carbon and nitrogen
precursor for CO2 capture’?. KIT-6 silica as a template was synthesised at 100, 130, and 150 °C. From
the XPS results, it can be concluded that the temperature of template synthesis plays a key role in the
content of nitrogen of MCN. The amount of nitrogen increased at elevated temperature. At a higher
temperature for template synthesis, the specific surface area and pore diameter increased. The
proposed stoichiometry for MCN fabricated at 150 °C is C3Ns.09, and also this sample had the highest
CO: adsorption capacity. The amount of CO2 adsorption is a function of the pore diameter, specific
surface area, and nitrogen content. Long et al. studied the effect of the synthesis temperature of the
SBA-16 silica template on photocatalytic water splitting’”3. MCN was prepared from SBA-16 and
liquid cyanamide as a hard template and precursor. Figure 2-8 shows H: generation for MCN
synthesised from SBA-16 silica at various temperatures. The higher the synthesis temperature of the
template, the better the separation of photoinduced charge carriers and the higher the number of
surface active sites, thus the higher the H2 rate. Also, the effect of electron donors in terms of H:
evolution was studied. Different donors such as triethanolamine (TEOA), ethanol, methanol and

ethylenediaminetetraacetic acid (EDTA) were tested. When TEOA was used, the highest yield of H
evolution observed. This result suggests that TEOA is an effective hole scavenger in the test system.
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Figure 2-8.H-evolution by CN-SBA-16-T samples as a function of reaction time’3.

Talapaneni et al. synthesised MCN using aminoguanidine hydrochloride and mesoporous silica SBA-
15 as a hard template’. The N/C ratio of the fabricated MCN (1.80) was significantly higher than that
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of the theoretically predicted C3N4 nanostructures (1.33) because it easily undergoes polymerisation
at high temperatures and affords a highly stable polymer composed of a diamino-s-tetrazine moiety
with a six-membered aromatic ring comprising six nitrogen atoms. The pore diameter of MCN
increased as the synthesis temperature of the silica SBA-15 went up. Pore diameter plays a key role
in the amount of nitrogen due to the difference of pore filling and the nature of the structural order in
the materials. The higher the pore diameter, the higher nitrogen content. The UV-Vis spectra of
samples confirmed that the band gap of MCN could change by simply adjusting the content of the
nitrogen or the pore diameter of the sample. Talapaneni et al. used two sources for nitrogen and carbon
for the synthesis of MCN"°, with mesoporous silica KIT-6 as a hard template. Ethylenediamine and
carbon tetrachloride were used as the sources for N and C, respectively. The BET and BJH results
show bimodal pores. The small mesopores could be related to the removal of the silica template,
whereas the complementary mesopores are assumed to originate from either partial filling of the pores
deep inside the materials with the C and N precursors that creates large empty pores before the removal
of silica or the coalescence of the mesopores. The catalytic activity of MCN was tested on the base
catalyzed Knoevenagel condensation of benzaldehyde and malononitrile. Samples show high activity,
leading to excellent yield to the desired product. This could be related to high surface area,

mesoporous structure, and large pore volume with a great number of strong basic sites which come
from nitrogen functional groups.

Tian et al. synthesised MCN via dissolving dicyandiamide as a precursor into various solvents such
as N, N-dimethylformamide (DMF), water, or ethanol. SBA-15 was used as a template’®. As can be
found from Figure 2-9, the sample which was prepared in DMF has a better performance of the
catalytic dehydrochlorination of 1,1,2-trichloroethane into 1,1-dichloroethene reaction for conversion
and selectivity. This could be attributed to the fact that using DMF as a solvent can bring extra N

groups into the CN structure in the form of NH2 groups attached to the tri-s-triazine structure, which
leads to the better performance of MCN.
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Figure 2-9. Catalytic performance of MCN prepared by using various dispersing solvents for MCN
fabrication’®.

Vinu et al. studied the effect of carbonisation temperature on MCN synthesis from 600 to 1000 °C for
CO2 adsorption’”. They found that this parameter plays a key role in controlling the crystallinity and
the nitrogen content, as well as the surface area and pore volume. As the carbonisation temperature
increased, the nitrogen content of MCN reduced and the crystallinity of the samples, the surface area,
and the pore volume increased. With rising carbonisation temperature, CO2 adsorption capacities
improved until 900 °C. It could be summarized that samples with the optimum nitrogen content, high
specific surface area and pore volume are the best adsorbents for CO2. Itis quite clear from this study
that there is a synergistic interplay between the textural properties and nitrogen content. CO2
adsorption capacity is strongly influenced by textural parameters. Vinu et al. report a new MCN with
CsNs stoichiometry that has a higher nitrogen content than the predicted C3Nas stoichiometry for
photocatalytic water splitting®®. This material was synthesised from a single-molecular precursor with
a high nitrogen content, 3-amino-1, 2, 4-triazole (3-AT). The cyclic aromatic precursor plays a key
role because of keeping a high amount of nitrogen in the carbon matrix. TEM images and nitrogen
adsorption-desorption isotherms approved the formation of mesoporous structure with a pore size of
3.42 nm and a specific surface area of 296.7 m?/g. This material has a low band gap energy (2.2 eV),
which is substantially lower than the bulk g-CsNaband gap (2.7 eV) and enables high absorption of
visible light. This property gives C3Ns a high efficiency for hydrogen evolution without using any co-
catalysts.
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2.3.1.2. Soft-templating method

The hard template approach is not suitable for an industrial scale because of the high cost and toxicity
to humans and the environment. The soft template method is normally used for organic molecules like
amphiphilic polymer, a surfactant as a template. The benefit of using this method is an easy operation,
simple equipment, and low cost. However, as a drawback of this method could be not controlling the
size and morphology of the mesoporous material, which leads to lower catalyst performance.

