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1 Motivation and background

1.1 Increasing energy demands and solar energies
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Figure 1.1 Growth of the world population in recent history.

Currently, the world population is experiencing an unprecedented fast growth, which is expected to
exceed 9 billion in 2040, according to the world population prospects of the United Nations.!"! ! The
increasing numbers indicate bigger load on the earth system, while the universal yearning for better
life standards is always inseparable from more resources and energy. Nowadays, over 80 % of energy
is provided by fossil fuels, such as oil, coal and natural gases. However, the high dependency on fossil
fuels is controversial and full of criticism, not only because it has led to regional dispute and even
wars, but also due to the decline of fossil energy reserves.”! Another worth mentioning shortcoming of
fossil fuels is the inevitable carbon dioxide emission, which is extensively believed to be related to be

global warming and recent extreme climate variations."!
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Figure 1.2 World total energy consumption records and prediction.
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In order to tackle all abovementioned problems, great efforts must be taken from the source. In other
words, the general thinking should be focused on the renewable resources, such as solar, wind,
geothermal and hydropower. The utilization of renewable energy has already got wide encouragement
from government in a series of countries. According to the projections of the International Energy
Outlook 2017, the consumption of renewable energy will be doubled to around 16 % in the coming 20
years, as the biggest increase among all sectors. Thus, methods of renewable energy production and

application are of great research value.
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Figure 1.3 U.S. energy consumption history and projections. (quadrillion British thermal units) [’

Among all the renewable energy sources, solar energy is most ubiquitous. This renewable energy is
for free and could be found nearly in every country and region. In fact, 3,850,000 exajoules (EJ) of
solar energy are absorbed by Earth's atmosphere, oceans and land. Specifically, the amount of energy
absorbed by Earth in one hour is almost enough to cover the annual human consumption.!”
Encouraged by the potentiality of solar energy, the question how to effectively utilize light energy has
become a hot research topic. Depending on the methods of capture, conversion and distribution, solar
technologies could be characterized as either passive or active.”! Active solar energy refers to energy
harnessing using photovoltaic system, solar power concentration and water heating by means of solar
radiation. Passive techniques usually refer to harnessing solar energy in the form of light and thermal
utilization. Until now, the technologies related to application of solar energy has already been
implemented in various fields, such as heating, electricity production, architecture, fuel production,
etc.” It is to be assumed that the contribution of solar energy would be enhanced as research

progresses in this area.



1.2 Photochemistry and fundamental mechanism

Solar energy conversion may be connected to photochemistry, which is a branch of chemistry
concerned with the chemical effects of light. Generally, this subject mainly focuses on the chemical
reaction caused by absorption of ultraviolet (100 - 400 nm) and visible light (400 — 750 nm) or
infrared radiation (750— 2500 nm).""” In photochemistry, light is of significance, not only because
light can provide necessary energy to drive uphill processes, but also because some symmetry-

forbidden state of molecular can only be made by excitation with light of a corresponding

wavelength.!'!)
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Figure 1.4 Jablonski diagram, a graphical depiction of the electronic states of a molecule and the
transitions between those states. (The straight arrows mean radiative paths, while curly lines represent
non-radiative paths.)!'>

Within a photochemical process, the first step usually is photoexcitation."” In order to elevate the
chemical substance to the higher energy state, it is necessary for the reactant to absorb light according
to the first law of photochemistry, known as the Grotthuss—Draper law. The energy of chemical
substance and photon is quantified, that is, its energy can only adopt a specific value. In simple words,

the substance can absorb photons with certain energy to reach the excited state.

When light is absorbed by a reactant molecule in the ground state (S0O), one electron will be excited to
a higher orbital level. During this excitation process, the electron still keeps its original spin. The
singlet excitation can give rise to a series of excitation states (S1, S2, S3, etc.) with different energies,
because excitation to a higher level can occur for instance from the Highest Occupied Molecular
Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO) or to another higher orbital.
When the electron is excited to a higher state, it quickly relaxes via radiationless decay or internal

conversion to the S1 state, which thus is the relevant excited state. The excited state S1 can further
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loose energy and turn back to the SO state via different paths. The most common pathway usually
takes place within the molecular itself. The excited state S1 can also return to the ground state via
radiative photon emission; this process is called fluorescence. It can also undergo spin inversion and to
generate a triplet excited state T1, and then relax to the ground state SO by a radiation pathway called
phosphorescence. No matter the excited molecular is in the form of S1 or T1, it can also return to its

ground state by radiationless internal conversion. !"¥
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Figure 1.5 Excitation energy transfer and energy migration'"”’

Besides, the energy of excited molecular can be transferred to another molecule as well, including
vibrational relaxation, energy transfer and electron transfer.'® The first possibility is vibrational
relaxation, which means that the excessive vibration energy could be consumed by collision with other
molecules. During energy transfer process, the excited molecule could pass the energy to another one
to get itself into a lower electron energy level, while the acceptor turns into a higher electron energy

U7 The third method is electron transfer, during which the photo-excited donor

state correspondingly.
interacts with an acceptor in the ground state to form an ion pair. This ion pair is likely to undergo a
reverse electron transfer, thereby quenching the excited state. The fact that energy from photon can be
transferred to other molecules provides foundation and more possibilities for photoreactions to take

place.
1.3 Photocatalysis

Photocatalysis is defined as the acceleration of photoreaction in the presence of a catalyst.'™ In
photocatalysis, photocatalyst can absorb light and get excited to create electron-hole pairs. During this

process, free radicals can be generated, e.g. hydroxyl radicals *OH, which will then boost the
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secondary reactions and complete the whole photocatalysis cycle. Usually photocatalysis can be

divided into two groups, homogeneous photocatalysis and heterogeneous photocatalysis.!"”
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Figure 1.6 Photoexcitation and redox reactions of homogeneous and heterogeneous photocatalysts. %

In homogeneous photocatalysis, the reactants exist with the photocatalyst in the same phase. The
homogeneous photocatalysts are typically presented by soluble metal complexes, such as porphyrin
and [Ru(bpy)s]*", polyacids such as [Si(W30,0)]" and dyes, e.g. eosin and rhodamine. In this
photocatalysis, an electron from HOMO is excited to its LUMO under illumination, as shown in
Figure 1.6.”" Then, the photogenerated electrons and holes cause redox reaction and generate radicals.

After radical generation, they can react with reactant substances in solution and complete the

21-23]

photocatalytic reaction.!
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Figure 1.7 Schematic photoexcitation in a solid.!



For heterogeneous catalysis, the catalyst and the reactant are in different phases. "* Most of
heterogeneous catalysts are transition metal oxides and other semiconductors, which possess band
structures.!"” The band occupied by electrons is named as valence band (VB) similar to HOMO, while
the band not occupied by electrons is called conduction band (CB) similar to LUMO. Between VB and
CB, there is a void energy region called band gap (BG), as shown in Figure 1.6b.”° This region
extends from the end of vacant conduction band to the top of the filled valence band. The existence of
BG makes it unable to recombine electron and hole from the photoactivation, because they do not
possess continuum of electronic states as metals do. When the absorbed photon has an energy equal or
exceeding the band gap, an electron in the filled valence band is excited to the empty conduction band,
leaving a photogenerated hole in the valence band.** **! Figure 1.7 illustrates some recombination
pathways for the separated electrons and holes. The photogenerated charges may migrate to the
surface of the semiconductor, where they can react with absorbed substance or solvent. On the surface
of the semiconductor, the electron can reduce an electron acceptor according to the path way C.
Similarly, after migration, the photogenerated hole can combine with the electron from a donor, as
shown in pathway D.*® However, during this process, the photogenerated electron and hole can also
recombine in the volume (pathway B) or on the surface (pathway A) of the semiconductor particle,
which is of course undesired. The photoinduced charge recombination and photoinduced charge
transportation occur in parallel, but the former one is often much faster than the latter one.””! The
influencing factors include crystal structure, crystallinity and particle sizes. In order to achieve a high
photocatalysis result, it is significant to inhibit the recombination process. Methods related to the
improvement of the photocatalytic activity include addition of metals, dopants, or combinations with
other semiconductors, which have been proven to be effective to decrease recombination rate and
thereby to increase photocatalytic efficiency. More details about possible modifications can be found

in 1.7.2%2

For homogeneous photocatalysts, the difficulty of photocatalyst separation from the reaction mixture
becomes one of its shortcomings, which greatly inhibits application in industry. On the other hand,
heterogeneous photocatalysis has its own advantages in practical applications, owing to their high
photocatalytic performance and the ease of further separation from products by filtration or

centrifugation.””’

The research in the field of photocatalysis for energy generation has caught great attention, longing to
mimic natural photosynthesis to utilize solar energy with artificial system. Because of the advantages
mentioned above, the research in the field of on heterogeneous photocatalyst stays currently the central
topic. A great deal of valuable academic research articles and patents have been published about the

utilization and conversion of light energy under the action of heterogeneous photocatalysts.

An efficient and stable heterogeneous photocatalyst usually should satisfy several requirements.*" In

the first place, the catalyst itself must possess an appropriate band gap (3.5 eV> Eg > 1.23 eV), which
10



is large enough to provide energetic electrons but still able to allow for efficient solar spectrum
absorption.”!! Also, the qualified photocatalyst should effectively drive charge separation and realize
electron transportation. Furthermore, it is quite necessary for the light harvesting antenna to be
integrated with redox catalysts, which makes photogenerated charges able to participate in
photoreaction. Finally, stability is also a key factor which ensures the photocatalyst is not poisoned or

deactivated during the photoreaction.

The research boom in the field of heterogeneous photocatalyst can be traced back to the 1970s. In
1972, researchers found that TiO, could decompose water into hydrogen and oxygen under UV

B32] The photocurrent could flow from counter electrode to TiO, electrode when TiO, electrode is

light.
irradiated with UV light as shown in Figure 1.8. The current direction and further measurement
indicated oxygen evolution reaction (OER) at the TiO, electrode and hydrogen evolution reaction
(HER) at the Pt electrode, when TiO, electrode and Pt metal electrode are used as cathode and
photoanode respectively. This observation shows water splitting does not have to rely on the
application of an external voltage, instead water can be decomposed into O, and H, with TiO, under

UV light according to the scheme as follows. !

5
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Figure 1.8 Schematic diagram of electrochemical photocell. (1) n-type TiO, electrode; (2) platinum
black counter electrode; (3) ionically conducting separator; (4) gas buret; (5) load resistance; (6)

voltmeter. %!
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TiO,+hv—e +h" (Eq. 1.1, at the TiO, electrode)

2H,0+4h" — O, +4H" (Eq. 1.2 at the Pt electrode)
2H +2¢’— H, (Eq. 1.3)
2H,0 + 4hv — O,+ 2 H, (Eq. 1.4, the overall reaction)

During that time, the price of crude oil kept increasing and potential energy lack became a central
concern for human society. These factors greatly facilitated the development of the research using
semiconductor based photocatalysis, owing to its potentiality in dealing with environmental and

energy issues.
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Figure 1.9 Schematic illustration of photocatalytic water splitting with TiO, as photocatalyst.[34]

The too-large bandgap of 3.2 eV, TiO, catalysts stimulated the creativity of researchers in
photocatalysis. Considerable efforts have been devoted to promote catalysis performance by
optimizing the catalysitic system. In 1976, Carey reported that TiO, aqueous suspension have strong
photo-redox properties and could successfully degrade organic pollutant under illumination.”>>” After
that, various attempts have been made to utilize semiconductor to deal with pollutants in waste

%391 In 1980s, another application of photocatalysis has been discovered by Inoue and co-

water.!
worker, namely that carbon dioxide can be reduced to various organic compounds under the action of

photo-excited TiO, powder.!*”

Represented by TiO,, heterogeneous photocatalysis was extensively studied.”"! In recent 30 years,
numerous reviews and reports have been published to show the achievements of highly efficient

4451 Based on literature reports, the family of UV and

semiconductor-based photocatalysts fabrication.!
visible light active photocatalysts is large, besides TiO,, also including Zn0,* 47 Fe,0,,1% 1 Cds, "

SUBiLWOL,P BiVO,,P Ta,05,°Y TasNs, ¥ and others.™®
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1.4 Graphitic carbon nitride

In the recent decade, another type of heterogeneous photocatalyst has attracted interests of researchers,
namely graphitic carbon nitride (g-C;N,). Different from traditional TiO,, g-C;Ny4 is a robust and
visible-light-active polymeric semiconductor photocatalyst. More importantly, it possesses unique
advantages, such as its facile synthesis, appealing electronic band structure, high thermal/chemical

stability, and abundant precursors for preparation.””’>"!

In fact, the history of graphitic carbon dates back to the 1830s as one of the oldest synthetic polymer

[60. 611 At that time, it was first prepared by Berzelius and then named by Liebig as the

materials.
embryonic form of melon, a linear polymer constructed from tri-s-triazine units and interconnected
through tertiary nitrogen atoms./”” As a heterogeneous catalyst, the utilization g-C;Ny started around
2006.1! In 2009 Wang and his co-workers first put forward the idea that g-C;N, can be used as a
metal-free conjugated semiconductor photocatalyst for H, evolution under visible-light irradiation in
the presence of a sacrificial electron donor./! Since then, the research on photocatalyst has widened,

and now includes not only inorganic semiconductors, but also polymeric conjugated semiconductor

photocatalyst.

Figure 1.10 Representation of (A) f-CsN,, (B) a-C3N,, (C) graphitic-C;N,, (D) pseudocubic-C;Ny,

[65

and (E) cubic-C;N, structures down the [001] axis.'” Schemes of idealized triazine (CsN; up)) and

hepatazine (C4N;, down) tri-s-triazine based g-C;N,; blue and gray spheres represent nitrogen and

carbon atoms, respectively.[”

Carbon nitride has seven phase structures, which are a-CsN,, f-C3N4, cubic C3Ny, pseudocubic C3Ny,
g-h-triazine, g-o-triazine, and g-h-heptazine as shown in Figure 1.10.°! The basic tectonic unit

13



triazine (CsN;) and hepatazine (C4N;) for g-C;N, are presented in Figure 1.10. Even that there are
different phases of carbon nitride, hepatazine-based g-C;N, is considered to comparatively more stable

one as well as energetically favored one.!®”!

As a semiconductor, g-carbon nitride has a bad gap of 2.7 - 2.8 eV, with an onset visible light
absorption of around 450 - 460 nm.[® According to reports, the CB and VB of g-C;N, are located at
around -1.2 V and 1.5 V vs. NHE (pH = 7) respectively.[69] Among all C;Ny structures, g-C3Ny is a
very stable allotrope, which remains stable even up to 600 °C in air, owing to the stability of aromatic
C—N heterocycles.”™ Also, g-CsN, shows great chemically stability that it usually does not dissolve or
react with acid, alkali, or organic solvents. Those excellent properties of carbon nitride have laid the

base for the extensive research on it, as a promising metal-free semiconductor photocatalyst.
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Figure 1.11 The preparation of g-C;N,4 from cyanamide: (A) melting of cynamide, (B) dimerization of
cyanamide to dicyandiamide, (C) melting of dicyandiamide, (D) condensation of dicyandiamide to
melamine, (E) condensation of melamine to melam, (F) condensation of melam to melem, and (G)

condensation of melem to melon.!””

