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Résumeé

Le processus de photocatalyse est I'un des moyens prometteurs d'utiliser I'énergie solaire a
grande échelle pour différents types d'applications tels que la production d’hydrogéne comme
énergie propre ou encore la purification de I'eau et I'air contre les polluants et les produits chimiques
nocifs. Néanmoins, le pourcentage de 1’énergie du rayonnement solaire utilisé est généralement
inférieur a 1%, en raison de la faible absorption de la lumiére solair, de la rapide recombinaison de
charge « électron-trou paires » et de I'instabilité photochimique. La modification de la structure des
semi-conducteurs et la création de photocatalyseurs nanocomposites peuvent aider a surmonter ces

problemes.

Le TiO. est le photocatalyseur le plus étudié en raison de ses propriétés physiques et
chimiques imortantes dans le processus de photocatalyse. Bien que son faible colt encourage a
I'utiliser a grande échelle, sa largeur de bande interdite (Ec =3.2 €V) importante, qui ne peut étre
activée que par irradiation UV, et sa vitesse de recombinaison des charges, ont limité son utilisation
dans les applications industrielles. La création d'une hétérojonction entre TiO, et d'autres
semiconducteurs actifs sous la lumiére visible est I’un des moyens les plus prometteurs pour utiliser
les propriétés du dioxyde de titane dans la région du visible. De plus, le nitrure de carbone
graphitique (g-CsN.) a été largement étudié pour la production d'’hydrogene sous irradiation
lumineuse visible. Malgré le fait qu'il peut étre actif dans la région du visible et réduire les protons
pour générer de I'hydrogéne, son efficacité est considérablement limitée en raison de son taux de

recombinaison de charge élevé et de sa faible surface spécifique.

Nous avons synthétisé un photocatalyseur nanocomposite de g-CsN4 et TiO> afin d’améliorer
la procédure de séparation des charges et donc de produire plus d'hydrogene. Des nanodisques de
titanate uniformes (TND) avec un diameétre compris entre 12 et 35 nm ont été synthétisés a 1’aide
d’une méthode solvothermale. Les feuilles nanométriques de g-CaN4 ont été synthétisés par des
techniques de sonication, puis ont été mélangees avec des TND. Aprés cela, une étape de
calcination a non seulement généré des contacts intimes avec deux semi-conducteurs, mais aussi
converti les TND en nanoparticules de TiO.. En raison de la position des bandes de valence et de
conduction des deux semi-conducteurs, les électrons photogenérés sont en mesure de passer du g-
C3Ns au TiOz. Grace a I’ajout de Pt comme cocatalyseur ainsi que comme fournisseur de sites

actifs, les électrons photoexcités sont en capacité de réduire les protons de I'eau et de générer du



dihydrogene. Cette hétérojonction pourrait produire plus du double 1’hydrogéne que le gCsNa4 pur

dans les mémes conditions.

Nous avons créé une nouvelle forme de feuille nanométrique de g-CsNa contenant des
lacunes de carbone avec des trous dans tous les plans de feuille. Aprés la synthese du matériau de
vrac g-CsNs a partir du dicyandiamide, le matériau obtenu a été chauffé a 650 ° C sous argon
pendant 2 h. Aprés avoir refroidi, il a été calciné a nouveau a 500 °C pendant 2 heures sous air.
Ainsi, sa surface spécifique a été considérablement augmenté de 28 m?.g* de g-CsNs & 160 m?.gL.
En outre, ces traitements par étapes ont introduit certains défauts tels que des lacunes de carbone a
I'intérieur de la structure des feuilles nanométriques de g-CaN4. Ces derniers ont fourni des sites
photocatalytiques hautement actifs pour I'évolution de I'hydrogene. Par conséquent, sa production
d'hydrogéne est dix fois supérieure a celle du g-C3N4 brut sous irradiation de la lumiere visible. Il
a montré une efficacité quantique trés élevée de 29,2% et 21,3% a 400 nm et 420 nm,

respectivement.

Enfin, nous avons généré une solution solide de zinc-cadmium (ZnxCdixS) par synthése
solvothermale en utilisant des précurseurs de glycérates métalliques de Cd et Zn. Ensuite, le
matériau a été calciné (500 °C pendant 4 heures) et traité avec H»S a 450 °C pendant 2 heures.
Ainsi, une solution solide homogeéne de ZnxCd1.xS avec structure cristallographique de wurtzite
hexagonale a été formée. Il convient de mentionner que le semi-conducteur obtenu peut absorber
une large partie du spectre visible, de plus, sa largeur de bande interdite est fortement affecté par
le rapport Zn / Cd et varie entre 2,35 et 3,4 ¢V (0<x<1). Les meilleurs résultats pour I'évolution de
I'nydrogéne ont été obtenus a partir de I'échantillon Zn3oCd7S avec dépdt de MoS, comme
cocatalyseur. 1l peut générer de I'nydrogeéne dans des longueurs d'onde les plus longues de la région
de la lumiére visible et ses rendements quantiques sont : 46,6% a 400 nm a 23,4% a 500 nm ainsi
que 11,3% a 550 nm.



Abstract

Photocatalysis process is one of the promising ways to use solar energy in large scale for
various kind of application including producing hydrogen as clean energy and purify water and air
from harmful pollutants and chemicals. Nevertheless, the solar conversion efficiency of
photocatalysts are usually below 1% because of weak sunlight absorption, high charge
recombination and high photochemical instability. Modifying semiconductor structure and creating

nanocomposite photocatalyst can help to overcome these issues.

TiO> is the most well-known photocatalysts because of its physical and chemical properties
in photocatalysis process. Although its low cost encourages people to utilize it in large scale, its
large band gap, which can only be activated under UV irradiation, and high rate of charge
recombination, limited its usage in industrial applications. Creating an heterojunction between
TiO2 and others visible light active semiconductor, is one of the best way to take advantage of TiO>
in visible region. Furthermore, graphitic carbon nitride (g-CsN4) has been widely investigated for
its potential in hydrogen production under visible light irradiation. Despite the fact that it can
activated in visible light region and reduce protons to generate hydrogen, its efficiency is
considerably limited because of its high rate of charge recombination and low specific surface area.

We synthesized a nanocomposite photocatalyst of g-CsN4 and TiO2 in order to increase
charge separation procedure and so it can produce more hydrogen. Uniform titanate nanodisks
(TNDs) with diameter between 12 and 35 nm were synthesized with a solvothermal method.
Nanosheets of g-C3N4 were synthesized via sonication techniques and then were mixed with TNDs.
After that, a calcination step not only made intimate contacts with two semiconductors, but also
converted TNDs into TiO2 nanoparticles. Due to the position of conduction band edges of two
semiconductors, photogenerated electrons could transfer from g-CsNa to TiO.. There with a help
of Pt as a cocatalyst and active sites provider, photoexcited electrons reduced protons from water
and generated hydrogen. This heterojunction could produce more than double hydrogen as pristine

g-C3Ng4 under the same conditions.

We created a novel g-CsN4 nanosheets with carbon vacancies and nanoholes throughout
nanosheet planes. After synthesis g-CsN4 bulk material from dicyandiamide, the obtained material
was heated to 650 °C under argon flow for 2 hr. After it cooled down, it was calcined again at 500

°C for 2 hr. As a result, its specific surface area increased significantly from 28 m? g* of bulk g-

iv



CsN4 to 160 m? g. Moreover, these stepwise treatments introduced some defects as carbon
vacancies inside the structure of g-CsN4 nanosheets. They provided highly active photocatalytic
sites for hydrogen evolution. Therefore, its hydrogen production was ten times higher than bulk
material of g-CsN4 under visible light irradiation. It showed very high quantum efficiencies of
29.2% and 21.3% at 400 nm and 420 nm, respectively.

Finally, we generated zinc cadmium solid solution (ZnxCdixS) with synthesizing metal-
glycerate of Cd and Zn via solvothermal method. Then, the material was calcined (500 °C for 4 hr)
and treated with H2S at 450 °C for 2hr. Thus, an homogeneous solid solution of ZnxCd1xS with
hexagonal wurtzite crystal structure was formed. It should be mentioned that the obtained
semiconductor could absorb a wide range of visible light energy and its band gap is strongly
affected by Zn/Cd ratio and varies between 2.35 and 3.4 eV (0<x<1). The best results for hydrogen
evolution was gained from ZnzCd7S sample with depositing MoS; as a cocatalyst. It could
generate hydrogen in longer wavelengths of visible light region and its quantum efficiencies were:
46.6 % at 400 nm to 23.4% at 500 nm as well as 11.3% at 550 nm.
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Chapter 1. Introduction

This chapter is the introduction of photocatalysts and how this thesis was organized to discuss
about nanocomposites. The scope and organization of this thesis is also presented.



1.1 Energy challenges

It has been widely acknowledged that the energy supply shortage and the environmental
pollution are the biggest challenges of the 21% century.[1] According to the International Energy
Outlook 2016 report, the world energy consumption is expected to increase by 48% from 2012 to
2040 (Figure 1.1). Fossil fuels including oil, natural gas, and coal continue to supply most of the
world’s energy; so that they are supposed to account for 78% of the world energy consumption in
2040.[2] However, using fossil fuels for providing the world’s energy demand has been questioned
very strongly due to the limited amount of fossil fuels, the greenhouse gas emissions accompanying
fossil fuels combustion, and the high price of fossil fuels. These serious concerns enforce to search
for clean, renewable, and cheap energy sources.[1, 2]
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Figure 1.1. World energy consumption, 1990-2040.[2]

Among available renewable energy sources, solar energy is the ultimate renewable source to
sustain all lives on earth. Solar energy, which provides the earth with 120000 TW power every
year, is the most abundant source of energy on our planet. Less than 0.02% of the total solar energy
irradiating on earth is sufficient to provide almost all the worldwide energy demand. However, it
has so far been a big challenge to efficiently harvest, convert, and store solar energy. Today, the
most popular way to exploit solar energy is photovoltaic cells, which directly convert solar energy
into electricity. The generated electricity should be used immediately or stored in a secondary
device such as batteries and capacitors. Hence, although the problems of solar energy harvest and

conversion are effectively addressed through this method, the problem of energy storage is still



unsolved. An alternative approach to harness solar energy is solar fuel generation through
photocatalytic processes. In this technique, a photo-assisted electrochemical process is employed
to directly convert abundant raw materials (e.g., water and carbon dioxide) into highly energetic
species such as hydrogen and oxygen that can serve as chemical fuels. In this way, all three
problems of solar energy harvest, conversion, and storage will effectively be addressed at once.[3,
4]

1.2 Photocatalytic water splitting for hydrogen production

Hydrogen produced from renewable carbon-free resources is regarded as one of the most
promising energy carriers to meet the future energy demand of the world. Sunlight and water are
abundant and accessible resources that can be utilized to produce hydrogen via photocatalytic water
splitting.[5] In 1972, Honda and Fujishima for the first time demonstrated the photocatalytic
decomposition of water into hydrogen and oxygen employing a semiconductor TiO2 based
electrochemical cell.[6] Since then, solar water splitting using semiconductor photocatalysts has
attracted a great deal of research attention due to its great potential to resolve the energy and
environmental issues. In general, an efficient photocatalyst requires close integration of three
essential components: a light harvesting antenna for solar energy absorption (semiconductor), a
reduction catalyst, and an oxidation catalyst (Figure 1.2). The solar energy absorbed by
semiconductor is used to generate excited electrons and holes for subsequent redox reactions. [3,
4] Since a few semiconductors themselves can also demonstrate catalytic function while harvesting
light, the catalysts loaded on semiconductors are termed cocatalysts. Therefore, most
semiconductor based photocatalysts typically consist of a semiconductor as the light harvesting
element and two types of metal (e.g. Pt, Rh) or oxide (e.g. RuO2) nanoclusters as the cocatalysts.[4,
7] In order to meet the close integration of these components, nanostructured materials have
recently attracted considerable attention as novel photocatalysts due to their unique structural,

optical, and chemical properties compared to their bulk counterparts.[3, 8-14]
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Figure 1.2. Schematic diagram of an efficient photocatalyst.[3]

1.3 Fundamental challenges of semiconductor photocatalysis

Despite considerable efforts to date, significant challenges still remain on developing a
photocatalyst that is both efficient and robust enough for practical solar fuel production. Most
photocatalysts reported so far are only able to function in the ultraviolet (UV) or near UV regime
with limited efficiency because of a number of intertwined limiting factors including mismatch
between the solar spectrum and the semiconductor band gap, inefficient charge separation and
transportation, and injurious semiconductor degradation side reactions that cause material
instability. In general, there is a lack of intrinsic driving force to govern charge separation and
transportation in the typical construction of photocatalysts. Therefore, only a small portion of the
photo-generated electrons and holes can be separated, and the majority are consumed via non-
productive recombination. For the separated free electrons and holes, they may diffuse through the
semiconductor to reach the redox catalysts for productive redox reactions. On the other hand, these
separated free charge carriers can also diffuse onto the surface of the semiconductor where they
reduce or oxidize the semiconductor photocatalyst itself, causing a complete disintegration and

deactivation of the photocatalyst.[3, 4]

1.4 Scope of the thesis

Most photocatalysts have large band gaps and high charge recombination rates that lead them
to have low quantum efficiencies in visible light region for hydrogen evolution reaction. The scope
of this research thesis is to synthesize and develop nanocomposite photocatalysts for hydrogen
evolution under visible light irradiation. To achieve this aim, we will work on different strategies
to increase hydrogen production in photocatalytic water splitting. They are including reducing band
gap of photocatalysts by modifying the structure of semiconductors, improving charge separation



process by making a nanocomposite of two semiconductors as well as introducing some defects in
the structure of photocatalyst to provide some charge trapping centers. Furthermore, providing
large specific surface area would lead to have higher available active sites for the reduction reaction

to take place.

1.5 Organization of the thesis

This short introduction is followed by the next chapter, in which a brief introduction of
heterogenous photocatalytic reaction is presented. After that, various methods and techniques on
improving the performance of photocatalysts are discussed completely. Furthermore, a review on
TiOz and its different heterojunctions is given that shows more works in this area needs to be done.
Then, graphitic carbon nitride and zinc cadmium sulfide are introduced as promising photocatalysts
for hydrogen production under visible light illumination. In addition, various methods and
strategies to improve their photocatalytic activity are discussed in detail. In Chapter 3, a review on

different characterization techniques, which are used in thesis, are presented and discussed.

In Chapter 4, we report a nanocomposite of g-CsN4 nanosheets and TiO> nanoparticles. This
nanocomposite enhances hydrogen production of g-CsNs nanosheets via improving charge
separation procedure, in which photoexcited electrons migrate from g-CsNa4 conduction band to

TiO2 and over there they react with protons over cocatalyst surface.

In Chapter 5, we propose a novel method to synthesize and develop nanosheets of g-C3Na.
This new method encompasses two step calcinations that generate nanoholes and some defects as
carbon vacancies throughout 2D nanosheet structures. These defects mostly act as highly active
sites for hydrogen evolution reaction. In addition, they are considered as charge trapping centers
that lead to decline charge recombination process inside the semiconductors. Moreover, this
synthesis method enlarges the specific surface area almost 8 times higher than that of bulk g-CsNa.
Therefore, more active sites are available for the reactants to produce hydrogen and so it shows
guantum efficiencies of 29.2 % at 400 nm and 21.3% at 420 nm.

In Chapter 6, we discuss about new approach to synthesize a solid solution of ZnxCd1xS. In
this method, a mixture of metal-glycerate is used to form mixed oxides of ZnO and CdO. Then,

during sulfuration step, sulfide ions are replacing with oxygen atoms at high temperature under
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flow of H2S. A series of ZnxCd1-xS with different ratios of Zn and Cd are generated and tested for
photocatalytic hydrogen evolution. It should be noted that ZnxCd:xS band gap and crystallinity are
directly affected by ratio of Zn/Cd. The optimum ratio for the best hydrogen production and
stability is obtained by Zn/Cd=0.3/0.7. Interestingly, it generates 12 mmol h** g hydrogen with
quantum efficiencies of 46.6% at 400 nm, 23.4% at 500 nm and 11.3% at 550 nm.

In Chapter 7, we highlight the main conclusions from the work in this thesis. Moreover, new

suggestions and approaches for future projects are recommended.



Chapter 2. Nanocomposites photocatalysts for hydrogen

production under visible light illumination

This chapter presents an introduction of heterogeneous photocatalysis. Different strategies to
improve photocatalytic activity are discussed in detail. In addition, we discuss about the most
visible-light active photocatalysts for hydrogen production and their structures are studied

completely. We also review their recent development and heterojunction fabrications.



2.1 Fundamentals of heterogeneous photocatalysis

Reactions in chemical industries use catalysts that can be divided into two main group:
homogeneous and heterogeneous catalysis. Homogeneous catalysis refers to reactions in which
catalysts and reactants are in the same phase. However, heterogeneous catalysis is used where the
phase of catalysts and reactants are different from each other. Phase includes solid, liquid and gas
as well as immiscible liquids.[15]

Heterogeneous photocatalysis refers to a process where a semiconductor capable of
absorbing photon energy of light is used as a catalyst. Generally, a photocatalytic reaction consists
of three main steps: (1) a semiconductor absorbs light photons and generates excited electrons and
holes; (II) these excited electrons and holes can migrate to the surface of semiconductor or
recombine again inside the bulk material; (I111) on the surface, holes can oxidize an oxidant
(Equation.2.1) and electrons can reduce a reductant (Equation.2.2). Figure 2.1 illustrates

schematically the main steps in heterogeneous photocatalysis reaction.

A-

(111)

Figure 2.1. Schematic of heterogenous photocatalysis mechanism.



D+h* - D+ 2.1)

At+e - A" 2.2)

If protons and oxygen in water are chosen to be reductant and oxidant, the process will

become photocatalytic water splitting and half reactions of oxidation and reduction would be as

follows:
Hy0 + 2h* > 20, + 2H* (2.3)
2H* +2e~ - H, (2.4)

Semiconductor band gap determines which wavelength of sunlight can be absorbed. The
semiconductor with a wide band gap (Eng > 3 eV) can only absorb UV light, which approximately
accounts for 5% of solar energy (Figure 2.2).[16-18] In contrast, a narrow band gap semiconductor
(Eng < 3 eV) can be activated by visible light irradiation, which constitutes 43% of the sunlight
spectrum.[19] Beside band gap, the positions of the valence and conduction bands are also very
important in photocatalytic reactions. Figure 2.3 exhibited band structure, valence and conduction

band positions of various semiconductors that can be used in various photocatalytic reactions.[20]
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Figure 2.2. Solar energy distribution.[4]
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Figure 2.3. Band structure of various semiconductors.[20]

For H2 evolution, the conduction-band edge should be more negative than the reduction
potential of H" to Hz (Ey+,4, = 0V vs NHE at pH = 0). On the other hand, the valence-band
edge should be more positive than the oxidation potential of water (Eo,/n,0 =
1.23 V vs NHE at pH = 0) in order to evolve oxygen. Therefore, the band gap of semiconductor
should be at least 1.23 eV in order to split the water. The equivalent light wavelength for this band
gap energy is 1100 nm, which is in near-infrared region of the sunlight spectrum. By considering
other factors such as energy losses during different stages in the photocatalytic process, effective
semiconductors should have band gaps larger than 2 eV, which is related to the light with
wavelength lower than 620 nm.[21, 22] Although some semiconductors can absorb the infrared
light by photon up-conversion mechanism, their applications are usually limited to degradation of

organic compounds.[23-26]

2.1.1 Overall water splitting

Fujishima and Honda were pioneers in decomposing water with light illumination.[6] They

discovered that TiO, and Pt can act as anode and cathode electrodes, respectively, in a
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photoelectrochemical cell. This system could split water into hydrogen and oxygen under intense
UV irradiation. Some years later, Bard applied the concept of this system to introduce
photocatalysis process.[8] Since then, there have been enormous efforts on developing

semiconductors that can decompose water into Hz and O2 under the light illumination.

To decompose water directly into hydrogen and oxygen under sunlight irradiation is the
ultimate goal of photocatalytic hydrogen generation system. In this process, a semiconductor with
proper band-edges can absorb photon energy and evolve hydrogen and oxygen simultaneously.
However, this reaction is thermodynamically non-spontaneous with the Gibbs free energy of 237
kJ/mol.[27]

2H,0 XL oh + o0, (2.5)

Some semiconductors can absorb UV light and split water directly into hydrogen and oxygen,
but most of them have an energy conversion efficiency less than 1%.[28-30] Moreover, they cannot
produce hydrogen and oxygen in a stoichiometric ratio because one type of charge carriers is
accumulated on the surface of photocatalyst.[27] One exceptional example is a GaN-ZnO solid
solution photocatalyst that can split water into hydrogen and oxygen stoichiometrically under
visible light illumination with a quantum efficiency of about 6%.[31] It is obvious that overall
water splitting is very difficult to be proceeded under visible light illumination and becomes one

of the greatest challenges for researchers in this field.

2.1.2 Sacrificial reagent systems

It is believed that the overall water splitting is a very hard reaction to be proceeded, and it
needs a specific kind of semiconductor with appropriate band edge positions. Nevertheless, some
semiconductors can do one of the half reactions of water splitting, i.e. water reduction or oxidation,
in the presence of suitable sacrificial reagents (electron donors or acceptors). In principle,
sacrificial agents usually react with one type of charge carriers while the other carrier reacts with
water to produce hydrogen or oxygen. Electron donors, which consume excited holes on the surface
of the semiconductor, are used for water reduction half reaction and electron acceptors (electron

scavengers) are usually needed for water oxidation, as illustrated in Figure 2.4. Generally, the
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electron donors must be more readily oxidized than water by excited holes, while the electron
acceptors must be more readily reduced than water by excited electrons. The most common
electron donors are methanol, ethanol, triethanolamine (TEA) and an aqueous solution of
Na.S/Na,SOs, whereas metal cations such as Ag* and Fe®* are usually utilized as electron

acceptors.[27]

Potential Energy

@ Valence band ) D Valence band

0z

Figure 2.4. Schematic principles of water reduction or oxidation in the presence of sacrificial
reagents.[27]

Various mechanisms were proposed to explain the consumption of sacrificial reagents in
hydrogen production reactions.[30, 32] These electron donors react more easily with holes than
water due to its less positive oxidation potential. This would lead to accelerated holes consumption
on the surface of the photocatalyst and so the positive charge accumulation is partially prevented
and, as a result, protons and photoexcited electrons can react together more easily. It should be
noted that, in the case of using methanol as electron donor, hydrogen is also produced as a result
of methanol conversion (Equation.2.6).[33, 34] However, by increasing the carbon chain length,
the contribution of H, production from alcohol conversions decrease substantially.[34] Moreover,
Guzman showed that the direct reaction of methanol with excited holes does not proceed to an

appreciable extent in the presence of high concentration of water.[35]

CH50H + H,0 — CO, + 3H, (2.6)

Semiconductors capable of decomposing water in the presence of sacrificial agents may seem
to be useless. Nevertheless, these photocatalysts not only can be used in Z-schematic system but

also some of them can be used to produce Hz using biomass derived sacrificial reagents.[36, 37]
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2.1.3 Electron mediator systems

The electron mediator system is also called Z-scheme system or a dual photocatalyst system.
The concept of this system is to transfer charge carriers by two different electron mediators in a
solution and after participating in redox reactions, they all return to their original chemical
states.[38] This procedure for overall water splitting is entirely different than two previous
methods. It needs two various photocatalysts: a semiconductor provides photoexcited electrons to
participate in half-reaction for Hz evolution; another one supplies photogenerated holes to take part
in half-reaction of water oxidation. Moreover, the two semiconductors should be excited
simultaneously and one half of charge carrier will recombine in order to bring electron mediator in

their original states (Figure 2.5). Some of the most common electron mediators are Fe**/Fe?*, 103
/I- and Ce**/Ce®*.[39]

Potential Energy
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Figure 2.5. Schematic principles of overall water splitting in the Z-scheme system.[38]

There are some review papers discussing different approaches and application of this dual
step system, which is similar to plant photosynthesis.[38, 40] Nonetheless, this system has some
drawbacks in comparison with the one-step system. For instance, Z-scheme systems are usually
more complicated and need more photons to produce the same amount of hydrogen because half
of the excited charges are used in order to bring the excited mediator to its ground state for further

reactions.[38, 41]
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2.1.4 Activity and quantum efficiency

Photocatalytic activity depends on many factors such as light source (Xe or Hg lamps), light
intensity, reaction cell, different directions of irradiation (top, inner, or side), reaction media (water
or various sacrificial agents), and the quantity of photocatalyst. The simplest way to find
semiconductor activity is to measure the amount of evolved gases in a specific period of time and

report it in umol-h~* or pmol-h™t.g™* units.[39]

Quantum yield (Quantum efficiency) is another way to report photocatalytic activity of a
semiconductor. This is independent of effective factors that are mentioned above and it is defined

as:[42]

Number of reacted electrons

Quantum yield (%) = x 100 (2.7)

Number of absorbed photons

Despite this equation can give us accurate quantum vyield, it is very hard to measure the real
amount of absorbed photons. In order to solve this problem, researchers suggested to use apparent

quantum vyield, which is declared as follows:[39]

Apparent quantum yield (%)

Number of reacted electrons
= x 100%

"~ Number of incident photons

_ 2 X Number of evolved H2 molecules
B Number of incident photons (2.8)

X 100%

__ 4 x Number of evolved 02 molecules

Number of incident photons

x 100

It is obvious that the apparent quantum yield is smaller than the real quantum efficiency

because of the difference between the number of absorbed photons and incident light.