Fan et al. synthesised MCN by using melamine and glutaraldehyde as precursors and surfactant Triton
X-100 as the soft template through polymerisation and carbonisation’®. The sizes of the mesoporous
in the product were centered at 3.8 and 10-40 nm. With bimodal pore distribution, the former one is
because of the removal of Triton X-100 at the end of synthesis during the carbonisation process and
the latter probably derived from the aggregates of plate-like particles of carbon nitrides. This MCN
showed a high capacity for Candida rugosa lipase adsorption which could be ascribed to its
mesoporous structure and also N functional bonds in the MCN structure such as C-N and N-H,
connecting with the oxygen-containing groups, endowing its surface with a polar nature. Yan
synthesised MCN using melamine and Pluronic P123 as a precursor and soft template, respectively
9, The photocatalytic activity of MCN with 10 wt% P123 as template was much higher than that of
g-C3Na without using the template. Further increasing the amount of P123 leads to a minor increase
in the photocatalytic H: evolution (Figure 2-10). This shows the positive effect of the P123 surfactant
which leads to increasing BET surface area and promotes the red shift of optical absorbance
wavelength up to 800 nm.
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Figure 2-10. The rate of Hz evolution on MCN prepared with different mass ratio of P123 to

melamine under visible- light irradiation’®,

2.3.2. Surface modification of MCN
Although MCN has a high surface area, it still suffers from weak visible-light absorption and a high

recombination rate. These disadvantages have restricted the usage of MCN. One approach to
overcome these problems is the surface modification of MCN with metal oxide semiconductors. Due
to the presence of sp2-hybridized nitrogen atoms which can act as a scaffold, metal nanoparticle co-
catalysts could be well dispersed on the surface of g-CaN4%1. Different benefits such as a decreased
rate of recombination, increased the range of the wavelength photoresponse into the visible region of
the spectrum, changed selectivity for desired products, enhancement of surface properties and
increased stability of the semiconductor have been reported with modification of the semiconductor®.

Noble and non-noble metal deposition onto the surface of MCN has attracted a lot of attention so far.

2.3.2.1. Surface modification by noble metal nanoparticles

Dai et al. fabricated AWMCN and Au/activated carbon (AC) for acetylene hydrochlorination8®. The
TEM images have verified the idea of size-controlling MCN and the role of MCN in dispersing metal
nanoparticles uniformly’’. Au particles dispersed very well on the surface of MCN with a mean
particle size of 5 nm, while the Au nanoparticles were agglomerated on the outside surface of the AC
with an average particle size of 16 nm. Regarding the activity, AWMCN showed better performance
than Au/ AC because of the low particle size of Au and also interaction between the active component

and the support. Vinu etal. fabricated Au nanoparticles/MCNB8L. After the support of Au on the surface
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of MCN. The functional group (-NHzand -NH) acts as a platform for the formation of metal and metal
oxide nanostructure. FE-HRSEM and HRTEM images showed that Au particles were dispersed on
the surface of MCN uniformly and without any agglomeration which can be seen from Figure 2-11
(@) and (b). The size of the Au particles was estimated to be around 7 nm, which has an agreement
with the size of MCN pore diameter. Au was supported on mesoporous carbon (MC) in order to test
the functional group on the surface of MCN which are absent in MC. The HRSEM image presented
in Figure 2-11(c) showed that the particle grew on the external surface of MC rather than on the
internal surface. Also, the range of Au size was from 20 to 140 nm. The result reveals the important
role of nitrogen in the MCN matrix. AWMCN was used as a selective, highly active and reusable
heterogeneous catalyst for coupling benzaldehyde, piperidine, and phenylacetylene for the synthesis
of propargylamine.
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Figure 2-11.a) FE-HRSEM, b) HRTEM images of Au nanoparticle encapsulated MCN and c)
HRSEM image of Au nanoparticle encapsulated ACS8!.

Sasidharan et al. prepared Pd nanoparticles on MCN with two methods which led to different
oxidation states named Pd(0)-MCN and Pd(l)-MCN82, The BET surface areas for Pd(0)-MCN and
Pd(I)-MCN were 329 m?/g and 356 n¥/g, respectively. TEM images showed that Pd nanoparticles
distributed uniformly across the hexagonal mesoporous channels for both samples. Wang et al.
reported Pd/MCN for the direct hydrogenation of phenol to cyclohexanone®. They used cyanamide
and Ludox HS40 as a precursor and silica template, respectively. It was observed from the TEM,
HRTEM and STEM images presented in Figure 2-12 that the Pd particles were dispersed very well.
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This catalyst showed high conversion and selectivity (around 99 %). The effect of various solvents
for the reaction was studied as well. Between the tested solvents, water and CH2Cl> showed the highest

activity. Using ethanol gave high activity but with a low selectivity toward cyclohexanone.
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Figure 2-12.(a) STEM, (b) HRTEM, and (c) TEM images of Pd/MCN?®3,

Wang et al. investigated the loading of Pt on MCN for oxidation of glycerolf*. They used
ethylenediamine (EDA) and carbon tetrachloride (CTC) as a source of nitrogen and carbon to
synthesise MCN, respectively. The MCN was fabricated with different nitrogen contents by changing
the addition mass of EDA. By enhancing the N content, the Pt particle sizes slowly reduced. It could
be concluded that MCN was obtained from precursors which have inherent —NH and —NH2 groups on
the mesoporous walls. These groups can perform as a stabilizing agent by providing an anchoring and
heterogeneous surface that allows the formation of highly distributed metal nanoparticles without any
agglomeration. The existence of more functional amine groups on MCN helps to decrease the
aggregation of Pt nanoparticles and stabilize the formed nanoparticles inside the mesoporous
channels. From the temperature programmed desorption (TPD) test, the higher the N content, the more
number of weak basic sites. For all of the PMCN catalysts, the conversion of glycerol improved with
increasing N content in the catalysts, indicating that more basic sites promote the oxidation of glycerol.
Pt-RWMCN for direct methanol fuel cells (DMFC) was synthesised by Bello et al.85. They used EDA
and CTC as nitrogen and carbon precursors, respectively. MCN with different pore diameters which
is the result of different temperatures for the synthesis of silica template were impregnated with Pt

and Ru nanoparticles, which were employed as electrodes for DMFC. The electrocatalytic activity of
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Pt-RU/MCN showed higher activity than commercial catalysts which could be ascribed to high surface
areas, large pore volumes, and uniform pore size distribution with free NH: functional groups on the

walls of pores.