For preparation methods, g-CsN, can be easily synthesized by thermal polymerization of abundant

. . . . 59
nitrogen-rich precursors. In fact, there are various precursors for g-C;N, preparation, such as urea””,

(711

thiourea'”", ammonium thiocyanate! and trithiocyanuric acid. guanidine thiocyanate, guanidinium

. . . s [73 74,75
chloride, and aminodichlorotriazine”* and many more.”*

I Typical g-C;N, synthesis from melamine
usually involves multiple condensation processes. As shown in Figure 1.11, two molecules of
cyanamide first condense into dicyandiamide at 137 °C and then dimerizes melamine at 234 °C.
Afterwards, melam and melem are formed at 335 °C and 389 °C respectively with the release of
ammonia. Then, melem could be further converted into polymeric g-CsN, at around 525 °C. This
material is commonly named as graphitic carbon nitride, despite it has only weakly ordered graphitic
structures.”® In fact, surface terminations and defects usually exist during its preparation process,

because of potential incomplete condensation. However, these surface properties have been proved to

14



be the real active sites for electrons re-localization in heterogencous catalysis, while the crystalline

structure mainly contributes to its high thermal and chemical stability and electronic structures.!”” "™

1.5 Application of carbon nitride

Many applications of carbon nitride have been explored, owing to its competent photocatalysis
characteristics, such as, suitable band gap and CB/VB positions; satisfactory photocatalytic activity;
thermal and chemical stability.[79] The enhanced performance of g-C;N4-based nanocomposites has
been widely employed in environmental and energetic applications and exhibits outstanding catalytic
performance in sacrificial water splitting, reduction of CO, into hydrocarbon fuels, and

photodegradation of organic pollutants, etc.**** In this section, this content will be briefly reviewed.
1.5.1 Photocatalytic water splitting

Owing to special properties of hydrogen as fuel, such as high efficiency, and being pollution-free, it
has been considered as a promising alternative to tackle parts of the energy crisis. As most widespread
substance, water is the best hydrogen resource, and water splitting becomes a promising method for
energy acquisition. The suitable band gaps and CB/VB positions make g-carbon nitride an excellent

candidate for water reduction and hydrogen generation.

The water splitting process could be described as follows. When absorbing light (energy larger than
BG), photocatalyst would be excited and generate photoinduced electrons and holes at the CB and VB
respectively. After the electrons are transferred to the active sites on the surface of semiconductor, it
will act as reducing agents to drive substrate reduction, while the hole drives substrate oxidation on the
surface. H,O molecules are reduced by a photoinduced electron, resulting in H, formation. On the
other hand, H,O molecules are oxidized by the photoinduced holes to form O,. Besides, in order to
effectively split water, the CB and VB of photocatalyst should satisfy some basic requirements. The
CB bottom of the semiconductor has to be more negative than 0 V vs. NHE, which is the redox
potential of H'/H,, while the VB top level should be more positive than1.23 V vs. NHE (O,/H,O redox
potential).

In the pioneering work of Wang and his coworkers, g-C;N4 was for the first time successfully applied
in water splitting. Even its photo-generated charges are prone to fast recombination, the half-reactions
of water splitting (water reduction or water oxidation) could still be conducted separately in the
presence of proper sacrificial agents.® For water reduction reaction, the common electron donors are
ethylenediaminetetraacetic acid (EDTA), triethanolamine (TEOA), methanol, and ethanol, among
which TEOA performs the best. In addition, the hydrogen evolution reaction typically relies on the
help of cocatalyst. Thus, g-C;N, modified with 3 wt% Pt could generate 770 pumol H, under

illumination after 72 h.® In order to realize water oxidation, AgNO; is usually the preferred
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sacrificial electron acceptor. With the existence of electron acceptor and the cocatalyst RuO,,

photocatalytic O, production amount was observed to reach 53 umol under ultra violet illumination.™

In order to improve the photoactivity of g-C;N,4, various approaches were employed in the water
splitting experiment. First of all, the pH in the solution has been reported as one important factor.
When the pH is turned to alkaline, there will be a significant enhancement in hydrogen evolution
reaction.’®™ In addition, the introduction of defects and disorder, such as create stacking defects, grain
boundaries, surface termination sites, and heteroatom substitution, was also a reported to be an
effective method.”®” Other approaches are doping with different elements, and utilization of artificial
Z-scheme photocatalytic systems, noble metal deposition, and surface modification. Tremendous trials

in the photocatalysis optimization lead to higher apparent quantum yield and much deeper

[88-91]

understanding of semiconductor photocatalyst.

1.5.2 CO, reduction reaction

Figure 1.12 Schematic illustration of different steps in photocatalytic CO, reduction with H,O over a
heterogeneous photocatalyst. The dotted lines indicate the thermodynamic potentials for water

oxidation and CO, reduction into CO, CH, and CH;0H. %

Carbon fixation by artificial photosynthesis is considered as a potential route to solve current energy
crisis and greenhouse effect. This process is quite difficult to accomplish, but valuable products of
carbon dioxide into C1 compounds (containing one carbon atom) under solar illumination could be
obtained, such as CO, CH,, CH;0H, HCHO, and HCOOH. As widely accepted, there are three crucial
steps in photocatalytic system, which could be summarized as Figure 2.12."% In the first step,
photocatalyst absorb photons with energy equal or higher than the band gap and electron-hole pairs are
created. Then, the photogenerated electrons and holes independently migrate to the catalyst particle
surface. These steps are very similar to water splitting mentioned above. Finally, CO, is reduced into
fuels, such as CO, CH, or CH30H by photogenerated electrons, while water molecules are oxidized

into O, by photogenerated holes.”>**! Currently, the challenges for this process lie in the difficulty to
16



overcome the inert chemical structure of CO,, the high overpotential for the CO, " intermediate
formation and how to manage the proton coupled multiple electron processes. In order to improve
photocatalysis performance, photocatalysts are usually modified with co-catalysts, like noble metal
and metal oxides, which can effectively enhance the surface reaction kinetics by decreasing CO,

reduction overpotential.*!

In recent years, g-C;N4 has become one of the most promising photocatalyst for catalytic reduction of
CO,, owing to its high-lying CB minimum for reduction half-reaction.”>*®! In 2012, Dong and Zhang
reported the successful photoreduction of CO, into CO over high porous g-C;N,."! After that, it was
reported that g-C;N, nanosheets with a band gap of 2.97 eV gave CH, as the main product, while
CH;CHO was the main product when bulk g-C3;N, with a smaller band gap of 2.77 eV was
employed.”® In later reports, different approaches were applied, longing to enhance the CO, reduction
performance of g-C;N,;, such as structure modifications, copolymerization, elemental doping and

9151 The reasons for these effective methods mainly result in improved CO,

hybrid nano composites."
adsorption and activation, promotion of visible light absorption, and better charge migration and

separation.

Although current quantum efficiency is still not enough for industrial application, CO, reduction to
fuels over various types of g-CsN-based materials has already established promising prospects in
energy area. According to reports, till now significant achievements have been made in the
photocatalytic reduction of CO,. Those experiences accumulate and become the ambition of current

researchers to design better photocatalysts and more efficient photocatalytic systems.!'*"

1.5.3 Organic pollutants degradation

0O,
Pollutants
o
_.CB N ‘Oz Degradation
A products
VB Pollutants
h+
Degradation
g-CaNs products

Figure 1.13 Schematic representation of photocatalytic pollutants degradation under light irradiation

using pristine g-C;Ny as a catalyst.
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Research aimed to solve environmental issues caused by organic substances pollution is always a
hotspot. Photocatalysts can be utilized to degrade organic pollutants into harmless compounds, or
finally into CO, and H,0."'" Generally in a typical pollution degradation process, the photo-generated
holes oxidize water to form hydroxyl radicals and initiate a chain reaction. From the conduction band,
photogenerated electrons can reduce O, first into superoxide radical O, and then further into
hydroxyl radical -OH."%! The hydroxyl radicals, on the other hand, attack pollutant molecules or their
oxidation products, and boost the degradation process. In 2013, Sano and his co-workers reported that
g-C3N, can be applied in NO oxidation."”” According to other reports, g-CsN, also shows satisfying

18] Both NO, and formaldehyde are harmful pollutants in the

performance in formaldehyde removal.!
atmosphere, therefore these discoveries make g-C;N,4 promising in environmental pollution control.
Apart from gas pollutant degradation, another research focus on g-C;N, applied to pollutant
degradation in the liquid phase. With organic dyes as model organic pollutant, g-C;Ny is proved to be
capable of generating reactive oxy-radicals, which in turn result in dye mineralization and further
degradation of organic molecules. Till now, great advancements have been made, on the exploration of
hybrid g-CsN, photocatalyst in organic degradation, such as Ag/g-C;N, systems,'” WO,/g-C;5N,

[110

systems,"'”) ternary Fe(III)/graphene/g-CsN, composite,!''! H;PW,,04-modified g-CiN,,!M? etc. g-

C;Ny4 photocatalyst can be used not only for the treatment of organic pollution but also waste water

31 With increasing reports on various organic models, carbon nitride

contaminated with heavy metals.!
shows a reliable degradation catalysis performance and point out a road to harness organic pollution

problems.

1.5.4 Photocatalytic organic synthesis

The preparation of organic chemicals is essential in the area of pharmaceuticals, pesticides, and food
additives. However, as chemical industry is highly polluting, it becomes essential to find new green
and environmental friendly steps and cascades within the chemical manufacturing processes. In recent
reports, heterogeneous semiconductors seem to provide a green organic synthesis route for a number
of industrially important chemicals."'*! After activation by light, the holes located at the VB of
semiconductors are highly oxidizing and oxidize absorbed water or other substance, while

photogenerated electrons would reduce dioxygen or take part in other reduction reactions. !''¥

As metal free photocatalysts, CN materials recently also showed their potential in photocatalytic
organic synthesis. The suitable band structures provide light-induced electrons with large reduction
potential which can easily activate molecular oxygen to mediate energy and electron transfer.
Moreover, the photogenerated holes possess a moderated oxidation potential which inhibit synthesized
organic compounds being over oxidized. Thus, these features make CN materials gentle and ideal

photocatalysts for organic synthesis.!'"”!
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Throughout recent years, photocatalytic organic synthesis with CN materials has gradually become a
hot research direction. It was first studied in photocatalytic oxidation reactions. With oxygen, carbon
nitride can successfully transform aromatic and aliphatic alcohols into the corresponding aldehydes
under visible light illumination (A > 420 nm).!"'® Under similar conditions, carbon nitride can also be
employed to achieve metal-free aerobic oxidation of amines to imines, which can be used for effective

115]

preparation of benzoxazoles, benzimidazoles, and benzothiazoles.! Other examples are the

oxidation of sulfides to sulfoxides and the selective oxidation of a-hydroxy ketones to 1,2-

[117, 118

diketones. ! Apart from those, there are also reports about CN materials being used in various

reactions. For example, they are proven to be effective in Diels—Alder Reactions, in which the

apparent quantum yield reaches a remarkable value of 47 % for the model reaction.!""”’

1.6 Current challenges in photocatalysis

Even with so many great progress and research achievements, there are still some unsolved problems.
Currently, the performance of heterogeneous photocatalysts still cannot satisfy the demands for solar
utilization. The largest challenge lies in the improvement of the efficiency and stability of
photocatalysts, which arise from the difficulties to control and balance the multiple competing
processes, including carrier generation, charge separation and transportation.** The occurrence of
photocatalytic reactions seriously depends on the transfer of photoinduced electrons and holes to the
surface active sites of the semiconductor. Unfortunately, the photogenerated charge transfer process is
much slower than the recombination process, which leads to lowered efficiencies. In order to

overcome this shortcoming, several strategies have been applied, such as doping and heterostructure
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Figure 1.14 Solar spectrum and maximum solar light conversion efficiencies for water splitting

reaction assuming 100% of quantum efficiency.!"*"
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The other reason for low efficiency originates from the poor solar energy utilization. Some available

1221 11 the solar

photocatalysts can only exhibit photoactivity in the ultraviolet or near ultraviolet range.!
spectrum, 46% of its energy is however accounted for its visible part in the range 400-800 nm. As for
UV light (A <400 nm), it contributes only a tiny fragment, at around 4 % of the whole solar energy. If
only UV light is utilized, the maximum theoretical solar energy conversion efficiency (SECE) is as
low as 2 %, as shown in Figure 1.14. In fact, unmodified TiO, can only be excited by UV-photons,
which greatly limits its application possibilities Compared with TiO,, the absorption range of g-C;Ny4
is wider and can absorb protons up to 460 nm, however it still cannot cover the full range of visible
light. Therefore, further research on new photocatalysts are still of great significance, and no efforts

should be spared to enhance photocatalytic efficiency in order to make better use of solar energy

resources.
1.7 Methods to promote photocatalysis performance

For the photocatalyst preparation and modification, great deals of trials have already been used to
improve the catalysis performance. In order to obtain photocatalysts with even better performance, the
new generation should be elaborately designed to widen optical absorption, to improve charge carrier
generation, separation, transportation and utilization."* Usually, the modification methods include
morphology and size control synthesis, codeposition of noble metals, nonmetal-doping, semiconductor

heterostructures, surface modification and so on.?% % 124!

1.7.1 Morphology and size control synthesis

Morphology usually has a great impact on material properties, and similarly on its photocatalytic
behavior. Represented by graphene and carbon nitride, the boom of two-dimensional materials
progressively promotes the development of photocatalysis. However, other structurally different
materials also have their own advantages in photocatalysis. Three-dimensional materials tend to
possess high specific surface area, high adsorptive capacity, high structure stability, low gas resistance
and a large number of exposed active sites for photocatalytic reactions. For example, 3-dimensional
perylene monoimide amphiphilic supramolecular self-assembly shows enhanced photocatalytic
hydrogen production'*! and porous g-C;N,-based composite hydrogels exhibit improved pollutant

[107, 126-128

degradation behavior. I' As for one-dimensional materials, they show distinct chemical and

structural behaviors and greater chemical reactivity, because they can directly help with quantum

particle (photons, phonons, and electrons) transmission, such as TiO, nanostructure for organic

[129 130-132

degradation!* and 1-d ZnO, and CdS for selective oxidation' I Therefore, the research on the

catalyst morphology indeed is of significance and may even boost the development of photocatalysts.

The size of photocatalyst also has a great influence on its photochemistry behavior. When the particle

133

size of semiconductors drops to nanoscale, their properties can be greatly changed."**! Compared with
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normal bulk materials, nano-size materials usually possess high photostability, tunable absorption
spectrum, larger potentially catalytic surface, and high fluorescence quantum yields. Via liquid phase
exfoliation, Yang and co-workers prepared g-C;N4 nanosheets which showed improved H, evolution
performance, as well as enhanced quantum yield."** Nanosized g-C;N, can also be grafted onto other
material, like single-crystalline TiO, and Metal Organic Frameworks , which demonstrated improved
stable synergetic photoelectrocatalysis and photocatalytic CO, reduction, respectively.*> **! For
instance, TiO, showed best photocatalytic activity at a particle width of 40 nm, which is because of the
benefits provided by its size, such as optimized balance between efficient separation of redox sites and

. 13
large specific surface area.'*”!