Solar energy conversion efficiency is a method to calculate solar cell efficiency, it can also

be used to report the photocatalytic activity of a semiconductor.
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Solar energy conversion ef ficiency (%)

Output energy of H2 evolved 2.9
_ p gy of < 100% (2.9)

~ Energy of incident solar light

Up to now, semiconductors have extremely low solar energy conversion values and so this
indicator is seldom used.[28] It is anticipated that for industrial application of water splitting via

sunlight, this efficiency should improve noticeably.

2.1.5 Cocatalysts

A cocatalyst is a compound added to the semiconductors photocatalyst to improve their
activity. In photocatalytic water splitting, the cocatalysts can be used to enhance either the water
oxidation or reduction reactions. The cocatalyst for water reduction are usually small metal
nanoparticles which can form Schottky junction with semiconductors and enhance charge
separation in photocatalyst or photoelectrochemical cell.[43, 44] In principle, the contact between
metal and semiconductor creates an electric field that separate excited electrons and holes more
easily, as demonstrated in Figure 2.6.[45-47] If the work function of the metal matches the
conduction band-edge of semiconductor, excited electrons move from the semiconductor to the
metal and from there, they can react with water. In addition, the metal provides active sites for

hydrogen generation due to its relatively low over-potential for water reduction.

The physical and chemical properties of cocatalyst such as particle size and valence states,
which significantly affect their performance, are strongly dependent on the cocatalyst loading
methods. Although depositing more cocatalysts provide more active sites for reactions, they reduce
the absorption ability of the photocatalyst. Therefore, the concentration of cocatalysts should be

optimized to obtain the maximum activity during water splitting under light illumination.

There are two main techniques to deposit cocatalysts on the surface of semiconductors: in
situ photodeposition and impregnation. In the first one, cocatalyst is reduced by photoexcited
electrons on the surface of a semiconductor under light irradiation in the presence of sacrificial

reagents. Therefore, the semiconductor should be mixed with a precursor solution of cocatalyst. If
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photo-reduction step is performed with various precursors, a core-shell structure can be achieved
easily.[48]

The second one is usually followed by a post-calcination step. First, a semiconductor is
impregnated with a solution containing the cocatalyst precursor and then evaporated and dried.
After this stage, the dry mixture is calcined in air or other gases such as hydrogen or argon in order
to obtain desired states of metal or metal oxide. The final state of cocatalyst depends on gas

treatment, temperature and type of precursor.[39]

There have been great efforts to use different types of cocatalysts including transition metals,
metal oxides and noble metals for each half reaction of water splitting. The most common
cocatalysts for hydrogen evolution are Pt, Rh, Au, NiO and RuO.. [49-51] [52] [53] [54] Other
types such as the core shell configuration of cocatalysts have been recently proposed to improve

H> evolution in overall water splitting.[48, 55]

Semiconductor

Figure 2.6. A schematic energy band model of Schottky junction.[45-47]

2.1.6 Semiconductor heterojunction structures

Instead of using a single semiconductor, combining a semiconductor with other
semiconductors, metals, and molecules would lead to form a heterojunction structure between
them. These heterojunctions were found to enhance the performance of various devices such as
solar cells, photoluminescence and electro-chromic devices.[13, 56, 57] In addition, the utilization
of nanocomposites as photocatalyst instead of a single semiconductor, is another efficient and
practicable approach to enhance the photocatalytic performance. In this kind of nanocomposite,

excited charges migrate from one semiconductor to another semiconductor (or metal which acts as
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a cocatalyst). The second semiconductor should have proper band-edge position or higher
efficiency in comparison with the first one. Furthermore, this nanocomposite can improve its
efficiency due to the fact that reduction and oxidation reactions happen on two different

components.[58]

All of heterojunctions can be categorized into three types based on their conduction and
valence band positions, as illustrated in Figure 2.7. In Type 1, both excited electrons and holes
move from semiconductor 1 to semiconductor 2 due to their band edge positions. Usually this kind
of heterojunction doesn’t improve photocatalysts because of accumulation of both charge carriers

on one semiconductor.

Conduction Band

Valence Band

Semiconductor 1 Semiconductor 2

Conduction Band

Semiconductor 1 Semiconductor 2

Conduction Band

Valence Band

Type 3

Semiconductor 2

Electron Mediator

Semiconductor 1

Figure 2.7. Various kinds of heterojunctions.[58]

17



In the second group of heterojunctions, the conduction band of semiconductor 2 is lower than
that of semiconductor 1. However, the valence band of semiconductor 1 has higher value than that
of semiconductor 2. As a result, excited electrons can move from semiconductor 1 to 12, although
generated holes migrate vice versa. If both semiconductors have sufficient intimate contacts, an
efficient charge separation will occur during light illumination. Consequently, charge
recombination is decreased and charge carriers have longer lifetime, which results in higher

photocatalyst activity. Most of the composites discussed in the literature, are of type 2.

n-mn-J

=
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Figure 2.8. Scheme of the improving mechanism of photoexcited charge-carrier transport in the
ZnO-CdS@Cd heterostructure.[59]

Type 3 consists of semiconductors with both valence and conduction bands being lower in
one than the other, as can be seen from Figure 2.7. This kind can be applied in the Z-scheme system
with an appropriate electron mediator or some kind of bridges that attach the two semiconductors.
For instance, Wang et al. synthesized a core-shell nanocomposite of ZnO-CdS@Cd in such a way
that Cd element acts as the charge-carrier bridge.[59] A schematic of this nanocomposite is

demonstrated in Figure 2.8.

2.2 Titanium dioxide photocatalysts

In nature, Titanium dioxide (TiO2) has three crystal phases including: anatase (tetragonal),
rutile (tetragonal), an brookite(orthorhombic).[60-62] Various forms of TiO2 have slightly different
band gaps of around 3 eV (anatase: 3.2 eV, rutile: 3 eV), due to the variety of the crystal structures
as demonstrated in Figure 2.9.[63, 64] Both anatase and rutile have the same construction unit of
TiOs, although the distortion of their crystal structure gives them different photocatalytic activities.
Rutile is the thermodynamically stable form, and brookite does not usually show appreciable
photocatalytic activity, but anatase is often indicated as the most active phase.[65, 66] The redox
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potential of TiO. valence band is +2.53 V (vs. NHE at pH=0), that can evolve oxygen from water.
Moreover, its redox potential of photoexcited electrons is -0.52 V(vs. NHE at pH=0), which is

negative enough to produce hydrogen from water.[67, 68]

s

Yy
&

Anatase Rutile Brookite

Figure 2.9. Representations of the TiO2 anatase, rutile, and brookite forms.[62]

TiO> possesses specific properties that make it almost a perfect photocatalyst for hydrogen
production via sunlight energy. These features are: activity in catalyze photocatalytic reaction,
ability to activate under sunlight energy, chemically inert and stable under photocatalytic reaction,
large specific surface area and low cost. However, its large band gap (> 3 eV) limits its application
in visible light region that accounts for a large amount of solar energy. Thus, various methods such
as doping with anions and cations have been suggested to decrease its band gap and harvest more
visible light energy.[66-70] Moreover, some researchers tried to improve TiOz kinetic efficiency
by controlling the particle size or increasing its surface area in order to generate more hydrogen
under sunlight illumination.[70-73]

After absorbing photon energy, a semiconductor produces excited electrons and holes. The
charge carriers are separated or recombined together during their path to the surface of the
semiconductor. Clearly, this step plays an important role in determining the light to fuel conversion
efficiency.[74] Thus, many efforts has been made to synthesize various junction approach in order
to enhance charge separation process. They can be categorized in two main groups as follows:

heterojunction with other narrow band gap semiconductors, various phase junction of TiOa.
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2.2.1 Heterojunction of TiO2 and other semiconductors

Based on discussion in semiconductor heterojunction structures, Type 2 configuration
(Figure 2.7) is the best way to increase hydrogen production from TiO2> and other
semiconductors.[75, 76] This structure helps to increase charge separation and enhances carrier’s
lifetime. Therefore, excited electrons and holes have more time to react with adsorbed radicals on
the active sites and as a result, hydrogen production increases significantly compared with pristine

semiconductors.

TiO2 and CdS were the most studied semiconductors during the last decades due to their
photocatalytic properties and benefits.[74, 77] However, each of them has some drawbacks that
limit their application for hydrogen production from sunlight. For example, TiO> has a wide band
gap inapplicable for visible light absorption and CdS is instable during photocatalytic reactions.
The combination of these semiconductors in nanoscale leads to have more efficient photocatalysts
that can generate hydrogen under visible light irradiation with high stability. Under visible light
illumination, CdS can absorb photons and produce holes and electrons. Although TiO2 cannot
absorb visible light, due to its wide band gap, excited electrons can move from CdS to TiOa. This
leads to a better charge separation, and results in higher quantum yield. It should be noted that the
excited holes remain in the valence band of CdS and from there; they can oxidize any sacrificial
agents. [78, 79] Various nanocomposites with different morphologies can be created CdS and TiOy,
which can be generally classified into two groups: CdS nanoparticles on the surface of TiO2 or
TiO2 nanoparticles deposited on the surface of CdS. Some important morphologies will be
discussed here, which resuls in higher light absorption and higher hydrogen evolution in the visible

light region.

Generally, two different morphologies for mixing CdS nanoparticles and titanate nanotubes
have been proposed in order to improve photocatalytic activity, as illustrated in Figure 2.10.[80-
84] CdS/titanate nanotubes (CdS/TNTSs) were reported to have higher increase in photocatalytic
activity in comparison with traditional nanocomposite CAS@TNTs.[80] The CdS/TNTs
nanostructures lead to have a proper dispersion of CdS as well as intimate multipoint contacts
between two nanocrystals. It is clear that the ratio of Cd/Ti plays an important role in photocatalyst
activity. The optimum value of this proportion was 0.05, which corresponds to 6 wt% of CdS in
photocatalysts. With the optimum cocatalyst quantity of Pt (2.0 wt%), the CdS/TNTs could
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generate 353.4 umol h™* hydrogen with 25.5% quantum yield under visible light. Nevertheless, the
quantum vyield of traditional CAS@TNTs could hardly reach 2.7% and as mentioned before,
changing the structure of nanoparticles can have major impacts on their activity. It is noteworthy
that this nanocomposite was stable for hydrogen production during 120 h of 6 cycles. Therefore,

this nanostructure improved noticeably the stability of photocatalyst during hydrogen evolution.

Figure 2.10. Schematic illustration of the two different architectures in CdS/TNTs (left) and
CAS@TNTSs (right).[80]

Many researchers have investigated the deposition of CdS nanoparticles inside different
nanostructure of titanate such as tubular and nanotubes with the aim of obtaining highly efficient
nanocomposites.[81, 85] Li et al. deposited homogeneously CdS nanoparticles inside the TiO>
nanotubes.[81] They examined its photocatalytic water splitting with electron donors containing
S%, SOs% at wavelength of 420 nm. They attained 43.4% quantum yield for Hz evolution. This is
due to the quantum size effect of CdS nanoparticles as well as synergetic effects between two
nanocomposites. This also means that the potential energy at the interface of CdS and TiO2 would
help electrons to transfer from CdS to TiO2 more easily and consequently enhance photocatalytic

activity.

CdS nanoparticles can also be deposited on nanosheets of titanate that leads to increase
guantum vyield of nanocomposite.[85-88] The powerful interaction between titanate 2D
nanostructures and CdS helped to create visible light absorption photocatalysts with high stability
towards photocorrosion of CdS. Our group synthesized an ultrathin titanate nanodisks (TNDs) by
the solvothermal method.[89] After that, we deposited both CdS nanoparticles as a visible light
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semiconductor and Ni nanoparticles as a cocatalyst on the surface of TNDs for hydrogen evolution.
This nanocomposite was able to separate photoexcited charges efficiently and as a result it showed
a very high activity for water splitting under visible light irradiation. The concept of depositing
cocatalysts on the other surface (here on TNDs), would help to enhance photocatalytic activity by
increasing charge separation and preventing recombination phenomena. As can be seen in Figure
2.11(a), excited electron can easily transfer from CdS to TNDs and from there to Ni cocatalyst
[86]. With an optimum ratio of CdS/TNDs and Ni loading, this nanocomposite can generate H»
from water-methanol solution under visible light irradiation. The hydrogen evolution rate was
15.326 mmol gt h™! during 15 h of reaction, which results in having 24% quantum yield at A >
420 nm. It is noteworthy that this approach of mixing semiconductors with TND can also be used
for other efficient visible light active semiconductor. The intimate contact between TND and CdS
plays a crucial role in this kind of nanostructure. In other words, physical mixing of this
semiconductors cannot result in high photocatalyst activity. By growing CdS and Ni nanoparticles
on the surface of TND by means of ion exchange method we were certain that nanoparticles had
intimate contact and so charge carriers can easily transfer between semiconductors, as shown in
Figure 2.11(b).[90]
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Figure 2.11. Schematic illustration of the electron transfer in the photoreduction of Ni?* adsorbed on
the surface of TNDs under visible light illumination and schematic illustration of the formation of Ni
clusters on the surface of TND by visible-TND composites by visible light illumination (a). Schematic
illustration of the charge transfer in CdS-TND-Ni MPs in the photocatalytic H, production from water-
ethanol solution under visible light (b).[86]

In another technique, researchers tried to deposit TiO2> nanoparticles on CdS
nanostructures.[78, 79, 91-93] In most of them, a cocatalyst should be utilized in order to have
hydrogen production. For instance, Jang et al. made a nanocomposite of CdS nanowires with a high

crystallinity, which had TiO. nanocrystals on their surfaces, as shown in Figure 2.12.[79] Under
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visible light, this nanostructure displayed hydrogen production from an aqueous solution of sulfide
and sulfite ions. The optimum ratio of TiO> in this nanostructure would be 0.2, which led to having
the highest activity under visible light irradiation. The possible role of TiO2 NP is to provide sites
for collecting the photoelectrons generated from CdS NW, enabling thereby an efficient electron-
hole separation as depicted in Figure 2.12.

CdSNW

Figure 2.12. A nanocomposite consisting of CdS NW with high crystallinity decorated with
nanosized TiO; NPs.[79]

Preparing nanocomposite is a very delicate process and each step should be considered
precisely, even though the nanostructure and crystallinity may change with the order of adding
precursors. Park et al. showed that reversing chemical precipitation order of CdS on TiO:
nanoparticles caused to have different Hx evolution rates in Hz evolution under the same
conditions.[94] They prepared CdSr by adding Cd?* in aqueous solution containing S* and Pt-
loaded TiO.. Another nanocomposite with an equal molar ratio was prepared by adding sulfide
drops into the solution of Cd?* and Pt-TiO2 (CdrS). Surprisingly, CdSg showed 10 times higher
hydrogen evolution than CdrS under visible light irradiation (Figure 2.13).

Khatamian et al. prepared a metalosilicate-based (ferrisilicate and aluminosilicate)
nanocomposite of CdS/TiO2 via hydrothermal method.[95] Utilizing metalosilicate support has
many advantages such as offering high surface area and providing homogenous dispersion of CdS
nanoparticles. Moreover, this support both prevents agglomeration of the semiconductor and
facilitates electron transfer and separation. It is noteworthy to consider that applying ferrisilicate,
the presence of partially occupied d orbitals of Fe**, which can interact with TiO2 orbitals, enhances

the photocatalytic activity, while applying aluminosilicate as a support didn’t improve its activity
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compared to unsupported composite. In the case of CdS phase, hexagonal structure showed around
sixfold higher photocatalytic activity than cubic one.

(a) CdgS (Hexagonal/Cubic)
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o

Figure 2.13. Schematic illustration for photocatalytic hydrogen production mechanisms of CdgrS and
CdSr hybrids.[94]

Vu et al. provided nanocomposite of TiO2 nanorods and CdS nanoparticles with Ni clusters
in order to enhance charge separation and photocatalytic activity.[84] A dominant feature of this
nanorod-based materials is that nanoparticles of the second semiconductor could be dispersed
uniformly on the nanorod surface. Ni nanoparticles acting as cocatalysts were deposited on the
surfaces of these nanorods selectively. This configuration can improve the efficiency of electron
transfer from the sensitized CdS nanoparticles to TiO2 and then to Ni clusters, as depicted in Figure
2.14. The H2 production rate was 33.36 pmol h™t gt under visible light in the presence of methanol
as a sacrificial reagent, which was about 44 times higher than neat Ni-CdS system. Table 2.1
summarized different nanocomposites of CdS and TiO2 with their hydrogen production and

quantum vyields.
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Figure 2.14. Mechanism illustration of the activity of Ni—-TiO/CdS under visible light for the
production of Hy; inset is the potential redox energy corresponding to CdS, TiO», and H*/H».[84]
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Table 2.1. Different nanocomposites of CdS and TiO2.

Hydrogen Quantum
Semiconductor Sacrificial Light
Semiconductor 1 Cocatalyst production yield Refs
2 reagent Source
(umol h™ g%) (%)
NazTi204(OH): 350 W Xe, 2.7 ath=
Cds Pt Na2S/Na2SO0s 545 [83]
nanotube A>430nm 430 nm
TiO2 300 W Xe, 43.3atA =
Cds Pt Naz2S/Na2S03 2680 [81]
nanotubes A>420nm 420 nm
Titanate 500 W Xe, 25.5atA=
Cds Pt Na2S/Na2S03 1767 [80]
nanotubes A >430nm 420 nm
Titanate 300 W Xe, 21 at A =420
Cds Ni Ethanol 11038 [89]
nanodisks A >420nm nm
Titanate 300 W Xe, 24 at A =420
Cds Ni Ethanol 15326 [86]
nanodisks A >420nm nm
TiO2 Cds 350 W Xe, 89atr=
Na2S/Naz2SOs3 1651 [96]
nanosheet nanoparticles A >400nm 420 nm
450 W Xe,
TiO2 Cds Pt Na2S/Na2S03 4848 No data [94]
A>420nm
Hexagonal 500 W
TiO2 Na2S/Na2S0s 8990 No data [95]
Cds Osram
Cds 300 W Xe,
TiO2 nanorods Ni Ethanol 33.63 No data [84]
nanoparticles A>420nm
Titanate 500 W Xe, 38.1atA=
Cdo.5ZnosS Na2S/Naz2SOs3 1738.5 [97]
nanotubes A>430nm 420 nm
TiO2 350 W Xe, 13.9atA=
CdS NPs Pt Lactic acid 6625 [87]
nanosheet A >420nm 420 nm
350 W Xe, 4.5ath=
TiO2 Cds Pt Na2S/Na2SO3 6720 [98]
A>420nm 420 nm
Titanate Cds 300 W Xe,
Na2S/Na2S0s3 75 No data [99]
spheres nanoparticles A >420nm
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Table 2.1 Continue.

Hydrogen Quantum
Semiconductor Sacrificial Light
Semiconductor 1 Cocatalyst production yield Refs
2 reagent Source
(umol h™ g%) (%)
nanometer-
thick layered CdS quantum 300 W Xe,
Na2S/Na2SOs 1000 No data [100]
titanate dots (QDs) A >420nm
nanosheet
TiO2 350 W Xe,
Bulk CdS Pt Naz2S/Na2S03 6400 No data [78]
nanoparticles A>420 nm
300 W Xe,
hex-CdS TiO2 Pt glycerol 22 No data [93]
A>420 nm
TiO2 Cds 65
TiO2 500 W Xe,
CdS nanowires Pt Naz2S/Na2S03 110 No data [79]
nanoparticles A>420 nm
TiO2 350 W Xe,
CdS bulk Pt NazS/Na2SO3 4224 No data [91]
nanoparticles A>420 nm
500 W
76.27at A =
Chromosilicate CdS-TiO2 -—- Na2S/Na>SOs Osram, , A 2580 [101]
450 nm
> 420 nm
300 W Xe,
TiO2 Cds Au Naz2S/Na2S03 1970 No data [92]
A>420 nm

Some researchers synthesized nanocomposites of TiO2 and some of the metal oxides which
are activated in the visible light region.[102-110] Interestingly, some of them showed higher
hydrogen production in comparison with pristine TiO> due to visible light absorption and better
charge separation. For instance, Martha et al. tried to increase hydrogen production by combining
doped TiO2 with V20s.[105] Although N, S doped TiO2 has a very low hydrogen evolution, the
combination of the doped-TiO> with V,0s exhibited 7 times higher hydrogen production under
visible light irradiation (296.6 pmol h™2). Xie et al. showed that nanocomposite of TiO2/BiVOs had
a much longer lifetime of photoexcited charge carriers and so higher charge separation.[109] The

main reason for this phenomenon is related to high movements of photoexcited electrons from
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BiVO4 to TiO». Due to this reason, this photocatalyst had unexpected visible light activity for water
splitting rather than BiVOs4 which was almost inactive in this region. They reported that
TiO2/BiVO4 with molar ratio of 5%, could evolve 2.2 mol h** hydrogen, which was much higher
than mixing with reduced graphene oxide nanosheet (0.75 mol h™) under the similar
conditions.[110] Another group deposited Fe-TiO2 nanoparticles (FTO) on the surface of Caln,O4
nanorods (C10).[107] This nanocomposite revealed hydrogen production in the presence of Kl as
sacrificial agent and Pt as cocatalyst. The contact of these two nanoparticles facilitated charge
separation and to higher hydrogen evolution. This nanocomposite exhibited H> production at a rate
of 280 umol h™* g%, which was 12.3 and 2.2 times higher than Caln,O4 and Fe-TiO,, respectively.
Due to the synthesis method (physical mixing of FTO and CIO), there is no control or uniformity
of dispersion of FTO on CIO. In addition, cocatalysts should be deposited on FTO in order to be
more effective for hydrogen production. It seems that by applying some coating method the activity

of this nanocomposite can improve even more than 280 umol h™* g1,

It is worth mentioning that iron oxide is capable of using as metal organic framework (MOF)
in diverse morphologies with titanium oxide.[111-113] For instance, Lin’s group created a
nanocomposite of mixed metal oxide (Fe2Os and TiO2) via MOF templates.[111] They used MIL-
101 MOF (Fe source) to deposit on amorphous TiO2 and after deposition, they calcined the mixture
in order to acquire the nanocomposite of Fe,O3/TiO,. As a result, crystalline octahedral nano-shells
were obtained which could produce hydrogen under visible light irradiation. Although TiO2 can
only activate under UV light and Fe-.O3 has a more positive conduction band than reduction
potential of Hy, this novel nanocomposite with a help of Pt metal as a cocatalyst produced 30.0
umol g of hydrogen in 48 hours in the presence of TEA as a sacrificial agent. The reason for this
activity is that some iron ions from MIL-101 can be doped into TiO crystallinity during the
calcination process and the other converted into Fe:Oz. Fe;TiOs and Ti-doped Fe.O3 are both
considered as activated photocatalysts under visible light in Hz formation because of their small
band gaps (Fe2TiOs = 2.2 eV and Ti-doped Fe203 = 2.1 eV) and their edge of conduction bands
which are more negative than reduction potential of H*.[112] Moreover, further characterizations
showed that this material was stable during hydrogen evolution and no decreasing in activity was
observed. By introducing this kind of hollow nanostructure, the surface area of the photocatalyst
increase significantly that results in higher activity owing to more available active sites. Another

example of this type was developed in our group. We proposed a new route to prepare a novel type
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of photocatalytic hollow Fe203-TiO2 nanostructure using MOF-UMC:s as a hard template.[113]
In this type of MOF-UMCs materials, each trimeric Fe(lll) center possesses terminal water
molecules that can be removed by vacuum and temperature treatments to generate Lewis acid sites,
to which the amine group of titanium precursor can be grafted via the lone electron pair of nitrogen
atom for the preparation of core/titania shell nanostructure, as illustrated in Figure 2.15. This
achieved hollow nanostructure of Fe2Os-TiO>—PtOx photocatalyst possesses two distinct
cocatalysts which are deposited separately on two sides of its hollow surface. The distance of two
cocatalysts (wall thickness of template) was 15-35 nm that strongly facilitated charge separation
and so increased photocatalytic activity. One of the cocatalysts was created from metal clusters of
the MOF after calcination, located inside the hollow structure and the other was made from metal
doping (PtOx) on the surface of this nanocomposite. Interestingly, the visible light absorption band
edge was extended to 610 nm. Under visible light illumination and in the presence of lactic acid,
this nanocomposite could produce 22 pmol h™* hydrogen without any reduction in its activity even
after 5 cycles. The total amount of H: after five cycles was 110 pmol h™ under visible light
irradiation. Although this amount of hydrogen production was not so much in comparison with
other photocatalysts, but this approach may be used to develop other hollow structures with higher
activity for hydrogen evolution in the visible light region.
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Figure 2.15. Schematic illustration of the formation of the hollow Fe;O3—TiO,—PtOx
nanocomposite.[113]

In addition to metal oxides, scientists tried to mix diverse metal sulfides with titanium oxide
due to their higher visible light absorption. CdS is the best metal sulfides to combine with TiO>
because of its proper conduction band and higher efficiency. Due to the importance of this kind of
nanocomposite, different compositions and morphologies will be discussed thoroughly in another
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section (Section 2.4). Here, other metal sulfides composites with TiO: are explained in detail.[114-
118] It was reported that the single nanoparticles of In.Sz or Pt/TiO2 were not active in the H»
formation under visible light irradiation. However, the combined In,Ss/Pt/TiO2 nanostructure
produced H, under visible light at the rate of 135 umol h™* with the 1% quantum yield at A > 420
nm.[115] In this nanocomposite, both Pt/TiO2 and In.Sz nanoparticles were in close contact owing
to embedding Pt/TiO2 nanoparticles in the interstices of the In;Sz. The optimum ratio of
In2S3/Pt/TiO2 was reported to be 3:2. Furthermore, Jang et al. synthesized a photocatalyst
composite of titanium dioxide and AgGaS: with solid state reaction followed by sol-gel
method.[118] In the presence of sulfide and sulfite solution and Pt as a cocatalyst, this composite
showed a very good activity for hydrogen under visible light irradiation. Due to the conduction
band structure, excited electrons can transfer from AgGaS:to TiO. and from there they can react
with protons to produce hydrogen. The maximum quantum yield was 17.5% for the optimum ratio
of 1:2 (TiO2:AgGaS,) and 1% Pt.