2.3.2.2. Surface modification by non-noble metal nanoparticles

Le et al. explored the effect of Cu-doping into the MCN on the photocatalytic degradation of methyl
orange (MO) under visible-light irradiation8®. Cupric chloride, melamine and SBA-15 were used as
precursors and template, respectively. It was observed that the light absorption of the CWMCN was
enhanced in comparison with the bare MCN and also the electron/hole separation rate with added
Cu?* increased, leading to better photocatalytic performance. They studied the effect of copper
amounts in the MCN structure up to 5 %. The higher the amount of copper, the better catalytic
performance. This result could be related to the amount of surface area. The higher copper amounts
into MCN structure, the higher surface area. Qiu et al. fabricated Co0304/MCN for degradation of
bisphenol A (BPA)2’. The XPS results showed that the cobalt species loaded on MCN samples were
C0304. It was found that loading Co304into MCN structure suppressed the recombination of the
electron-hole pairs, increased noticeably the separation efficiency of photoinduced electrons-holes
and higher light absorption (Figure 2-13). Thus, the photocatalytic efficiency of Co3O4/MCN was
much higher compared with MCN.
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Figure 2-13. (a) Photoluminescence spectra, (b) Photocurrent measurements, (c) UV-vis diffuse

reflectance spectra of g-C3sNa, mpg-C3sNasand 1.5 % Co3z04/mpg-C3N42’.

20



Literature Review

Guo et al. synthesised potassium and iodine co-doping with MCN via the one-pot thermal
polymerisation using potassium iodide and dicyandiamide as the dopant and precursor, along with
SBA-15 silica as a hard template®8. Due to the synergistic effect of the K and | doping with the
mesoporous structure, several properties such as the absorption band, the lifetime of carries, the charge
transport, and the photocurrent density were enhanced. The H2 generation for MCN doped with K and
| was 9.7 times as high as for the bare MCN. Liang et al. prepared binary metal sulfide/MCN for
degradation of rhodamine B (RhB) and methylene blue (MB) under visible light irradiation®. The
synthesis of SnCoS4/MCN as demonstrated in Figure 2-14 includes two steps, preparation of MCN
and loading SnCoSs on the MCN structure. The results showed that SnCoS4/MCN has a wide
absorption edge in the whole visible light region and a low rate of electron-hole pairs recombination
compared with pristine  SnCoSs and MCN. Photocatalytic degradation of RhB and MB on
SnCoS4/MCN was much higher than MCN attributing to the formation of n-n type heterojunction,
prohibited the recombination of electron-hole and the intimate synergistic interactions.
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Figure 2-14. Graphic design for preparation of SnCoS4/MCNE&°.

Li et al. used 1-butyl-3-methylimidazolium tetrafluoroborate (BmimBFs), an ionic liquid, as a soft
template and precursor for boron and fluorine, and dicyandiamide (DCDA) as a source of carbon and
nitrogen®®. The ratio of the template to precursor could affect the surface area of MCN and the nitrogen
content. The resulting materials showed a narrow pore size distribution and high absorption in the
visible range, which leads to a high catalytic activity for the selective oxidation of cycloalkanes. The

catalysts afford a significantly high selectivity towards cyclohexanone formation. They were highly
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stable and could be reused several times. Thinda et al. studied TiO2 supported on MCN?®L, TEM images
showed that the C3Ns-TiO2 nanocomposite had a lower particle size and a smaller pore diameter
compared to C3Nas due to the formation of TiO2 which prevented the growth of C3Ngcrystal. The
surface area of C3Ns-TiO2 (12 %) was 138 n?/g which is higher than that of the bare C3N4 (73.0 m?/g).
The band gap of the nanocomposite was less than that of C3N4 (~2.8 eV) and TiO2 (~3.2 eV) samples,
leading to a high visible light response. This was related to the synergistic effect that was achieved
due to the surface interactions between C3Naand TiO2, aswell as the formation of the integrated C3Nas-
TiO2 nanocomposites. The photocatalytic degradation of RhB under visible light for C3Nas-TiO2 (12

%) was higher than bare C3Na4, which could be related to the increase of light absorption, photocurrent
density and the decrease of electron-hole recombination.

Xu et al. fabricated sulfur-doped MCN (mpgCNS), using thiourea as a precursor and SiO2
nanoparticles as the hard template for photocatalytic H. evolution®2. They used an in situ method for
sulfur doping. A mechanism for the formation of mpgCNS was proposed (Figure 2-15). The TEM
images showed that mpgCNS had pores with a diameter of 10-20 nm which matched with the size of
the SiO2 template and also agree with the pore size distribution profile. Sulfur doping in MCN
enhanced the light absorbance in both the UV and visible light regions. mpgCNS was 30 times more
active than the bare g-C3N4 for photocatalyst water splitting as a result of the effect of stronger and
extended light absorbance in the visible light region by sulfur doping and more charge transfer and
efficient mass in the mesoporous structure.
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Figure 2-15. Formation mechanism of mpgCNS92,
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Kailasam et al. synthesised tungsten oxide on MCN with using Pt as a co-catalyst and applied for
photocatalytic H. evolution®3. WO3/MCN composites were prepared by dispersing WOz powders with
MCN via impregnation method. WO3/MCN showed a very high photocatalytic H2 generation water
under visible light, because of the high surface area and a synergetic effect between the carbon nitrides
and the WOs3, which led to enhanced charge separation through a photocatalytic mechanism as shown
in Figure 2-16. After modification with WO3, the photoinduced holes in the VB of g-C3N4and the
photogenerated electrons in the CB of WO3 recombine at the interface, leaving the electrons in the

CB of g-C3Ns and holes in the VB of WOs. As a result, the overall charge separation was improved

which lead to higher photocatalytic activity.
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Figure 2-16. Schematic diagram of the photocatalytic mechanism in WO3/MCN®3,

Xu et al. synthesised vanadia/MCN catalysts using NH4VOs3 as a precursor and MCN as support via
a wet impregnation method®*. The vanadia/MCN catalysts exhibited significant catalytic activity in
the hydroxylation of benzene to phenol in the existence of H202. The high catalytic activity is ascribed
to the high benzene-activation MCN capability and good distribution of the vanadia types into MCN
structure. Because of having the inbuilt and unique tri-s triazine moieties, MCN adsorbed chemically
and then activated benzene on the catalytic surface, through an electron migration from HOMO of
C3N4 to LUMO of benzene, where MCN materials presenting high surface areas and rich pores
increased the amount of adsorbed benzene molecules.