1.7.2 Metal and non-metal doping

In order to obtain higher photocatalysis performance, different dopants are introduced to modify
optical, electronic, luminescent and other physical properties of photocatalysts, which can generally be

divided into metal and non-metal doping.

According to previous reports, Fe, Cu, Zn, and Ni have been broadly used to adjust optical and
electronic properties of g-C;N, These metal dopants can effectively promote photocatalytic activity by
increasing light absorption range, changing band gap, and facilitating charges migration. A small

amount of metal doping could effectively retard the recombination process, and improve the

138

photocatalysis performance of catalysts.!**! In addition, high defect density, coming from suitable

139

doping, may suppress the recombination process as well. '**) In 2009, Wang demonstrated that the

inclusion of Zn*" and Fe*" into the framework could form a host-guest interaction with g-CsN,, which

1490 After that, other transition metal dopants

helped to increase light absorption and shift band gap.!
were reported with similar functions, such as Ni*', Cu*’, Co’" and Mn** #1144 Apart from that, alkali
metal ions were also reported to be able to coordinate into the nitrogen pots of g-C;N, and enhance

photocatalytic redox reactions.!** '*¢!

As worth mentioning, non-metal doping is also a promising approach to overcome the drawbacks of
photocatalyst. The non-metal (N, O, S, P, B, efc) elements can take sites in the original catalyst.““]
Compared with metal doping, this method avoids the thermal variation of chemical states of doped
metal ions. The introduction of non-metal dopants proves to be effective in promoting charge
separation rates and pollutant degradation efficiency during photocatalysis process.!'**! For example,
compared with carbon nitride, oxygen-doped g-C;N, can improve the visible-light absorption, produce
more active sites and reduce the recombination of electron/hole pairs, while sulfur dopants promotes
its effectiveness in photodegradation and H, evolution, CO, reduction and water oxidation. (149-151]
However, it is necessary to point out that excessive doping would be harmful for photocatalyst,
because excessive defects usually break the semiconductor structure and promote electron—hole pair
88, 152]

recombination.|
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In general, element doping is an excellent method to adjust photocatalysis properties, which can be
further applied to g-CsN,4 based materials to broaden its application in organic photosynthesis, and

even photoelectrochemistry.

1.7.3 Semiconductor heterojunction
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Figure 1.15 Three types of heterojunctions; A and D represents for electron acceptor and donor,
respectively.

Although the preparation of single component catalysts can be controlled in the terms of chemical
composition, size and morphology, the electronic properties of this material is confined to a certain
range. In such case, heterojunction design seems to be necessary, because it makes up for the
deficiencies in its each band gap position and effectively improve their photo-catalytic performance.
For a typical g-C;N4-based heterojunction, the new photocatalyst is composed of a g-C;Ny
semiconductor photocatalyst and another semiconductor. For the g-C;N, based heterojunction
nanocomposites, the VB and CB potentials of the other semiconductor can be different from g-C;Nj.
Depending on the band energy difference of these semiconductors, the new incorporated photocatalyst
can be employed in different uses, such as H,O splitting, CO, reduction and pollutant degradation.
After the hybridization between g-C;N, and the new coming semiconductor, a new electronic structure
is formed because of potential difference and band bending.!"** This hybridization lead to a new
electric field in the new catalyst which helps with the charge separation and migration in space.!'>"
According to the band gap position of the hybridized semiconductor, there are three heterojunction
structures, namely Type I (straddling gap), Type Il (staggered gap) and Type III (broken gap)
heterojunctions as shown in Figure 1.15.1"*"]

2-C;3N, possesses an open 2 D flat morphology, of whose flexibility makes it an excellent material for
heterojunction formation. In general, semiconductor heterojunction could provide better light

utilization, lower redox overpotentials, more effective charge transfer and separation, and enhanced
22



system stability."®! Based on recent references, there are seven main heterojunctions for g-CsN, based
photocatalysts, which are (i) inorganic semiconductor/g-C;N, heterojunctions, (ii) metal/g-C3Ny
heterojunctions, (iii) isotype g-C3N,/g-C;Ny heterojunctions, (iv) carbon/g-C;N, heterojunctions, (V)
conducting polymer/g-C;N, heterojunctions, (vi) sensitizer/g- C3N, heterojunctions, and (vii) g-C5Ny-
based ternary nanocomposites.”® According to these reports, incorporating two different catalysts
together is considered as an effective method to promote charge transfer and separation when their VB
and CB potentials are appropriate. Taking inorganic semiconductor/g-CsN, heterojunctions as an
example, TiO, is a promising candidate to form heterojunctions with g-C;N,. It has been reported the
formation of TiO,/g-C3N, heterojunction can promote its photocatalysis activity.!*® ) Another
example is the heterojunction with Metal Organic Framework (MOF) materials. As reported, it can
result in the transfer of holes and electrons to the desired reactant molecules and initiation of photo-

158, 159

redox reactions.! ! The high surface area and porosity of MOF materials can also benefit the

MOF/g-C3N, heterojunction, which gives the hybrid catalyst with high surface area porous structure,
improved visible light absorption and efficient charge transfer.!" 1]

In summary, current engineering of g-C;N4-based heterojunction photocatalysts greatly help with
strengthening and optimization of g-C;N, in the perspective of structure, optical properties and

electronic features.
1.7.4 Preparation methods

Different preparation methods usually result in different final photocatalysis performance. Therefore,

exploring new synthesis strategy has become another way to improve photocatalyst.

The utilization of supramolecular assembly method is one of the novel preparation methods. A
supramolecular assembly is defined as a complex of several self-assembled molecules by noncovalent
bonds. Those bonds do not involve electron sharing, but rather depend on secondary electromagnetic
interactions between molecules, including hydrogen bonds, dipole-dipole attraction, n—r stacking, and
van der Waals forces. It has become one of the most effective ways to prepare photocatalyst with a
high yield."*! One of the examples is the utilization of a cyanuric acid-melamine (CM) crystalline

[163

complex to prepare g-C;N,.'%) In this method, the new g-C;N, shows increased specific surface areas

and improved photoactivity in hydrogen evolution reaction (HER) and RhB degradation.

Another method is the introduction of templates, via the selection of which different photocatalysts
can be prepared. As for the g-C;N, synthesis, the porous templates provide material with which much

higher specific surface area, porosity, and increased numbers of active sites for catalytic reactions on

[164, 165

its surface. J Through selection of porosity size, controllable g-CsN, can be synthesized, such as

166-168

hollow g-C;N,4 nano spheres and 1D g-C3N,.| I' Another example is the templating with sulfur

bubble, from which porous g-C;N4 can be obtained with enhanced photocatalytic hydrogen evolution

23



performance."® Tonic liquids can be used as a soft template and also allow to tune the g-CsN, nano
structure.!'”"!

134]

In fact, there are several novel synthesis methods, such as liquid phase exfoliation,!"**! microwave

[172

hydrothermal approach!”" and metal oxide cores!"’*. All those novel methods extensively boosted the

development of photocatalyst and bring more effective g-C;N,.

1.7.5 Surface modification

Surface modification in photocatalyst mainly refers to the act of modifying catalyst surface by
bringing in functional groups or chemical substance. Based on reports, those surface functional groups
prove to be an important factor in its photocatalysis performance, because the properties of these
catalysts can be changed through modification process. Especially in photocatalytic CO, reduction
reactions, the effects of catalyst modification seem to be significant. As CO, molecule is an acidic
oxide, the modification with alkali sorbents could greatly enhance its CO, adsorption capacity.!'”> '™
Moreover, surface modification can also modify the molecule structure and intrinsic electronic

structure of catalysts. Those changes could lead to the variation of specific surface areas, the number

of reactive sites, absorption range, conduction band position and photogenerated charge separation.

As reported, oxygen-modified g-C;N, shows larger surface areas, shifted CB position and higher

charge separation effects, which greatly promote photocatalysis performance, especially in hydrogen

[175

evolution reaction."” The graft of azomethine ylides to g-C5N, roughens its smooth surface, broadens

the light sorption range, and narrows the band gap, which provides it with better performance in the

[176

selective oxidation.!'”® Surface modification of polymers by nickel oxide core—shell can greatly

promote photocatalytic H, evolution activity under the light irradiation.!'"!
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1.8 Summary

In general, the development of photocatalysis has the potential to play a significant role in the new
energy era, while the design and modification of photocatalyst holds the main focus in photocatalysis
research. Whether a promising catalyst can be prepared, directly decides photocatalysis performance,

functional use and its final application prospects.

As one of the most promising photocatalysts, g-C;N, has gained considerable attention. It has been
extensively explored in photocatalysis applications, such as water splitting, organic pollutant
degradation, and CO, reduction. Even so, it also has its own drawbacks which inhibit its further
application. Inspired by that, this thesis will mainly present and discuss the process and achievement
on the preparation of some novel photocatalysts and their photocatalysis performance based on carbon
nitride. These materials were all synthesized via the alteration of classic g-CsN, preparation method,
like using different pre-compositions and functional group post-modification. In addition, these
materials show different photocatalysis performance, which is worth to note and analyze. All the work
mentioned above is finished during my Ph.D study period in Max Planck Institute of Colloids and

Interfaces. The details about those interesting new photocatalysts can be found in Chapter 2, 3 and 4.

Here, at the end of the introduction, it has to be mentioned that, the most important value of these
work lies in the proposal of new methods to prepare and modify photocatalysts. I hope these methods
can inspire the other researchers in this area to synthesize better photocatalysts, improve the

photocatalysis efficiency and finally achieve widely commercial uses.
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2 New organic photoactive semiconducting scaffolds by

supramolecular preorganization

This chapter is my original work, but was already published as Small 2016, 12 (44), 6090-6097, New
organic semiconducting scaffolds by supramolecular preorganization: dye intercalation and dye

oxidation and reduction.
2.1 Background and state-of-the-art
2.1.1 From supramolecular assemblies to photoactive materials

As mentioned in the Chapter one, novel synthesis methods sometimes bring an unexpected
improvement to photocatalysis performance. Among those advanced methods, supramolecular pre-

assembly of the starting monomers seems to be a feasible way for photocatalyst preparation.

The notation “supramolecular chemistry”, focusing on chemical system, usually refers to the field of
chemistry built on self-assembled molecules instead of molecules themselves. Different from
traditional chemistry, it mainly works on the weaker and reversible noncovalent interactions between
molecules, e.g. H-bonding, dipole-dipole attraction, n-r stacking, and van der Waals forces, etc.!'” 7!
In most cases, these comparatively weak forces are responsible for structure prealignment and

179, 180

collective properties.t ! With the help of those secondary affinities among various subunits, the

components can arrange themselves into new patterns with different crystal structures, electronic

properties and morphologies.' ™™

After its first postulation by J. D. Waals and H. E. Fischer, this concept of supramolecularity was not

8111t took around a century for scientists to accept

widely recognized by academia in the 19" century.!
the theory that different molecules can form a defined system without covalent bonds. The discovery
of H bond as well as other noncovalent bonds provided theoretical basis for this conception.
Nowadays, supramolecular chemistry has already become a very important branch of chemistry as
such, of which important value has been constantly excavated; covering a range from the basic
understand of life science to novel synthesis methods selective "host-guest" complexes and even to
molecular machinery. Since then, a bottom-up approach has been rapidly established from

supramolecular to nanoscale systems, from biology, chemistry to materials science.!'®!

2.1.2 Photocatalysis based on supramolecular assembly

In recent years, supramolecular aggregates have been extensively introduced to prepare various
materials, including photocatalyst.' ! One of the most important breakthroughs is the preparation
of carbon nitride based on cyanuric acid—melamine (CM) complex. In a typical reaction, equimolar

amount (0.1 mol) of cyanuric acid and melamine are added in 100 mL water, and then stirred or
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shaked overnight, giving the CM complex. After the heating at 550 °C, carbon nitride can be
synthesized."™® According to reports, this strategy has greatly improved the yield of carbon nitride,
together with its photocatalysis performance. In fact, the utilization of supramolecular complexes
provides this area with new possibilities of synthesis routines, and improved performance. Afterwards,
different additives were added to the synthesis systems in attempt. It led to the formation of variety of
supramolecular aggregates in various solvents, while CN materials with hollow, tube and rod-like
morphologies were acquired after their calcination at high temperatures.!"**'*! These new materials
demonstrated higher photoactivity compared with the standard ones thanks to the local prealignment

of tectons and the coupled alteration of their photophysical properties.'s" '

2.1.3 Carbon-nitrogen based materials

Carbon nitrogen materials, represented by g-CN, and nitrogen doped carbon, show excellent chemical
and catalytic properties, which has attracted great attention since the beginning of 21% century.!"®*%
The preference for those materials comes from their high thermal stability (at least 400 °C in air), as
well as chemical stability against acid, base, and most of organic solvents and great performance as

85, 193, 194

photo and electrocatalysts.! I Not limited to these applications, they have also been reported

with the potential to be used in other areas, such as sensing, biomedical applications, and solar energy

[195-199

exploitation. ! This family of materials also shows promising activity in organic photovoltaics,

photo/electro-catalysis, lithium ion batteries, supercapacitors, and more.*** !

Even carbon nitrogen materials possess so many satisfactory properties, they are still not flawless.
One of its disadvantages is the requirement of high temperature during synthesis. It is rarely reported

that good photoactive materials can be prepared, employing low temperature for their synthesis.
2.1.4 A brief introduction to this chapter

Inspired by the excellent results of g-C;N4 based on supramolecular assembly, in this chapter this
method was employed to prepare new CN material. In order to modify the C/N ratio, 1,4-dihydroxy-
2,5-benzoquinone (DBQ) was used to take the place of cyanuric acid (CA). A new assembled
supramolecular structure and derived products are produced based on melamine and DBQ serving as
the reaction precursor. When further heated at elevated temperatures, this series of products exhibit a
sheet-like microstructure, because of the preorganization of the supramolecular aggregate. The
morphology of these materials is so stable that two dimensional structures can be preserved even at the
temperature of 800 °C. The sheet thickness, elemental composition, optical and electronic properties
and photocatalytic activity can be adjusted by the calcination temperature. Among all those samples,
the materials synthesized at 250 °C shows the best dye adsorption and degradation properties as a low

temperature synthesized carbon nitride-based semiconducting polymer.
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2.2 Synthesis and characterization of DBQ-M complex

All chemicals were purchased from Sigma-Aldrich. First, 492 mg melamine and 412 mg DBQ were
shaken overnight in 40 mL water with a vibration speed of 350 times per minute. After that, the
formed crystals were centrifuged, followed by water removal and drying at 60 °C, giving a solid
powder with orange colour. This resultant supramolecular complex is named as B-DBQ-M, and the

yield is about 74%.
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Figure 2.1 (a) The chemical formulas of two monomers; and (b) Simplified/idealized structure of the

complex.