Some researchers synthesized nanocomposites of TiO» with different carbon based materials
such as carbon coated metal, carbon quantum dots, carbon nanotube and graphene.[119-125] For
example, Peng’s group synthesized a novel nanocomposite of carbon coated Ni (denoted as Ni@C)
and Ti0.[123] This nanocomposite consists of nanorods with 10 nm in diameter and 40-100 nm
in length. By using triethanolamine as a sacrificial reagent, this nanostructure could produce
hydrogen under visible light irradiation. The highest activity was obtained when 5% of Ni was used
in this nanocomposite (300 umol h™1). Furthermore, the apparent quantum yields are 12% and 7%
for A > 420 and A > 520 nm, respectively. These yields were much higher than for neat Ni@C
without TiO>. Table 2.2 shows some nanocomposites of titanium dioxide as well as their activity

under visible light irradiation.

A new ternary nanostructure of three different nanoparticles was synthesized in order to
enhance H> production under visible light irradiation.[92] Firstly, the authors synthesized
nanoparticles of Au with an average size of 40 nm. After this step, they grew TiO2 nanocrystal as
a shell structure on the Au nanoparticles via hydrothermal method according to previous
researches.[126] Then, they deposited CdS nanoparticles on the surface of Au@TiO2 core—shell
nanostructures. This ternary nanocomposite showed considerable high activity for H. evolution

rather than both binary
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Table 2.2. Different nanocomposites of TiO2 active for hydrogen production (A>420 nm).

Hydrogen Quantum
Semiconductor  Semiconductor Sacrificial Light
Cocatalyst production yield Refs
1 2 reagent Source
(umol h™ g%) (%)
12 at A=420
Carbon coated 300 W Xe,
TiO2 Triethanolamine 2000 nm [123]
Ni (Ni@C) A >420 nm
7 at A=520 nm
TiO2 nanosheet Graphene - Methanol 350 W Xe 736 No data [119]
300 W Xe,
TiO2 In2Ss Pt Na2S/Naz2SOs 1350 1 atA=420 nm [115]
A>420 nm
TiO2 Au Xe light, A >
Pt Propanol 0.5 No data [127]
mesocrystals nanoparticles 460 nm
N,S doped 125 W Hg,
V205 Pt Methanol 2966 No data [105]
TiO2 A>400 nm
450 W Xe,
TiO2 MOF MIL 101 Pt Triethanolamine 1250 No data [111]
A>420 nm
300 W Xe,
TiO2 MOF MIL 88 PtOx Lactic acid 1100 No data [128]
A>420 nm
300 W Xe,
TiO2 AglnsSg Pt Na2S/Naz2S03 850 No data [117]
A>420 nm
Mesoporous 350 W Xe,
WS> Pt Naz2S 200 No data [129]
TiO2 A>430 nm
Carbon 500 W
P25 quantum dot Methanol Halogen, 10 No data [124]
(CQD) A>450 nm
450 W Hg, 17.5 at A=420
AgGa$S: TiO2 Pt Na2S/Naz2SOs 4200 [118]
A>420 nm nm
300 W Xe,
Caln204 Fe-TiO2 Pt Kl 280 No data [107]
A>420 nm
3W LED, 4.1 at A=420
Graphene Au-TiO2 - Methanol 296 [120]
A=420 nm nm
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nanostructures (CdS—TiO2 or Au@TiO2). This ternary design builds up a transfer path for the
photoexcited electrons of CdS to the core Au particles via the TiO2 nanocrystal bridge and thus
effectively suppresses the electron-hole recombination on the CdS photocatalyst. However, this
nanocomposite is very complicated to obtain and needs precise synthesis method for each step,
which is one of its drawbacks in comparison with other binary nanocomposites for hydrogen
production.

2.2.2 Various TiO2 Phase junction

The most common used phase structures of TiO> as photocatalyst are anatase and rutile.
Although anatase shows higher activity for hydrogen production in comparison with rutile, P25
Degussa TiO2 (a mixed-phase of anatase and rutile) exhibits higher photocatalytic activity than

pristine anatase or rutile.[130-133]

Zhang et al. synthesized TiO- particles with phase junction via calcination of anatase TiOx.
[134, 135] The phase transformation happened on the surface of skin of integrated anatase particles.
The TiO2 with mixed phase on the surface showed higher photocatalytic activity and the activity
is closely related to the phase junction formed between two phases. Some researchers investigated
the charge transportation between the two phases and found that electrons should move from
anatase to rutile because of the higher conduction band edge of anatase compared to rutile.[136-
138] Although the potential difference between phase junction of anatase and rutile is very small

(~ 0.2 eV), it has been proved to be effective in enhancing hydrogen production from TiO..[66, 74]

2.3 Graphitic carbon nitride photocatalysts

Graphitic carbon nitride (g-CaN4) is a metal-free semiconductor that consists of s-triazine or
tri-s-triazine units, as can be seen in Figure 2.16.[139, 140] These units are connected in two-
dimensional graphite-like framework by amino groups in each layer and weak van der Waals forces
between layers.[141] As a result, this polymeric semiconductor shows very high thermal and
chemical stability. It can be synthesized by thermal condensation at high temperature (450-650°C)
form nitrogen-rich compounds such as: cyanamide, dicyanamide, melamine, thiourea and urea

(Figure 2.17).[142-147] It should be mentioned that carbon nitride has several phase structures
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such as a-C3Nas, B-C3Na, cubic-C3Ns, etc. with different band gaps. .[148] g-C3Ns possesses the
lowest band gap of 2.7-2.8 eV among all of other carbon nitride crystal structures, which leads to
absorb visible light energy of 450-460 nm.[149]
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Figure 2.16. (a) Triazine and (b) tri-s-triazine (heptazine) structures of g-C3N4.[150]

In 2009, Wang et al. synthesized g-CsN4 from cyanamide by pyrolysis at high temperature
(400-600 °C).[151] They showed that this photocatalyst not only produces hydrogen under visible
light irradiation from aqueous solution of triethanolamine (TEA), but also it had steady hydrogen
production rate over 75 hr. In addition, with a help of TGA and XRD analyses of intermediate
compound, they suggested a synthesis procedure, displays in Figure 2.18.[150] Briefly, the
cyanamide molecules were converted to dicyandiamide and melamine at the temperature between
200-235 °C. Simultaneously, ammonia was generated as a by-product of the reaction until all the
melamine-based compounds were formed (T~335 °C). Further increasing in temperature to 390 °C,
rearranged the melamine in order to generate tri-s-triazine units. Finally, between 500-520 °C
polymerization of building units produced g-CsNs. It remained perfectly stable until 600 °C and
above that it became unstable and vanished completely above 650 °C.[150, 152]
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Figure 2.18. Synthesis procedure of g-C3N4 from cyanamide confirmed via TGA and XRD.[150]

Figure 2.19 displays various characterizations of bulk g-C3N4 synthesized from cyanamide
at 550 °C. It is clear from UV-visible spectrum that it has a capability of absorbing visible light up
to 460 nm. The X-ray diffraction (XRD) curve for analysing the crystal structure of the g-C3sNjs is
shown in Figure 2.19-b. Obviously, it has two distinct peaks at about 13.0° and 27.4°. The former
one corresponds to the (100) plane (d=0.681 nm) that is due to the in-plane structural packing motif
of g-C3Ns (the lattice plane parallel to the c-axis as exhibited by solid line in Figure 2.17). The
other peaks can be attributed to interlayer stacking of the long-range aromatic system, which is
presented as (002) plane with a d-spacing of 0.326 nm.[154-156] It should be noted that within the
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g-CaNg layer, the carbon and nitrogen atoms are connected with covalent bonds, whereas weak van
der Waals forces stack its layers together.[157]
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Figure 2.19. a) UV-visible diffuse reflectance spectrum, b) XRD pattern, High-resolution XPS
spectra of ¢) C1s and d) N1s of bulk g-C3N4.[151, 153]

The elements status in g-C3N4 are examined by X-ray photoelectron spectroscopy (XPS) and
are displayed in Figure 2.19-c,d. The C1s curve showed two main peaks at 284.6 and 288.1 eV,
that can be related to sp?-bonded carbon in C—C and N—C=N, respectively. The N1s spectrum can
be deconvoluted into four main peaks corresponding to nitrogen status in various bond structures
including: the sp>-bonded in C—N=C (ca. 398.7 eV), tertiary in N— C3 (ca. 400.3 eV), amino groups
with hydrogen atom C—NH (ca. 401.4 eV) and a positive charge localisation in heptazine rings (ca.
404.2 V). [153, 158, 159]  The Bulk g-C3Na4 has a potential to be one of the best photocatalyst
for hydrogen production in visible light region. Nevertheless, it showed very little hydrogen
production mainly due to its low specific surface area and high electron-holes recombination

process. As a result, many researchers and scientists tried to enhance its hydrogen production by
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various methods such as providing large surface area, making nanosheets of g-CzNs, utilizing

various cocatalysts and creating heterojunctions with other semiconductors.

Due to the structure similarity of carbon bonds in carbon based nanostructures (nanotubes
and graphene) with graphite carbon nitride, it is believed that these materials can mix together and
as a result photocatalytic efficiency will increase substantially. [145, 147] For instance, g-CaN4
nanosheet was mixed with graphene in order to increase visible light photocatalytic activity for H»
generation.[145] This metal-free nanocomposite could generate hydrogen from an aqueous
solution of methanol under light illumination (A > 400 nm). By using 1 wt% of graphene with Pt-
loaded g-C3Na, the H evolution rate was noticeably enhanced from 147 umol h'* g to 451 umol
h® g Another group tried to modify g-CsNs by introducing carbon nanotubes into its
structure.[147] Despite the fact that the new composite and pure g-CsN4 are very similar in their
properties, the new photocatalyst possessed higher activity (around 2.5 times) than the other one.
With optimal amount of carbon nanotubes (2 wt%), it produced 394 umol h'* g hydrogen under
visible light illumination because of increasing the lifetime of excited electron and holes and

prevent them to recombine together.

Furthermore, other semiconductors can be combined with g-CsN4 in order to prevent charge
recombination. [143, 144, 160-165] For example, Chai et al. generated a nanocomposite consisting
of porous g-CsN4 with TiO2 nanoparticles.[143] According to the close interaction between these
nanomaterials, when this nanocomposite was improved by Pt metal as a cocatalyst, it showed
hydrogen evolution under visible light illumination (A > 420 nm). The maximum hydrogen
evolution (178 umol h™*) was achieved when the mass ratio of g-CsN4 and TiO2 was 70 to 30. Kang
et al. synthesized a composite of graphitic carbon nitride and Rh-doped SrTiOz.[144] With help of
Pt as a cocatalyst, this photocatalyst could produce hydrogen from aqueous solution of methanol
at 410 nm with a quantum yield of 5.5%. Doping Rh into the structure of SrTiOsz provides the donor
level in band gap region of SrTiOs:Rh. As a result, the excited holes can easily transfer from
SrTiO3z:Rh semiconductor to carbon nitride and the excited electrons move from the conduction
band of g-CsN4 to SrTiOs:Rh. This leads to have high charge separation and higher hydrogen
production (2223 pumol h™* g%) in comparison with each of the semiconductors alone. Table 2.3
shows various heterojunctions of g-CsNs and semiconductors that could improve hydrogen

production under visible light.
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Another effective method to enhance g-CsN4 photoactivity is to increase its specific surface
area, which is less than 10 m? g for the bulk material.[166] Due to its graphite-like layered
structure, various methods were suggested to synthesize multilayer and monolayer nanosheets of
g-C3Na.[154, 167-169] Reducing the thickness of nanosheets causes its band gap to increase due
to quantum confinement effect.[154] In thermal exfoliation technique, increasing the time of
synthesis up to 4-6 h or recalcining the bulk material again in controlled conditions (low ramping
rate, static air or inert gas), led to have nanosheets of g-CsNas. As shown in Figure 2.20, the reaction
time considerably affects the thickness of g-CsN4.[168, 170] Other groups used liquid exfoliation
methods to obtain the nanosheets.[154, 169, 171] They usually used a mixture of water and another
solvent with appropriate surface energy such as ethanol, isopropanol or dimethyl formamide. Then,
ultrasonic bath was used more than 10 hr, in order to transmit require energy for breaking the van
der Waals forces between the layers. After this step was completed, a highly uniform and stable
suspension of nanosheets of g-CsN4 was obtained, as depicted in Figure 2.21. This method was

widely utilized for fabricating nanosheets of g-CsN4 because of its facile and convenient process.

Some researchers using hard and soft templates in order to produce mesoporous g-CsN4 with
high specific surface area. For instance, He et al. synthesized mesoporous sucrose-mediated g-CaN4
by using thermal condensation of sucrose and melamine.[172] Firstly, they dissolved sucrose in an
ethanol aqueous solution, then under continuous stirring, melamine was added. After drying in
water bath, the obtained mixture was heated to 600 °C for 2 hr. During calcination step, oxidation
and decomposition of sucrose formed mesoporous g-CsN4, as demonstrated in Figure 2.22. As a
result, the specific surface area was enhanced to 128 m? g* from 18.6 m? g* of bulk g-CsN..
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Table 2.3. Different nanocomposite of graphitic carbon nitride.

Hydrogen Quantum
Semiconductor Sacrificial Light
Semiconductor 2 Cocatalyst production yield Refs
1 reagent Source
(umol h™ g%) (%)
150 W
layered g- graphitized Halogen,
Pt Triethanolamine 370 No data [173]
CsNa4 sheets polyacrylonitrile A=>420
nm
300 W Xe,
Nickel sulfide
g-CsNa Triethanolamine A>420 447.7 No data [160]
(NiS)
nm
350 W Xe,
zinc 1.85 at
g-C3N4 Pt Ascorbic acid A>420 12500 [174]
phthalocyanine A =700 nm
nm
300 W Xe,
C/N co-doped
g-CsNa Ag Methanol A>420 96 No data [161]
TiO2
nm
300 W Xe,
g-C3Na4 PEDOT Pt Triethanolamine A>420 327 No data [146]
nm
300 W Xe,
0.9 at
g-C3Na4 WOs3 Pt Triethanolamine A>420 110 [162]
A =420 nm
nm
carbon 350 W Xe,
g-CsNa Pt Triethanolamine 394 No data [147]
nanotubes A>420nm
300 W Xe,
g-CsNa4 ZnFe204 Pt Triethanolamine A>420 200.77 No data [163]
nm
300 W Xe,
g-CsNa4 AQ2S --- Methanol A>420 200 No data [164]
nm
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Figure 2.20. (a) Relationship between the pyrolysis duration and layer thickness of g-C3sN4 and the
diagram for the layer-by-layer exfoliation and splitting mechanism of g-CsN. with decreased thickness
and size. (b—g) TEM images of g-CsNassynthesized at 550 °C for (b—c) 0 min, (d—e) 60 min, and (f-g) 240
min, excluding the heating-up time.[150, 170]
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Figure 2.21. (a) Schematic illustration of liquid-exfoliation process from bulk g-CsNjs to ultrathin
nanosheets. (b) Photograph of bulk g-CsN. and suspension of ultrathin g-CsN4 nanosheets. (¢) A
theoretically perfect crystal structure of the g-CsN4 projected along the z-axis.[175]

38



B -. | -NH, ‘[ | carbonization | /\
Jorrrrr - '
> ’\’_/ 4 Y

A0 \—/
NS AR il |

carbonaceous
gas off

mesoporous g-C;N, ‘

Figure 2.22. Schematic illustration for the formation of mesoporous sucrose-mediated g-CsN4.[172]

Another group created honeycomb-like g-C3N4 with one-step thermal polymerization of urea
in the presence of water at 450 °C.[176] As illustrated in Figure 2.23, during g-CsN4 synthesis
procedure, large numbers of soft bubbles from the NH3 and CO> gases were formed, which resulted
in having bubble-like structure of g-CaN4. Later, these bubbles burst, leaving behind honeycomb
nanosheets of g-CsNa4. This nanostructure not only increases specific surface area, but also helps
having multiple light reflections in the porous material as well as increasing reactant diffusion

throughout the nanosheets (as demonstrated in Figure 2.23-Right).
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Figure 2.23. (Left) Formation mechanism of the honeycomb-like morphology of g-CsNa. (Right)
Schematic illustration of the differences between g-Cs;N4 nanosheets with and without pores.[176]
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The reaction atmosphere significantly affected the photocatalytic activity of g-CsN4 through
generating structural defects, carbon and nitrogen vacancies as well as inducing disordered
structures. The structural defects are crucial for heterogeneous catalysis because they provide
active sites for reactant molecules. In addition, the defects have impacts on electronic band
structures and they can introduce additional energy levels between the valence band and the
conduction band.[177-179] The defects and lattice disorders can provide band tail states, which are
midgap states for excited electron-hole pairs.[180] Thus, the obtained semiconductor can absorb
more visible light energy and so it can produce more hydrogen.[181, 182] Furthermore, these
defects generate more trapping sites on the surface of semiconductors, which enhance lifetime of

excited charges by slowing down the recombination procedure.[183]

Niu et al. synthesized g-CsNs with nitrogen vacancies via modulating the synthesis
temperature in static air.[156] These defects left extra electrons in the structure of carbon nitride
resulting having nitrogen vancancy-related C** state in the band gap. Thus, the band gap of the
obtained material decreases from 2.74 to 2.66 eV. Nitrogen vacancies can also be obtained by
changing the reaction atmosphere to H. gas.[184] They observed that H> diffusion through the
surface to the bulk of g-C3N4 in the space originated from the periodic layer stacking along the c-
axis of melon (Figure 2.17), can make homogeneous self-modification in layered structure (Figure
2.24)
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Figure 2.24. Schematic illustration of surface self-modification with vacancies in a nonlayered
material and homogeneous self-modification with vacancies in a layered material upon thermal treatment
under H, environment.[184]
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2.4 Zinc cadmium sulfide photocatalyst

Cadmium sulfide (CdS) is one of the best semiconductors for photocatalytic hydrogen
production because of its narrow band gap and conduction edge-band position. In other words, it
can absorb visible light with long wavelength and also it can reduce protons to hydrogen. However,
this photocatalyst has two main disadvantages which are: (1) due to its small band gap, the
recombination process of photoexcited electrons and holes is very easy; (2) this semiconductor is
unstable under light irradiation and it is effortlessly corroded by excited holes.[185] For these

reasons, CdS needs to be combined with other semiconductors in order to overcome its drawbacks.

It has two crystal forms: the hexagonal Wurtzite (found in the mineral Greenokite) and the
cubic blend structure (found in the mineral Hawleyite).[186] Although in both forms cadmium and
sulfur atoms are in four coordination, the hexagonal crystal structure is more stable than the cubic
one.[187] This semiconductor is a n-type 2.42 eV that can be excited via visible light irradiation.
It should be noted that its photocatalytic properties and activity are affected by the particle size and
the morphology.[185, 188, 189]

Due to a highly visible light absorption of CdS (2.42 eV), scientists tried to enhance
photocatalytic efficiencies of CdS with modifying nanostructures of this semiconductor.
Nanostructure of CdS provided more active sites for water splitting reaction and so increase its
photocatalytic activity.[190] Another technique is preparing CdS in nano-porous structures that
can raise the quantum yield up to 60% in the presence of Na,SOz and NazS as sacrificial agents (A
> 420 nm).[191] The main reasons for this development in quantum yield are effective charge
separation, fast movements of charge carriers, and quick chemical reaction at the interface of CdS
nanostructure. Combing CdS nanoparticles with another semiconductor is another way to enhance
its photocatalytic efficiency.[192]

Although metal oxides are usually possessing wide band gap and cannot absorb long
wavelength of sunlight spectrum, they are very stable during photocatalytic processes. Therefore,
some studies were done in order to mix these semiconductors together and obtained more efficient
photocatalysts.[59, 193-203] For instance, Wang and co-workers prepared core-shell
nanostructures from ZnO and CdS.[193] This nanocomposite was able to split water to produce H>
with sacrificial reagents. Interestingly, loading RuO: cocatalyst showed more activity rather than
Pt metal. In addition, the ratio of ZnO to CdS in (ZnO)1-x(CdS)x, strongly affected its photocatalytic
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efficiency and it slightly dropped by raising CdS molar ratio. The highest Hz evolution is 2.96
mmol h™* g% by x = 0.2, which is 34.4 times and 7.8 times higher than that of ZnO nanorods
(prepared by the hydrothermal route) and CdS (prepared by the solid-state route), respectively. As
mentioned before, RuO- has a great impact on photocatalytic activity resulted in a sudden increase
by around 200%. This nanocomposite could constantly produce H> for more than 30 h. Hou et al.
synthesized a nanocomposite of CdS (2.45 eV) and TaON (2.5 eV) in a core-shell structure.[195]
They deposited TaON on the core of CdS and used Pt as a cocatalyst. Due to the band edge
positions of these semiconductors, electrons migrate from CdS to TaON and holes can move from
TaON to CdS. Although hydrogen evolution rates for pure CdS and TaON were 13.5 and 9 pumol
h, respectively, this nanocomposite could evolve 306 pumol h* hydrogen using a sacrificial
reagent. Moreover, combining this nanostructure with 1wt% graphene oxide led to produce more
than two times higher hydrogens than the previous one with a 31% quantum yield under visible
light irradiation. Nonetheless, they didn’t examine the stability of this nanocomposite for multiple
cycles in longer runtime. Because one of the purpose of combining CdS with other materials is to
enhance its stability during reaction time. Usually the photocatalyst should run 3-4 cycles of 3-5 hr

of hydrogen production in order to observe its stability under light illumination.

In addition to binary metal oxides, some researchers made a nanocomposite of CdS and
ternary metal oxides.[204-207]*1%11! In these nanostructures, generated holes can transfer from
CdS to metal oxides, due to their valence band positions, and photoexcited electrons remain in the
conduction band of CdS and reduce protons to hydrogen. These charge carriers’ movements are
completely different than in other nanocomposites. Usually electrons transfer to other
semiconductors from CdS but in this case holes transfer and so both charge recombination and
photocorrosion are avoided. However, it should be noted that the synthesis procedure of these
ternary nanocomposites is usually complicated and needs careful attention in order to obtain desire

nanostructure.