Luo et al. synthesised iron oxidessMCN for phenol oxidation®®. They used ferric nitrate and melamine

as a source of iron and C3Ng4 precursor, respectively. The mass ratio of SiO2 to melamine was studied.
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When the ratio is 30 %, the surface area is highest due to the inclusion of the silica nanoparticles
during synthesis. Too much silica template, however, leads to a framework collapse that reduces the
surface area. After loading iron, a sample in which the ratio was 30 % shows the highest surface area
and the highest activity for phenol oxidation. It could be infered that the surface area has a great
influence, not only on the dispersion of FeOx but also on the mass diffusion of the reactant during
phenol oxidation. Fang etal. synthesised AgBr nanoparticles loaded on MCN via a simple adsorption—
deposition method, for degradation of methyl orange (MO) dye®. They used amino cyanide solution
and a colloidal silica solution as the reaction precursors. Optical properties such as absorption and
photocurrent were increased after loading of AgBr on MCN. As a result, AgBr/MCN has a higher
activity for degradation of MO than bare MCN.

Regarding its features, using MCN in different applications specially photocatalytic H2 generation has
been studied and gained a great deal of attention. To improve activity, different kind of metals
including noble metals and non-noble metals have been used as a co-catalyst. Regarding research

which has done until now, using supporting Co3O4 asa co-catalyst on MCN for photocatalytic water
splitting has not been reported so far.
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Chapter 3: Experimental Section

3.1. Materials and chemicals

3-amino 1, 2, 4-triazole, ammonium bifluoride (NHsHF2), cobalt acetate and SiO2 particles (Ludox
HS40) were purchased from Sigma-Aldrich. Methanol was purchased from Chem-Supply. Hydrogen
chloride (HCI) (36 %) were purchased from RCI Labscan. All the chemicals were used as received

without further purification.

3.2. Catalyst preparation
3.2.1. MCN fabrication

MCN was fabricated as reported with a few changes®®. 3.0 g of 3-amino 1, 2, 4-triazole was mixed in
5 ml of deionized (DI) water and 0.5 mL HCI. The mixture was kept under stirring for 5 min at 50 °C.
Once complete dissolution was achieved, it was thoroughly mixed with 6 mL of 40 wt% of SiO:
particles (Ludox HS40, Aldrich) used as a hard template, and the obtained mixture was stirred at 80
°C for 2 h. The composite of silica template and partially condensed 3-amino 1, 2, 4-triazole was
transferred to a crucible and calcined with a ramp of 10 °C/min up to 500 °C and kept at this
temperature for another 4 hin N2. The resultant yellow powder was treated with 4 M NHsHF2 solution
and stirred for 24 h at room temperature to dissolve the silica template. The template-free MCN
obtained was centrifuged and washed with DI water and ethanol several times and dried at 75 °C

overnight. MCN with various ratios of silica template to the precursor were synthesized for
comparison.

3.2.2. C0o304 fabrication

A suitable amount of cobalt acetate was dispersed in 50 mL of ethanol. After that the solution was
stirred overnight. The prepared solution was then dried at 60 °C for 2 h. Finally, the dried powder was
sintered at 300 °C for 2 h with a heating rate of 10 °C/min in vacuum and cooled naturally to room

temperature.
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3.2.3. C0304/MCN fabrication

C0304/MCN catalysts with different percentage of CosO4 were prepared by the conventional
impregnation method®3. The Co3z04 powder was dispersed in ethanol (5 mL) and mixed with a slurry
containing the respective MCN (0.10 g) dispersed in ethanol (15 mL). The resulting mixture was
stirred at room temperature overnight. The ethanol was removed by evaporation at 85 °C. Finally, a
thermal treatment in argon at 100 °C for 2 h was performed, leading to the final Co0304/MCN
composites. The products were defined as x-Co3O4/MCN where X stands for the mass percent of
Co0304/MCN.

3.3 Characterisation

X-ray diffraction (XRD) patterns were obtained using a PANalytical X’Pert PRO diffractometer via
CuKal radiation at a scan speed of 4° min't from 10 to 80° for wide-angle and a scan speed of 0.045°
sec! from 0.5 to 5° for low-angle. For determination of the amount of cobalt, microwave plasma —
atomic emission spectroscopy (MP-AES, Agilent 4100 MP-AES) was used. 50 mg of sample was
solved by 12 mL of sulfuric acid (H2SO4)and hydrogen peroxide (H202) (3:1 v/v) and then was heated
at 80 °C for 2 h and making volume up to 100 mL by adding DI water. The Brunauer-Emmett-Teller
(BET) specific surface area and pore size distribution of the samples were performed by N2
adsorption/desorption using a Micrometrics Tristar 3000 with the BET and Barrett-Joyner-Halenda
(BJH) methods, respectively. Scanning electron microscopy (SEM) with energy-dispersive X-ray
spectroscopy (EDX) was conducted on a JCM- 6000PLUS at a voltage of 15 kV. Transmission
electron microscopy (TEM) images were obtained using a JEOL-2100F microscope operating at 200
kV, by depositing a drop of sample suspension onto 300-mesh copper grids. Al Ka X-ray radiation
source (E =1486.68 eV). The ultraviolet-visible (UV-vis) diffuse reflectance spectra were recorded
ona Varian Cary 500 Scan UV-vis spectrophotometer. FT-IR spectra were recorded by a Nicolet 6700
FT-IR spectrometer with a 4 cm?® resolution and 32 scans in the range of 4000-600 cnrl.
Photoluminescence (PL) measurements were carried out on a Fluorolog-Tau3 fluorescence

spectrophotometer with an excitation wavelength of 330 nm at room temperature.
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3.4 Evaluation of photocatalytic H, production

The visible- light illumination was achieved by eliminating the UV part of the spectrum from a 300 W
xenon arc lamp using a 420 nm cut-off filter. In a typical experiment, 40 mg of the prepared catalysts
was dispersed in 40 mL of deionized water containing 10 vol % of triethylamine (TEA) as asacrificial
reagent. The light source was fixed about 30 cm from the liquid surface of the suspension. Before
irradiation, the system was vacuumed for 15 min and then purged with Argon gas for 15 min and
maintained in an Argon atmosphere. Then, the solution was irradiated from the top through a quartz
window under stirring, and an external cooling jacket was used to absorb the heat. During the
irradiation, the resulting gas was analysed every 30 min using a gas chromatograph (GC 2014;
Shimadzu Corporation) equipped with a thermal conductivity detector and a 5 A molecular sieve

column and with N2 as a carrying gas.