Figure 2.2 Scanning electron microscopy (a) and transmission electron microscopy (b) graphs of the

complex B-DBQ-M; the scale bars are equal to 1 um.

In order to confirm the morphology of this complex, it was first investigated by scanning electron

microscopy (SEM) as well as Transmission Electron Microscopy (TEM). As shown in Figure 2.2, the
28



complex exhibits a plank-like morphology. The new and uniform morphology supports the view that a

new supramolecular complex was aggregated.
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Figure 2.3 X-Ray diffraction patterns of the complex B-DBQ-M and the two monomers."***

The crystalline aggregates could also be proven by several other techniques. The X-ray diffraction
(XRD) patterns of the complex B-DBQ-M differs from those of the monomers, especially creating
new peaks in the range of 3 ° — 15° (Figure 2.3). According to Bragg’s law (2dsinx = n}), new
emerging peaks represent new distances between crystal planes, suggesting here larger structural
repeats and indicating the formation of a new and ordered bimolecular crystal structure. Some peaks
among them may be assigned to the repeating units within a 2D supramolecular assembly. The
distance between the layers is defined by a very pronounced graphitic stacking peak at around 28°
which corresponds to 0.328 nm. Compared with the minimal distance in carbons/graphite (0.336 nm),
the lower graphitic layer distance of B-DBQ-M is remarkable, as this indicates that the layers of B-
DBQ-M complex are not only bound by van der Waals interactions. Based on these results, it can be
speculated that there are also strong charge polarization effects existing, which speaks for the strong

interaction between the layers to enable the tight packing.

The solid state UV-vis absorption of the B-DBQ-M compared to the raw monomers further indicates
that the new organization allows alternative electrons transport paths thanks to the establishment of
additional electronic states (Figure 2.4a). The absorption of the complex is red shifted compared to the
starting products and covers the range up to 700 nm, which can be assigned to z-m stacking and
intermolecular electron transitions. The formation of a hydrogen bonded complex is further evidenced
by Fourier-transform infrared spectroscopy (FTIR) measurements (Figure 2.4b). The asymmetric
stretching vibration of NH; at 3500 cm™ in melamine disappears, while the O-H stretching vibration at
3260 cm™ and the C=0 stretching vibration at 1720 cm™ of the DBQ monomers vanish (i.e. they have

entered the new bonding scheme). At the same time new vibrations of intramolecular H-bonds at 3330
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cm’ are formed. All the aforementioned information strongly suggest that 2,5-dihydroxy-1,4-

benzoquinone and melamine successfully establish a new supramolecular structure.
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Figure 2.4 (a) Solid UV-vis absorption spectra and (b) FTIR spectra of the complex B-DBQ-M and

two monomers.**?

2.3 Characterization of the supramolecular assembly after condensation at different temperatures

Table 2.1. Yield and C/N ratio of the synthesized materials

Sample Temperature Yield C/N  mass
ratio
(9] (%)
B-DBQ-M 25 74 1.104
DBQ-M-150 150 67 1.182
DBQ-M-200 200 66 1.150
DBQ-M-250 250 65 1.340
DBQ-M-300 300 59 1.573
DBQ-M-350 350 55 1.643
DBQ-M-400 400 51 1.715
DBQ-M-480 480 52 1.824
DBQ-M-550 550 47 1.904
DBQ-M-600 600 45 1.987
DBQ-M-650 650 41 2.042
DBQ-M-700 700 36 2.527
DBQ-M-800 800 37 3.176
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The complex crystals were slightly ground and heated at different temperatures for 4 h. The heating
rate was 2 °C per minute. The final products are named as DBQ-M heating temperature (i.e. DBQ-M
200 for one synthesized at 200 °C). The color ranges from orange via brown to black with increasing
temperature. As shown in the Table 2.1, the yields of these materials are very high, which even
accentuates the advantage of this method. This is because the utilization of its supramolecular
assembly prevents melamine sublimation at elevated temperatures. The high yields emphasize the

hindrance of melamine sublimation, thanks to a new, effective supramolecular hydrogen bond network.
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Figure 2.5 FTIR curves (a), and XRD patterns (b) of all the samples synthesized at different

temperatures.[zoz]

With the increase of temperature, the ongoing reactions within the complex can be followed by FTIR
(Figure 2.5 a). The typical vibration peaks of the melamine-DBQ complex are still visible for all
samples below 250 °C. Above that temperature, the characteristic FTIR absorption peaks of the
complex change into non-specific ones. First, the vibrations of intramolecular H-bonds at 3330 cm™
and the stretching modes of NH, or NH groups (at the range of 3100-3400 cm™) disappear. The IR
absorption peaks of the C-N and C=N, in the 1000-1400 cmand 1500-1600 cm™, respectively,
decrease with raising temperature, especially above 250 °C. Alongside, the vibration of the triazine
ring at about 800 cm™ is rather stable, but gradually disappears when the temperature comes close to
550 °C. This is the known reversibility of the trimerization of nitriles and their consecutive
involvement in larger aromatic structure. All these changes suggest that the monomer condensation is
likely to start at a temperature around 250 °C, while ring rearrangement and carbonization sets at

temperatures higher than 400 °C.
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The structural consequences of this condensation/carbonization at elevated temperature were revealed
by XRD measurements (Figure 2.5 b). In accordance with the results of FTIR measurements, the
crystal structure altered at temperature higher than 250 °C, and new, broad peaks at 14.7° and 27.8°
attributing to the in-plane and interplanar stacking of a weakly ordered polymeric structure can be
observed. This reflects the dehydration condensation started at around 250 °C, while the tight stacking
distance is essentially maintained. Interestingly, the distance between the layers enlarges again with
further increase of the temperature, that is to say the material turns back into an ordinary carbonaceous
material in further defunctionalization. It should be noticed that a new small angle peak at about 6.4°
appears above 300 °C, presumably characterizing the annular condensation of the formed framework
in the plane. We conclude that the specificities, due to the choice of monomers and their

prearrangement, are lost above 550 °C, and only a disordered, nitrogen-doped carbon is left above this

temp erature.
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Figure 2.6 TGA curves of B-DBQ-M complex (a) and corresponding mass spectrometry (b). 2%

Further details about the transformation process are taken from elemental analysis and
thermogravimetry coupled to Mass Spectrometry (TGA-MS). In Figure 2.6 a, TGA shows that the
complex of melamine and DBQ loses 3.62% of its weight before 100 °C, and then keeps stable until
200 °C. This process could be referred as the release of water and adsorbed gases adsorbed to the
surface of the crystals. Then a peak-like weight loss of about 50% up to 300 °C sets in accompanied
mainly by elimination of water and some release of ammonia from amine hydrolysis. The second
reaction is responsible for the increase of C/N ratio from 1.15 to 1.573 (stoichiometric water only
elimination would result in a C/N = 1.25). This polymer intermediate is rather stable, and the rate of
weight-loss slows down. At further elevated temperatures, (500 — 650 °C), the C/N ratio reaches a
second plateau of stability at ~ 2, i.e. the composition is close to an intermediate already well known to
be rather stable, the C,N fragments. Fragments along this process are, for instance, HCN and N,, in

[203

good agreement with the known reversible opening of the triazine ring towards nitriles.”* Finally, at
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even higher temperatures also C,N is getting unstable, and the ratio of C and N gradually rises to

3.176 for DBQ-M-800.
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Figure 2.7 N1s XPS curves of B-DBQ-M (a), DBQ-M-200 (b), DBQ-M-250 (¢), DBQ-M-300 (d),
DBQ-M-550 (e) and DBQ-M-800 (f).**

Final details about chemical compositions and local connectivity motifs were revealed by X-ray
photoelectron spectroscopy (XPS). Figure 2.7 depicts the N 1s XPS curves of the relevant stages under
discussion. The N 1s signal peak of the primary B-DBQ-M could be divided into three main peaks at
around 398.7, 399.7, and 400.7 eV, respectively. These three peaks can be referred as the occurrence
of sp’-nitrogen atoms in triazine ring, charge depleted amines and to partially hydrogenated N atoms
of NH, (x=1, 2).** ¥ While the material prepared at 200 °C keeps these nitrogen species, the
dehydration condensation reaction at around 250 °C eliminates the peak at 400.7 eV, as found in

Figure 2.7 ¢ and d. In agreement with all other data, condensation obviously removes the free H-
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bonded nitrogen species and created nitrogen conjugation. This polymer-like structure obviously starts
to decompose due to the ring rearrangements of triazine at > 350 © and the changes in structure can be
well characterized by the sample condense at 550 °C. The new peak at 401 eV reveals the gradual
appearance of quaternary nitrogen, reflecting the onset of extended carbonization. All these data nicely

support the trends observed in elemental analysis and the other techniques.
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Figure 2.8 A simplified/idealized reaction scheme during heating at 250 °C in agreement with the

found compositions and mass eliminations.

From all these data we deduce that the most interesting product is the polymer product formed at
around 250 °C. The product of this temperature just goes through dehydration within supramolecular
and major emphasis in all further application experiments is put on that. A possible schematic
presentation of the original complex and a potential condensation path occurring at the stepwise water

loss around 250 °C is illustrated in Figure 2.8.
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Figure 2.9 UV-vis absorption spectra of all the samples synthesized at different temperatures.*"
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Interestingly, these structural and compositional considerations are also reflected in the optical
properties. Condensation leads to a red-shift of the absorption spectra of the synthesized materials
(Figure 2.9) which has already fully developed at 250 °C, and the systems are good absorbers for the
complete visible spectrum. At higher temperatures analytical data suggested C,N formation and the
further loss of nitrogen at higher temperatures leads only to black carbon powder, that is either small

band gap semiconductors or semi-metals are acquired.

Table 2.2 Surface area and Zeta potential of the synthesized materials

Sample Specific surface area (m’/g) Zeta potential (mV)

B-DBQ-M 12 -26.6
DBQ-M-150 20 -27.6
DBQ-M-200 23 -34.7
DBQ-M-250 20 -32.5
DBQ-M-300 23 -30.4
DBQ-M-350 22 -30.1
DBQ-M-400 26 -26.3
DBQ-M-480 50 -25.0
DBQ-M-550 80 254
DBQ-M-600 110 -24.8
DBQ-M-650 170 -25.7
DBQ-M-700 180 -24.9
DBQ-M-800 126 -19.6

To relate the following adsorption and photocatalytic experiments, specific surface areas of the
resulting samples were tested by using N, adsorption/desorption at 77 K (table 2.1). The surface areas
of samples obtained below 450 °C are generally within 16-30 m*/g. For the materials at higher
temperatures, the surface areas increase to 80 m*/g for DBQ-M-550 reaching up to 170 m*/g for DBQ-
M-700 and 120 m*/g for DBQ-M-800. The low surface area of low temperature product proves the
assumption above, that this series of materials are two-dimensional and without pronounced accessible
porosity. Most of the N, adsorption comes from surface adsorption of these thin sheet-like objects. The
zeta-potentials of all these structures are negative in pure water (see Table 2.2), suggesting that the
surfaces are rich in acidic OH-groups (as cyanuric acid), generated by surface hydrolysis of amine

groups. This is important for the further dye sorption and degradation analysis.

35



Figure 2.10 SEM images of B-DBQ-M (a), DBQ-M-200 (b), DBQ-M-250 (c), DBQ-M-300 (d), DBQ-
M-550(e) and DBQ-M-800 (f). The scale bars are equal to 3 pum."*"”!

The morphology of the complex as well as the resulting materials was investigated by scanning
electron microscopy (SEM). As shown in Figure 2.10, all the materials form stacked sheet structures,
and this morphology remains unchanged, even when heated to 800 °C. This clearly indicates that no
melting is involved in the process, and that the primary supramolecular preorganization influences all
products throughout condensation reaction. The most significant variation amid those samples lies in
the thickness of these sheet-like structures. With the raise of temperature, the sheets tend to become
thinner, less smooth and expose more wrinkles. This can also be well observed from the Transmission
Electron Microscopy (TEM) images (Figure 2.11 (a-f)) in which the paper-like structure tends to be
more transparent at higher calcination temperatures, typical for the thickness declining to a few
nanometer. We deduce that the condensation progresses via layer delamination, potentially in surface

layers peeling of the primary crystallites.
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temperatu re

Figure 2.11 TEM images of B-DBQ-M (a), DBQ-M-200 (b), DBQ-M-250 (c), DBQ-M-300 (d), DBQ-
M-550 (e), and DBQ-M-800 (f). The scale bars are equal to 1 pum."**"!

2.4 Photochemical performance of DBQ-M materials
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Figure 2.12 Methylene Blue adsorption curves of DBQ-M materials with time.
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Degradation of organic substances is an important method to assess the activity of photocatalysts.
Here, dye degradation was employed to show the photocatalysis performance of DBQ-M materials. As
the materials in this work are all with negative charges, cationic methylene blue (MB) was selected as
a model adsorbent and pollutant and both MB adsorption and photodegradation experiments were

measured.

Before the degradation experiment, the adsorption of MB was measured first. In the dye adsorption
experiment, MB (Methylene Blue) solution was prepared in advance from deionized water (100 mL)
and solid MB (10 mg). The pH of this MB solution is about 7.5. For a typical dye adsorption
measurement, about 5 mg DBQ-M-materials were added into 20 mL MB solution (100 mg L™). After
stirring in the dark for a defined time, the remaining concentration of MB was calculated by its
absorption at 664 nm. After two days, almost 80% of MB was successfully adsorbed to the materials.
To our surprise, this was followed by a slower but constant adsorption for at least two weeks. Amid all
the materials, DBQ-M-250 exhibits the highest MB adsorption capacity, about 95 mg g, while DBQ-
M-350 can take up 65 mg g' in 2 days. These are definitely not saturation values, as after an

exponential type decreases, the second much slower process sets in.
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Figure 2.13 Photochemical degradation curves of MB with different catalysts.

For the photodegradation test, 5 mg of the photocatalyst was dispersed in 20 mL water with 0.02 mg
MB. After saturation in the dark for 2 days, the reaction system was illuminated by 50 W LED light
with constant stirring. (Figure 2.12). Dividing the available surface area by the number of adsorbed
dye molecules gives a dye footprint of 0.12 nm?, i.e. a much too small value. This and the very special

adsorption kinetics clearly point to the intercalation of the dye within the layered polymer structure:
38



the dye is delaminating the species while adding between the layers. This of course is interesting, as it
points to a potential additive supported delamination and the coupled processing of these two-

dimensional polymers.