Furthermore, CdS can be combined with other metal sulfides in various morphologies such
as nanocrystals[208], nanowires[209], nano-layers[210] in order to enhance its efficiency. Among
all metal sulfides, ZnS attracts more attention due to its high ability to form solid solution with CdS
which results in higher charge separation and more quantum efficiency.[211-218] For example, a
solid solution of (Zno.9sCuo.0s) 1-xCdxS was examined with various ratios of Cd for Hz production
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under visible light and in the presence of SOs* and S;?.[211] This solid solution consisted of
nanocrystals of about 2-5 nm and had a band gap of 2.0 e¢V. This nanostructure showed 508 umol
h! without any cocatalyst and possesses a quantum yield of 15.7% under visible light when x equal
to 0.33. However, by depositing 0.75% Pt, its activity enhanced significantly and hydrogen
production and quantum yield reached to 1.09 mmol h' and 31.8%, respectively. Moreover, this
nanocomposite was stable after 3 cycles 12 h. Zhang and al. synthesized a nanocrystal of solid
solution ZnS-CdS that was involved in Hz evolution at 420 nm.[213] They used MoS, compound
as a cocatalysts and reported that with 0.2 wt% of this cocatalysts, the hydrogen formation was 36
times higher than CdS with noble metals as cocatalysts.[219, 220] Moreover, Liu et al. showed that
nano-twin structures of Cd;-xZnxS solid solution could produce hydrogen from water without noble
metals. Its apparent quantum yield was reported to be 43% at 425 nm in the presence of sacrificial
reagents.[214] Another type of nanocomposites of ZnS and CdS is the physical mixture of their
nanoparticles without making a solid solution phase. Shen et al. improved nanocrystals of ZnS/CdS
(5-10 nm) with InSs without any surfactant or supports at room temperature and normal
pressure.[208] These microspheres could produce hydrogen from aqueous solution of sulfide and
sulfite ions with no cocatalysts and it was reported that the quantum yield achieved to 40.9 % at A
> 420nm. The optimum ratio of CdS is 75%, which can produce 8.1 mmol h™* g! hydrogen.
Despite the fact that this nanocomposite showed a very high hydrogen evolution, no detailed
observation was done to examine its stability during hydrogen production, which should be

considered in further studies.

In addition to solid solution, CdS can mix with other metal sulfides in order to increase
hydrogen production under visible light irradiation.[209, 221-223] For instance, TiS2 and TaS; are
both semiconductors with small band gap less than 1 eV. A nano-layer combination of one of these
two semiconductors with nanoparticles of CdS resulted in high efficient photocatalysts for H»
evolution from an aqueous solution of benzyl alcohol.[210] The nanocomposite of TiSz and CdS
could generate 1000 umol h™g* hydrogen, whereas the other one (TaSz and CdS) showed 2.3 times
higher hydrogen evolution (2320 umol h™g?) under visible light irradiation. The reason for this
phenomenon was explained by the metallic nature of few-layer TaS,. In another study, Zhang et
al. deposited NiS nanoparticles on the CdS surface with the help of hydrothermal route.[221] They
reported that the nanocomposite with 1.2% of NiS had the highest activity and quantum yield. Its

quantum efficiency under visible light irradiation (A > 420nm) was 51.3 %, which was the highest
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photocatalyst activity without noble metal cocatalyst. In addition, its H» evolution rate was 2.18
mmol h*! which was 35 times higher than that of alone CdS. Hou et al. decoreated CdLazS4
microspheres with CdS nanocrystals by a hydrothermal procedure in order to enhance hydrogen
generation.[218] Due to the intimate contact of these nanoparticles and also high dispersion of CdS
nanocrystals, this nanocomposite exhibited a significant quantum yield of 54% under visible light

region corresponding to 2250 umol h g, which was 9 times higher than the pristine CdLazSa.

Carbon nanotubes is one of the most famous building block for synthesizing nanostructures
that can be combine with diverse semiconductors particularly CdS in order to enhance charge
separation step, as demonstrated in Figure 2.25.[224-229] Furthermore, graphene nanosheet has
some special properties such as high surface area, high charge carrier mobility (due to its two-
dimensional sp-hybridized), and good mechanical stability.[230] The intimate contact between
CdS and graphene can enhance the migration of photoexcited electrons and surpass the
recombination process more efficiently. In principle, photoexcited electrons move from the
conduction band of the CdS to graphene and according to great mobility of electrons on the
graphene sheets, the recombination process is partially prevented.[227, 229, 231-237] For instance,
Li et al. synthesized CdS nanoparticles of about 3 nm in autoclave and they dispersed them on
graphene nanosheet completely.[237] This nanocomposite, which had 1 wt% graphene and 0.5
wt% Pt, showed 1.12 mmol h! hydrogen evolution from a solution of lactic acid. This rate of
hydrogen production was around 5 times higher than pristine CdS and the apparent quantum

efficiency was reported 22.5% at A > 420 nm.

There have been different methods to synthesize graphene-based photocatalysts, but the
simplest and most direct technique is to mix graphene with target semiconductors.[238-240] The
other popular method to provide nanocomposites of various semiconductors with graphene is in
situ growth method in which graphene oxide (GO)[195, 237, 241] or reduced graphene oxide
(RGO)[242-250] is chosen as starting materials.[251] Nanocrystals of CdS or other semiconductors
can grow on the surface of graphene nanosheet via oxygen-containing functional groups which act
as nucleation sites.[252] The structure and electrical properties of RGO as well as the location of
the conduction band of CdS and RGO lead the photoexcited electrons transfer from CdS to RGO
and from there, they can reduce hydrogen atoms (Figure 2.26). Table 2.4 summarized hydrogen
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production of different nanocomposite of CdS under visible light irradiation with their quantum
yields.
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Figure 2.25. lllustration of photocatalytic hydrogen production in CdS/CNT/M suspensions under
light irradiation. M and D refer to metal catalyst and electron donor, respectively. On the right-hand side,
the reported work functions of selected materials are given. [225]
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Figure 2.26. Schematic diagram of the proposed mechanism for photocatalytic H, production over
RGO-CdS.[250]
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Table 2.4. Various nanocomposites of CdS active under visible light illumination.

Hydrogen Quantum
Semiconductor Semiconductor Sacrificial Light
Cocatalyst production yield Refs
1 2 reagent Source
(umol h™ g%) (%)
300 W Xe, 10 at A =420
Cds SrS Na2S/Na2S03 246 [209]
A>400 nm nm
300 W
15.7atA=
Cds ZnCu --- Naz2S/Naz2S0s3 Halogen, 1693 [213]
420 nm
A>420 nm
3l8ati=
Cds ZnCu Pt Na2S/Na2S03 3633 [213]
420 nm
300 W Xe, 214 atr=
Cds Culn Na2S/Naz2SOs3 649.9 [212]
A>420 nm 420 nm
265atA=
Cds Culn Pt Na2S/Na2S03 2456 [212]
420 nm
Cds ZnO Pt Na2S/Na:SO3 300 W Xe 2960 No data [193]
300 W Xe 20 at A =450
CdS nanorods CdSe Pt 2-propanol 40500 [253]
nm
500 W
8.8atL>
Cds Ni/NiO/KNbO3 Isopropanol Hg—Xe, A 203.5 [207]
400 nm
> 400 nm
500 W
4.4 atr>
Cds Ni/NiO/KNbO3 --- Isopropanol Hg—Xe, A 150 [206]
400 nm
> 400 nm
300 W Xe, [205],
Cds LaMnOs --- Na2S/Na2SOs 595 No data
A>420 nm [254]
50.4 at A=
Cdo.sZno.2S ZnO Pt benzyl alcohol 450 W Xe, 36500 [217]
400 nm
300 W Xe, 6.1 atA=
CdS nanorods NiS Na2S/Na2S0s3 1131 [255]
A>420 nm 420 nm
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Table 2.4 Continue.

Hydrogen Quantum
Semiconductor Semiconductor Sacrificial Light
Cocatalyst production yield Refs
1 2 reagent Source
(umol h™ g%) (%)
Multi-walled
300 W Xe, 7.9 atA=
Cdo.1Zno.sS carbon - Na2S/Na2S03 1563.2 [226]
A>420 nm 420 nm
nanotube
Cds CeO2 Na2S/Na2SO3z 300 W Xe 223 No data [197]
Multi-walled 300 W
Cds carbon Pt Na2S/Na2S03 Halogen, 825 No data [225]
nanotubes A >400 nm
300 W Xe, 2.16 at A=
Cds MWCNTSs Na2S/Naz2SOs3 4977 [224]
A >420nm 420 nm
300 W Xe, 20 atA=
Cds zZnS Ru Formic acid 6000 [256]
A >420nm 400 nm
300 W Xe, 409 at A =
IN2Ss CdS-zZnS Na2S/Naz2SOs3 8100 [208]
A >400nm 420 nm
CdLazSs Cds 300 W Xe, 54 at A=
Pt Na2S/Na2S03 2250 [218]
microspheres nanocrystal A >420nm 420 nm
500 W
zZns Cds Na2S/Na2S0s 46 No data [216]
Halogen
300 W Xe, 15atA=
TaON Cds Pt Na2S/Na2S03 1530 [195]
A>420nm 400 nm
Graphene 3latA=
CdS@TaON 3165
oxide 420 nm
500 W Xe, 3atA=420
ZnO Cds Naz2S/Na2S03 851 [198]
A >400nm nm
CdOW: Cds Na2S/Na2S0s3 500 W Xe 90.25 No data [204]
reduced
350 W Xe, 9.8 atA=
graphene Cds MoS: lactic acid 1980 [246]
A>420nm 420 nm
oxide
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Table 2.4 Continue.

Hydrogen Quantum
Semiconductor Sacrificial Light
Semiconductor 1 Cocatalyst production yield Refs
2 reagent Source
(umol h™ g%) (%)
nanosized
300 W Xe, 28.1 atA=
MoS:/graphene Cds MoS: lactic acid 9000 [235]
A >420nm 420 nm
hybrid
reduced UiO-66 and 300 W Xe,
Pt Naz2S/Na2S03 2100 No data [245]
graphene oxide Cds A >400 nm
CdS quantum 300 W Xe, 17.7 at A=
vermiculite Na2S/Na2S03 920 [257]
dot A >420nm 420 nm
300 W Xe, 0.2ath=
SiC CdS particles Pt Na2S/Na2SO03 555 [258]
A >420nm 420 nm
orderly
framework of 300 W Xe,
depositing Au Na2S/Na2S03 1730 No data [199]
structured WO3 A>420nm
and CdS
500 W
ZSM-5 type Cds 65.62 at A =
Na2S/Na2S03 Osram, A 11000 [259]
metalosilicates nanoparticles 420 nm
>420nm
v-TaON hollow Cds 300 W Xe,
MoS:2 Na2S/Na2S0s 31425 No data [200]
spheres nanoparticles A>420nm
ZnO core/shell 500 W Xe,
Cds Na2S/Na2S03 354 No data [201]
nanofibers A>420nm
Znln2Sa
heterostructures Cds 300 W Xe, 56 at A =
Pt Na2S/Na2S03 27000 [236]
coupled with quantum dots A >420nm 420 nm
graphene
Carbon
ZnxCd1—S Na2S/Na2SOs 500 W Xe 6030 No data [227]
nanotube
Carbon 350 W Xe,
Cds NiS Naz2S/Na2S03 12130 No data [228]
nanotube A>420nm
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Table 2.4. Continue.

Hydrogen Quantum
Sacrificial Light
Semiconductor 1 Semiconductor 2~ Cocatalyst production yield Refs
reagent Source
(umol h* g*) (%)
reduced 800 W
graphene Cuo0.021N0.3ZNS1.47 Pt Na2S/Na2SO3  Xe-Hg, A 3800 No data [244]
oxide >420 nm
300 W
Ti-MCM-48 363 atA=
Cds RuO2 Ethanol Xe, A > 2730 [260]
mesoporous 400 nm
400nm
300 W
28.86 at A =
MoOs Cds NazS/Na2SO3 Xe, A > 5250 [202]
420 nm
420nm
cubic MCM- 300 W
16.6 at A =
48 Cds Pt Ethanol Xe, A > 1810 [261]
400 nm
mesoporous 400nm
300 W
Xe, A >
Reduced
cds Naz2S/Na2S03 420nm 104 atA=  [243]
graphene --- 4200
) quantum dots Lactic acid 300 W 420 nm
oxide Gaz0s3
Xe, A >
420nm
Reduced
Cds NazS/Na2SO3 43.6 atA =
graphene Pt 9052 [203]
Lactic acid 460 nm
oxide Ga;0;  duantum dots
IN203 450 W 453 at A =
9382
TiS2 Cds Benzyl alcohol Xe, A > 460 nm [210]
400nm
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Table 2.4. Continue.

Hydrogen Quantum
Semiconductor Sacrificial Light
Semiconductor 1 Cocatalyst production yield Refs
2 reagent Source
(umol h™ g%) (%)
300 W
MCM-41 Cds Triethanolamine Xe, A > 47.1 No data [262]
430nm
450 W
19.7at A =
AgGaS: Cds Pt Na2S/Na2S03 Hg, A > 4730 [263]
420 nm
420 nm
reduced 300 W
graphene Cds Ni(OH)2 Na2S/Naz2SOs3 Xe, A > 4731 No data [242]
oxide 420nm
300 W
graphene 4.8atA=
Cds Na2S/Na2S03 Xe, A > 3410 [241]
oxide 420 nm
420nm
350 W
graphene 22.5at A=
CdS clusters Pt lactic acid Xe, A > 5600 [237]
oxide 420 nm
420nm
300 W
N-graphene Cds Na2S/Na2S0s Xe, A > 1050 No data [234]
420nm
300 W
CdS quantum
0-CsNas Pt Methanol Xe, A > 348 No data [264]
dots
420nm

Zinc sulfide (ZnS) is a semiconductor with a direct band gap of 3.12-3.70 eV that can be
found in nature as the mineral sphalerite[265, 266] Generally, Zn and S atoms are located in
tetrahedral coordination in order to create two crystal structures for ZnS. The more stable cubic
form is known as sphalerite or zinc blende and another one has hexagonal structure and is called
as mineral Wurtzite.[187] It is evident that this semiconductor cannot generate hydrogen under

visible light illumination due to its large band gap.

50



Recently, a group of researchers created a nanocomposite of ZnO/CdS in a core/shell
structure.[267] They used a simple solvothermal method to synthesized CdS nanorods after a shell
of ZnO was deposited on their surface via a solution deposition technique. They observed that it
showed a very high activity for hydrogen evolution under visible light irradiation and they reported
to obtain 44% quantum yield at 420nm. The reasons to have such a high photocatalytic activity are
as follow: (1) the transparency of ZnO thin shell allowed CdS to absorb all visible light energy; (2)
the photoexcited electrons can transfer to ZnO conduction band from CdS because of the favorable
energy band structure; (3) the in-situ ZnS formation prevents CdS from photocorrosion process
and also enhances charge separation.

Jiang et al. created a core shell nanocomposite of ZnS and CdS, in which CdS nanorods are
decorated by ZnS nanoparticles.[268] As a result, an intimate contact was formed between two
semiconductors, which led the electronic structures to be coupled together. Thus, the
photogenerated charge carriers could easily move between them which caused an improvement in
both hydrogen evolution and photostability of the synthesized nanocomposite. The apparent

quantum efficiency was reported to be around 17% at 420 nm.

It is proved that a solid solution of ZnS and CdS not only can produce hydrogen in the visible
light region, but also it resolves the photocorrosion issue of CdS.[269-271] Therefore, considerable
efforts have been done to synthesize zinc cadmium sulfide (ZnxCd1-xS) solid solution in various
sizes (bulk and nanoscale), morphologies, and crystal structures. Interestingly, most of them were

successful and could generate hydrogen under visible light with high quantum efficiencies.

Dai et al. deposited CoP semiconductor as a cocatalyst on the surface of ZnosCdo.sS nanorods
with two-step in-situ chemical deposition.[272] The nanoparticles of CoP are uniformly deposited
on the surface of the solid solution and made intimate contact with nanorods, as demonstrated in
Figure 2.27. Obviously, the excited electrons transfer from Zno.sCdosS to conduction band of CoP
and there they react with protons. The CoP not only provides active sites and plays as a cocatalyst
in this configuration, but also it increases charge separation process due to its lower conduction
band edge than ZnosCdosS. As a result, with the optimum amount of CoP (5%) this heterojunction
generated 20 times more hydrogen compared with pure ZnosCdosS. Interestingly, this noble-metal-
free cocatalyst could produce more than twice hydrogen as Pt-loaded ZnosCdosS. Another group
deposited novel AuPd bimetallic as cocatalyst on the surface of Cdo.sZnosS by an in-situ chemical
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deposition technique.[273] It produced 12 times higher hydrogen than pure CdosZnosS due to its

significant photogenerated charge separation efficiency.
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Figure 2.27. Schematic illustration for the charge transfer and separation in CoP/ZnosCdosS system
and proposed mechanism for photocatalytic H, production under visible light irradiation.[272]

Another group synthesized a solid solution of ZnyCd;—~«S by solvothermal methods using
ethylenediamine as the solvent and thioacetamide as the source of sulfur.[269] They obtained
homogeneous solid solution of ZnyCd;—S (0.3<x<0.5) in the forms of nanorods and nanoparticles.
Interestingly, ZnosCdosS exhibited an excellent hydrogen production without using any kind of
cocatalyst. It generated hydrogen under visible light irradiation at a rate of 1097 umol h (A>420
nm) corresponding to the quantum efficiency of 30% at 420 nm. Nevertheless, the stability of this
photocatalyst declined over time and over various cycles because of the Zn?* leaching process
during photocatalytic reaction which reduced its crystallinity and generated some lattice defects in

the structure of the solid solution.

2.5 Other nanocomposites photocatalysts

In spite of above nanocomposites and nanostructures, scientists have tried to synthesize and
combined other nanoscale semiconductors in order to achieve high efficient photocatalysts for
hydrogen evolution under visible light illumination. 1D and 2D nanoparticles and nanostructures
such as nanowires, nanotubes, nanorods, nanobelts, nanosheets, and nanoflates, have been
interested among researchers in the last decade for water splitting via sunlight.[274-287] The
combination of these kinds of nanostructures can enhance charge separation effectively and prevent

the recombination process and so increase photocatalyst efficiency as summarized in Table 2.5.
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Andrew Frame et al. found that CdSe nanoribbons were active in photocatalytic H> evolution
from S?7/SOz>~ solution under visible light, whereas bulk CdSe was not.[282] By linking these
nanoparticles with MoS: nanoplates, they activity enhanced about four times and so their quantum
yields reached to 9.2% at 440 nm. Interestingly, in this nanocomposite Pt cannot be used as a
cocatalyst due to sulfide poisoning of surface sites.

Jing et al. synthesized Cu-doped core/shell tubular nanocomposite of ZnO/ZnS.[283] They
tried to deposit Cu-doped ZnS nanoparticles on the outside of ZnO nanotubes. As a result, this
nanocomposite showed higher hydrogen evolution than undoped ZnO/ZnS nanocomposite. Copper
ions act as donor level to induce visible light response of ZnS and thus excited electrons can migrate

from ZnS to ZnO and from there they reduce protons.

Two ferrites chemical of calcium (CFO) and magnesium (MFO), i.e. CaFe204 and MgFe204
were used to synthesize nanocomposites for Hz evolution reaction.[285] Due to the difference band
position of these semiconductors, photoexcited electrons transfer from CaFe.Os4 to MgFe20s4,
whereas the holes can move vice versa. Both of CFO and MFO are active for hydrogen production
under visible light irradiation when promoting with cocatalysts (Pt and RuO; for CFO and MFO,
respectively). However, the nanocomposite of CFO and MFO produced 82.8 mmol h** g with
quantum vyield of 10.1% which was an order of magnitude higher than RuO2/MFO or Pt/CFO.

Pradhan et al. synthesized mesoporous nanocomposite of Fe/Al,03-MCM-41 with size of 50
nm. They reported that this photocatalysts with 5 wt% of Fe had the hydrogen production activity
under visible light (146 pmol h*t) with the quantum yield of 6.1%. The main reason for such activity
is due to the properties of mesoporous materials which are high pore volume, narrow pore size
distribution and high surface area. Furthermore, iron doping on the surface helped to absorb visible
light, although the mesoporous nanocomposite by itself didn’t show any activity for A > 400
nm.[286]
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Table 2.5. Other nanocomposites for hydrogen production under visible light irradiation.

Hydrogen Quantum
Semiconductor  Semiconductor Sacrificial Light
Cocatalyst production yield Refs
1 2 reagent Source
(umol h™ g%) (%)
ZnO core/shell 300 W Xe,
zZnSs Pt Na2S/Na2SOs 18 No data [283]
nanotube A>420nm
NaNbOs In203 300 W Xe, l45at A=
Pt Methanol 16.4 [284]
nanorods nanoparticles A>420nm 420 nm
RuO2 on 450 W W-
10.1at A=
MgFe204 CaFe204 guest and Methanol Arc, 82.1 [285]
420 nm
Pt on host A>420 nm
Al203-MCM- 150 W Hg, 6.1 atA=
Fe Methanol 1460 [286]
41 A>400nm 400 nm
300 W Xe, 1.7 at A =
Fe20s3 FeaN - - 25 [287]
A >420nm 400 nm
300 W Xe, 0.2 atA=
WOs3 Au Pt Glycerol 132 [288]
A>420nm 420 nm
350 W Xe,
Ta20s Au Pt Methanol 55 No data [289]
A>420nm
ZnS-Bi2S3 300 W Xe,
ZnO Glycerol 310 No data [290]
nanorods A>420nm
Rh-doped BiVO4 350 W Xe, 1.6 at
Ru 200 [291]
SrTiOs3 A>420 nm A =400 nm
300 W Xe,
ZnO In203 Methanol 1784 No data [292]
A>420 nm
SrTiOs 300 W Xe,
SraTiO4 Pt Methanol 24 No data [293]
(La,Cr) A>420 nm
300 W Xe,
Bi—-NaTaOs Bi203 Methanol 102.5 No data [294]
A>420 nm
350 W Hg, 4.1 at
GdCrO3 Gd2Ti207 Methanol 1231.5 [295]
A>400 nm A =400 nm
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Table 2.5. Continue.

Hydrogen Quantum
Semiconductor  Semiconductor Sacrificial Light
Cocatalyst production yield Refs
1 2 reagent Source
(umol h™ g%) (%)
Carbon 300 W Xe, 4.9 at
AgsPW12040 Ag --- 3.8 [296]
guantum dots A>420 nm A =480 nm
300 W Xe,
Cu1sS ZnS --- Naz2S/Na2SO03 467 No data [297]
A>420 nm
2D ultrathin
curled 300 W Xe,
MoS:2 - Naz2S/Na2S03 975 No data [298]
Znln2Sa A>420 nm
nanosheet
300 W Xe,
IN203 GdTi207 --- Methanol 5789 No data [299]
A>420 nm
300 W Xe,
K2LazTi3O10 ZnlnzSs --- Na2S/Naz2SOs 2096 No data [300]
A>420 nm
300 W Xe,
Ta20s In203 Pt Methanol 10 No data [301]
A>420 nm

2.6 Conclusion and future developments

In this chapter, firstly we presented an introduction about the fundamentals of photocatalysis
process and how it can be used to generate hydrogen from solar energy and water. After that, the
overall water splitting procedure and using sacrificial chemicals to facilitate this process for
hydrogen production was discussed completely. In addition, we talked about how the
photocatalytic activity of a photocatalyst was calculated via the quantum efficiency formula
(Equation 2.7). Then, a brief introduction about cocatalysts, helped us to understand their important
roles in photocatalysis application specially in hydrogen evolution form water splitting. Moreover,
a discussion about various configurations of heterojunctions in semiconductors based on their

conduction and valence bands positions were presented completely.
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TiO> as the first and the most well-known photocatalyst was discussed thoroughly and its
challenge to evolve hydrogen in visible light region was mentioned. Then, we talked about various
nanocomposites structures between TiO2 and other visible light active photocatalysts. In addition,
the improvement in hydrogen production before and after applying heterojunctions was discussed
together. The heterojunctions mostly increased hydrogen evolution due to enhancement of charge
separation process. In other words, one kind of photogenerated charge carriers (electrons) migrate
from one semiconductor to another, and from there they reduced protons. However, the other
photoexcited charge carriers (holes) stayed in the first photocatalyst. Therefore, charge
recombination process declined significantly and so hydrogen generation was improved.