3.5 Electrochemical measurement

In order to study the mechanism of photocatalysis, photoelectrochemical measurements were
performed on a potentiostat (SP-300, BioLogic Science Instruments) in aconventional three-electrode
configuration with a Ag/AgCI (in saturated KCI) and Pt-wire as a reference electrode and counter
electrode, respectively, and all potentials converted to the NHE reference scale. 8 mg of catalyst was
dispersed into 2 mL of a water-isopropanol mixed solvent (4:1 v/v). Then, 4 L of nafion was added
into the solution and sonicated for at least 30 min to form a homogeneous suspension. For the
measurements, 40 pL of the catalyst suspension was deposited onto Ti foil to form the working
electrode. The electrolyte was 0.5 M Na2SOs3 aqueous solution (100 mL). The photocurrent
measurements were carried out ata constant potential of +1.0 V, and a 300 W Xenon arc lamp (LX300,
Peccell Technologies, Inc.) served as a light source. Electrochemical impedance spectra (EIS) were
recorded under an AC perturbation signal of 10 mV over the frequency range of 1 Hz to 100 kHz. The
Mott—Schottky measurement was made at 1 kHz under dark conditions in 0.5 M Na2SOs.

27



Results and Discussion

Chapter 4: Results and Discussion

4.1. Photocatalytic Hz production

4.1.1. Effect of the ratio of silica template to the precursor

The photocatalytic performance of the prepared samples was evaluated with H2 production from water
under visible-light irradiation, as shown in Figure 4-1.Experiments were done at three different ratios
of the silica template to the precursor (3-amino 1, 2, 4-triazole), i.e.0.5, 1 and 1.5. As it can be found
from Figure 4-1, when the ratio is equal to 1, MCN has the highest activity. This could be related to

pore-size distribution and surface area. Therefore, this optimum ratio of 1 was selected for the

following experiments.
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Figure 4-1.H: generation of MCN at different ratios of the silica template to the precursor. Reaction
condition: 40 mg of catalyst in 40 mL of water/TEA solution (9:1 v/v) under visible light (>420 nm)

4.1.2. Effect of the Co3z04 content on Co304/MCN

From Figure 4-2,it can be seen that after loading Co3O4on the surface of MCN, all the Co304/MCN
samples show higher photocatalytic activities than the bare MCN. The photocatalytic activity in Hz
evolution for Co304/MCN with 1.0, 3.0, 5.0, 7.0 and 10.0 wt% of Co3O4 content was recorded to be
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1700, 2363, 2594, 1441 and 1327 pymol/g, respectively, which are all higher than that of the bare MCN
(1267 pmol/g). This clearly shows that the photocatalyst activity of Co03z04s/MCN has been
significantly improved compared to that of the bare MCN, which may be attributed to the enhanced
visible-light harvesting and effective charge separation. The highest amount of hydrogen generation
was reported at Co3O4 (5.0 wt%) /MCN, which was twice as high as the bare MCN. It is found that
the photoactivity of Co3O4/MCN decreases if the Co3O4loaded content is larger than 5.0 wt%. This

decline can be attributed to the loading of excessive Co304 leading to a decrease of the MCN surface
active sites and relatively blockage of MCN pores.
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Figure 4-2.H: generation of MCN and Co3O4/MCN atdifferent contents of Co3O4. Reaction
condition: 40 mg of catalyst in 40 mL of water/TEA solution (9:1 v/v) under visible light (>420 nm)

4.2. Material characterisation
4.2.1. XRD

X-ray diffraction (XRD) was conducted to investigate the crystal structures of MCN and C0304/MCN
with different contents of Co3z04. As can be seen from Figure 4-3, the wide-angle XRD patterns of
MCN reveal two XRD peaks at 20 =13.2° and 27.5° which could be indexed as the (002) and (100)
planes of g-CaN4 (JCPDS 87-1526)%2. These two diffraction peaks are in agreement with the bare
MCN. A typical (002) peak around 27.5° was detected, which showed the graphite-like stacking of
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the conjugated aromatic units of CN with a distance of 0.324 nm. The low angle diffraction peak of
(100) that relates to a distance of 0.672 nm represents the in-plane structural packing motif of tris-
triazine®”. For Co3z04/MCN samples, the peaks at 18.9, 31.3, 36.9, 44.8, 55.6, 59.0 and 65.0° can be
ascribed to the (111), (220), (311), (222), (400), (422), (511) and (440) planes of a face-centered cubic
structure of Co30a4, respectively (JCPDS no. 42-1467)%. This shows the success of the Co304
deposition on MCN. Also, the intensities of the samples increased with an increase of the C030s
loading content.
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Figure 4-3. Wide-angle XRD patterns of MCN and Co304/MCN with different contents of Co3Oa.
Figure 4-4 shows low-angle XRD pattern of MCN. The main peak (100) for MCN is observed at

0.74°. This pattern is feature of a mesoporous structure comprising short-ranged order in the pore
arrangement®®.
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Figure 4-4. Low-angle XRD pattern of MCN.
4.2.2. FT-IR

The FT-IR spectra were recorded to study the chemical structure of the samples. Figure 4-5 shows
FT-IR spectra of the MCN and Co3z04/MCN. For the bare MCN, several intense bands appear in the
range from 1200-1700 cm!, attributed to typical stretching vibration modes of the aromatic C-N
(1238, 1314 and 1405 cm1) and aromatic C=N stretching vibration (1562 and 1603 cm1). The sharp
peak at 804 cm! is assigned to the breathing vibration of triazine units, presenting that the local
structure of the obtained MCN is composed of triazine units. The broad peak at 2900-3500 cm?
attributes to the stretching mode of N—H groups with an O—H vibration mode attached to the aromatic
ring, derived from the surface uncondensed amine groups and the adsorbed water molecules. Also,
the absence of the band around 2200 cm! confirms that there are no C=N bonds in the samples,
reflecting the presence of a 1,3,5-triazine ringl99.101, After loading the Co304 with MCN, the main
peaks of the MCN are maintained. For the Co304/MCN samples, the peak at 658 cm! is associated
with the ABO (A represents the Co2* in atetrahedral hole, B represents Co%*in an octahedral hole and
O represents oxygen) vibrations in the spinel lattice02:193, With increasing the amount of Co30a4 into
MCN structure, the intensity of this peak increased. As can be seen from Figure 4-5, this peak for 10-
C0304/MCN has the highest intensity. These results have agreement with the XRD results.
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Figure 4-5.FTIR spectra of MCN and Co3O4/MCN atdifferent contents of CozOa.