As the polymers are conjugated, stable semiconductors, their chemical photo activity was tested by
dye degradation experiments under visible light. In the dye degradation experiment, MB (Methylene
Blue) solution was the same with MB adsorption experiments. After stirring in the dark for 12 h, the
remaining concentration of MB in solution was calculated by its absorption at 664 nm. Among all the
different condensation stages, the polymer-like, DBQ-M-250 demonstrates the best photodegradation
performance. Within 120 min, 90% of the dye was degraded, while the other materials show only

inferior performance (Figure 2.13 ).
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Figure 2.14 Photochemical degradation curves of MB with DBQ-M-250 as well as different

additives.*%*

In order to elucidate the mechanism of MB degradation, it is necessary to affirm whether the dye
degradation occurs via photogenerated holes or by electron transfer. Thus, we measured the
photodegradation by DBQ-M-250 (with a 100W LED light) in the presence of hole and electrons
acceptors such as methanol, fert-butanol, AgNOs, and under Ar or O, environment to unveil the

possible mechanism (Figure 2.14).
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Among them, Ag" and oxygen can capture electrons first, while methanol and terz-butanol act as hole
scavengers. The introduction of 0.1 mL 0.1 mol L™ Ag" resulted in a significant decline of the photo
degradation process; similarly the degradation process was inhibited by the introduction of oxygen. On
the contrary, the flushing with the inert Ar accelerated the photodegradation rates, due to the removal
of dissolved oxygen. These results strongly suggest that the reduction of MB under illumination plays
a significant role in photodegradation, i.e. the positive MB is turned into the non-coloured leuco-
methylenblue. On the other hand, with methanol inside, the rate of degradation has been reduced to
around 75 % of the genuine experiment, and also fert-butanol leads to a significant decline of dye
degradation. These results above imply that these hole scavengers probably competes in the hole
combination position with dye molecules, i.e. the dye is not only photoreduced, but also photooxidized.
With standard assays, we could neither detect the production of oxygen, H;O, or OH-radicals; thus
MB is the only possible sink of the generated holes. Overall, this means that the surface bound
cationic MB both take up the electron and holes, however at different sites. In other words, both dye

decoloration mechanisms are active at the same time.
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Figure 2.15 The possible MB degradation mechanism of degradation.*"

All those results nicely illustrate that the two-dimensional condensation polymer synthesized at 250 °C
is an active photocatalyst for both photooxidation and photoreduction, while certainly Coulomb
interaction and the coupled charge transfer interaction to the electron rich materials surface promotes

the electron transfer in absence of any metal center. (Figure 2.15)
2.5 Conclusion

By employing the supramolecular crystals of melamine and 2,5-dihydroxy-1,4-benzoquinone (DBQ)
for monomer prealignment, photoactive organic solid state materials with good adsorption properties
were formed at condensation temperatures as low as 250 °C. The sheet-like morphology of the starting
assembly can be preserved throughout all steps even up to a final carbonization temperature of 800 °C,
while the layer thickness and the C/N ratio change, covering thus the range from polymeric-like
materials to ordered carbon—nitrogen frameworks up to nitrogen doped carbon. The synthetic path was

studied with a variety of techniques, showing a clear transition from the supramolecular organization
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with crystal-like order into a condensed oligomeric or polymer structure from temperature above

250 °C.

Especially the polymer structure gained at 250 °C turns out to be very effective in dye adsorption,
while the amounts of dye as well as the special kinetics point to dye intercalation between negatively
charged layers. With methylene blue as a model compound, it was shown that the material performs
dye reduction photochemically with visible photons, while at the same time the photogenerated holes
oxidize the dye towards small molecular fragments. This is one of the very rare reported cases where a
simple system can avoid sacrificial agents as well as the presence of oxygen, i.e. both hole and

electron are used for a meaningful photochemical reaction.

We believe that this synthesis strategy can lead to the synthesis of other photoactive carbon-nitrogen
based polymers and frameworks with high photocatalytic activity at condensation temperatures lower

than the synthesis of the current reference material, carbon nitride.
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3 1D photoactive semiconductors from chlorine substituted
supramolecular assemblies and their improved photocatalytic

performance

This chapter is my own original work, but was already published in Journal of Materials Chemistry,
2017, 5, 18502-18508, Surface polycondensation as an effective tool to activate organic crystals: from

“boxed” semiconductors for water oxidation to 1d carbon nanotubes.
3.1 Background and state-of-the-art
3.1.1 Energy and oxygen evolution reaction

This chapter is about the generation of hydrogen within photosynthetical water splitting schemes. As
discussed in the general introduction, it is important for human beings to seek for new and
environmentally-friendly substitutes for fossil fuels, like hydrogen energy made by sunlight.**> 2!
Water, as the most wide hygrogen compound in the world, is the ideal hydrogen production source

with no doubt. It is a promising method to product H, by light-driven water splitting, especially

207, 208

considering the abundance of solar radiation.! I'In the water splitting reaction, a water molecule is

decomposed into hydrogen and oxygen while transferring four electrons. Compared with hydrogen
production, the oxygen evolution reaction (OER) is considered to be more challenging, because this

reaction is sluggish in kinetics and it is hard to transfer four electrons and four protons at the same

[209

time.*””! Therefore, currently the limiting factor for the whole photo-induced water splitting cascade

mainly lies in the efficiency of OER and the corresponding research for better oxygen generating

system plays a core part in artificial photosynthesis.”*'"!

In order to promote OER efficiency, scientists all over the world made huge efforts to prepare and
modify photocatalysts in recent years. As reported, diverse carbon nitride based materials (referred

here as g-CN), sometimes coupled to earth-abundant co-catalysts, showed the potential to produce

153, 211, 212

oxygen under illumination with visible light.! I For instance, the integration of cobalt oxide

within graphitic carbon nitride was reported to be an effective method to improve the photocatalytic

1] The nanocomposite of carbon nanodot—carbon nitride (C3Ny)

[213, 214]

oxygen evolution process from water."
was also reported as photocatalyst for water splitting, with partly impressive performance.
Because of those outstanding results discussed above, it is reasonable to believe further variations of
catalysts could bring more improvement in oxygen revolution reaction, such as the modification of

electronic structures, local order, and nanotexture.
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3.1.2 Photocatalyst modification via monomer substitute

As well discussed in the last chapter, supramolecular method is a feasible and effective way to prepare
g-CN materials by effective organization of starting co-monomers and this leads to impressive

215217 6. C3Ny can be prepared in this method with cyanuric acid (CA) and melamine (M) as

results.!
the initial monomer. A series of 2D page-like materials (DBQ-M) could be synthesized via
supramolecular poly-condensation at different temperatures by starting with melamine (M) and 2,5-
dihydroxy 1,4-benzoquinone (DBQ), instead of M and CA as monomer. As demonstrated in the
former chapter, this series of g-CN materials shows the possibility to obtain photoactive organic
frameworks by a similar construction principle at relatively low condensation temperatures
(~250 °C).*"! Those materials varied from supramolecular assembly, polymer frameworks to carbon
materials with the increase of temperature. Even when synthesized at comparatively low temperature
where the polymerization reaction just sets in, the material DBQ-M-250 shows good photocatalytic
activity in dye degradation. Just through a simple monomer substitute from cyanuric acid to DBQ, the

supramolecular complex as well as resulting condensation products exhibit very different properties. It

makes this method promising to yearn for further monomer modifications.

According to previous reports, one-dimensional (1D) semiconductor materials are usually favored and
show satisfying performance in energy conversion, because it facilitates quantum particle transmission
and localizes consecutive photooxidation/photoreduction at different ends of the structures.!** Thus,
it is meaningful to search for similar one-dimensional photocatalysts, especially by modifying the
classic monomer to improve its photoactivity. The geometry structure of a supramolecular assembly is
strongly tied to the functional groups of monomers and the interaction between them. This makes it
possible to change the geometry structure from 2D to 1D by adding some special functional side
groups on the starting monomer of DBQ-M materials. In fact, halogen atoms can form secondary

218290 Apart from that, as an electron withdrawing group, the

interaction with amino groups.!
introduction of halogen would significantly increase the acidity of hydroxyl group nearby, which may
lead to more directional growth. Inspired by the information above, we decide to use chloranilic acid
(CLA) instead of DBQ in the supramolecular complex, hoping to obtain one-dimensional materials

with better photocatalytic activity.
3.1.3 Brief introduction to this chapter

In this chapter we present a new series of materials based on the supramolecular alignment of
melamine (M) and chloranilic acid (CLA). Those materials range from organic crystals and cross-
linked polymer semiconductors at lower calcination temperatures to semimetals at higher temperatures.
Different from the morphology of DBQ-M materials, this series of materials exhibits a wire-like
morphology, which can be maintained up to 800 °C. Similar with DBQ-M materials, the C/N ratio

increases with condensation temperature. These materials show good photoactive performance in
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methylene blue (MB) and rhodamine B degradation. Among this series of materials, M-CLA-250

shows unexpected high photocatalysis performance in both RhB degradation and even in oxygen

evolution reaction.

3.2 Synthesis and characterizations of M-CLA complex
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Figure 3.1 Structural formulae of monomers.
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All chemicals in this experiment were purchased from Sigma-Aldrich Inco without further treatments.

The molecular structures of the two monomers are depicted in Figure 3.1. First, 492 mg melamine (M,

3.9 mmol) and 408 mg chloranilic acid (CLA, 3.9 mmol) were mixed together in 40 mL water and

shaken overnight with a vibration speed of 350 times per minute. After overnight crystallization, the

liquid changed color to purple while orange crystals precipitated. Then, the formed crystals were

centrifuged with a speed of 8000 r/min, and fully dried at 60 °C. Finally, an orange solid powder is

obtained and named as B-M-CLA. The yield of this supramolecular may change with the input ratio of

CLA and M (shown in Table 3.1), and the yield reaches its highest point of 99% when the ratio of

CLA and M is 1:2. Thus, the intramolecular ratio between CLA and M could be safely assumed to be

1:2.

Table 4.1 the yield of B-M-CLA with different CLA/M molar ratio

CLA M molar ratio of CLA:M Yield
(mg) (mg)

408 82 3:1 37%
408 123 2:1 49%
305 246 3:4 89%
204 246 1:2 99%
153 367 1:4 48%
108 367 1:6 24%
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Figure 3.2 XRD patterns of the B-CLA-M complex and the two starting raw monomers.’**"’

As a new and distinct entity, the formation of B-CLA-M supramolecular aggregate is identified with
several characterizations methods. In Figure 3.2, the XRD pattern of B-M-CLA has completely
changed from two monomers, especially in the range of small angles. There are almost no overlapping
peaks at 20 < 20° between the complex and monomers. These differences indicate the existence of new
larger repeat units within the highly ordered crystal structure. In the XRD pattern of B-CLA-M
complex, there are two strong and sharp peaks at 26.5° and 28.0° respectively, which may be relevant
to the later condensation and electronic interactions. Through calculation, the positions of these peaks
correspond to a graphitic d-spacing of 0.335 nm and 0.328 nm, respectively. Compared with the d-
spacing of graphite (0.336 nm), these tighter structures indicate the strong donor-acceptor charge

interaction between different crystal layers.
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Figure 3.3 Solid UV-vis absorption spectra of the complex and two raw monomers.**"
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Similar to the characterization of B-DBQ-M, the solid B-M-CLA complex as well as monomers were
measured by UV-vis absorption. As shown in Figure 3.3, there are significant differences in
absorption curve between the complex and two monomers. The difference is extremely significant in
the range of 400-700 nm, where an enhanced absorption and a red-shift of the key absorption are
observed. The huge difference in this range reflects the appearance of better electron delocalization
and polarization within the complexes. Because of the pre-organization of the two monomers, the
noncovalent interactions, including H-bridges and the tight mutual packing with extended =#n- =
stacking, leads to interlayer electronic transitions and a joint electronic system, which greatly increase
its electronic conductivity. Within this joint electronic system, an organic crystalline semiconductor

was constituted with two monomers as very stable building units, already prior to condensation.
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Figure 3.4 FTIR spectroscopy spectra of the complex and two raw monomers.**"!

The formation of B-CLA-M aggregate is also proven with Fourier Transform infrared spectroscopy
(FTIR) measurements, as shown in Figure 3.4. First, for the complex, some characteristic absorption
peaks of CLA disappear during the supramolecular formation, e.g. the phenol C-OH stretching
vibration at 1260-1180 cm™ and the C=0 stretching vibration at 1725-1705 cm™. The disappearance of
these peaks can attribute to the interaction with melamine. Similarly, in the FTIR spectra of B-CLA-M
there is also no N-H stretching (at around 3500 cm™) vibration of the NH, group. These
disappearances of the functional group stretching vibration imply that they are strongly involved in the
newly formed structure. It further indicates that H-bonds are established between amino groups and

hydroxyl (or carbonyl) groups, which constitute the supramolecular assembly. Consistent with the
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above statement, new peaks are observed at around 3700 and 3330 cm™, indicating new vibrations of
intramolecular H-bond. In addition, as reported, -Cl can interact weakly with the amino group of
melamine. In Figure 3.4, the C-Cl stretching of CLA monomer is found at around 600 cm™, which is
clearly weakened in the spectrum of the complex. This proof shows that -Cl also interact with NH,
group, resulting in additional non-covalent bonds. All the information above refer to the possibility

that noncovalent interaction is established between two monomers and that the supramolecular

structure is successfully formed.

Figure 3.5 SEM images of monomer melamine (a), chloranillic acid (b) and the complex of B-CLA-M

(c). All the white scale bars are equal to 2 pum."**")

In fact, there are also other more intuitive ways to show the formation of CLA-M supramolecular
complex. The comparison SEM photographs of the monomer and the complex can clearly support a
structure change as shown in Figure 3.5. Before and after the recrystallization, the morphology
changes from an irregular bulk structure into stick-like structures. This could be considered as a proof

about formation of the new complex and the interaction between the monomers.
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Figure 3.6 CI 2p XPS curves of chloranilic acid (a) and the complex B-CLA-M (b); O 1s XPS
curves of chloranilic acid (¢) and the complex B-CLA-M (d); N1s XPS curves of melamine (e)
and B-M-CLA (f).*"

In addition, X-Ray photoelectron spectroscopy (XPS) can also be used to elucidate the
forming of supramolecular complex (B-M-CLA). As shown in Figure 3.6, the binding
energies of N, O and Cl have been adjusted after the formation of the B-M-CLA complex.
First, the Cl 2p peaks of the complex experience an obvious shift, compared with chloranilic

acid. They varied from 202.5 and 200.6 eV to 201.7 and 199.8 eV, which just correspond to
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the interaction between Cl and NH, groups.” In Figure 3.6 ¢ and d, the O 1s binding energy
spectra at 533.5 eV (C=0O bond) is also significantly moved during the formation of
supramolecular aggregates. This variation implies the strong hydrogen bond interaction
between C=0 and NH, group. This inference can be proved by the N 1s peak as well, whose
position is shifted to higher binding energy area. This is because the electro density around N
decreases during supramolecular formation, and transfers to the surrounding of O atom of

chloranilic acid.??"
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Figure 3.7 Schematic complex structure of B-M-CLA.