After that, graphitic carbon nitride (g-C3N4) and its physical and chemical properties were
completely explained. Furthermore, its potentials such as a narrow band gap and challenges such
as low specific surface area and high rate of charge recombination, to generate large amount of
hydrogen were discussed. Then, different approaches to improve its photocatalytic activity were
reviewed. They are including creating heterojunctions with other semiconductors, using templates
to increase its specific surface area, synthesizing nanosheets of g-C3sNa and generating elements
vacancies such as carbon vacancies throughout the nanosheets. Although most of the methods
displayed significant improvement in hydrogen generation, more works need to be done owing to

g-CaNg4 special physical and chemical characteristics.

Finally, the zinc cadmium sulfide (ZnxCd1-xS) photocatalyst was introduced and its features
as a solid solution of two semiconductors (ZnS and CdS) were discussed. As a result, a solid
solution of ZnxCd1xS possesses a controllable narrow band gap (via ratio of Zn/Cd) as well as high
stability to produce hydrogen under visible light illumination. Its crystal morphologies between
hexagonal and cubic, affected directly on its activity. Moreover, creating some defects in its
structure helped to have more active sites for reducing protons. Even though this photocatalyst
showed a good hydrogen production without any cocatalysts, many works were investigated the
application of noble metals as well as noble-metal-free cocatalysts on its hydrogen production.
They observed that utilizing cocatalysts enhanced its photocatalytic activity considerably and so

more researches require for investigate this photocatalyst with other cocatalysts.
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Chapter 3. Materials Characterization Techniques

This chapter explains the fundamental and operations of different characterization techniques
that have been utilized in order to characterize the physical and chemical features of the

synthesized and developed materials in this thesis.
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3.1 Electron microscopy

Electron microscopy provides an excellent opportunity for studying the microstructure of
materials with much higher magnification and resolution than optical microscopy. While the
detection of features smaller than about 1 pum is not possible by optical microscopy, electron
microscopy reveals details with a resolution of ~ 0.1 nm. This is simply because the wavelengths
of electron beams are about 10000 times shorter than that of visible light (a few hundred
nanometers). In an electron microscope, the interaction between the focused beam of high-energy
electrons (100-400 keV) and the sample leads to many detectable signals including: transmitted
electrons, diffracted electrons, secondary electrons, back-scattered electrons, auger electrons, and
X-rays (). Therefore, the electron microscopy can provide a wealth of information on morphology,
crystallography, and chemical composition of materials. The most commonly used electron
microscopy techniques are transmission electron microscopy (TEM) and scanning electron

microscopy (SEM).
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Figure 3.1. Interaction between the electron beam and the sample.

3.1.1 Transmission electron microscopy

The schematic diagram of a typical transmission electron microscope is shown in Figure 3.2.
This instrument, which is in a sense similar to an optical microscope, consists of three main parts:

electron gun, electromagnetic lenses, and specimen stage. The electron gun generates a primary
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electron beam of high energy and high intensity, which hits the sample after passing through
condenser lenses. It is worth reminding that the condenser lenses control the diameter and the
convergence angle of the beams. The intensity of the electron beam decreases as it is transmitted
through the specimen. The decrease in the intensity of a beam, or attenuation, strongly depends on
the density and the thickness of sample. Therefore, the transmitted electrons create a two-
dimensional projection of the sample mass, which is afterward magnified by the electromagnetic
lenses to produce a so-called bright-field image. At the same time, the diffracted electron beams

that are marginally off-angle from the transmitted electron beam form a so-called dark-field image.
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Figure 3.2. Structure of a transmission electron microscope and the optical path.

TEM, with a high resolution of 0.3 nm, is the most commonly applied form of electron
microscopy for studying supported catalysts. Usually if the contrast between the particles and
support are sufficient, their detections are possible. This may impede applications of TEM on well-
dispersed supported oxides. Contrast in the transmission mode is caused not only by the attenuation
of electrons due to intensity and thickness variations over the sample, but also by diffraction and

interference.
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3.1.2 Scanning electron microscopy

The scanning electron microscope (SEM) is an electron microscope that examines
microscopic structure of the sample via scanning its surface with high resolution and great depth.
An image is generated by a focused electron beam that scans over the surface area of the sample.
It should be mentioned that the most important feature of SEM images is the three-dimensional
appearance of the sample. Moreover, SEM system could provide chemical information of a sample
via X-ray energy dispersive spectrometer (EDS). Similar to TEM system, SEM possesses an
electron gun and a series of electromagnetic lenses and apertures. Nevertheless, the electron beam
is condensed to a fine probe for surface scanning. Its brightness has more important role in imaging
quality in SEM rather than TEM. The acceleration voltage for generating an electron beam is in

the range 1-40 kV, which is about one order of magnitude less than that for a TEM.

Beam

PM

Specimen

Figure 3.3. Signal collection by the Everhart-Thornley detector. B, backscattered electron
trajectory; SE, secondary electron trajectory; F, Faraday cage; S, scintillator; LG, light guide; PM,
photomultiplier tube.[302]

SEM functionality depends on two kinds of scattering: elastic and inelastic. Incident
electrons scatter by atoms in the sample are elastic scattering or the backscattered electrons. They
are usually deflected at large angles and with little energy losses (20-40% energy loss). Electrons
ejected from atoms in the material create secondary electrons which is called inelastic scattering.
These ones are normally deflected at small angles and possess significantly lower energy in
comparison with incident electrons. During inelastic scattering, an incident electron transfers
Kinetic energy to an electron in a specimen atom. Any electron in atoms in the specimen with

sufficient kinetic energy will leave its orbital to become a secondary electron (Figure 3.3).
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Secondary electrons are responsible for obtaining topographic contrast, while backscattered

electrons are used to gain information of elemental composition contrast.

3.2 Nitrogen physisorption

Surface area and pore size distribution of porous materials can be determined through
physisorption isotherm analysis. The physisorption isotherm is defined as a plot of the amount of

adsorbed gas against the equilibrium relative pressure (P/Po) at a constant temperature.
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Figure 3.4. Different kinds of physisorption isotherms.

As it can be seen in Figure 3.4, there are different kinds of physisorption isotherm.
Microporous materials show the Type | isotherm that is reversible. In this kind of isotherm, there
is a rapid rise at low pressures related to monolayer adsorption and a plateau at higher pressures
because of micropores filling. Non-porous or macroporous materials represent the reversible Type
Il and Il isotherms. In the Type Il isotherm, monolayer adsorption completes at point B and
multilayer adsorption begins. In the Type Il isotherm, which is an uncommon form of isotherm
for non-porous or macroporous materials, the role of adsorbate-adsorbate interactions is significant.
Mesoporous materials exhibit the Type IV and V isotherms with the main characteristic of
hysteresis loop due to capillary condensation. In the uncommon Type V isotherm, which is related
to Type Il isotherm, the adsorbent-adsorbate interaction is weak. Uniform non-porous materials

display the Type VI isotherm, which is typical of stepwise multilayer adsorption.[303]
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Hysteresis loop, the main feature of the Type IV isotherm, is related to capillary condensation
in mesoporous materials and happens when the adsorption and desorption graphs do not coincide.
Different types of hysteresis loops are illustrated in Figure 3.5. Type H1 hysteresis, which in that
there are almost vertical and nearly parallel adsorption/desorption curves over a wide range of P/Po,
Is given by cylindrical pores with a narrow pore size distribution. Type H2 hysteresis, including of
a desorption curve far sharper than the adsorption curve, is displayed by ‘ink-bottle’ pores with
narrow necks and wide bodies. Type H3 and H4 hysteresis loops are related to slit-shaped pores

and narrow slit-like pores, respectively.[304]
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Figure 3.5. Different kinds of hysteresis loops.

To date, various theories are introduced to specify the surface area of porous materials among
them the Brunauer-Emmett-Teller (BET) theory is the most widespread method. The BET equation

is usually given in the following form

P/Py, 1 Ll P 3.1)

n(1-P/Py) o nmC nmC Py

P/Py

A linear relationship between ———
n (1-P/Py)

and P/Po is obtained by the BET equation. The

intercept ﬁ and slope ;;lc can be used to calculate the values of nym and c. Therefore, the surface
area can be computed from the monolayer capacity on the assumption of close packing:

A=n,anylL (3.2)

where om is the molecular cross-sectional area; nm is the monolayer capacity and L is the Avogadro

constant. It is indeed supposed that nitrogen is the most appropriate gas for surface area

62



determination. If it is assumed that the BET monolayer is close-packed, a,, will be 0.162 nm? at

77 K.

3.3 Photoluminescence spectroscopy

Luminescence is a photon emission process that differs from refraction, reflection and
scattering of light in which it happens through electron excitation stages. They include excitonic
transition, intrinsic electron transitions between energy bands, and extrinsic electronic transitions
at impurities and defects of semiconductors, insulators, and organic molecular solids.
Photoexcitation via optical photon absorption is called photoluminescence (PL). PL is spontaneous
emission of photons, whereas stimulated photon emission plays an important role in solid-state and
semiconductor lasers. This method is zero-background test and so it is a sensitive optical technique
for analysing the structure of different materials including organic and inorganic materials,
semiconductors and insulators. In this characterization, an energy from absorbing a photon can
excite an electron from its ground state within femtosecond timescale. If there are multiple excited
states as in organic molecules, then electrons excited to higher excited states rapidly relax to the
lowest excited states by exciting molecular vibrations in molecules or emitting phonons in solids
in picosecond order. After that, the excited electrons recombine radiatively to the ground state by
emitting photons. As a result, the emitted photons are usually lower in energy than the adsorbed

photons.

PL consists of two individual one-photon steps, that is, photon absorption is succeeded by
photon emission with a transition time of more than 0.1 ns. The HOMO (highest occupied
molecular orbital) state and the LUMO (lowest unoccupied molecular orbital) state correspond to
the valence band (VB) edge and the conduction band (CB) edge, respectively. PL of
semiconductors and ionic crystals is classified into two categories, intrinsic PL and extrinsic PL.
Intrinsic PL happens with the band-to-band radiative transition in a highly pure semiconductor at
a relatively high temperature, where an electron and a hole are excited in CB and VB, respectively,
via photon adsorption. Then, they radiatively recombine to give rise to intrinsic PL. It should be
noted that donors and acceptors are intentionally generated in the semiconductor via impurities.

The other PL occurs between an electron trapped by a neutral donor state D° and a hole at the top
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of VB and between an electron at the bottom of CB and a hole of the neutral acceptor state A°.
Bound excitons are generated by the capture of a free exciton by a neutral impurity state (neutral
donor D° or acceptor A%, ionized impurity state (ionized donor D* or acceptor AY), or by a defect.
Bound excitons recombination dominates over free exciton recombination for a less pure material
and shows a sharp line in the highly-resolved PL spectrum at a low temperature. Excitonic
recombination procedures become more important in semiconductor quantum wells, quantum
wires, and QDs, where the excitonic PL can be observed even at much higher temperatures due to
the increased exciton binding energy by quantum confinement. When both types of impurities are
present as compensated semiconductors, donor to acceptor pair (DAP) recombination occurs
through radiative tunneling. Figure 3.6 demonstrates various radiative recombination processes

with impurities.

Conduction band (CB)

== [ ]
[
= D°
orD) E Deep @
level mmtmm
A’ ®
(a)

(d) (e) ®) @

Valence band (VB)

Figure 3.6. Schema of radiative recombination processes in semiconductors. (a) Band-to-band
recombination, (b) neutral donor (D°) to VB transition, (c) CB to neutral acceptor (A°) transition, (d)
radiative recombination of FE, (e) radiative recombination of BE, which is bound to D° (recombination of
BE bound to ionized donor D* is also possible), (f) DAP recombination with separation r, and (g) deep-
level defect luminescence (either one of the two transitions (1) and (2) is radiative).[305]

A schematic of steady-state PL spectroscopy instrument is shown in Figure 3.7. Its light
excitation source can be any laser with emission energy larger or close to the sample bandgap.
Using band-pass filter (BPF) is essential to eliminate the plasma line of the gaseous laser or
unwanted laser lines like harmonic generation. After producing emission and illuminating on the

sample, the emission from it is collected with monochromator to acquire the PL spectrum, which
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is PL intensity versus wavelength or photon energy. PL can be detected via different detectors such

as a photomultiplier tube, which is the most sensitive detector with high-speed response.
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Figure 3.7. Experimental setup of static PL spectroscopy. C1,optical chopper at normal position;
C2, optical chopper for long-lived PL decay measurement; BPF, band-pass filter; NDF, neutral density
filter; LPF, long-pass filter; PC, personal computer.

3.4 UV-visible spectroscopy

Ultraviolet—visible spectroscopy or ultraviolet-visible spectrophotometry (UV-Vis or
UV/Vis) analyazes the wavelength dependent interaction of photons with a material. It measures
the attenuation of a beam light after it passes through a sample or after reflection from a sample
surface. Absorption measurements can be at a single wavelength or over an extended spectral
range. The UV-vis absorbance can be classified into two group: transmission and diffuse

reflectance spectroscopies.

Transmission UV-vis spectroscopy is usually utilized with a sample transparent enough to
allow photons pass through it. As it can be seen in Figure 3.8, the UV-vis light is pass through a
solution (or thin film), and the transmitted light is collected by a detector. The difference between

a transmitted light from a reference and a target sample is displayed in the figure. This technique
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is generally used to analyze the organic dyes, metal or semiconductor nanoparticles highly
dispersed in a solution. In an ideal solution, there is a linear relation between the absorbance
wavelength and concentration. A calibration curve is prepared by plotting the absorbance of a series

of standard samples as a function of their concentration and so the concentration of an unknown

sample can be determined via measuring its absorbance.
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Figure 3.8. Schematic of transmission UV- visible spectrophotometer.

When the sample is not transparent and so it absorbs 100% across the entire wavelength,
diffuse reflectance UV-vis spectroscopy is utilized. In general, the light beam is irradiated on the
sample resulting to have light reflection in all directions. This reflected light is collected by an
integrating sphere and then analyzed with a detector (Figure 3.9). This method is used to

characterize the optical properties of semiconductors and metal samples in the powder form.
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Figure 3.9. Schematic of Diffuse reflectance UV- visible spectrophotometer
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3.5 Fourier Transform Infrared Spectroscopy

Generally, vibrational spectroscopy is a method to determine the molecules structures by
measuring the interaction between electromagnetic radiation and nuclear vibrations in molecules.
This technique employs electromagnetic waves with longer wavelength (in order of 107), which
are typically related to infrared light. Vibrational spectroscopy detects the molecular vibrations by
the absorption of infrared light or by the inelastic scattering of light by a molecule. This technique
can be utilized to examine the molecules structures of inorganic and organic materials in gas, liquid
or solid phases. Nonetheless, it cannot analyze metallic materials due to their strong
electromagnetic reflections. When a molecule is irradiated by infrared electromagnetic waves, one
frequency may match the vibrational frequency of the molecule. Therefore, the molecular vibration
will be excited by waves with the frequency. The excitation means that the energy of molecular
vibration will increase. In the meantime, the electromagnetic radiations with the specific frequency
will be absorbed by the molecule because the photon energy is transferred to excite molecular

vibrations.

Fourier transform infrared spectroscopy (FTIR) is the most widely used vibrational
spectroscopic technique that the Fourier transform method is utilized to obtain an infrared spectrum
in a whole range of wavenumbers simultaneously. It differs from the dispersive method, which
entails creating a spectrum by collecting signals at each wavenumber separately. The most
important part of FTIR is the Michelson interferometer (Figure 3.10). It consists of two mirrors
and a beam-splitter. The beam-splitter transmits half of the infrared beam from the source and
reflects the other half. These two beams hit two mirrors and then they combine again to illuminate
on the sample before reaching to a detector. The moving mirror act as a changer for the optical path
lengths to create light interference between two split beams. If its distance is the same as the fixed
mirror, the optical paths for both are the same. The difference in optical paths has the same affect
of diffraction in crystallographic planes. The two split beams exhibit constructive and destructive
interference periodically. A figure of light interference intensity as function of optical path
difference is interferogram, as can be seen in Figure 3.11. The sharp center burst related to the
position of the moving mirror considering as zero path difference with the maximum intensity of
the interferogram. Then, by applying Fourier transform formula, the interferogram converts to the

infrared spectrum, as demonstrated in Figure 3.11.
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Figure 3.10. Optical diagram of a Michelson interferometer in FTIR.
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Figure 3.11. Plots of: (left) an interferogram; and (right) a Fourier transform from an interferogram
to an IR spectrum.[306]

3.6 Atomic Force Microscopy

Atomic force microscope (AFM) is a technique to map sample topography. It detects near-
field forces between its very sharp tip and the sample surface. There are several kinds of near-field
forces including short-range, Van der Walls, electrostatic and capillary forces. The short-range
forces refer to atomic forces between atoms when their distance is close to atomic spacing. The
van der Waals forces are the interactive forces between dipoles of molecules. Electrostatic forces
are the interactive forces between the electric charges of tip and sample. Finally, capillary forces
are forces resulting from water vapor condensation between tip and sample. The key element in

this characterization is the microscopic force sensor and the most widely used one is a cantilever.
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The tip is loaded at the end of a cantilever and the force detection is based on a beam reflection
technique as shown in Figure 3.12. The cantilever bends elastically when there is a force between
the tip and sample. The amount of bending is monitored and recorded by position-sensitive
photodiodes which are arranged in four quadrants. Any small deflection of the cantilever will tilt
the laser beam and change its striking position on the photodiodes. The difference between the two
photodiode signals indicates the amount of cantilever deflection. The amount of deflection, in turn,
can be mathematically converted into the force on the tip, according to the elastic properties of the

cantilever.
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Figure 3.12. Atomic force microscope block diagram.

3.7 X-ray Diffractometry

X-ray diffractometry (XRD), one of the most widely used techniques in materials
characterization, is applied to identify crystalline phases and to obtain an indication of crystallite
size. X-ray diffraction is the elastic scattering of X-ray photons by atoms in a periodic network.
The scattered monochromatic X-rays that are in phase produce constructive interference, which
leads to a new wave that has a higher amplitude (diffraction peak). It is worth reminding that the
waves are said to be in phase when their crests and troughs occur simultaneously. Figure 1.1 shows

how the wavelength of the X-rays (1), the distance between two network planes (d), the angle
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between the incoming X-rays and the reflecting lattice plane (8), and the order of interference (n)

are related by the Bragg equation[307]:

nA = 2dsinf (3.3)

Figure 3.13. Schematic illustration of the Bragg’s law.

A typical XRD instrument consists of three main parts: X-ray tube, specimen stage, and X-
ray detector. The X-ray beam generated by the X-ray tube passes through special slits, which
collimate the X-ray beam and prevent beam divergence. After passing through the slits, the X-ray
beam strikes the specimen that is supported by the plane of specimen. The X-rays diffracted by the
specimen interfere constructively when they are in phase and produce a convergent beam at
receiving slits before entering the detector. By continuously changing the incident angle of the X-
ray beam, diffraction intensity is recorded in a range of 20. The obtained spectrum is

compared with a database consisting of over 60,000 diffraction spectra of known crystalline

materials to identify the crystalline phases.

The XRD technique has one important limitation; the sample must possess sufficient long-
range order in order to observe clear diffraction peaks. This limitation, however, has an advantage,
which is that the width of diffraction peaks provides information on the dimensions of the reflecting
planes. While diffraction lines from perfect crystals are very narrow, line broadening occurs for
crystallite sizes below 100 nm because of incomplete destructive interference in scattering

directions. The Scherrer equation relates crystallite size to line width:

_ k2
- B cos@

(L) (3.3)
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where <L> is the dimension of the particle; A is the X-ray wavelength; B is the peak width; 0 is the

angle between the incoming X-rays and the reflecting lattice plane; K is a constant.

3.8 X-ray photoemission spectroscopy

X-ray photoemission spectroscopy (XPS) is a technique that utilizes characteristic electron
emitted from a solid for analyzing surface chemicals. The features of emitted electron not only
quantitively identify the chemical composition of the target sample, but also the chemical states of
its elements can be detected.

It works based on the fact that if an atom absorbs an X-ray photon with energy of hv, an

electron with binding energy of Ey is ejected out of atom with a Kinetic energy of:
Ek=hv-Er—0 (3.4)

where Ex is the kinetic energy of the photoelectron; h is Planck’s constant, v is the frequency of the
exciting radiation; Ey is the binding energy of the photoelectron with respect to the Fermi level of

the sample and ¢ is the work function of the spectrometer.

In XPS analysis, the intensity of photoelectrons as a function of their kinetic energy is
measured and with this equation, the kinetic energy can be converted to binding energy (usually
placed on x-axis of spectrum). Binding energy of an electron exhibits the characteristic of the
element from which the photoelectron originates. In addition, it can be used to identify the chemical
state of the element because the energy levels of core an electron rely slightly on the chemical state
of the atom. Therefore, small shifts in binding energy (less than 3 eV) shows various chemical
states in atom. Generally, the binding energy of an atom, increases with increasing oxidation state

and with the electronegativity of the ligands for a fixed oxidation state.

3.9 Photocatalytic test

The main goal of this thesis is to synthesize or develop a photocatalyst for generating
hydrogen under visible light. The performance of original (for comparison) and developed
photocatalysts are measured with photocatalytic testing system, as shown in Figure 3.14. The

reactor is made of stainless steel with a Pyrex glass window on its top. Above it, there is a solar
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simulator with capability of loading various light filters. Moreover, a magnetic stirrer is used to
have a good mixing in the liquid phase, which is normally consists of water and a sacrificial agent
with a concentration of 10-15% (volume%). An external gas pump helps to have homogenous
concentration of hydrogen throughout the system. After deposition of cocatalysts via
photodeposition technique, the reactor is purged with nitrogen for 10 min and then the mixture is
illuminated with light beam from solar simulator with full spectrum or other light filters. After
several hours, a small sample of gas phase is taken and injected to GC for analyzing its H>

concentrations.

Reactor

Figure 3.14. A picture of photocatalytic test for hydrogen production under solar simulator.

3.10 Synthesis methods of developed materials

3.10.1 Titanate nanodisks

To synthesize titanate nanodisks with diameter of around 20 nm, 2g of titanium butoxide,
129 of oleylamine, 12g of benzyl alcohol (oleylamine:benzyl alcohol weight ratio of 1:1) and 30g
of benzyl ether were added to a 100-mL round-bottom flask.[308] The reaction mixture was heated
to 190 °C at the heating rate of 5 °C/min under nitrogen flow. After 20 h, the reaction was stopped
and cooled down to room temperature. After addition of excess absolute ethanol, the titanate
nanodisks were obtained by centrifugation and redispersed in toluene and re-precipitated by ethanol

for three times in order to remove the unreacted reagents.
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Then, 5 mmol of as-synthesized titanate nanodisks (according to Ti atom) were dispersed in
a mixture of tetraethyl ammonium hydroxide (15 mmol), ethanol (15 ml) and water (15 ml). The
mixture was stirred overnight at room temperature. To the clear solution obtained was added access
acetone to precipitate titanate nanodisks. The precipitate was then washed several times with
acetone and finally dispersed in 10 ml of water.

3.10.2 Bulk graphitic carbon nitride

Bulk material of graphitic carbon nitride (g-CsNs) was synthesized from two different
precursors.[309, 310] In the chapter 4, the bulk material was produced from melamine. Typically,
10 g melamine was heated in a crucible to 550 °C and kept at this temperature for 3 h. Then, the
obtained yellow powder was grounded and washed with water and ethanol several times. After that
it was dried completely in an oven at 70 °C overnight. In chapter 5, the bulk material of g-CsN4
was created from dicyandiamide. The precursor was calcined in a muffle furnace at 550 °C in air
for 4 h. Then, the obtained material was washed with distilled water to remove unreacted chemicals

and then it was dried in an oven overnight at 70 °C.

3.10.3 Carbon nitride nanosheets by liquid exfoliation

After synthesizing bulk g-C3N4, nanosheets of carbon nitride via liquid exfoliation method
was synthesized as follows [154, 169]: 1 g of bulk g-CsN4 was added to a mixture of 100 ml
isopropanol and 100 ml water, Then, the mixture was put in ultrasonication bath for 12 h. After
this step, dispersed nanosheets of g-C3N4 were separated from residual bulk material (aggregates)
with centrifugation at 3,000 rpm for 10 min. Then, the obtained nanosheets were centrifuged at
10,000 rpm for 15 min and dried at 70 °C.

3.10.4 Carbon nitride nanosheets by gas template method

In this method, nanosheets of g-C3N4 were synthesized by one step calcination method.[167]
First, 15 g of ammonium chloride was dissolved in 300 ml of water and then 3 g melamine was
added to the mixture. Later, it was heated to 60 °C in order to remove water and then, it was dried
completely overnight. After this step is completed, the white powder was heated to 550 °C in a
semi-closed system and was kept for 4 h. After cooling down, the nanosheets were washed several

times with ethanol and water and dried in oven.
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3.10.5 Post-calcined graphitic carbon nitride

In chapter 5, after synthesizing bulk g-CsNjs, it was heated again up to 650 °C under argon
gas flow of 200 mL/min for 2 h. Then, the obtained material was re-calcined in air in a muffle
furnace at 500 °C for 2 h. Later, the developed material was washed several times with water to

remove contaminants and dried in an oven at 70 °C.