4.2.3. BET

The surface area of the MCN materials could be controlled by varying the ratio of the silica template
to the precursor. The nitrogen adsorption—desorption isotherms and Barrett-Joyner—Halenda (BJH)
pore-size distributions depending on the desorption branch of the MCN samples at different ratios of
the silica template to the precursor are shown in Figure 4-6. The isotherms of MCN samples display
typical hysteresis with a type H3 hysteresis loop, showing the presence of mesopores, thereby
indicating the successful generation of mesoporous structure in these samples according to the
classification TUPAC, as indicated by Fig. 4-6. The values of the specific surface area, average pore
diameters and pore volume of the samples at different ratios of the silica template to the precursor are
summarized in Table 4-1. From figure 4-6(b) and Table 4-1, MCN samples have average pore
diameters of 12-13 nm. Whereas the specific surface area of MCN-1 was the highest (151.5 n?/g),
the surface area was low for MCN-0.5 and MCN-1.5 samples. The low surface area on MCN-05
could be the result of decreased formation of MCN because of the growth of CN without template
confinement, which could occur when the mass ratio of the silica template to the precursor was too

low. When the ratio of the silica template to the precursor was too high, surface area reduce which
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could be related to framework collapse during silica washing due to the presence of extra amounts of

silica. When other precursors such as urea and melamine were used, similar phenomenon has been

reported according to literatures®2.9,
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Figure 4-6.a) Nitrogen adsorption—desorption isotherms, b) Pore size distribution of MCN at

different ratios of the silica template to the precursor

Table 4-1. Textural properties of MCN samples at different ratios of the silica template to the precursor

Samples Seer? Pore volumeP Average pore size
(me/g) (cm®/g) (nm)
MCN-0.5 143.35 0.48 13.01
MCN-1 151.50 0.50 12.01
MCN-1.5 112.15 0.46 12.27

a gpecific surface area was determined by the BET equation. ° total pore volume was determined at
p/po=0.99.

The nitrogen adsorption—desorption isotherms and BJH pore size distribution curves for MCN and
Co0304/MCN at different contents of Co3O4 are displayed in Figure 4-7. Each sample shows a typical
type IV isotherm with H3 hysteresis loops at high partial pressures, regardless of Co304 loading
amount, representing the presence of a mesoporous structure. The detailed textural properties of the
MCN and Co304/MCN catalysts are summarized in Table 4-2. In addition, the BET surface areas
increase with increasing the Co3O4 nanoparticles loading from 1 to 5 %; however, the BET surface

areas gradually decrease with further increasing the Co30O4 nanoparticles loading to 7 % and 10 %.
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This result suggests that MCN are partially blocked after excessive amount of Co3O4 nanoparticles is
introduced. The pore size distribution curves clearly showed that all the samples distributed in the
center of 12 nm, which is consistent with the size of the silica template, suggesting that the
mesostructure is well-preserved. Additionally, after the introduction of Co0304, the pore size
distribution of Co304/MCN materials changed slightly, indicating that the mesoporosity of MCN
remained intact.
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Figure 4-7.a) Nitrogen adsorption—desorption isotherms, b) Pore size distribution of MCN and
C0304/MCN at different contents of CozOa.
Table 4-2. Textural properties of MCN samples and Co3O4/MCN atdifferent contents of Co3Oa.

Samples Sger? Pore volume® Average pore size
(m?/g) (cm*/g) (nm)
MCN 151.5 0.50 12.0
1-C0304/MCN 148.3 0.48 12.2
3-C0304/MCN 158.7 0.51 12.6
5-C0304/MCN 164.8 0.46 12.5
7-C0304/MCN 149.7 0.51 12.5
10-Co0304/MCN 145.9 0.50 12.4

a gpecific surface area was determined by the BET equation. ° total pore volume was determined at
p/po=0.99.
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4.2.4. TEM and EDX

Morphologies for silica template, MCN and 5-Co304/MCN samples were studied through TEM and
the images are shown in Figure 4-8. MCN sample have mesosphere structures, which indicated the
direct image of the silica templates that were removed using the ammonium hydrogen difluoride
solution. These results have good agreement with the reported literatures on the structure of MCN

even when using different precursor®3104, The dark spherical spots corresponding to well-distrib uted

Co0304 nanoparticles in the surface of MCN are observed in Figure 4-8 (c).

Figure 4-8. TEM images of silica template (a), MCN (b) and 5-C0304/MCN (c) samples.

Figure 4-9 shows EDX analysis and corresponding elemental mapping of MCN and 5-Co0304/MCN.
Peaks for the elements C, N, O and Co are clearly seen in the EDX spectra. The EDX elemental
mappings in Figure 4-9(b) indicate clearly that the cobalt element is distributed discretely onthe MCN
and no trace of agglomeration is found in the sample.
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Figure 4-9.Energy dispersive X-ray (EDX) analysis and corresponding elemental mapping of N, C,
O and Coelements in (a) MCN and (b) 5-C0304/MCN.

4.2.5. UV-vis diffuse reflectance spectra

As one of the most significant feature for photocatalyst, optical absorption was examined. UV-vis
diffuse reflectance spectra of Co304, MCN and 5-Co0304/MCN were shown in Figure 4-10 (a). The
absorption edges are at about 639 nm and 667 nm for MCN and 5-Co0304/MCN, respectively, which
show shifted absorption edges for 5-Co0304/MCN in comparison with the bare MCN. Energy band
gaps (Eg) of different samples can be calculated with the following equation05:

ohv=A(hv-Eg)? 4-1)

where a, A, h, Eq ,v are the absorption coefficient, constant, Planck’s constant, the band gap energy
and the incident light frequency, respectively. What is more, n depends on the transition type of
semiconductor. n =1 for direct transition, while n is 4 for indirect transition. Therefore, the values of
C0304, MCN and 5-C0304/MCN are 1106.107 Figure 4-10 (b) shows the band gap of Co304, MCN and
5-C0304/MCN. The band gap of MCN is 2.2 eV which is very interesting result because this value is
considerably lower than the band gap of g-CsNa4 (2.7 eV) and other MCN reported in the

literatures®?:190, The optical band gap is ascribed to the transitions between the weakly localized p—p*
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states which originate from the sp? hybridization of C and N in the CN framework 108109 The existence
of clusters with or without lone pair states at p band produces a wider tail in the absorption spectrum
and the band gap drops to 2.20 eV®°. For 5-Co304/MCN, the band gap decreased to 2.1 eV showing
the improved light harvesting ability and providing more charge carriers upon illumination than MCN
which lead to higher photocatalytic activity.
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Figure 4-10.a) UV—vis diffuse reflectance spectra, b) Tauc plots of Co304, MCN and 5-
C0304/MCN