Based on all the information, an illustrative simplification of the supramolecular assembly of CLA and
M is shown in Figure 3.7. In this structure, molarly two melamine molecules (with three secondary
bonds) interact with one CLA molecule (with six secondary bonds), and they are connected via

noncovalent forces, which is consistent with the result of the intramolecular ratio of CLA and M.
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3.3 Characterization of B-M-CLA condensed at different temperatures

A series of condensation M-CLA products could be obtained via heating B-M-CLA. These new
materials are named as M-CLA-X, when X is defined as the reaction temperature (°C). The details
about reaction temperatures and yields are summarized in Table 3.2. Usually materials involving
melamine as a precursor have low yields, because they are prone to sublime easily or degrade.
However, the yields of M-CLA materials are relatively high, owing to the hindrance of the easy

sublimation and degradation of melamine, thanks to the strong multiple hydrogen bond networks.

Table 3.2 Specific surface areas, Zeta potential and C/N ratio of the resulting materials

Temperature BET Zeta potential C/N mass ratio Yield
(°C) (mV)
(m’ g")
B-M-CLA 25 8.6 -1.56 0.879 0.994
M-CLA-200 25 8.6 -1.56 0.874 0.917
M-CLA-250 250 12.3 -21.6 0.874 0.886
M-CLA-300 300 19.7 27.8 0.845 0.629
M-CLA-550 550 16.8 -28.9 1.159 0.464
M-CLA-800 800 87.8 -16.8 2.680 0.131
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Figure 3.8 TGA (a) and TGM-MS (b) curve of B-M-CLA complex.
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The gradual variation of the complex with temperature could be well followed by the analysis of
thermogravimetry-mass spectrometry (Figure 3.8). Together with elemental analysis results, a general
condensation process could be revealed. Before 100 °C, almost no weight loss for the supramolecular
complex was observed, after which its weight slowly loses 8.2 % of general slowly before 130 °C.
This weight loss within 100-130 °C could likely be referred as the loss of water bound to the structure,
potentially within the crystalline system. Then, its weight reaches the second platform and remains
unchanged until 200 °C. Within the range of 200-260 °C, the complex slowly lost 8.3% of its weight,
which could be referred to water loss during condensation. The weight ratio of carbon and nitrogen
maintain at 0.875 in the range of 25-260 °C close to the starting situation and is in full agreement with
the speculation about water as the only molecule evolved. The temperature of 260 °C is very likely to
be the melting point of the system. This conversion point is of significance for further discussion,
because such water loss below the melting point can be formed only by condensation in lower melting
structures, for instance surfaces and more disordered grain boundaries. This phenomenon is very
common in polymerization of solid state, such as hexamethylene adipate salt (AH-salts) for polyimide
synthesis, of which polymerization only occurs via molten surface layers within carefully heating

protocols.”*?

Afterwards, the weight loss rate greatly accelerates with the reaction rather sharply setting in.
The aggregate system was greatly reduced to 60% of the remaining mass up to 300 °C. At this
temperature, the ratio of C/N decreases only slightly to 0.844, but with a great increase of the
zeta potential (from negative to positive), in agreement with the further release of water
through completion of polycondensation and release of CO, as a side reaction followed by
MS (Figure 3.8, b). According to the MS graph and element analysis reports, a large amount
of chlorine is lost during 250-300 °C, most likely in the form of HCI. The water elimination
reaction as well as this secondary condensation could just bridge the ring system to extended
aromatic systems, which nicely explains the massive narrowing of the band gap. At higher
temperature, the weight loss keeps mildly increasing, together with the C/N ratio reaching
1.16 for M-CLA-550 and 2.72 for M-CLA-800. This process is a slow, iterative
decomposition of the primary material, and the decomposition mainly occurs via the release

of HCN and N,.
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Figure 3.9 FTIR curves of materials obtained at different condensation temperatures.**”!

More details about the whole condensation process could also be told by FTIR (Figure 3.8). Compared
with the complex B- M-CLA, M-CLA-200 and M-CLA-250 almost show all the infrared characteristic
peaks, which proves that the main aggregate structure is unchanged at less than 250 °C. Around 12 %
weight loss is attributed to drying and surface condensation. For the materials obtained at higher
temperature, the variations in FTIR become more obvious, for instance the N-H out of plane
deformation vibration of M-CLA-300 vanishes in the range of 650-900 cm™'. For M-CLA-300, the
other significant difference is the great decrease of peak intensity at 3670 cm™ reflecting H-bonding.
The disappearance of H-bonding vibration elucidates the fact that dehydration between hydroxyl and
amino groups is almost completed. In general, all vibration peaks become less distinct, reflecting loss
of order and the presence of a polymeric state. Above 300 °C, the aggregate turns from a polymeric
structure into a carbonaceous resin, owing to vanishes of typical IR vibrations of functional groups. At
this temperature, only several peaks remain, such as the vibration of triazine ring at about 800 cm™, C—
N at 1000-1400 cm™ and C=N stretching vibrations at 1500-1600 cm™. The intensities of those peaks
decrease step by step along with further increasing temperature. Above 550 °C, most of the
characteristic peaks disappear, even including the vibration of triazine ring, which realigns into larger
aromatic structures as a usual behavior for triazine materials. With all those data and information
above, it can be speculated that the condensation may take place at about 250 °C, while 550 °C is the

starting temperature for ring rearrangement and the formation of the final N-doped carbon.
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Figure 3.10 XRD of materials obtained at different condensation temperatures.'**"

The structure variation of these materials can be characterized by powder XRD, as shown in Figure
3.10. The XRD patterns of these materials are consistent with the FTIR results above. The patterns of
the materials below 250 °C are very similar to the starting assembly pattern, which indicate the
maintenance of the main crystal structure. There are only some minor differences, such as the
strengthened peak at around 7.7°, and broadened peak at around 9.3 °C, which is probably derived
from the starting dehydration within the network during this range. Above 300 °C, the patterns differ
from low temperature materials obviously, revealing the melting of the whole crystal structure to form
an all-polymeric skeleton. At the temperature higher than 550 °C the temperature for carbonization
and ring rearrangement start, and the diffraction peaks change further until only a board peak at about
27° remains. This XRD pattern is typical and common for the interlayer stacking of weakly ordered
graphitic carbons, obviously indicating the polymers’ gradual condensation of polymers into N-doped

carbon materials.
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Figure 3.11 Solid UV-vis spectra of CLA-M materials obtained at different condensation

temperatures. (220]

Another important characterization method is solid UV-vis absorption (Figure 3.11), which can nicely
follow the electronic changes of those synthesized materials during the condensation process. There
are only some slight red-shifts on the spectra occurred with condensation temperature below 250 °C,
which shows weak changes in the bulk structure. For the special transition material CLA-M-250, the
UV curve only has a small shift compared with the primary crystal. This variation just complies with
the opinion of “a-crystal-in-a-box”, while the minor red shift and the tail towards red can be explained
by a thin layer of polymer and heterojunction effects. In accordance with all the structural
characterizations, the most significant variation of the light harvesting properties take place within
250-300 °C. Over 300 °C, the complex gradually turned into a black polymer resin, presumably a
small bandgap semiconductor. For even higher temperatures, the product turns totally black, as typical

for N-doped carbon and semi-metallic state.



Figure 3.12 SEM images of B-M-CLA (a), M-CLA-200 (b), M-CLA-250 (c), M-CLA-300 (d), M-
CLA-550 (e), and M-CLA-800 (f); (scale bar equal to 500 nm for all images)™**"’

The M-CLA series was further investigated by SEM. As shown in Figure 3.12, the initial morphology
of the B-M-CLA shows rod-like structure. Through whole temperature range, the structures do melt
passing the melting transition, but rather gradually debundle into twisted nanowires at elevated
temperatures. The SEM image of M-CLA-250 is maybe the most prominent proof that the sample
indeed undergoes surface and grain boundary polycondensation at 250 °C: the melting does not lead to
droplets, but rather fills these boxes under preservation of the highly anisometric structures. With the
even increasing of temperature, these fibers gradually turn into hollow nanotubes, corresponding to the
highest mass loss and degree of densification of these structures. These assumptions could be also
proved by TEM. With the increase of temperature, the complex gradually changes from solid bulk into
hollow fibers at 800°C via twisted-wire like structure. (Figure 3.13)
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Figure 3.13 TEM images of B-M-CLA (a), M-CLA-200 (b), M-CLA-250 (c), M-CLA-300 (d), M-
CLA-550 (e), and M-CLA-800 (f); all the white scale bars are equal 1 pm.**"!

In order to provide more details about the transition material CLA-M-250, another high resolution
TEM photograph was also taken to exhibit the exact structure of high temperature M-CLA materials
as shown in Figure 3.14. It can be clearly observed that the tube-like solid material is enwrapped in a
half transparent cover of around 5 nm thickness. This cover can be attributed to the polymer cover

layer we described before.

Figure 3.14 High resolution TEM images of CLA-M-250.
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Figure 3.15 Simplified scheme of the variation of the morphology with temperature.

Based on the image information from both SEM and TEM, a simplified structural variation procedure
is proposed in Figure 3.15. The rod-shape complex first surface/grain boundary melted and
polymerized into tight stacked fibers. Then with the further increase of temperature, those fibers
become hollow while they are separated from each other. Compared with the supramolecular complex
of DBQ and M described in the last chapter, the morphologies of resulting materials in this protocol
show fiber-like instead of sheet-like structure. This significant morphology variation must result from
the only difference between the two systems, which is the introduction of two chloride atoms in CLA
monomer. As an electron withdrawing group, the presence of Cl greatly decrease the electron density
of the six-atom ring, which leads to more simple ionization of hydroxyl groups. This is also seen by
the fact that CLA monomer is with acidity while DBQ monomer is not. Thus, the interactions are
getting stronger between hydroxyl groups of CLA and amino groups. Under this condition, the growth
of the primary supramolecular is more likely to take place in the OH/NH, direction, and gets restricted
to the lateral noncovalent bond direction. The higher crystallization yield of B-CLA-M is a further
sign for the stronger connection than in B-M-CLA.
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Figure 3.16 N1s XPS curves of B-M-CLA (a), M-CLA-200 (b), M-CLA-250 (c), M-CLA-300 (d), M-
CLA-550 (e) and M-CLA-800 (f).**"!

XPS measurement was employed to elucidate the local structural changes on the bond level during the
heating process as shown in Figure 3.16. The structure variation could be clearly followed with the N
Is XPS curves presenting different connection modes with other atoms. The original N 1s peaks for
the complex can be divided into 3 groups, which represent hydrogenated nitrogen at 400.8 eV, charge
depleted amine at around 399.8 eV and nitrogen in the triazine ring at around 398.8 eV. For the
complex as well as M-CLA-200, the peak at 400.8 eV reflects the presence of NH,, which interacts
with OH from CLA. This peak disappears at higher temperatures (e.g. 250 and 300 °C), indicating the
possible pathway of dehydration within the supramolecular crystal. A new peak of aromatization
region at 401 eV would appear with further elevation of temperature for M-CLA-550 and M-CLA-800,
revealing the formation of quaternary nitrogen. Together with that, another new peak emerges at 398.3
eV, indicating nitrogen in C-N, which reflects the disintegration of triazine rings and aromatic

rearrangements.
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3.4 Photoactivity of CLA-M materials
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Figure 3.17. Photochemical RhB degradation curves with different photocatalysts.

Dye degradation is the most intuitive method to show the photoactivity of catalysts. Therefore, all the
resulting materials were tested in the degradation of Methylene Blue (MB) and Rhodamine B (RhB)
under white light illumination (420 nm- IR Infrared). Different from DBQ-M materials, CLA-M
materials can not only degrade MB but also RhB, which is more difficult. Thus, here all the following
degradation experiments were conducted with RhB as the model organic material. For the degradation
experiments, about 5 mg of M-CLA materials were added into 30 mL glass bottle with 20 mL RhB
solution (1 mg L™). After 2 hours’ stirring in dark environment, the reaction bottle was placed under
illumination by 50 W LED light with constant stirring. For a typical time length, part solution was
taken to be centrifuged first and then measure the remaining dye concentration by UV-vis spectra at
the wavelength of 554 nm (RhB). Although showing different degradation rates, almost all those
materials successfully decomposed the dye molecules. As the degradation of RhB could reveal more
information about the photo reaction mechanism, the degradation results were analyzed in detail. Most
relevant and unexpected, among all the samples, M-CLA-250 showed the best degradation
performance. 5 mg M-CLA-250 could degrade 90% of 20 mL 1 mg/L RhB in 4 hours, in spite of the
fact that the bulk of the material and the corresponding light absorbance is still of the same as in the
primary material. As shown in the graph, the supramolecular B-CLA-M crystal is already visible light
active as an H-bridge stabilized, organic semiconductor. RhB degradation by B-CLA-M takes about
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twice the time of M-CLA-250, which probably results from its structural properties. As mentioned in
Figure 3.3, M-CLA-250 possesses a tiny layer of polymer on the top with its different electronic
structure. This polymer layer here can act as a heterojunction and improves effectivity of charge
separation and subsequent charge transfer. This “boxed” organic semiconductor obviously
outperforms all other species, as it combines crystalline order and coupled excellent charge transport

with the stability of a polymer for stabilization and charge transfer.
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Figure 3.18 Photochemical RhB degradation curves with different narrow light illumination (445 nm

blue light, 520 nm green light and 590 nm orange light).

With the best degradation performance, M-CLA-250 was thus used to further explore photoactivity. In
order to confirm its activity in pure visible light, the RhB degradation experiments were conducted
under narrow visible light. In this experiment, the 50 W white light was replaced by 50 W blue light
(445 nm), green light (520 nm) and orange light (590 nm), respectively. Similar to the experiment
above, the dye concentration was measured after certain time of illumination. As shown in Figure 3.18,
under the illumination of green light and blue light, M-CLA-250 can successfully degrade RhB and
their degradation rates are close. However, under orange light (590 nm), it seems impossible for M-

CLA-250 to degrade organic dyes, which is in the agreement with its UV-vis spectrum in Figure 3.11.
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Figure 3.19 Photochemical RhB degradation curves with different additives.'**"

The affirmation of the photodegradation path via photogenerated holes or by electron transfer is
important for mechanism of RhB degradation. Thus, electron acceptors and hole scavengers, like tert-
butanol and methanol, were introduced in the degradation system (Figure 3.19). As a result, electron
acceptors, such as Ag' and oxygen, can help accelerate the degradation process, while the introduction
of hole scavengers strongly hindered the dye photodegradation. Based on these results, it can be

confirmed that RhB degradation is mainly through the photogenerated holes.

At the end of a typical RhB degradation experiment, a peroxide stripe test was dipped into the already
colorless solution for one second. Then the test was compared with standard color card and unveiled
the existence of OH radicals in a concentration of ~3 pg/L. Their existence indicate the
photogenerated holes can obviously oxidize water, resulting first in the formation of OH radical that
can further recombine to peroxide, which both oxidize RhB molecules into colorless fragments.
Moreover, the fact that even peroxide was formed indicated that the valence band (VB) of CLA-250 is
significantly more positive than 1.763 eV vs. NHE - the minimum energy that is required to form

peroxide.