3.10.6 Zinc cadmium sulfide solid solution

Zinc Cadmium sulfide solid solutions were synthesized as follow: First, 50 mL of glycerol
was dissolved in 200 mL isopropanol. Typically, 1.5 mmol of zinc nitrate and 1.5 mmol of
cadmium nitrate were dissolved in the mixture in order to have Zn/Cd ratio of 50%/50% (for all
other samples the total mole of 3 mmol was considered constant and only the ratios of Zn/Cd were
changed). Then, the mixture was transferred to an autoclave and was heated to 180 °C for 6h. Later,
the synthesized material was collected via centrifugation at 5,000 rpm and dried at 70°C overnight.
The obtained sample was calcined in air at 500°C for 4 h to acquire zinc and cadmium mixed oxide.
Subsequently, the mixed oxide was exposed to a flowing gas mixture of H.S (10%)/Ar at 450°C
for 2 h. Therefore, sulfide (5) ions could substitute with oxygen and so the mixed oxide was

converted to a mixed sulfide.
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Résumeé

La production d'hydrogene a partir de la décomposition de l'eau par des réactions
photocatalytiques peut étre une énergie propre, alternative aux combustibles fossiles dans le futur.
Le nitrure graphitique de carbone (g-CaN4) est I'un des photocatalyseurs actifs dans la région visible
du spectre lumineux qui peut étre combiné avec d'autres semi-conducteurs afin d'augmenter son
efficacité photocatalytique. Le TiO2 est I'un des choix les plus appropriés a combiner avec g-CaN4
en raison de I’intervalle entre ses bandes de valence et de conduction et de ses diverses formes de
nanostructures existantes. Dans ce travail, des nano feuilles de g-CsN4 ont été mélangés avec des
nanoparticules d’oxyde de titanate afin d'améliorer la séparation des charges et I'efficacité
photocatalytique de la structure. En conséquence, le rendement de ce nouveau nanocomposite Vvis-

a-vis de la production de dihydrogéne est presque deux fois celui du g-CsNa4 pure.
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Abstract

Hydrogen production from water splitting via photocatalytic reactions can be an alternative
clean energy of fossil fuels in the future. Graphitic carbon nitride (g-C3Ns) is one of the
photocatalysts active in the visible light region that can be combined with other semiconductors in
order to increase its photocatalytic efficiency. TiO2 is one of the most appropriate choices to
combine with g-C3sN4 because of its conduction band edge and variety forms of nanostructures. In
this work, nanosheets of g-C3Ns were mixed with nanoparticles of titanate in order to enhance
charge separation and photocatalytic efficiency. Consequently, the hydrogen evolution of this

novel nanocomposite produced almost twice as much hydrogen in comparison with g-CsNa.
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4.1 Introduction

Fossil fuels provide the cheapest source of energy for human beings, in spite of their
environmental issues such as: air pollution and CO> emissions, which causes to global warming
and climate change. As a matter of fact, energy demands are increasing annually and so fossil fuels
are used more quickly than before. However, the resources of this kind of energy are limited and

we may face an energy crisis in the near future.

Scientists believe that solar energy is one of the best alternatives to substitute for fossil fuels
because it is abundant, renewable and environmentally friendly. It is estimated that the worldwide
energy consumption of one year can be produced by only 0.01% of sunlight irradiation during one
second.[17, 58, 77] However, the most important concern of this energy resources is how to utilize
it into practical applications. It has been suggested that utilizing hydrogen as an energy carriers not
only solves these problems, but can also reduce air pollution. [30, 311] Moreover, water is the only
product from hydrogen combustion and so there are no CO: emissions during hydrogen

consumption.

In 1972, Fujishima and Honda made the discovery that TiO, and Pt could split water into
hydrogen and oxygen under UV light illumination.[6] Since then, researchers have tried to
synthesize photocatalysts that can produce hydrogen from water under sunlight irradiation.
However, the majority of sunlight illumination is in the visible light region and so efficient
photocatalysts should be activated under visible light irradiation (400-700 nm).[27]

Graphitic carbon nitride (g-CsNa) is one of the best visible light active photocatalyst that has
attracted much of interest, recently.[142, 312, 313] Wang et al. showed that g-C3N4 can be excited
under visible light irradiation and produce hydrogen from a mixture of water and a sacrificial
reagent.[151] They used triethanolamine as an electron scavenger and Pt as a cocatalyst. Later
many researchers have tried to improve its efficiency by introducing various methods such as
doping with other elements, applying different cocatalysts, making nanosheets of g-CsN4 and
creating carbon nitride based nanocomposites.[314] In this work, a nanocomposite of g-C3Na
nanosheets and titanate nanodisks (TNDs) is proposed in order to increase charge separation and
so enhance hydrogen production under visible light illumination. Titanate nanodisks were
synthesized according to previous reports. [89, 308] These nanoparticles of TiO. have lower

conduction band in comparison with g-C3N4 and so excited electron can transfer from g-CsN4 to
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TiO2.[315] Meanwhile, excited holes remain in g-C3N4 valence band and as a result charge
recombination phenomenon is partially prohibited and the photocatalyst efficiency for hydrogen

production increases.

4.2 Experimental

4.2.1 Carbon nitride bulk material

Graphitic carbon nitride was produced from melamine as reported previously. [309, 310]
Briefly, 10 g melamine was heated in a crucible to 550 °C and kept at this temperature for 3 h.
Then, the obtained yellow powder was ground and washed with water and ethanol several times.

It was, then, dried thoroughly in an oven at 70 °C.

4.2.2 Carbon nitride nanosheet by liquid exfoliation

After synthesizing bulk g-C3N4, nanosheets of carbon nitride were made by liquid exfoliation
(denoted as g-C3Ns-LE).[154, 169] Typically, 1 g of bulk material was added to a mixture of 100
ml isopropanol and 100 ml water. Then, the mixture was sonicated for 12 h. Nanosheets were, then,
separated from residual bulk material (aggregates) by centrifugation at 3000 rpm for 10 min. Then,

the obtained nanosheets were centrifuged at 10000 rpm for 15 min and dried at 70 °C.

4.2.3 Carbon nitride nanosheets by gas template

Nanosheets of g-C3N4 were synthesized by one step method called gas template (denoted as
g-C3Ns-GT) according to the method reported in ref. [167]. First, 15 g of ammonium chloride was
dissolve in 200 ml of water and then 3 g melamine was added to the mixture. Later, it was heated
to 60 °C in order to remove water and then, it was dried in an oven at 70 °C. Once this step is
completed, the white powder was heated at 550 °C for 4 h in a semi-closed system. During the
calcination process, ammonium chloride acts as a dynamic gas template, helping to synthesize
ultrathin g-CsNa4.[167] After this stage, the resultant nanosheets were washed several times with

ethanol and water and dried in an over.
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4.2.4 Titanate nanodisks

TNDs were prepared by a solvothermal method described in our previous work.[308] Briefly,
3.4g of titanium butoxide was added to a mixture of 20g oleylamine and 20g benzyl alcohol. Then,
90g benzyl ether was added to the mixture and all of them were transfer to a round-bottom flask.
The flask was kept in an oven at 180 °C for 24 h. After cooling down, the obtained TNDs were
washed completely with toluene and ethanol and were treated with tetraethylammonium hydroxide
in order to obtain water-soluble TEA-TNDs. As a result, TNDs with ability to disperse in water
were obtained (Figure 4.1). These highly uniform nanoparticles with an average diameter of 35 nm
can be utilized on the surface of g-CaN4 nanosheets. Therefore, charge separation between TND
and nanosheets of g-CsNs become more effective because of their very small size and high g-
C3N4TNDs interface.

Figure 4.1. TEM pictures of TNDs (a), (b) and photograph of highly dispersed TNDs in water (c)

4.2.5 Nanocomposite of g-C3N4 nanosheets and TNDs

After synthesizing TNDs and g-CsN4 nanosheets, both nanomaterials were mixed together
with the ratio of 30 wt% TNDs as follows. The pH of nanosheets was decreased in order to make
the surface positive charges.[310] Due to the negative charge surface of TNDs, both nanoparticles
can make better contact at lower pH. The mixture was heated under agitation until it dried. After
that, the obtained powder was calcined at 400 °C for 3 h to obtain a g-C3N4/Ti0O2 nanocomposite.
Owing to the particle size of TNDs (20 nm), they deposited on the surface of g-CsNa
nanosheets.[316] Then, Pt metal nanoparticles were deposited on the surface of the nanocomposite
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via photodeposition technique under visible light irradiation.[317] Although Pt nanoparticles are
partially deposited on both surfaces of semiconductors, those that deposited on the TiO>
nanoparticles have more ability to enhance charge separation and so hydrogen generation would

be increased.

4.2.6 Characterization

Transmission electron microscopy (TEM) images of the samples were obtained on a JOEL
JEM 1230 operated at 120kV. Powder X-ray diffraction (XRD) patterns of the samples were
obtained on a Bruker SMART APEXII X-ray diffractometer equipped with a Cu Ka radiation
source (A=1.5418 A). The UV-vis spectra were recorded on a Cary 300 Bio UV-visible
spectrophotometer. Fourier transform infrared (FTIR) absorption spectra were measured with a

FTS 45 infrared spectrophotometer with the KBr pellet technique.

4.2.7 Photocatalytic test

The photocatalytic reactions were performed in a gas-tight 10 ml Pyrex reaction cell as
follows: 5 mg of the typical synthesized nanocomposite photocatalysts were dispersed in 5 ml
aqueous solution of 10 wt% of triethanolamine. An adequate amount of chloroplatinic acid
(H2PtCls) was, then, dissolved directly in the above mixture in order to get 2 wt% of Pt, which acts
as a cocatalyst and deposited by an in-situ photodeposition technique. After this stage is completed,
the cell was evacuated and then purged with nitrogen for 10 min in order to eliminate dissolved
oxygen. Then, the mixture was illuminated with a 300W Xe arc lamp equipped under stirring
condition to prevent particles from settling at the bottom of the cell. A 0.5 mL of gas was sampled
intermittently through septum, and hydrogen was analyzed by gas chromatography equipped with

TCD detector and carboxen-1010 capillary column.
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4.3 Results and discussions

4.3.1 Sample characterizations

The crystal structure of bulk carbon nitride and the obtained nanosheets from liquid
exfoliation and gas template were characterized by XRD (Figure 4.2). According to the XRD
results, the peaks in our samples can be indexed to g-CsNas. The strongest peak around 27.5° is
characterized as (002) peak and related to the interlayer stacking peak of aromatic system.[151] It
should be noted that this peak noticeably decrease, showing that g-C3N4 nanosheets were obtained.
[154, 318] The other peak around 13° is indexed as (100) plane and is attributed to inter-planar
structure of tri-s-triazine with a distance of about 0.675 nm. It is not surprising that after calcination
a nanocomposite of g-CsN4 nanosheets and TNDs, the TNDs being converted to TiO2 nanoparticles
that cannot be detected by XRD, due to their small particle sizes, good dispersion and weak
crystallinity.[319] The optical absorption spectra for graphitic carbon nitride and nanosheets are
shown in Figure 4.3. The results showed that all the samples are semiconductors with the strong
visible light absorption ability in the range of 400 to 550 nm. As can be seen in Figure 4.3,
nanosheets of g-CsN, due to the quantum confinement effect, their band gaps increased and the
UV-visible curve shifted to shorter wavelengths and so they could absorb less visible light. The
differences between UV-visible spectra of nanosheets from liquid exfoliation (LE) and gas
template (GT) methods, indicated that the nanosheets of g-CsN4-GT were thinner than g-CaNa-LE.
Furthermore, the band gap energies of all samples, which were estimated from the intercept of the
tangents to the plot of (Ahv)Y? vs. photon energy, proved the same results.[320, 321] As it is
calculated the band gap of bulk graphitic carbon nitride is 2.70 eV, which is in good agreement
with the literature (Figure 4.4-a).[151] As it is demonstrated in Figure 4.4-b,c, the band gap
energies of nanosheets synthesized from liquid exfoliation technique and gas template approach,
are 2.74 and 2.76 eV, respectively. In other words, by obtaining nanosheet structure of g-CsN4 due

to the quantum confinement effect, the band gap increased and it could absorb less visible light.

The molecular structure of the synthesized sample is investigated by FT-IR spectra, as shown
in Figure 4.5. The broad band between 3000 and 3500 cm™ can be related to N-H stretching and

82



-
-
S
e’
.
—
)
=

- (a)
=
o

(b)

(0

1‘0 2I0 3I0 40

20 (degree)

Figure 4.2. XRD pattern of (a) g-CsN4 in bulk; (b) and (c) g-CsN. nanosheets prepared by gas
template and liquid exfoliation, respectively.
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Figure 4.3. UV-visible absorption spectra of g-CsNa4 bulk, g-CsN4 nanosheets prepared by gas
template and liquid exfoliation, and nanosheets with TND before calcination
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Figure 4.4. The estimated band gap energy of (a) bulk g-CsNa (b) g-C3sN4 nanosheet via liquid
exfoliation method (c) g-CsN. nanosheet via gas template method

some absorbed water molecules. [229, 322] Some strong bands were observed at 1570-1634
is owing to the presence of C=N and the peaks showed in the range of 1258-1480 cm™ can be

buted to stretching modes of C-N heterocycles.[322] Some strong bands were observed at

1570-1634 cm™ is owing to the presence of C=N and the peaks showed in the range of 1258-1480

cm?

can be attributed to stretching modes of C-N heterocycles.[322] Moreover, the vibration in

the region of 810-880 cm™ corresponds to triazine unit characteristic of the chemical g-CsN4
structure [145, 323]

4.6.

The nitrogen adsorption-desorption isotherms of the different samples are presented in Figure

As can be seen, they all are type 1V, according to IUPAC classification, showing mesopores

materials. [310, 316] The hysteresis loop of nanocomposite of g-CsN4 and TiO2 becomes larger
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and shifts to the lower pressure region in comparison to g-CsN4 nanosheets. This reveals that
relatively larger mesopores are created during synthesis of the nanocomposite. Based on BET
analysis the specific surface area of the nanocomposite is 75 m?/g, which is higher than that of bulk

g-CsN4 material (21 m?/g) and g-CsN4 nanosheets (63 m?/g).
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Figure 4.5. FTIR spectra of (a) bulk g-CsN4 and (b) and (c) g-CsN4 nanosheets obtained by liquid
exfoliation and gas template, respectively.
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Figure 4.6. Nitrogen adsorption-desorption isotherms for the g-CsN. bulk, g-CsN4 nanosheets, and
g-C3N4/TiO; nanocomposite.
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Figure 4.7. XPS survey spectrum of (a) the g-CsN4-TiO, nanocomposite. High resolution XPS
spectra of (b) C 1s, (c) N 1s, (d) O 1s and (e) Ti 2p of the g-CsN4-TiO2 hanocomposite.
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Figure 4.7 displays XPS analysis of the g-CsN4/TiO2 nanocomposites. As shown in Figure
4.7-a, the obtained nanocomposite consists of C, N, O and Ti which are located at binding energies
of 288, 399, 530 and 459 eV, respectively. The high-resolution XPS spectrum of C 1s shown in
Figure 4.7-b, can be fitted into two peaks at 286.1 and 288.4 eV, that are related to the C—-N—C and
the C—(N)3 group of graphitic carbon nitride.[143, 324] The XPS spectrum of N 1s (Figure 4.7-c)
can be ascribed to four different kinds of bonds as follows: C=N-C at 398.8 eV, tertiary nitrogen
(C)s—N at 399.7, N-H at 401.4 and n—excitation at 404.4.[310, 324] As illustrated in Figure 4.7-d,
the O1s XPS spectrum can be deconvoluted into two main energy values of 530.6 and 531.8.[143]
The first peak is associated with the O% in the TiO2 and the other one is attributed of —OH bands
on the nanocomposite surface. [315, 319, 325] The XPS Ti 2p high-resolution analysis (Figure 4.7-
e) displays two main peaks at 459.4 and 465.1 related to binding energy of Ti 2ps; and 2pis,
respectively, and are characteristic of Ti**.[316, 325]

4.3.2 Photocatalytic activity of nanocomposite for hydrogen production

Figure 4.8 displays hydrogen production under visible light illumination after 3 h. As it can
be seen, the nanocomposites showed higher hydrogen evolution in comparison with pristine
nanosheets of g-C3Na4 prepared by two different methods (all samples containing 2 wt% Pt as a
cocatalyst). Although both nanosheets of g-CsNs-LE and g-C3N4-GT produced about the same
amount of hydrogen (734 and 726 umol h™! gZcat, respectively) after 3 h under visible light
irradiation, their nanocomposites showed slightly different behaviours. As it is shown, the
nanocomposite of g-C3N4-LE/TiO2(70:30 wt%) could generate 1633 pmol h™! g-lcat of hydrogen,
while the nanocomposite of g-CsNs-GT/TiO(70:30 wt%)produced 1886 umol h* gcat. This can
be attributed to the higher surface area of g-CsNs-GT nanosheets and closer contact with TiO>
nanoparticles. [167] According to the results of photocatalytic tests (Figure 4.8), the optimum
amount of TiO> should be 30 wt%. Although 10 wt% loading of TiO2 in the nanocomposite can
improve charge separation as described in the next section, this amount is not sufficient to acquire
the maximum hydrogen generation. Furthermore, by depositing 50 wt% of TiO2 on the surface of
g-C3Na4 nanosheets, more surface of g-CsNa is covered by TiO2 nanoparticle and so the visible light
absorption of g-CsN4 is declined and as a result the hydrogen production is reduced

significantly.[143]
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Figure 4.8. Hydrogen production of different nanocomposite under visible light irradiation after 3 h:
(A) g-CsN4 nanosheets without TiO,, (B) g-C3sN4 nanosheets with 10wt% TiO;, (C) g-C3sN4 nanosheets
with 30wt% TiO; and (D) g-CsN4 nanosheets with 50wt% TiO,.

The mechanism of hydrogen production improvement of this nanocomposite is demonstrated
in Figure 4.9.First, g-CasN4 nanosheet absorbs the photon energy of visible light and produces
excited electrons and holes, which are generated in the conduction and valence bands, respectively.
Because of ultrathin g-C3Na4 nanosheets (thickness ~ 1-3 nm), photoexcited charge carriers can
easily transfer to the surface of g-CsNa. Although excited holes remain on the g-CsN4 nanosheet
valence band, photogenerated electrons can transfer from conduction band of g-CsN4 to TiO2
nanoparticles because of lower conduction band edge of TiO> (as displayed in Figure 4.9). These
electrons can move to Pt nanoparticles and reduce protons to hydrogen. As a result, photogenerated
electrons and holes separate from each other and the probability of charge recombination declines
significantly. Therefore, charge carriers in the proposed nanocomposite have longer lifetime than
pristine g-C3Na and so this nanocomposite could produce more hydrogen compared to g-CsNa
nanosheets.
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89



4.4 Conclusion

Graphitic carbon nitride is a semiconductor that is activated under visible light illumination
for hydrogen evolution from water. Many scientists have tried to improve its performance in order
to obtain more hydrogen in the same conditions. One of the ways to gain more hydrogen is creation
of novel nanocomposites of g-C3N4 with other semiconductors such as TiO2. In this research, a
nanocomposite of g-CsN4 nanosheets and titanate nanodisks (TNDs) has been proposed with the
aim of raising hydrogen evolution efficiency. After synthesizing various nanosheets of g-CsNa
from different methods, TNDs were introduced by the impregnation technique. After drying and
calcination, this nanocomposite showed almost doubled hydrogen production under visible light
illumination which resulted from a better charge separation between g-CsN4 and TNDs. Therefore,
charge recombination is partially prevented and so more excited electrons can react with protons

and generate hydrogen molecules.
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Résumeé

La production d'hydrogéne par décomposition photocatalytique de 1’eau en utilisant la
lumiere du soleil a un énorme potentiel pour résoudre la crise mondiale de I'énergie et de
I'environnement. Le défi majeur dans ce processus est de développer des photocatalyseurs efficaces
qui doivent satisfaire plusieurs criteres tels qu'une forte absorption du rayonnement solaire, une
séparation efficace des charges et une forte stabilité photochimique. Le nitrure de carbone
graphitique est I'un des meilleurs semiconducteurs pour la production de I'hydrogéne en raison de
la position de ses bandes de valences et de conduction ainsi que de leur gap mais aussi en raison
de sa haute stabilité chimique. Cependant, il produit une petite quantité d'hydrogene sous
irradiation de la lumiere visible en raison de sa petite surface et de son taux de recombinaison
élevés. Dans ce travail, des feuilles nanométriques de nitrure de carbone graphitique avec des
lacunes en carbone ainsi que des pores ont été synthétisés par un double traitement (traitement a
I'argon suivi d'une calcination a I'air). Ces feuilles de nitrure de carbone post-calcinés présentaient
une activité photocatalytique beaucoup plus élevée par rapport au nitrure de carbone graphitique
brut. En déposant du platine en tant que cocatalyseur via un procédé de photodéposition, ce semi-
conducteur a montré une amélioration notable de son taux de production d'hydrogéne, dix fois plus
que le nitrure de carbone graphitique brut. Sa vitesse de production de I'hydrogéne était de 5261
umol.ht.g? sous éclairage lumineux visible avec une efficacité quantique de 29,2% a 400 nm et
21,3% a 420 nm. Ce rendement élevé pour la production d’hydrogene pourrait étre due a une plus
grande surface spécifique, a une extension de I'absorption de lumiere visible et a des centres de
recombinaison de charge plus faibles dans tout le semi-conducteur. En outre, par étape de
récurrence dans l'air, certains défauts sont introduits dans la structure des feuilles de nitrure de
carbone en raison de postes vacants au carbone. Ces défauts sont considérés comme des sites

photocatalytiques trés actifs pour la production d'hydrogéne.
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Abstract

Hydrogen production via photocatalytic water splitting using sunlight has an enormous
potential to solve the worldwide energy and environmental crisis. The key challenge in this process
is to develop efficient photocatalysts which must satisfy several criteria such as strong sunlight
absorption, effective charge separation, and high photochemical stability. Graphitic carbon nitride
is one of the best semiconductors for hydrogen evolution because of its conduction band edge,
narrow band gap, and high chemical stability. However, it produces a little amount of hydrogen
under visible light irradiation due to its small surface area and high recombination rates. In this
work, nanosheets of graphitic carbon nitride with carbon vacancies and nanoholes were synthesized
by two-step treatment process (argon treatment followed by air calcination). These post-calcined
carbon nitride nanosheets exhibited much higher photocatalytic activity compared to common
graphitic carbon nitride. By depositing platinum as a cocatalyst via photodeposition method, this
semiconductor showed noticeable improvement in hydrogen production rate by ten times as much
as graphitic carbon nitride. Its hydrogen evolution rate was 5261 umol h™* g under visible light
illumination with a quantum efficiency of 29.2% at 400 nm and 21.3% at 420 nm. This high amount
of hydrogen production rate could be due to large specific surface area, an extension of visible light
absorption tail-end and lower charge recombination centers throughout the semiconductor. In
addition, by recalcination step in air, some defects are introduced into the structure of carbon nitride
nanosheets owing to carbon vacancies. These defects are considered as highly active photocatalytic

sites for hydrogen production.

93



5.1 Introduction

Development of technology requires a cheap and accessible source of energy. Although fossil
fuels are the most well-known sources of energy for their low cost and availability, they have some
important issues for human mankind such as emitting a high amount of carbon dioxide into the
atmosphere which is believed to be the main reason of the greenhouse effect and climate change.
Others claim that fossil fuel resources are limited and cannot be recovered once they are used.
Therefore, researchers have tried to find other alternatives for fossil fuels and the best option is

solar energy.

Solar energy is abundant and only a very small amount of it can provide all the energy
demands of humanity around the world for one year.[16, 77] Moreover, this source of energy is
renewable and sustainable, which means there is no way to over-consume it in present or future.
Interestingly, sunlight energy is environmentally friendly and it doesn’t produce any harmful gases
as a result we won’t have any climate crisis in the future.[16] However, using this source of energy

IS quite expensive and so it is very difficult to utilize it in large scale applications.