4.2.6. Photoluminescence

Photoluminescence (PL) analysis is a useful tool to study the migration, transfer and the separation of
photogenerated electrons and holes in the semiconductors, since PL emission of semiconductor results
from the charge carrier recombination!10.111, The sharp intensity of PL spectra depends upon the rate
of recombination of photogenerated excitons. It is commonly known that a lower PL emission
intensity links to a lower carrier recombination rate12.113, Figure 4-11 displays the PL spectra of MCN
and 5-Co304/MCN at the excitation wavelength of 330 nm at room temperature. The MCN has a
strong emission peak at around 490 nm. The emission intensity of 5-Co0304/MCN sample is lower than
that of pristine g-CsNa4 at the similar emission position, indicating that electron-pairs recombination
of 5-Co304/MCN is suppressed. The above result proposes that effective separation, transportation,
and capture of the photogenerated carriers were obtained after loading CosOs4 on MCN structure,
further favouring the improved Ha generation.
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Figure 4-11.PL spectra of the MCN and 5-C0304/MCN
4.2.7. Transient photocurrent responses

For photocatalyst applications, electron-hole separation character is crucially important. Transient
photocurrent analysis is a broadly used technique to investigate the electron-hole separation effect.
Photocurrent could directly show the mobility capability of the photogenerated electrons, and the
higher peak intensity means the higher separation of the photogenerated carriers,1* which has a
positive correlation with the photocatalytic activity of the photocatalyst directly!t>. The fast and
reproducible photocurrent response for several on-off cycles of visible light irradiation (>420 nm) is
shown in Figure 4-12. The photocurrent value increases rapidly at a maximum value when the light
turned on due to the separation of electron hole pairs at the heterostructure-electrolyte interface. On
the contrary, when turning off the light, the photocurrent rapidly decreased to the initial condition.
Since recombination rate of electrons and holes of bare MCN electrode is high, this electrode displays
relative weak photocurrent. After loading Co3O04 0on MCN, the resulted electrode shows stable which
is 1.45 times higher photocurrent than the bare MCN electrode, indicating that the loaded Co3O4can
efficiently trap photogenerated electrons of excited MCN and transfer these electrons to the back

contact. Therefore, an efficient charge separation could be obtained, allowing more charge carriers to
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take part in photocatalytic Hz production reaction. Furthermore, its reproducibility and stability are

excellent as the illumination was turned on and off.
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Figure 4-12.Photocurrent responses under visible- light irradiation with 60 s light on-off cycles of
the Co304, MCN and 5-C0304/MCN

4.2.8. Mott-Schottky
Figure 4-13 presents the Mott-Schottky plots of the MCN and Co3Qs, in which € ~2 is plotted against
the applied potential. The positive slope of the plot related to MCN reveals the n-type semiconductor

material. Herein, the flat band potential of the electrodes was obtained by the Mott-Schottky relation

defined as follows:

kT

€= Ve =V =) (4-2)

eEEGNy
where K is Boltzmann's constant, C is the space charge layer capacitance, £ is the dielectric constant,
e is the electron charge, &, is the vacuum permittivity, V, is the applied potential, N, is the donor
density of electron, T is the Kelvin temperature of operation, and V;,, is the flat band potential. The
flat band potential (V;,) was determined by taking the x intercept of a linear fit to the Mott-Schottky

plot,C =2 as a function of applied potential (V,), and calculated from the following equation:
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kT
Vine = Vep + 7 (4-3)

The conduction band potential (Ecg) of the n-type semiconductor is assumed to be 0.1 V more negative
than Efs16. Based on the V;

int

values shown in Figure 4-9,the flat band potential value is estimated to
be -1.02 Vvs. Ag/AgCI (considering k—::0.0Z V) which is equivalent to -0.82 V vs. NHE. As aresult,

Ecs of MCN is around -0.92 V. The Mott-Schottky plot of Co3O4shows p-type characteristics (Figure
4-13 (b)). The flat band potential is 1.48 V vs. Ag/AgCI (calculated from (1) and (2) equations), which

is equivalent to 1.68 V vs. NHE. For p-type semiconductor, the flat band potential is equal to the
valence band potential*l’.
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Figure 4-13. Mott-Schottky plots of a) MCN and b) Co304

4.2.9. Electrochemical impedance spectroscopy

The charge transport resistance was analyzed by electrochemical impedance spectroscopy (EIS). The
EIS plots of MCN and 5-C0304/MCN areshown in Figure 4-14. The diameter of semicircle means the
charge transfer resistance at high frequencies for each Nyquist plot. The smaller the semicircle
diameter, the smaller the charge transfer resistance and hence the higher the charge transfer and
separation efficiency and the higher the electrical conductivity of the materials. It can be seen that the
arcs of both MCN and 5-Co304/MCN are very big in dark. While under the visible light irradiation,
the diameter of semicircles is much smaller than those in dark. This could be ascribed to the presence

of electrons and holes induced by incident light. In both cases, the decrease of semicircle diameter
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shows that by loading Co3z040n MCN, the offered resistance for the charge transportation is reduced

remarkably.
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Figure 4-14.EIS of MCN and 5-Co3O04/MCN both in dark and under light.