In order to further examine the oxidation power of the photocatalysts, CLA-M-250 was also used to
degrade the colorless organic compounds phenol. 20 mg CLA-250 were added into 30 mL glass bottle
with 20 mL 1mg/L phenol water solution. After stirring in dark for 1 h, the whole system was placed
under S0W white light illumination for one day. With the process of photo reaction, the solution was
measured with gas chromatography-mass spectrometry (GC-FID), the peak area of phenol could be

observed slowly to decrease with time as shown below. Before and after the degradation, both of the
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solutions were checked with GC-MS. Before that, the signal of phenol could be detected, however
after that this signal disappears. In addition, the pH of this system drop to 4 from 5.5 at the beginning,
which could represent the final degradation products, could be acidic substances, such as oxalic acid or

succinic acid. This information could be used to prove the fragmentation of phenol.

Table 3.3 Peak area of phenol in solution with the process of photoreaction

Time (h) Integral Peak area (unit: million)
0 6.62
4 6.44
12 5.97
16 5.77
24 5.34
36 4.06

With more positive than 1.763 eV vs. NHE valence bond, CLA-M-250 should be able to fully oxidize
water into molecular oxygen, because it is energetically easier than the formation of peroxide.
However, whether it can successfully realize oxygen production still requires to be proved, because it
usually gets kinetically hindered as it requires the simultaneous transfer of four electrons and four
protons. Indeed, we found out that M-CLA-250 without cocatalyst can generate very low amounts of

oxygen. Using cobalt oxide as a cocatalyst one can accelerate the four electron process.

The cocatalyst doped M-CLA-250 was synthesized by using 400 mg M-CLA-250 and 48 mg
Co(NO3), that were mixed together with 50 mL water. Then the solution was constantly stirred while
heated at around 80 °C for 2 h. After that, Co(NOs), was converted to CoO at 200 °C. For the oxygen
evolution reaction measurement, 100 mg Co doped M-CLA-250 material was added into the reaction
flask together with 200 mg AgNO; and 100 mL water. Then the whole reaction system was flushed
with nitrogen for 5 minutes to remove dissolved oxygen. During the experiment process, an oxygen
sensor was inserted under the water level while nitrogen was continuously coming above the liquid
level to prevent oxygen leakage from the outside. The experiment setup was exposed to visible light at
around 20 °C, while the oxygen content was monitored by oxygen dipping probe sensor from PreSens.
The control experiments were conducted also as above mentioned, only without one factor each time,

such as illumination, AgNO; or cocatalyst. (Figure 3.20)
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Figure 3.20 Oxygen production under illumination with M-CLA-250 as catalyst.**"!

In a typical oxygen production experiment, the concentration of oxygen in water increases with
illumination time and reached a maximum amount of 2.8 pmol/L after 110 min. In the first 50 min, the
oxygen generation showed the highest rate at around 0.05 pmol L™ min™. After that, the oxygen
production process slows down, probably due to the deposition of Ag on the photocatalyst surface that

inhibits the water oxidation process.

3.5 Conclusion

In this chapter, a series of new materials are synthesized through supramolecular preorganization of
DBQ and M at different condensation temperatures, after careful selection of starting monomers. In
this work, highly ordered fiber-like structures were prepared, using chlorine substitution to restrict
lateral growth. The optical and catalytic properties as well as the carbon and nitrogen ratio of the
materials can be tuned by calcination temperature while the fiber-like morphology is preserved up to
800 °C. Among all the obtained materials, CLA-M-250 underwent polycondensation only on grain
boundaries and its surfaces, which generates a “boxed” crystalline organic semiconductor. This
material shows the highest photocatalytic activity of the whole series in degradation of dyes, driven by
a very high VB stability and the corresponding strong oxidation power. This ability is so strong that
OH-radicals and finally oxygen can be produced from water under illumination with white light, a
process that previously only the more stable g-CN materials can accomplish. We believe that this work
can open many opportunities for rational nanorod semiconductor design as well as for new materials

for photooxidation reactions for both organic synthesis and environmental remediation.
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4 Photocatalytic cyanation of graphitic carbon nitride scaffold:
tuning band structure and enhancing the performance in green
light driven C-S bond formation

4.1 Background and state-of-the-art
4.1.1 Post modification of photocatalyst

In last two chapters, two series of photoactive materials (DBQ-M materials and CLA-M materials) are
prepared with different supramolecular pre-compositions. It will be shown that this is a feasible way to
improve the performance of photocatalyst simply by adjusting its starting monomers. This method
usually changes both the structural and functional properties thoroughly. For some photocatalysts with
excellent photocatalysis performance, they only require to be strengthened on their own basis to
promote its current photocatalysis efficiency, for instance g-CsN,. As elaborated in Chapter 1.6, low
solar utilization efficiency is still one of the most significant challenges for photocatalyst. Therefore, it
becomes important and meaningful to seek for post-modification methods to further improve the

performance of photocatalysts.

Among various post modification methods, an effective way to modify carbon nitride is the

223

introduction of defects.”” In fact, the defects can alter the electronic structure, which leads to

additional visible light absorption. Moreover, they can also serve as active sites for photocatalytic

[85, 224

reactions and provide trapping sites to retard the recombination of charge carriers. I Recently,

nitrogen deficient carbon nitride materials by introducing nitrogen defects in the framework were

225-227 -
I This process

found to significantly expand the visible light response of such materials.!
remarkably enhances the photocatalytic activity but harsh reaction conditions are required for
modification, such as high temperature reduction in hydrogen flux, calcination in the molten KOH,
and hydrothermal conditions etc. An alternative pathway with milder reaction conditions and more

facile operations was to our opinion still desirable.
4.1.2 Modification via functional groups

Given the conjugated system of the g-C;N, and learning from the long history of dye
chemistry, color can be tuned by expanding the conjugated systems with small donor and
acceptor substituents.'*”® ! We thus propose a strategy of grafting e.g. cyano groups on g-
C;N, scaffold, thus lowering the relative nitrogen content chemically, as opposed to the
previous approaches of reducing the nitrogen contents by partially destroying the g-C;Ny4
frameworks (and potentially creating the nitriles indirectly as leftover groups). The challenge
here is, in spite of the known chemical/thermal stability of the tri-s-triazine unit and the carbon

nitride, to develop efficient approaches for grafting the selected functional groups.
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It has been reported that cyano groups can be photocatalytically grafted onto N-containing

[230

heterocyclic rings.'”*"’ Moreover, thiocyanate salts, which could be converted to cyanates by oxidation,

#1231 Inspired by those facts, we employed

are wildly used as a safe cyanation reaction reagent.!
thiocyanate salt as the cyano group source via a facile photocatalytic reaction. To our delight, cyano

groups were successfully grafted on g-CsN, by a facile photocatalysis reaction.
4.1.3 Brief introduction to this chapter

This chapter demonstrates a novel strategy for g-C;N, post-modification. In this strategy,
thiocyanate ions are first photocatalytically converted to cyano radicals by carbon nitride;
which recombine with the carbon nitride scaffold afterwards, forming cyanated g-C;Ny4 (g-
C;N4-xCN. Here, where x represents the content of CN group in the sample by weight
percentage). It is worth noting that the C/N ratios (or the CN group content in the sample) and
the substitution degree can be facilely controlled by varying the reaction conditions, such as
irradiation time and NaSCN concentration of the reaction mixture. Most importantly, the band
gap is directly affected by the cyano group content in g-C;N4-xCN. The samples with a higher
CN content show a narrower band gap. The band gap could be tuned down to 2.29 eV, as
compared to 2.73 eV for the pristine g-CsN,4, expanding the visible light response to an
adsorption edge of 590 nm. It is shown that the photo-induced charge-carriers separation is
improved as well, and that g-C;N4-xCN exhibits significantly enhanced performance under
green light (520 nm) irradiation, as exemplified with a model reaction, the photocatalytic C-S
coupling reaction towards alkenyl sulfones. This can be set in stark contrast with the negligible

activity of the pristine carbon nitride at this wavelength.

4.2 Preparation methods of cyanation of graphitic carbon nitride scaffold

All the chemicals in this chapter were purchased from Sigma Aldrich. Unless specified, all the

chemicals have not been subjected to further processing.

The preparation of g-C3;N,: 0.01 mol (1.26 g) melamine and 0.01 mol (1.29 g) cyanuric acid
were added into a 250 mL beaker with 100 mL H,O inside. The mixed suspension was stirred
overnight while the stirring speed is 500 rpm. Then, the solid matter was separated by
centrifuge at 8000 rpm for 5 minutes, and dried in vacuum oven at 60°C for 10 hour. Fully
dried materials is CM (cynuric acid and melamine) complex, which was polymerized at 550 °C

for 4 hours in an oven under N, flow. The as synthesized light yellow powder is the g-C;N,.

Cynation of carbon nitride: the cyanated carbon nitride samples with varying CN modification
are denoted as g-C3;N4-xCN, where x represents the content of CN group in the sample by
weight percent. In a typical synthesis of g-CsN4;-16CN, 60 mg g-C3;N, and 180 mg NaSCN are

added to 20 mL acetonitrile in a 50mL photoreactor. The photoreactor was irridiated by 100W
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white LED for 8 hours in air under room temperature. The solid product was collected and
washed with H,O and ethanol. For the samples with various CN contents, only the

concentration of NaSCN was changed, while all other parameters are kept the same.

4.3 Characterization of g-C3N,;-xCN materials.
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Figure 4.1 The C/N weight ratio and cyano group weight content of g-C;N,4-xCN materials.

In order to measure the amount of grafted cyano group, inductively coupled plasma mass
spectrometry (ICP-MS) was used to analyse the element composition of these g-C;Ny4-xCN
materials. As no S content was detected, we are sure that the grafted group should be cyano
group. With the photocatalytic cynation reaction, the content of grafted CN groups can be
transcribed from elemental analysis. In Figure 4.1, the weight ratio of C/N increases with the
input of NaSCN; and the cyano group weight percentage reaches a maximum value of 16%
(C/N molar ratio of 0.664). Futher increase of NaSCN concentration with elongated irridation
time could not raise C/N ratio any more, indicating that all the possible reaction sites on g-
C;3N4-16CN scaffold have been substituted by cyano group. This reaction can thereby be easily
used to evaluate the incompleteness of the condensation of the tri-s-triazine units, and the as-

made polymeric carbon nitride is obviously rather a melon than a completely condensed g-
CsN,.
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Figure 4.2 FTIR spectra of g-C;N4-xCN samples.

The samples were characterized by Fourier transform infrared (FTIR) spectra to understand the
changes in fundamental structure of the g-C;N, scaffold caused by cyanation (Figure 4.2). As for the
starting chemical, NaSCN shows a sharp absorption peak at 2100 cm™, while for all the g-C5N,~xCN
samples, this peak is absent, which states that all the g-C;N4-xSCN samples are free of NaSCN
residues. It is worth noting that there are two distinctive peaks varying in intensity with cyano group
contents in the samples. One is the absorption peak at 2230 cm™, which is corresponding to the
carbon-nitrogen triple bond (C=N) vibration and consequently increases with cyano content in the
samples. The other is the multiple broad peaks at 3000-3300 c¢m™', which are assigned to the N-H
stretching vibration of the amine group (-NH,). With the increase of cyano group content in the
samples, this N-H vibration peak is massively diminished. These data strongly support the proposed
substitution of amino group (—NH,) by the cyano group (-CN). All the other typical vibration peaks of

the g-C;N, scaffold keep unchanged, indicating that the carbon nitride framework stays intact.
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Figure 4.3 X-ray diffraction patterns of g-CsN,-xCN samples.

To study the effect of the cyanation on the crystallinity of the materials, these samples were further
characterized by X-ray diffraction (XRD, Figure 4.3). The diffraction intensity from the sample with
higher cyano group content is lowered, but in spite of the changes in peak intensity, all the samples
show the characteristic diffraction from (002) crystal plane at 27.5°, without any displacement. This
states that reaction potentially delaminates the sample, but that otherwise the in-plane packing and
inter-plane stacking situation of C;N4-xCN did not change at all; even the distance between layers is
kept the same. This further proves our assumption that that cyano group (~CN) replace amino group (—
NH,), and that g-C;N, scaffold is preserved after photocatalytic cyanation reaction.
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Figure 4.4 SEM graphs of g-C;N, (a) and g-C3N4-16CN. (Scale bar equal to 1 um)

Scanning Electron Microscopy was used to help better understand the morphology variation after
cyanation reaction. As shown in Figure 4.4, there is no obvious difference on morphology of g-C;N,
and cyanated carbon nitride. This shows the cyanation reaction just takes place on the peripheral sites

of g-C;N, and does not influence the general main morphology at all.
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Figure 4.5 C 1s (a, b, ¢), N 1s (d, e, f) X-ray photoelectron spectroscopy (XPS) curves of g-C;Ny
(blue), g-C3N4-8CN (black), g-C3N,4-16CN (red).
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X-ray photoelectron spectroscopy (XPS) was employed to further analyze surface structural
changes on the g-C3N, with the introduction of cyano group (Figure 4.5). For pristine g-C3;Nj,
there is one main Cls peak with binding energy of 288.5 ¢V, which represents the carbon in
triazine ring (N-C=N). After cyanation, two additional Cls peaks appear at 286.9 eV and 285.2
eV. They are, respectively, corresponding to the carbon atom in cyano group and the one in

heptazine unit bonding with cyano group.?** >

The intensity of the additional peaks increases
with the content of cyano group in the sample, strongly supporting that cyano group has been
successfully grafted on carbon nitride scaffold. For the N1s curve (Figure 4.5), the broad peak
contain 3 components with binding energy peak at 402 eV (hydrogenated nitrogen), 400 eV
(charge depleted amine), and 398 eV (nitrogen in double bond and triple bond with carbon)**®!,
With the increase of the cyano group content in the samples, the intensity of the peak at 398 eV
is increasing, while the peak at 402 eV decreases. This again confirms that the amino group on
the g-C;N, scaffold is successfully substituted by cyano group during photocatalytic cyanation
process. Based on all those information and data, a simply schematic structures of g-C3;N,-xCN
and g-C;N,4 are shown in Figure 4.6, which shows the possible change in heptazine units in

before and after the cyanation reaction.
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Figure 4.6 Proposed structural change in heptazine units in before (a) and after (b) the

cyanation reaction.



Table 3.1 Results of g-C3;N4-xCN preparation under different conditions

oxygen NaSCN  illumination solvent additives  products
1 + + + ACN - +
2 - + + ACN - -
3 + - + ACN - -
4 + + - ACN - -
5 + + + ACN TEMPO -
6 + + + DMF - -
7 + + + EtOH - -

A series of control reactions were conducted for revealing the reaction mechanism of
photocatalytic cyanation process. As shown in Table 4.1, light irradiation, NaSCN, and aerobic
condition, are all prerequisites for the successful grafting of cyano group on the carbon nitride
scaffold. This reaction was impeded by the addition of radical scavenger (TEMPO), which
indicates that the cyanation reaction proceeded through a radical pathway. After the reaction,
sulfate ions (SO,*), which is one of the products of the thiocyanate ion (SCN) oxidation, are
detected in inadequate washed materials. Together with the above spectroscopical analysis, we
thus proposed a brief reaction mechanism. The aerobic photocatalytic oxidation of SCN"
produces CN , which could be converted to cyano radical by photo-induced hole. The cyano
radicals can attack/recombine with the charged triazine ring and replace the amino group,

releasing ammonium ions and affording cyanated carbon nitride.
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4.4 Band structures and photocatalysis performance of g-C;N4-xCN materials.

g-CsN4 g-CsNs-5CN g-CsN4+-13CN
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Figure 4.7 Photographs of the g-C;N4-xCN samples showing gradual color increase.
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Figure 4.8 solid UV-Vis absorption spectra of the g-C3N;-xCN samples.