Hydrogen molecules can act as an energy carrier in order to store solar energy and use it later.
One of the best promising ways to produce hydrogen energy is splitting water into hydrogen and
oxygen with the photocatalytic process. A photocatalyst is a semiconductor that can absorb sunlight
energy and generate excited electrons and holes. These charge carriers can perform redox reactions
with water molecules and so generate hydrogen and oxygen.[326] One of the best photocatalysts
for using solar energy is graphitic carbon nitride (g-CaN4), because of its low band gap energy that

can utilize visible light to produce hydrogen from water.[312, 327]

Graphitic carbon nitride (g-C3N4) is a semiconductor consisting of tri-s-triazine units
positioned in a two-dimensional graphitic-like polymer structure.[152] Due to its proper
conduction band-edge position and narrow band gap, which is between 2.7-2.9 eV corresponding
to wavelengths of 460-430 nm, it can generate hydrogen from water splitting under visible light
irradiation.[153, 328] However, its quantum efficiency is very low mainly due to its small specific
surface area and rapid charge recombination rate.[151, 329] The main synthesis method of g-C3Na
is a thermal condensation (at 500-550°C for 2-4 h) of nitrogen-rich precursors such as cyanamide,

dicyandiamide, urea, and melamine.[77, 153, 330] Thermogravimetric analysis (TGA) exhibits that
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g-CaNy is stable up to 600°C even in the air, but becomes slightly unstable above this temperature,
and at 700°C, it completely disappears even under an inert gas condition.[328, 331, 332]

Various methods and techniques were proposed in order to enhance the photocatalytic
activity of g-CsNs4 and they can be classified into four main groups as electronic structure
modulation, nanostructure design, crystal structure engineering and heterostructure
construction.[153, 329]Some of them such as synthesizing nanosheets of g-CsN4 can enhance
hydrogen evolution significantly due to high specific surface area, enhancing charge carriers
mobility and providing less charge recombination centers.[167, 169, 333, 334] In this work, a facile
two-step synthesizing method for the synthesis of g-C3N4 nanosheets with some carbon vacancies
and micropores is proposed that can considerably increase hydrogen production under visible light
illumination. This photocatalyst showed a quantum efficiency of 29.20% at 400 nm, which is

among the highest quantum efficiencies that have been reported, previously.

5.2 Experimental section

5.2.1 Sample Preparation

Bulk g-C3Ns was synthesized from dicyandiamide as reported in other literature.[156, 168,
335] Briefly, the precursors were calcined in a muffle furnace at 550°C in air for 4 h. Then, the
obtained bulk g-CsN4 (GCN) was washed with distilled water several times. After this step, the
photocatalyst was heated to 650°C under argon gas flow of 200 ml/min for 2h (argon treatment of
g-C3aNg4, noted as AGCN). After this stage is completed, the obtained material was calcined again
in the air, in a muffle furnace at 500°C for 2hr (recalcination of AGCN of g-C3Na4 in air, noted as
SGCN). Then, the material was washed several times with water to remove contaminants and dried

in an oven overnight at 70°C.

5.2.2 Characterization

Transmission electron microscopy (TEM) images of the samples were obtained on a JOEL
JEM 1230 operated at 120kV. Powder X-ray diffraction (XRD) patterns of the samples were
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obtained on a Bruker SMART APEXII X-ray diffractometer equipped with a Cu Ka radiation
source (A\=1.5418 A). X-ray photoelectron spectroscopy (XPS) measurements carried out in an ion-
pumped chamber (evacuated to 10° Torr) of a photoelectron spectrometer (Kratos Axis-Ultra)
equipped with a focused X-ray source (Al Ka, hv = 1486.6 eV). The UV-vis spectra were recorded
on a Cary 300 Bio UV-visible spectrophotometer. Fourier transform infrared (FTIR) absorption
spectra were measured with an FTS 45 infrared spectrophotometer with the KBr pellet technique.
The photoluminescence (PL) spectra were measured with the Horiba Jobin Yvon Nanolog
spectrofluorimeter equipped with a 450W Xenon lamp as a source, a double monochromator for
both excitation and detection, and a photomultiplier tube (PMT) detector sensitive from 250 to 850
nm. Nitrogen adsorption-desorption isotherms of the samples were measured at -196°C using
Micromeretics ASAP 2010 instrument. Before the measurements, the samples were outgassed
under vacuum for 6 h at 150 °C. The total pore volume (Vpore) Was calculated from the amount of
nitrogen adsorbed at P/Po = 0.95.

5.2.3 Photocatalytic test

The certain amount of photocatalysts (the optimum amount was 50 mg) was added to the 100
ml of aqueous solution of 10% triethanolamine as a sacrificial reagent. After that, the mixture was
purged with nitrogen for 10 min and then under the solar simulator light, 2 wt% Pt as the co-catalyst
was deposited via photodeposition technique for 2 hr. Then, the cell was purged again with nitrogen

for 30 min and after the sample was ready for hydrogen production test during 3-hour cycles.

The quantum efficiency of the prepared sample was calculated according to follow equations
[30, 336]:

cum Effici (QE) = Number of reacted electrons>< 100 Eq.5.1
Quantum Efficiency (QE) = Number of incident photons (Eq.>.1)

_ 2 X Number of evolved hydrogen molecules

Number of incident photons
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5.3 Result and discussions

5.3.1 Material characterization

Figure 5.1 demonstrates a 2D nanosheet of SGCN sample after recalcination in air in different
scales. Although the nanosheet length and width are more than several hundred nanometers (Figure
5.1-A,B), AFM analysis shows that the thickness of the nanosheet hardly reaches to 10 nm (Figure
5.1-G,H).[154, 155, 337] Furthermore, as can be seen in Figure 5.1-E, there are some uniform small
white dots all over the nanosheets that can be described as nanoholes and carbon vacancies
generated during the second calcination step in air.[337] Due to the layered structure of graphitic
carbon nitride, these vacancies were created homogeneously inside of the nanosheet planes. These
vacancies with a size of less than 10 nm not only can act as active sites but also they can change
the bandgap of the photocatalyst by introducing additional energy levels.[63, 178, 183] It should
be noted that these in-plane nanoholes can noticeably enhance mass and charge transfer across the
nanosheets of SGCN during photocatalytic process.[184, 337] Moreover, ultrathin nanosheets
provide shorter pathways for photoexcited charges to migrate significantly shorter distances from
the bulk material to the reaction sites located on its surfaces.[23, 27, 77] In addition, carbon
vacancies can act as new active edges and cross-plane diffusion channels that can greatly speed up
mass transfer and the diffusion of photogenerated charge carrier.[184, 337] Therefore, charge
carriers can travel shorter distances between the inside of the nanosheets and their surfaces in order
to reach the active sites and so the chance of their recombination reduced dramatically. Figure 5.1-
F displays an TEM image of SGCN with photodeposited platinum nanoparticles after
photocatalysis reaction. It is obvious the cocatalyst particles are uniformly deposited on the surface
of nanosheets of SGCN.

Figure 5.2 displays the N> adsorption/desorption isotherms of three samples: GCN, AGCN,
and SACN at 77K. All of the samples showed a type IV isotherm and their adsorption capacity
enhanced significantly with increasing the relative pressure (P/Po: 0.9~1), The specific surface area
measured by the BET technique increased considerably and reached to 160 m? g for SGCN (Table
5.1). This specific surface area is much higher than those of AGCN and GCN, which were 46 and
28 m? g, respectively. It should be noted that the total pore volume of SGCN (1.47 cm® gl) is

around 13 times higher than that of GCN (0.12 cm? g). This increase in specific surface area and
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Figure 5.1. TEM images of 2-dimensional SGCN nanosheets after recalcination in air in different
scales (small white dots show nanoholes inside of the nanosheet of SGCN). F) Nanosheets of SGCN with
2% Pt after photodeposition. G) Representative AFM image of SGCN and H) corresponding cross-
sectional profile of typical SGCN.
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total pore volume is due to a large number of in-plane holes and the crumpled structure.
Furthermore, the BJH pore size distribution curves were also demonstrated in Figure 5.2-inset.
Although it seems that the pore size distribution of GCN and AGCN argon-treated at 650 °C were
almost similar, treatment in argon at high temperature led to having more uniform pore sizes
distribution. Nevertheless, the SGCN showed a wide range of pore sizes between 1 nm and 5 nm
that demonstrated the SGCN is the mixture of micropores and mesopores. These pores were mainly
related to inter-particle distances and carbon vacancies throughout the SGCN nanosheets that were

made during second calcination in air as described in TEM images (Figure 5.1). [158, 184, 337]

Total pore BET Bandgap Hydrogen
Samples volume surface area (eV) Production
(cm™ gr?) (m*gr) (umol b g
GCN 0.12 28.0 2.75 647.5
AGCN 0.52 45.0 2.56 7715
SGCN 1.47 160.0 2.79 5262.0

Table 5.1. Total pore volume, specific surface area, band gap values, and hydrogen generation rate
of GCN, AGCN and SGCN

Figure 5.3 shows the XPS spectra of the bulk sample (GCN) after different treatments; argon
treatment (AGCN), followed by calcination in air (SGCN). As seen in Figure 5.3, the C 1sand N
1s XPS spectra of GCN, AGCN, and SGCN are almost similar to each other. Nonetheless, an
increase in the intensities of AGCN and SGCN illustrated that C and N atoms neighboring carbon
vacancies get fewer electrons than those ones on the normal sites.[337] As seen in Figure 5.3-A,
the C 1s XPS spectrum of GCN can be deconvoluted into two main peaks at 285.0 and 288.1 eV,
which are attributed to C—C and N—C=N, respectively.[153] Moreover, the C 1s XPS spectra of
AGCN and SGCN can be resolved into two additional peaks. The peak observed at 289.6 eV can
be corresponding to the sp? carbon of tri-s-triazine units attached to the NH group (sp? C—NH). The
other peak at 286.5 eV is related to sp® C atoms in the structure of carbon nitride. Furthermore, the
absorptions detected around 294 eV have been assigned to the charge effect of electronic

delocalization associated with the presence of conjugation.[158]
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Figure 5.2. Nitrogen adsorption-desorption isotherms at 77 K and relating pore size distribution
curves of GCN, AGCN, and SGCN (inset)

In the N 1s XPS spectra (Figure 5.3-B), the main curve can be divided into four peaks. The
peaks located at 398.7 eV is related to the sp?-bonded nitrogen in C—N=C and the peaks
corresponding to the nitrogen in the tertiary group (N— (C)3) are located at 400.1 eV. Moreover,
the amino-functional groups with a hydrogen atom C—NH can be attributed to 401.5 eV and the
absorption at 404.0 eV is due to a positive charge localization in heptazine rings.[158, 159]
According to these XPS analyses, during argon treatment at high temperature some carbon atoms
in the structure of GCN became loose and as a result a few of them were able to leave the bulk
material and left some carbon vacancies behind in the SGCN. Following by further calcination in
air, more loose carbons were able to leave carbon nitride. As a result, not only the number of carbon

vacancies increased, but also some uniform nanoholes were produced.

In order to investigate the valence state of platinum as a cocatalyst, XPS analysis of Pt4f after
photocatalysis reaction was conducted. The main peak of Pt 4f can be deconvoluted into two peaks
at 70.4 and 73.9 eV, which are ascribed to metallic Pt 4f7/2 and Pt 4f5/2, respectively.[338-340]
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Figure 5.3. High-resolution XPS survey spectra of A) C 1s and B) N 1s for a) GCN, b) AGCN and
¢) SGCN. C) High-resolution XPS of the Pt4f region for Pt-SGCN photodeposited after photocatalysis

Figure 5.4 presents the X-ray diffraction (XRD) results of the synthesized bulk g-CsNa

material after different treatments. The crystal structure of bulk g-C3Na (e.g., GCN) is shown by

two main peaks of (100) and (002), which are located at 13.1° and 27.4°, respectively. The former

peak ascribed to the in-plane trigonal nitrogen linkage of tri-s-triazine units and the latter one

related to the periodic stacking of layers of conjugated aromatic systems. [153] The disappearance

of 13.1° peak of AGCN shows that the long-range order of atomic arrangements in graphitic layers

of AGCN were destroyed and as a result, AGCN can be considered as an amorphous phase of
carbon nitride.[155, 158, 337, 341] In addition, the other peak with very low intensity at 27.4°

indicates that we have g-C3sN4 nanosheets, as displayed in TEM images. In other words, the distance

between different layers of g-CsNa4 increased significantly and so nanosheets of g-CsNs were
obtained.[154, 159]
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Figure 5.4. X-ray diffraction analyses of a) GCN, b) AGCN and c) SGCN

After recalcination in air (e.g., SGCN sample), the crystal structure of carbon nitride
nanosheets improve moderately, and as a result, the two peaks appeared again. However, because
of obtaining nanosheets and some vacancies inside of the planes of graphitic carbon nitride, the
restructuring could not be completed and so the intensity of (002) peak wasn’t as high as GCN. It
is worth mentioning that during recalcination, most of the weak-bonded carbon and nitrogen atoms
left from the bulk material in forms of various gases. These generated gases acted as a soft template
in order to produce ultrathin nanosheets of graphitic carbon nitride.[167] In addition, this leaving
of weak-bonded atoms generated much more vacancies and nanoholes throughout the nanosheets,

which improved hydrogen generation in various ways as mentioned earlier.[156, 342]

Figure 5.5 illustrates the FTIR spectra of the GCN, AGCN, and SGCN samples to investigate
their graphitic structures. The strong peak at 810 cm™ is attributed to the typical breathing mode of
tri-s-triazine units.[145] The absorption bands between 1200 and 1700 cm™ region related to
different stretching vibrations of heptazine-derived repeating units.[310, 343] In addition, broad
peaks from 3000 to 3400 cm™ corresponding to N-H band, which is caused by uncondensed amino
functional groups in the products.[344] There is no difference between FTIR spectra of the three
materials suggesting that the nature of carbon nitride was preserved during argon treatment and

recalcination in air.
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Figure 5.5. FTIR spectra of a) GCN, b) AGCN and c) SGCN

UV-visible spectroscopy is usually used in order to measure the light absorption capacity of
the semiconductors and also its data can be used to calculate band structure and band gap of a
photocatalyst. UV-visible spectra of GCN, AGCN and SGCN were presented in Figure 5.6. GCN
can absorb visible light with a wavelength of 420 nm, because of its low band gap (2.75 eV). After
argon treatment at 650°C, the UV-vis spectrum of AGCN shifted to the red region and its band gap
reduced to 2.56 eV (Figure 5.6-B). Even though it could absorb visible light with a longer
wavelength, it couldn’t produce more hydrogen than GCN. This is due to its low crystallinity
(essentially amorphous phase) and a high number of recombination centers. In addition, the band
structure of AGCN seemed to not develop completely because of observing two stages in its UV-
visible spectrum (the curve is different below and above 450 nm). Nonetheless, the SGCN spectrum
showed that by recalcination in air, its curve shifted to blue region and so the band gap increased
(to 2.79 eV). Moreover, this recalcination step helped to improve crystal structure and as a result,
more charge carriers can transfer more easily across the nanosheets with limit recombination
together. In addition, another absorption tail started at 430 nm to around 600 nm exhibited that the
SGCN can absorb more visible light energy in comparison with GCN. It is worth mentioning that
this crystallinity changes between amorphous and graphitic layer structure of nanosheets may

introduce some different band energy inside the band gap structure as shown by Chen et al.[179]
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These intermediate band energies can promote charge excitation as well as charge lifetime. In other
words, not only charge excitation step become easier, but also photo-excited charge carriers have

different stages which could help them to have less recombination process.
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Figure 5.6. A) UV-visible absorption spectra and B) Kubelka-Munk function curves of a) GCN, b)
AGCN and c) SGCN
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Figure 5.7. Photoluminescence spectra (390 nm excitation) of a) GCN, b) AGCN and c) SGCN
(Steady state emission spectra were recorded on powdered sample under excitation wavelength of 380
nm.)
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Figure 5.7 displays the steady-state photoluminescence spectra of all three samples. The
prepared bulk GCN showed the highest peak intensity with respect to AGCN and SGCN relating
to high radiative recombination of photoexcited electrons and holes.[155, 179, 345] In contrast,
SGCN exhibited the lowest peak intensity, suggesting much lower charge recombination process
during photocatalytic activity.

5.3.2 Photocatalytic hydrogen production

Figure 5.8-A demonstrated the hydrogen production of the three samples: GCN, AGCN and
SGCN via solar simulator system with full spectrum. As seen in Figure 7-A, AGCN could only
improve slightly hydrogen generation compared to that of GNC. However, SGCN could enhance
hydrogen evolution more than eight times higher than GCN (5261 umol h* g* for SGCN and 647
umol h™ g for GCN). This considerable increase in hydrogen generation is mainly due to the
presence of carbon vacancies, the high surface area and the extension tail of light absorption. The
carbon vacancies not only can act like trapping spot for excited charge carriers, but also they
promote mass transfer between nanosheets that help to have a higher hydrogen generation.
Furthermore, these nanoholes inside of SGCN nanosheets could act as active sites for reactants.
Moreover, the improvement in the structure of SGCN after the second calcination as shown in

Figure 5.4, enhance the charge mobility inside of the nanosheet of graphitic carbon nitride.

For further investigation, hydrogen generation under visible light with the same system was
studied with applying a light filter that surpasses wavelengths of lower than 420 nm (Figure 5.8-
B). Due to a decrease in the band gap of AGCN and the fact that it can absorb more visible light,
it could produce more hydrogen than GCN under visible light irradiation. The hydrogen evolution
rates were 104 and 85 umol h! g for AGCN and GCN, respectively. However, SGCN showed
significantly higher hydrogen production in the same conditions in comparison with the other two
samples. Interestingly, it generated 387 pmol h™* g hydrogen, which was about 4.5 times higher
than that of GCN.

Furthermore, the quantum efficiency of SGCN was also calculated with different band-pass
filters (band-pass filters at 400, 420, 460, 500 and 550 nm). As it exhibited in Figure 5.8-C, the
highest quantum efficiency was 29.2% which was obtained at 400 nm. This amount is among the
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Figure 5.8. A) Hydrogen evolution rate under full spectrum via solar simulator system. B)
Hydrogen generation rate under visible light irradiation with a solar simulator (A > 420 nm).C) UV-visible
spectrum and quantum efficiency of the SGCN sample. D) Hydrogen production of the SGCN for 4
cycles. Reaction conditions: 50 mg of photocatalyst loaded with 2 wt% of Pt cocatalyst; 100 ml of H.O
containing 10 vol.% triethanolamine under simulator solar light 1.5 AM (ABET), equipped with 150 W
Xe lamp.

highest quantum efficiency which was reported for graphitic carbon nitride under visible light
illumination. In addition, the quantum efficiency calculated at 420 nm was 21.3% that shows very
high hydrogen evolution in the visible light region. Because of the large band gap of SGCN
nanosheets, the quantum efficiency decreased for longer light wavelengths and reached to almost
0.34% for 550 nm (Figure 5.8-C). Furthermore, the SGCN generated hydrogen over 12 h without
any reduction in its activity for hydrogen production (Figure 5.8-D). It is worth mentioning that the
SGCN has a great potential in order to combine with other semiconductors (nanocomposite

106



systems) and metals (as cocatalysts), because of its special properties such as large surface area

and having enormous active sites all over the nanosheets of SGCN.
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5.4 Conclusion

Photocatalytic hydrogen evolution from sunlight energy is one of the best options to replace
with fossil fuels. Graphitic carbon nitride is one of the best photocatalysts for hydrogen production
under the visible light because of its low band gap that can absorb the energy of light in a visible
region. By synthesizing post-calcined nanosheets of graphitic carbon nitride with facile two-step
calcination (argon treatment followed by air recalcination), ultrathin nanosheets of carbon nitride
with carbon vacancies and nanoholes were obtained. This photocatalyst showed considerably high
specific surface area (160 m?/g) and better crystallinity compared to the amorphous phase of carbon
nitride. Existing of nanoholes and carbon vacancies throughout the nanosheets caused to have more
active sites for reactants as well as more charge trapping centers that can reduce charge
recombination process. By applying platinum as a cocatalyst, this new photocatalyst could generate
hydrogen at a rate of 5261 umol h™ g* under sunlight irradiation. Moreover, the hydrogen evolution
rate under visible light (A > 420 nm) was around 387 umol h™* g%. In order to compare this novel
photocatalyst with graphitic carbon nitride the quantum efficiency (Q.E.) of the band-pass filter
was calculated. The Q.E. at 400 nm was 29.2% and at 420 nm was 21.3%. These values are among
the highest quantum efficiencies that were reported for graphitic carbon nitride under visible light

illumination.
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Résumeé

L'utilisation de I'énergie solaire pour produire de I'nydrogéne a partir de I'eau est I'une des
technologies clés qui traitent des problémes d'énergie et d'environnement. Un photocatalyseur a
petit gap avec une bonne séparation des charges et une grande stabilité peux jouer un réle important
dans ce processus. Récemment, le sulfate de zinc et de cadmium (ZnxCd1.xS) a attiré I'attention des
chercheurs en raison de ses propriétés photocatalytiques uniques telles que sa large absorption du
spectre lumineux visible et une forte stabilité lors de la production de dihydrogéne. En outre, la
caractéristique unigque de ce semi-conducteur est sa capacité a modifier la distance entre ses bandes
de conduction et de valence en modifiant le rapport Zn / Cd. Dans ce projet, une série de solution
solide ZnxCd1xS a été synthétisée en utilisant du glycérol métallique suivi d'une calcination dans
I'air et de la sulfuration dans un flux de H»S. Cette nouvelle méthode a abouti a la création d’une
solution solide homogene de wurtzite hexagonale qui pourrait produire une quantité massive
d'’hydrogene par absorption d’une grande partie de la lumiére visible. En outre, I'application de
MoS: en tant que cocatalyseur par la technique de la photo-dép6t, a généré la méme quantité
d'hydrogéne que l'utilisation de Pt comme cocatalyseur. Les meilleurs résultats ont été obtenus par
une solution solide Zn3oCd7S qui pourrait générer plus de 12 mmol.h™.g? sous la lumiére d’un
simulateur solaire. Il convient de mentionner qu'il existait des rendements quantiques trés élevés ;
46,6% a 400 nm a 23,4% a 500 nm ainsi que 11,3% a 550 nm. lls sont parmi les rendements
quantiques les plus élevés qui ont déja été signalés pour ce type de matériaux dans la région de la

lumiére visible.

110



Abstract

Utilizing solar energy in order to produce hydrogen from water is one of the key technologies
to deal with energy and environment issues. A photocatalyst with a small band gap, good charge
separation, and high stability plays an important role in this process. Recently, zinc cadmium
sulfide (ZnxCd1-xS) has caught researchers’ attention due to its unique photocatalytic properties
such as the wide range of visible light energy absorption and strong stability during water splitting.
Moreover, a unique feature of this semiconductor is the capability of modifying its band gap
structure by changing the Zn/Cd ratio. Herein, a series of ZnxCd1«S solid solutions was synthesized
by utilizing metal-glycerate followed by calcination in air and sulfuration under flowing H2S. This
new method resulted in a homogeneous hexagonal wurtzite solid solution that could produce a
massive amount of hydrogen in a large range of visible light illumination. Moreover, applying
MoS: as a cocatalyst via photo-deposition, generated the same amount of hydrogen as using Pt as
a cocatalyst. The best results were obtained for the Zn3oCd7oS solid solution that could generate
more than 12 mmol h g under solar simulator light. It exhibited very high quantum efficiencies;
46.6 % at 400 nm to 23.4% at 500 nm as well as 11.3% at 550 nm. There are among the highest
QE that have been ever reported for this kind of material under visible light.
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6.1 Introduction

No one can deny that the climate changes are happening due to global warming effects of
greenhouse gases. One of the main reason for this crucial issue is the use of an immense amount
of fossil fuels resulting in the massive emission of carbon dioxide into the atmosphere. One of the
promising solutions for this problem is converting solar energy into hydrogen molecules via the
photocatalytic process of water splitting. Honda and Fujishima were pioneers of splitting water
into hydrogen and oxygen using TiO2 under UV light.[6] However, the low efficiency of hydrogen
production, which originates from absorption limited to the UV region, resulting in a limitation on
its practical applications. This motivate many scientists to explore other efficient photocatalysts
that can absorb the energy of visible light, which accounts for about 50% of sunlight energy.[77,
346, 347]

It has been established that CdS can act as a photocatalyst in hydrogen production reaction
from water under visible light irradiation because of its narrow band gap and a proper conduction
band position.[30, 348] The valence band of this metal sulfide is composed by S 3p orbitals located
at higher energy levels, resulting in a narrow band gap with a strong visible light response.[269,
349] Nonetheless, its high photo-corrosion affects considerably its stability during photocatalysis
reactions.[350] Various approaches have been investigated in order to improve the photocatalytic
performance such as utilizing either a metal as co-catalyst or synthesizing composite materials with
different elements.[23, 77, 351] Among these strategies, making solid solutions with other
semiconductors is an interesting method to improve the photoactivity of CdS because of the ability
to control the potentials of the conduction and valence bands of a solid solution by changing their

compositions.[352]

ZnxCd1xS solid solution possesses an adjustable band gap width and a good resistance
towards photo-corrosion.[353, 354] Moreover, this solid solution can produce hydrogen more
efficiently than CdS alone, because its potential of conduction band edge is more negative than
CdS.[352] Therefore, scientists and researchers have tried to synthesize it in various ways and
enhanced its photocatalytic activities via different techniques.[19, 30, 77, 355, 356] Xing et al.
synthesized ZnxCdixS solid solution via a co-precipitation technique followed by thermal
treatment.[357] They found that its band gap could be varied between 2.2 eV and 3.1 eV based on

the value of x and the best hydrogen evolution was found with x = 0.2 that led to having a band
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gap of 2.35 eV. Another group used thermal sulfuration method to enhance the activity of ZnxCd;-
xS solid solution for hydrogen production.[358] Furthermore, other methods such as doping or
synthesizing nanoparticles of ZnxCdi1xS solid solution have been used in order to improve its
photocatalytic efficiency under visible light.[359-362] It should be mentioned that even the
different crystal structures of ZnxCdixS solid solution might affect its hydrogen evolution
performance. For instance, hexagonal wurtzite ZnxCdixS photocatalysts and cubic zinc-blend
phase of this solid solution had various photocatalytic activities.[269, 270, 363] According to the
literature, a photocatalyst with cubic zinc-blend phase showed significantly higher hydrogen
production in comparison with hexagonal phase.[348, 352, 363] Interestingly, Liu et al. reported
that ZnxCdi1xS with nano-twinned structures could prevent the recombination of photoexcited
carriers, resulting in considerably higher hydrogen evolution under visible light illumination.[270]
Based on their observation, the photocatalyst with the help of Pt as a cocatalyst could generate 1.79
mmol of hydrogen with a QE of 43% at 425 nm. It is proved that defects in the structure of ZnxCd;-
x S, could act as electron pools and so promote hydrogen production during photocatalytic water
splitting.[270] However, the defect states in semiconductors should be controlled in order to obtain

the maximum hydrogen evolution.