4.3. Photocatalytic mechanism

It is well known that the enhancement of photocatalytic performance of composite photocatalysts is
mainly attributed to electrons and holes transfer at the interfaces of photocatalysts'!®. Structural
properties and band structure of a photocatalyst is the foundation for exploring its photocatalytic
mechanism. Based on the CB and VB energy levels, the electron and hole transfer will take place.
Three methods to calculate the band edge positions are existence: experiments according to
photoelectrochemical techniques, theoretical calculation based on the first principle, and calculating
theoretically from the absolute (or Mulliken) electronegativity!12.120.121 The third one is a simple

method with sensible results for many oxides photocatalystst22.123, The theoretical band positions of
VB and CB for the MCN and Co3034 can be calculated by using the empirical equations as follows!?4;

Eyp =x —E¢+1/2E, (4-4)

Ecg = Eyp — E (4-5)
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Where Ecg is the CB edge potential, and X is the absolute electronegativity of the semiconductor. E®
is the energy of the free electrons on the hydrogen scale, approximately 4.5 eV. Eg is the bandgap of
the semiconductor which obtains from Tauc plot based on UV-vis result. Finally, y is defined as the
geometric mean of the absolute electronegativity of the constituent atoms, and it was calculated using

the following equation:

X = [(A)% x (B)? x (C)°Jarvs (4-6)

In which a, b, and ¢ are the number of atoms in the compounds and A, B and C are defined as an
absolute electronegativity of the constituent atoms, which is defined as the arithmetic mean of the
atomic electron affinity and the first ionization energy. y values for Co3Osand MCN are 5.90 and 4.64
respectively'2°,126, From the above formula, the Evs and Ecs values of both semiconductors are
estimated and shown in Table 4-3.

Table 4-3. The absolute electronegativity, band gap energy, valence, and conduction band edges of
MCN and Co30O4 based on a theoretical formula

Semiconductor Absolute Band gap Valence band  Conduction band
electronegativity energy potential Evg potential Ecp
63 (eV) (eV) (eV)
MCN 4.64 2.2 1.24 -0.96
C0304 5.90 2.06 2.43 0.37

Based on the Mott-Schottky results and band gap formula, CB and VB of MCN and Co3Oa4 were also
calculated. Figure 4-15 showed the difference between CB and VB values based on theoretical and
experimental results.
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Figure 4-15. Schematic band structures of MCN and C0304 obtaining from Mott-Schottky and

electronegativity analysis

In fact, CB and VB values obtained from theoretical measurement are slightly different than the
experimental value, but this does not affect the comparison of their relative positions. On the basis of
the above results including photocurrent measurements, PL spectra, EIS, and photocatalytic activity
results, a possible mechanism of photocatalytic Hz evolution using the composite photocatalysts is
proposed and illustrated in Figure 4-16. It is well-known that p-n heterojunction composite
photocatalysts with appropriate energy band positions are very favorable for photocatalysis with
sufficient efficiency. Among few p-type semiconductors, Co3O4 can easily form p-n heterojunction
composites. With the induction of light, both MCN and Co304 can produce photogenerated electron-
hole pairs. Co304 as a p-type semiconductor, which always shows good stability under illumination,
and MCN is defined as an n-type semiconductor. Thus, a p-n heterojunction would be formed at the
interfaces of Co304 loaded MCN composite. As illustrated in Figure 4-15, the CozOs4and MCN
photocatalysts possess matchable band energy levels. Then, an effective heterojunction structure
between Co3z04and MCN can be fabricated. Since CBof MCN is located at -0.92 eV which is negative
than CB of Co304, photogenerated electrons in CB of the MCN could easily transfer to the CB of
C0304. The photoinduced holes in the VB of Co3O4 will migrate to the VB of MCN according to the
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traditional electron-hole separation process!?7.128, As a result, Co3O4 particles serve as an effective
electron acceptor, and MCN serve as effective hole acceptor, which is beneficial for simplifying the
separation of the photogenerated carriers, which greatly inhibits the recombination of photogenerated
electrons and holes, leading to increased photocatalytic performance which has agreement with the
result illustrated for Hz production in section 4.1 (Figure 4.2).

V vs. NHE
o

DEA+CH;CHO

DEA+CH;CHO

Figure 4.16 Schematic illustration of the photocatalytic mechanism.
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Chapter 5: Conclusions and Future Work

5.1. Concluding comments

The goal of the research described in this thesis has been to design MCN and Co0304/MCN for
hydrogen generation under visible light irradiation. MCN was synthesised via hard template using 3-
amino 1, 2, 4-triazole and SiO2 nanoparticles as a precursor and silica template, respectively. MCN
shows high activity without using any co-catalyst. To increase the activity of the catalyst and its
properties, C0304 was loaded on MCN structure via impregnation method. The following are the

significant contributions of this research:

e Effect of ratio of the silica template to precursor on photocatalytic performance: when this
ratio is equal to one, we have the highest activity which could be related to the higher surface
area.

e Effect of weight percentage of Co3O4:Co0304 was loading on MCN at different percentages.
With increasing Co3z04amount up to 5%, activity increased and after that decreased which
could be the decrease of the MCN surface active sites and relatively blockage of MCN pores.
Photocatalyst activity at 5 % was twice as high as the bare MCN.

e XRD test showed the success of MCN synthesis and the Co3Oa4 deposition on MCN.

e FT-IR test characterized the MCN and Co304/MCN structure and confirmed the presence of
triazine ring, NHz and NH groups in MCN and also confirmed the loading CozO40n MCN

e BET measurement displays mesoporous structure and high surface area for MCN and
C0304/MCN.

e TEM and EDX results showed the formation of mesoporous structure and showed that the Co
nanoparticles were uniformly dispersed and not agglomerated on the surface of the MCN.

e UV-visible results show that narrow band gap of around 2.2 eV for MCN and Co304/MCN
are determined, showing better light harvesting ability in comparison with MCN.

e Photoluminescence, photocurrent, and electrochemical impedance spectroscopy results
indicate that the charge transfer and the photogenerated electrons and holes separation

efficiently increase after loading Co304onMCN structure.
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e Photocatalytic mechanism is proposed based on the results. The p-n heterojunction was
fabricated which leads to the easily photogenerated carriers separation and suppress the

recombination rate and consequently improving photocatalytic performance

5.2. Future work

A series of ideas that could be further carried out for this project is proposed in this section. To obtain
the amount of carbon and nitrogen in MCN structure, CNH analyser is required. Also, getting XPS
analysis could be helpful to understand the chemical state of elements. Since SiO2 nanoparticles were
used as a silica template in this project, using other silica templates such as KIT-6 and SBA-15 can
be used and compared with the result of this project regarding photocatalyst performance. Another
parameter which could affect photocatalyst performance is a precursor. 3-amino 1, 2, 4-triazole was
used as a precursor in this project. Others precursors like melamine, cyanimide can be used for the
fabrication of MCN and compare the activity with MCN which fabricate from 3-amino 1, 2, 4-triazole.
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