In this study, a series of ZnxCd1xS solid solutions were synthesized. By forming metal-
glycerate of cadmium and zinc that were later converted to mixed oxides. The fact that the mixture
consisted of two metal oxides which were homogeneously mixed together at atomic scale, made
the mixture a good precursor for synthesizing a solid solution. This aim was achieved by further
sulfuration by reaction with H>S gas at high temperature. As a result, a highly activated solid
solution of ZnxCd1.xS was obtained that was surprisingly active under a large range of visible light
illumination with a high quantum efficiency. This was one further step towards industrial
application of this kind of photocatalysts. Moreover, depositing MoS: as a cocatalyst on the surface
of this solid solution could allow producing as much hydrogen as using Pt. It is proved that platinum
is one of the most efficient cocatalysts for photocatalytic hydrogen evolution reaction. However,
its high cost and scarcity place some limitations on its usage especially for its large-scale
applications. This usage of MoS, can lead to having a noble-metal-free photocatalyst with

considerable quantum efficiency under visible light illumination.
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6.2 Experimental section

6.2.1 Sample preparation

Zinc Cadmium sulfide solid solutions were synthesized as follows: First, glycerol and zinc
nitrate and cadmium nitrate were dissolved in isopropanol and transferred into an autoclave. The
autoclave was heated up to 180°C for 6 h. During solvothermal treatment, microspheres of carbons
were made from glycerol.[364] The microspheres contained numerous -OH™ ions that provided a
good capacity to absorb various cations specially Zn?* and Cd?*.[365] Later, the microspheres with
adsorbed cations were collected via centrifugation and dried at 70°C overnight. The obtained
samples were calcined at 500°C for 4 h yielding zinc and cadmium mixed oxide. Subsequently, the
mixed oxide was exposed to a flowing gas mixture of H2S (10%)/Ar at 450°C for 2 h. Therefore,
sulfide (S%) ions could substitute with oxygen and so the mixed oxide was converted to a mixed
sulfide. Different atomic Cd/Zn ratios were used to synthesize of various compositions solid

solutions which are noted as ZnxCd1xS.

6.2.2 Characterization

TEM images of the samples were obtained with a JEOL JEM 1230 instrument operated at
120 kV. High-resolution TEM (HR-TEM) images were obtained by using JEOL JEM-2100F
instrument operated at 300 kV. SEM images were obtained on a JEOL 6360 instrument operated
at 15 kV. Powder XRD patterns were obtained on a Bruker SMART APEXII X-ray diffractometer
equipped with a Cu Ko radiation source (A = 1.5418 A). XPS measurements were carried out in an
ion-pumped chamber (evacuated to 10—9 Torr) of a photoelectron spectrometer (Kratos Axis-Ultra)
equipped with a focused X-ray source (Al Ka, hv = 1486.6 eV). The UV-Vis spectra were recorded
on a Cary 300 Bio UV-visible spectrophotometer.

6.2.3 Photocatalytic test

The certain amount of photocatalysts (the optimum amount was 50 mg) was added to the 100
ml of an aqueous solution of 0.5M NaS and Na»SOs as a sacrificial reagent. After that, the mixture
was purged with nitrogen for 10 min and then under the solar simulator light (used for a deposition),
co-catalyst was deposited via photo-deposition technique for 2 h. Then, the cell was purged again
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with nitrogen for 30 min and the sample was ready for hydrogen production test during 3-hour

cycles.

The quantum efficiency of the prepared sample was calculated according to follow

equations[336]:

Number of reacted electrons

Quantum Efficiency (QE) = Number of incident photons

_ 2 X Number of evolved hydrogen molecules

Number of incident photons

6.3 Results and Discussions

6.3.1 Material Characterizations

Figure 6.1 exhibited XRD analysis of samples after specific stages. It is clear that air
calcination after sample synthesis provides a mixed oxide of CdO and ZnO that coexist together in
two separate phases. According to the references, ZnO has a hexagonal crystal structure, whereas
CdO crystal structure is a cubic one. After H>S treatment, oxygen was replaced by sulfur and thus
solid solutions of ZnxCd1.xS were obtained (Figure 6.1-B). The XRD peaks of Zno9Cdo.1S were
very close to index peaks of hexagonal wurtzite phase of ZnS (JCPDS No. 00-003-1093).[270] It
seems that in this concentration, cadmium cations were incorporated into the hexagonal structure
of ZnS and simultaneously oxygen atoms were replaced by sulfur atoms. Obviously, the diffraction
peaks shifted toward the lower angle because of the enhancement in fringe lattice distance of the
ZnS crystal structure due to the larger radius of Cd?* than Zn®* (0.97 and 0.74 A, respectively). By
further increase in Cd content, the peaks shifted to even lower angle and its crystal structure
transferred from hexagonal ZnS to hexagonal wurtzite CdS (JCPDS No. 00-041-1049).
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Figure 6.1. XRD patterns of (A) ZnosCdosO mixed oxide after calcination in air (B) solid solutions
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According to XRD results, the two phases of ZnO and CdO were observed in ZnesCdos0O
after calcination (Figure 6.2-right). This mixed oxide doesn’t have a clear band gap structure in
visible region (Figure 6.2-left) and so it cannot generate excited charge carriers. Nevertheless, all
solid solutions of Zn1.xCdxS exhibited clear band gap structure that can be excited in the visible

region. It should be mentioned that ZnS can only be activated under UV light illumination because
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of its large band gap (3.4 eV). Furthermore, by increasing the amount of Cd, the band gap decreases
relatively and so the solid solutions could absorb more visible light energy. The lowest bandgap
energy was related to CdS with 2.37 eV as it can be seen in Figure 6.2.

Adsorbance (a.u.)
Kubella-Munk (a.u.)

300 400 500 600 700
Wavelength (nm) Energy (eV)

Figure 6.2. UV-Visible spectra and bandgap calculations of (a) Znos0CdosO (b) ZnesCdosS (C)
Zno.7Cdo.30 (d) Zno.3Cdo7O (e) ZnS (f) CdS
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Figure 6.3. SEM images of ZnCd-glycerate after synthesized in an autoclave.

During the solvothermal step, metal-glycerate microspheres (ZnCd-glycerate) were formed
in the autoclaves with a help of glycerol and metal cations.[364, 365] These microspheres were
uniform with an average diameter of 500 nm, as shown in Figure 6.3. The metal-glycerate spheres

were easily reacted with oxygen in air during calcination step and converted into a mixture of zinc
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and cadmium oxides. Interestingly, some carbon atoms remained in the mixture that will be

discussed in detail in XPS section.

The morphology and 2D microstructure of ZnosCdosS solid solution are exhibited via TEM
images in Figure 6.4. It is obvious that even after calcination and sulfuration steps, most of the
microsphere structures were still preserved resulting from burning off carbon templates during
calcination step (Figure 6.4-A, B). Clearly, these hollow spheres were mainly composed of well-
defined nanoparticles in the range of 20 nm to 100 nm (Figure 6.4-C, D, E). Figure 6.4-F reveals
the selected area election diffraction (SAED) pattern of an individual particle shown in Figure 6.4-
G. The ring patterns can be attributed to (111), (220) and (311) planes of ZnosCdosZ with d-spacing
of 0.32 nm, 0.19 nm, and 0.16 nm, respectively. Furthermore, high-resolution transmission electron
microscope (HRTEM) perfectly shows the lattice structure of a typical nanoparticle. As it can be
seen from Figure 6.4-H, the measurement shows that the interplanar spacing is 0.32 nm that
corresponding to the interplanar distance of the (111) plane of ZnosCdosZ.[363]

According to XPS characterizations that are illustrated in Figure 6.5, Zn 2p showed two
different peaks at 1044.9 and 1021.7 (eV) which are related to Zn 2p1/2 and Zn 2P2s3, respectively.
These binding energies confirmed that the valence state of zinc in the solid solution of ZnxCd1.xS
and ZnS were the same. Furthermore, there are two various peaks of Cd which can be attributed to
Cd 3ds2 at 412.0 (eV) and Cd 3ds at 405.2 (eV). In addition, the whole S 2p spectrum can be
deconvoluted into two main peaks for S 2P12 and S 2ps2 at 163.1 and 161.9 (eV), respectively.
These binding energies of Zn, Cd and S are in good agreement with CdS and ZnS which are
reported in the literature.[87, 353, 354, 366] Interestingly, some carbon peaks were found in the
XPS spectra of all samples. Although the samples were calcined at 500°C for 4 hr, some carbon
residues were not able to react with oxygen and left the sample. The spectrum of C 1s can be
deconvoluted into 3 main peaks of 285, 286.7 and 289 (eV), that can be related to C-C, C-O and
C=0 chemical bonds, respectively (Figure 6.5-D).
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Figure 6.4. (A-E) TEM images, (F) SAED pattern and (G,H) HRTEM of ZnsCdosS after H2S
treatment.
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Figure 6.5. XPS spectra of (A) Zn 2p, (B) Cd 3d, (C) S 2p and (D) C 1s of Zno3Cdo 7S

6.3.2 Photocatalytic hydrogen production

Hydrogen production of ZnxCd1«S in various conditions and different cocatalysts under solar
simulator are displayed in Figure 6.6. It should be mentioned that in order to be able to compare
results to each other most of the parameters including the amount of photocatalyst, sacrificial
reagent and water were kept the same in all reactions. One of the most important parts of
photocatalysis process is an optimum amount of cocatalyst because little amount of cocatalyst
cannot produce enough active sites for reduction reactions and too much of it can cause to reduce
light absorption on the photocatalyst surface which results in lower hydrogen generation. The best
hydrogen production of the solid solution of ZnxCd1xS was achieved with using 2 wt% of Pt. This
optimum amount of cocatalyst is the same in various concentration of Zn and Cd. Interestingly,

MoS: also could be deposited on the surface of ZnxCd1«S via photo-deposition method and the

120



6000 14000

5000 | 12000

10000
4000

8000
3000
6000

2000

Hydrogen evolution rate (umol/h/g)
Hydrogen evolution rate (umol/h/g)

1000 |

0.5% 1% 2% 3% 2% Pt 2% MoS2 3% MoS2 4% MoS2
Pt concentration (%)

14000 8000
S 12000 © =
£ <
£ 10000 | g
e 2
© ©
= 8000 | =
5 &
2 2 4000 -
e 6000 | 3
[ S
@ @
s s

4000 |
I3 g 2000}
2 g
i3 =3
I 2000 | T

437
0 0
Zns,CdsoS Zn;,Cd;S Zn,,Cd3eS Zn5,Cds,S Zn;,Cd;eS Zn,,Cd3eS
50 2000

(E)

40 |

30

20

Quantum Efficiency (%)
Hydrogen production (umol)

10

(F)
1500 -
500

Time (h)

400 420 460 500 550

Wavelength (nm)

Figure 6.6. Hydrogen production of (A) ZnxCd:1xS with various concentration of Pt as a cocatalyst
under visible light (A>420 nm), (B) 2% of Pt and different concentration of MoS as cocatalysts deposited
via photodeposited on Zno3Cdo.7S (full spectrum), (C) various concentration of Zn and Cd in a solid
solution of Zn,Cd:«S under solar simulator full spectrum and (D) under visible light (A>420 nm) with 3%
MoS:; as a cocatalyst. (E) Quantum efficiency of ZnosCdo7S in various wavelengths under solar simulator
irradiations via 3% MoS; as a cocatalyst. (F) Hydrogen production of Zn3Cdo 7S for 4 cycles. Reaction
Conditions: 50 mg of photocatalyst was dispersed in 100 ml aqueous solution of 0.5M Na,S and Na;SO:s.
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optimum amount of this cocatalyst was 3 wt% that could produce as much hydrogen as platinum
in the same photocatalytic reaction conditions (Figure 6.6-B). It should be mentioned that using
MoS: as a cocatalyst has some privileges in comparison with platinum because of its low cost and
wide availability compared to platinum. Moreover, MoS; can be synthesized and deposited on
various semiconductors via different approaches that would lead to developing more practical and

efficient photocatalysts.

The observed high activity of MoS, can be attributed to physical and electrochemical
properties of molybdenum and MoS.. Firstly, Mo has smaller electronegativity than Pt (Pauling
scale: 2.16 and 2.28, respectively).[367-369] Moreover, MoS; is a semiconductor with a direct
band gap of 1.68 eV, which consists of the conduction band of Mo metal and valence band of S
species.[370] The small band gap of MoS: helps that the excited charge carriers have a longer
lifetime before recombination with together. In addition, the similarity of valence bands of MoS»
and ZnxCd1S leads to having the better-excited charge flow between the cocatalyst and the
support. Furthermore, the work function of MoS; (5.15-5.39 eV) is slightly lower than Pt (5.22-

5.60 eV) and so both cocatalysts showed similar performance for hydrogen generation.[370, 371]

Figure 6.6-C exhibits hydrogen generation of various concentration of ZnxCdi«S solid
solutions under full spectrum illumination of solar simulator after 3 hr. Clearly, the highest amount
of hydrogen produced with the Zno3Cdo 7S solid solution which was around 12.206 mmol h-gr?.
Moreover, this photocatalyst could produce more than 7.2 mmol h gr of hydrogen when a light
filter (A > 420 nm) of visible light was used. This amount of hydrogen generation was significantly
higher than other concentrations of Zn and Cd. The reason could be attributed to the good
development of crystal structure of Zn and Cd in this solid solution and also narrower band gap of
Zno3Cdo 7S in comparison with other concentrations. Furthermore, the quantum efficiencies of the
Zno3Cdo 7S solid solution was calculated via the various bandpass filters. Quantum efficiency at
400 and 420 nm are almost the same due to the fact that this semiconductor can mostly excited in
visible light region (46.6% and 45.7%, respectively). Interestingly, this solid solution is active at
much longer wavelengths as can be seen in Figure 6.6-E. The longest wavelength that Zno3Cdo.7S
can produce hydrogen was 550 nm with a quantum efficiency of 11.3%. In comparison with
literatures, all of the QEs in various wavelengths of Zng3Cdo.7S with MoS;, are among the highest
QE that has been reported for this kind of material.
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This such high activity of Zno.3Cdo.7S with MoS; as a cocatalyst in a wide range of visible light
spectrum can be explained by the uniform creation of hexagonal solid solution of ZnS and CdS. In
addition, oxygen replacement by S, during sulfuration led to having some defects on the surface
of the solid photocatalyst, which could be acted as excited charges pools.[270, 372] These pools
can help to deposit cocatalyst much easier and they can also help to produce hydrogen more

efficiently.
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6.4 Conclusion

The zinc cadmium sulfide (ZnxCd1-xS) solid solution is one of the best semiconductors can
act as a photocatalyst to generate hydrogen from water under sunlight illumination. Its crystal
structure as a solid solution can be controlled by varying different amount of Zn/Cd ratio.
Therefore, this solid solution possesses an adjustable conduction and valence bands positions as
well as controllable band gap. In addition, its considerably stronger stability in comparison with
CdsS alone during photocatalytic reactions, make it a good candidate for the further industrial
application. In this work, metal-glycerate from zinc and cadmium was synthesized via the
solvothermal method. Then, the mixture of mixed oxides of ZnO and CdO was created from the
metal-glycerate. After this step, sulfide ions (S) was used in order to convert mixed oxides into
solid solution of ZnxCd1xS. The obtained semiconductor can absorb a wide range of visible light
energy because of its narrow band gap. The best results for hydrogen production from water
splitting reaction were obtained by utilizing Zn/Cd = 0.3/0.7. Interestingly, utilizing MoS; as a
cocatalyst could generate almost the same amount of hydrogen as Pt which was around 12 mmol
h*t g hydrogen under solar simulator illumination. Moreover, the calculated quantum efficiencies
were 46.6% at 400 nm, 23.4% at 500 nm and 11.3% at 550 nm, which were among the highest

quantum efficiencies have ever reported for this semiconductor.
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Chapter 7. Conclusion and Future Outlook

In this chapter, we summarize the main conclusions of the research presented in this thesis and

outline future research directions.
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7.1 General conclusion

The main purpose of this research thesis was to improve hydrogen production of active
visible-light photocatalysts for water splitting reaction. To reach this, three main strategies were
chosen to follow including: reducing charge recombination process of semiconductors via
fabricating nanocomposites, enhancing specific surface area of photocatalysts by reducing their
particle size to nanoscale and improving visible light absorption capacities. After reviewing recent
studies, graphitic carbon nitride (g-C3sN4) and zinc cadmium sulfide (ZnxCd1-xS) were selected as
base photocatalysts for further development on their hydrogen evolution. Both have narrow band
gaps of less than 3 eV, which make them sensitive in the visible light region. In addition, their
conduction band edges are more negative than the reduction potential of H" to Hz. They also

exhibited good stability during the photocatalytic water splitting process.

We started by synthesizing a nanocomposite of g-CsN4 and another semiconductor in order
to increase charge separation. TiO2 is a good candidate to combine with g-CsN4 because of its
conduction band edge position, which is lower than that of g-C3N4, and the high crystallinity of its
nanoparticles. Previously, our group synthesized and developed titanate nanodisks (TNDs) with an
average diameter of 12 to 35 nm. First, bulk material of g-C3N4 was synthesized from melamine
precursors. Then, nanosheets of g-CsN4 were created with two techniques: liquid exfoliation and
gas template. Then, the nanosheets obtained from each method, were mixed with TNDs. Further
calcination, converted TNDs to TiO2 nanoparticles dispersed on the surface of g-C3N4 nanosheets
and so the g-CsN4/TiO2 was synthesized. This nanocomposite reduced charge recombination by
transferring photoexcited electrons from the g-C3Nas to TiO,, whereas photogenerated holes
remained in g-C3Na nanosheets. As a result, using Pt as a cocatalyst, the photocatalyst could

generate more than twice hydrogen as pristine g-CsN4 nanosheets under visible light illumination.

Since g-C3Ngy is one of the hottest topics in photocatalytic field, our next aim was to develop
its capacity for hydrogen evolution under visible light illumination. However, its low specific
surface area and high charge recombination rates, are the biggest issues. Nanosheets of g-C3Na
possess large specific surface area, but their band gaps are even larger than the bulk material
because of the quantum confinement effect and so it cannot absorb more energy from sunlight in
the visible light region. The amorphous phase of g-C3Ns showed a narrower band gap in

comparison with bulk g-CsN4 and so it could absorb more photons energy form visible light and
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generate more photoexcited charge carriers. However, its low crystallinity leads the charge
recombination rates to increase significantly. We synthesized nanosheets of g-CsN4 by a two step
thermal treatment (argon heat treatment followed by air recalcination) that could address both
issues simultaneously. Therefore, we obtained nanosheets of g-CsN4 with large specific surface
area and good crystallinity. Moreover, during the synthesis procedure, nanoholes and carbon
vacancies were introduced throughout the nanosheets planes. These defects are not only considered
as highly active sites for reactants but also, they provide charge trapping centers that can decrease
charge recombination considerably. As a result, this photocatalyst showed hydrogen evolution in
the visible light region with quantum efficiencies of 29.2% at 400 nm and 21.3% at 420 nm, which

are among the highest activity reported so far for g-CsNa.

Finally, we developed a novel method to synthesize a ZnxCdi«S solid solution as highly
active visible light photocatalyst for hydrogen production. Due to its solid solution nature, both its
crystallinity and band gap are strongly affected by varying the atomic ratio of zinc to cadmium.
Moreover, its good stability towards photocorrosion during photocatalytic reactions, makes it a
very good candidate for industrial applications. First, a mixture of metal-glycerate was made from
cadmium and zinc precursors in an autoclave. Then, it was converted to a mixed metal oxide by
calcination in air at 500 °C. After that, sulfide ions (S*) were replaced with oxygen atoms by
treating the material at high temperature under flowing H»S gas. As a result, we obtained a solid
solution of ZnxCd1.xS with homogenous hexagonal wurtzite crystal structure. This photocatalyst
exhibited massive hydrogen generation under visible light by applying Pt as cocatalyst.
Interestingly, utilizing MoS; as cocatalyst could produce hydrogen as much as Pt, which is more
practical due to its lower cost compared with Pt. Under visible light illumination (A > 420 nm), it
could produce hydrogen at a rate of 12 mmol h* g*. Furthermore, the quantum efficiencies at

various wavelengths were calculated as: 46.6% at 400 nm, 23.4% at 500 nm and 11.3% at 550 nm.

7.2 Future works and suggestions

In this thesis, we synthesized and developed various photocatalysts for hydrogen production
under visible light illumination. Despite the fact that some promising results in hydrogen evolution
were obtained with these photocatalysts, the studies in this field are still in preliminary states and
further works need to be done. The suggestions may lighten future paths for developing commercial

photocatalysts for industrial application.
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Although massive works have been done on achieving effective cocatalysts, our scientific
knowledge about them is still scarce and more investigations in this field are required, which
completely affect the quantum efficiency and solar energy to fuel conversion of photocatalysts. As
discussed in chapter 3, TiO2 helped to increase charge separation in the nanocomposite of g-C3sNa.
It would be a good idea to investigate various combinations of g-C3N4 and other visible-light
sensitive semiconductors. Thus, both semiconductors could generate photoexcited charge carriers
and simultaneously participate in the charge separation process. Moreover, applying two different

cocatalysts for reduction and oxidation half-reactions would enhance the quantum efficiency.

According to the new g-C3Ns nanosheets developed in chapter 4, further studies could be
done to increase its light harvesting ability up to 550 nm by various methods such as doping with
other anions and cations in the structure of nanosheets. Another recommendation is to use carbon
vacancies as anchoring sites for the decoration of nanoparticles to create hybrid systems. Moreover,
surface functionalization of g-CsNs would help to selectively deposit semiconductors or
nanoparticles of cocatalysts on its surface. Using some noble-metal-free cocatalysts with 2D
nanostructures such as MoSz could result in increasing its quantum efficiency. In all cases, we
exclusively focused on hydrogen production and so sacrificial reagents were used in order to
accelerate photocatalytic hydrogen production. However, g-C3Ns could also oxidize water and
produce oxygen under solar energy that would be very interesting to study as overall water splitting

reaction.

Finally, based on the results of ZnxCd1xS solid solution, further suggestions to developed
this photocatalyst are as follow: fabricating doped solid solution of ZnxCd1.xS and investigating the
different effects of various dopants; depositing two different cocatalysts for reduction and oxidation
reactions. Furthermore, generating nanocomposites of this material and other photocatalysts to

increase charge separation process and consequently enhance its quantum efficiency.
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