As the most obvious variation, it can be observed that the color of these samples change
gradually from pale yellow to gold. The effect of the cyanation process on the visible light
response of the materials was studied by UV-vis absorbance spectroscopy. As shown in Figure
4.8, the pristine g-C3N, has an absorption edge at around 450 nm, while a significant red shift
of the absorption edges is observed for the samples with increasing cyano group content. For
all, g-C;N4-xCN samples, a gradual significant red shift of the absorption edges with
increasing C=N contents is observed. The absorption edge of the sample g-C;N4-16CN extends
to 590 nm, which is significant for a potential better coverage of the solar light spectrum. This
means g-C3;N4;-xCN can also absorb green light and represents the success of g-CsNy

modification via side chain substitution.
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Figure 4.9 Tauc’s plot for g-C3N4-xCN samples.

Based on the UV-Vis absorption spectra above, the optical bandgap of resulting g-C3N,;-xCN can be
calculated by the Tauc plot method. A Tauc plot is widely used method to determine the optical
bandgap, or Tauc gap, in amorphous semiconductors. The resulting plot has a distinct linear range
which denotes the onset of absorption. Thus, extrapolating this linear region to the abscissa yields the
energy of the optical band gap of the material. The band gap of g-C;N, and g-C;N;-xCN were
calculated and the results are as shown in Figure 4.9. As we can see, the band gap gradually decreases

from 2.73 eV for the pristine g-C5N, to 2.29 eV for g-C;N4-16CN.
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Figure 4.10 Ultraviolet photoelectron spectra (UPS, left) of g-C3Ny, g-C3N4-8CN and g-Cs;N,-
16CN; Scheme of the band gap structures (right) of g-C5N,, g-C3N4-8CN and g-C3;N4-16CN.

After the confirmation of band gap, it is necessary to affirm the exact valence band position of g-C;N,4
-xCN materials. To determine the valance band level, ultraviolet photoelectron spectroscopy (UPS)

was used for these resulting materials. When absorbed ultraviolet photons, the tested samples can emit
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photoelectrons. The kinetic energy spectra of photoelectrons can use to determine the position of
valence bonds from the intersection of line fitting of the valence band leading edge and the other line
of the background. Here g-C;Ny, g-C3N4-8CN and g-C3N4-16CN are selected as the representatives to
show the change of valence bond. As shown in Figure 4.10, the valence-band maximum (VBM) of g-
C3Ny, g-C3N4-8CN and g-CsN4-16CN are calculated to be 1.53, 1.41, and 1.24 V (vs. NHE),
respectively. With the above mentioned band gap values in hand, the conduction band minimum
(CBM) is thereby calculated to be -1.15, -0.95 and -1.05 V (vs. NHE). As a result, cyanation of the g-
C;Ny leads to the negative shift of the valence band maximum while keeping the conduction band

minimum rather unchanged (Figure 4.10 b).
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Figure 4.11 Photoluminescence spectra of g-C;N,4-xCN materials.

As mentioned in Chapter 1.6, a too fast recombination process of photogenerated charges is an
important reason for the low efficiency of photocatalysts. Therefore, photoluminescence (PL)
measurements of g-C3N4-xCN are of additional value, which can clearly point out whether the
radiative charge recombination process is inhibited or not. As shown in Figure 4.11, for g-
C;Ny, the strong PL emission at 470 nm shows a fast and rather efficient charge carrier
recombination. After cyanation, the intensity of this emission peak is weakened. This implies
that the cyanation reduces charge carrier recombination of these materials. This is potentially
good for the photocatalytic reaction, which needs the charge carriers to initiate the photo-redox
reaction. At the same time, the profile of the photoluminescence spectrum stays unchanged,
which means that the higher positioned HOMO orbitals brought it by the nitriles are not really

involved in radiative recombination. All those information speak for a rather stable localization
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of the photogenerated charges by means of the cyano groups. It is thus reasonable to expect

enhanced photocatalytic performance of the cyanated g-C;N,.
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Scheme 4.1 Photocatalytic coupling reaction between styrene and benzenesulfinate sodium and its

mechanism, > 238!

As reported, carbon nitride can be employed as a photo-redox catalyst for the light-induced
sulfonylation of alkenes with sulfinate salts. *”) This photocatalytic reaction can widely proceed with
various sulfinates and alkenes with good product yields. The excited photocatalyst can oxidize the
sulfinate salt to its radical, while the photocatalyst itself is forms a ground-state radical anion, which is

[237] [238 o
! As a lowered recombination

re-oxidised by the nitrobenzene regenerating the photocatalyst.!
rate is favorable to such a photocatalytic reaction, the performance of the g-C;N4-xCN samples was
therefore evaluated in the photocatalytic coupling reaction between styrene and sodium benzenes

sulfinate (Scheme 4.1).

In a typical photocatalytic experiment, sodium benzenesulfinate (0.05 mmol), styrene (0.017 mmol)
nitrobenzene (NB, 0.034 mmol) and 20 mg photocatalyst are accurately weighted and added in to a 5
mL glass bottle with 3 mL EtOH as solvent. After full dissolution, the glass bottle was deposited under
blue (445 nm) or green (520 nm) light illumination for 12 h. After that, 0.5 mL solution was taken for
GC-MS measurements as well as for GC-FID measurements, from which the photocatalysis yield can
be straightly calculated. During the experiments, all the steps are similar, only with the changes of

catalysts and illumination source.
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Figure 4.12 photocatalytic yields of g-C;Ny4, and g-C3N4-SCN under blue and green light illumination.

Under blue light (445 nm), both the pristine g-CsN, and g-C5N4-16CN show high performance. They
could successfully couple the styrene and benzenesulfinate together with a yield at around 90 % (in
terms of styrene conversion). When the photocatalytic reactions are irradiated by green light (520 nm),
the reaction with g-CsN,-16 CN shows excellent yield of 88 %; while for the reaction with pristine g-
C;Ny, there is only a low conversion of 2 %. The great difference under green light illumination
illustrates the influence of the cyanation of g-C;N4. Through that cyanation process, the light
absorption range of g-C;N, is broadened, while staying a defined semiconductor with well accessible

charges, which will greatly improve its solar-to-energy conversion efficiency.

4.5 Conclusions

In this chapter, we for the first time propose a novel photocatalytic method for modifying the
carbon nitride scaffold, by using sodium thiocyanate in acetonitrile as the cyano group source. The
cyano group content in the sample could be easily controlled by the concentration of NaSCN. The
cyanation modification takes place at former uncondensed amine groups and leads to a narrowed band
gap as well as improved photo-induced charge carrier separation. The cyano group grafted carbon
nitride shows a dramatically enhanced performance in mild photoredox reactions under green light,
here exemplifyed by the photocatalytic coupling reaction between styrene and sodium
benzenesulfinate, which is in stark contrast with the spectrally limited reactivity of pristine g-C;Nj.
This work not only offers a methodology for enhancing the visible light response of the carbon nitride
materials, but also sheds light on the possibilities of designing novel carbon nitride materials by
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attaching favorable donor and acceptor groups on the carbon nitride scaffold via

chemical/photochemical reactions pathways.
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5 Conclusions and outlooks

This thesis mainly focuses on the preparation of photoactive materials in novel methods based on the
preparation of graphitic carbon nitride via supramolecular assembly. Three series of novel
photocatalysts have been synthesized via utilizing different pre-compositions and post-modifications.
These new methods successfully overcome some drawbacks of the pristine g-C;N4, such as high

condensation temperature and a too restricted light absorption range.

In Chapter 2, inspired by carbon nitride preparation, a new supramolecular assembly was prepared via
utilizing 2, 5-dihydroxy-1,4-benzoquinone (DBQ) to take the place of cyanuric acid in the
supramolecular pre-monomer complex of polymeric carbon nitride. The complexes as well as its
condensation products maintain sheet-like morphology, even up to high temperature of 800 °C. These
materials cover the material classes of crystals, polymer frameworks and N-doped carbons. At a
synthesis temperature as low as 250 °C, the product DBQ-M-250 shows good adsorption properties

and good photoactive performance and, can successfully degrade methylene blue.

In Chapter 3, the acid monomer of the supramolecular complexes was further changed by using
chlorine substitution (chloranilic acid, CLA). Highly ordered 1 D fiber-like structure materials were
prepared instead of 2D sheet-like materials, because of the restriction to lateral growth. The optical
and catalytic properties as well as the carbon and nitrogen ratio of the materials can be tuned according
to the calcination temperature. Among all the obtained materials, CLA-M-250 condenses only on
grain boundaries and its surfaces, which makes it a heterojunction semiconductor. This material shows
the highest photocatalytic activity and strong oxidation capacity. It shows not only great photo-

performance in RhB degradation, but also oxygen production in water splitting.

In the Chapter 4, the research focuses on the modification of photocatalyst in a post-modification
instead of changing the primary composition. A novel photocatalytic method was proposed to modify
a carbon nitride scaffold with cyano groups, whose content can be controlled by the input of sodium
thiocyanate. The cyanation modification leads to narrowed band gap as well as improved photo-
induced charge separation. Cyano group grafted carbon nitride thus shows dramatically enhanced
performance in the photocatalytic coupling reaction between styrene and sodium benzenesulfinate

under green light irradiation, which is in stark contrast with the inactivity of pristine g-C;Nj.

In this thesis, all those materials exhibit a significant enhanced photocatalytic performance, and
some of them are still with potential for further research. For example, CLA-M-250 is with a
comparably strong oxidation power, but its water splitting efficiency is still very low. More
attempts could be made to improve its photocatalysis performance by optimizing the oxidation
cocatalyst. Besides, with the valence band (VB) of CLA-250 more positive than 1.763 eV vs.

NHE, it is reasonable to employ it in more photocatalytic reactions. It is valuable research
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topic to find out whether CLA-M-250 is capable in other relevant photocatalysis reactions and
what kind of photocatalysis reaction can be realized with CLA-M-250. This is similar for the
g-C3N4-16CN material prepared in Chapter 4. As modified, g-CsN, is expectable to be so
reactive that it would be highly interesting to seek for whether this cyano group grafted
photocatalyst can be employed in other usage. The work in this thesis to be understood is just as a start

for these materials, which is expected to be followed by better performance and more results.

More importantly, the methods in this thesis are general and simple, and be extensively used in
photocatalyst synthesis. It is reasonable to expect a further improvement of the performance of

CN photoactive materials from both the pre-composition and the post-modification way.

It is to our opinion possible to obtain further different photocatalytic materials via
supramolecular assembly but with more different initial monomers. This time, the attempts to
modify monomers was limited to the replacement for cyanuric acid, but also the substitution of
melamine can be considered. Various organic components can be utilized in approach, such as
urea, cyanamide, oxamide, 1,3,5-tribenzenetriamine, piperazine, and benzoquinone dioxime.
The new supramolecules as well as their condensation products will possess different
properties, related to the introduction of more monomers. Within those variations, it is very
likely to find new materials with even better photocatalytic performance for each specific
reaction. More importantly, it is possible to utilize different monomers to synthesize CN
materials with stereoscopic topology, which could possess high specific surface area, high
structure stability, low gas resistance and a large number of exposed active sites for photo

reactions.

The work of Chapter 4 sheds light on the possibilities of designing novel carbon nitride
materials by attaching favorable functional groups on the carbon nitride scaffold via
chemical/photochemical reactions pathways. In fact, there are a lot of references about the
grafting of functional group to N including heterocycle via photo catalytic reaction. It is possible to
try whether those methods can be used in g-C;N, modification. If so, these methods can be used to
change the elemental composition and introduce modification into g-CsN,, which will lead to the
improvement of photocatalysis efficiency.
In general, this thesis brings two novel methods to effectively change photoactive material. 1
hope these innovative attempts can inspire more researchers in this area to prepare better

photocatalysts, improve the photocatalysis efficiency and finally achieve widely commercial usage.
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6 Appendix

6.1 Characterization methods

Powder X-Ray diffraction patterns were measured on a Bruker D8 Advance diffractometer equipped
with a scintillation counter detector with CuKa radiation (A = 0.15418 nm) applying 20 step size of

0.05° and counting time of 3s per step.
Elemental analysis was measured through combustion analysis with the Vario Micro device.

FT-IR spectra were recorded on a Varian1000 FT-IR spectrometer equipped with an attenuated total

reflection unit with diamond applying a resolution of 4 cm™.

Nitrogen adsorption/desorption measurements were performed after degassing the samples at 150 °C
for 20 hours using a Quantachrome Quadrasorb SI-MP porosimeter at 77.4 K. The specific surface
areas were calculated by applying the Brunauer-Emmett-Teller (BET) model to adsorption isotherms

(N2 at 77.4 K) for 0.05 < p/p0 < 0.2 using the QuadraWin 5.05 software package.

Optical absorbance spectra of powders were measured on a Shimadzu UV 2600 equipped with an
integrating sphere. The absorption spectra of Methylene Blue and RhB solutions were recorded on a

T70 UV/VIS spectrophotometer (PG instruments Ltd.).

The emission spectra were recorded on LS-50B, Perkin Elmer instrument. The excitation wavelength
was 350 nm. Time-resolved photoluminescence measurements were carried out at room temperature
using Edinburgh Instruments (FLSP 920) system, equipped with a 450 W xenon lamp as the excitation

source.

SEM images were obtained on a LEO 1550-Gemini microscope. Shimadzu UV 2600 was used to
reveal the optical absorbance spectra of powders. Energy disperse X-ray analysis and morphology
observation by scanning electron microscope (SEM) were performed on JSM-7500F (JEOL) equipped
with an Oxford Instruments X-MAX80 mm?2 detector.

Transmission electron microscopy (TEM) was performed by using an EM 912 Omega microscope
ar120 kV. Samples were prepared by depositing a drop of a suspension of particles in ethanol onto the
amorphous carbon film. The structures of materials were also examined by transmission electron

microscopy (TEM) using an EM 912 Omega microscope ar120 kV.

The structures of materials were also examined by transmission electron microscopy (TEM) using an

EM 912 Omega microscope ar120 kV.

The high resolution Transmission electron microscopy images were acquired using a double-corrected

Jeol ARM200F, equipped with a cold field emission gun. For the investigation, the acceleration
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voltage was put to 200kV and a condenser aperture with a diameter of 20pm was used. With these
settings, the microscope reaches a lattice resolution below 1A. An attached Gatan GIF Quantum

energy filter was used for the acquisition of the EELS measurements.

Elemental composition of products and chemical states of the surface elements were analyzed by X-
ray photoelectron spectroscopy using ESCALab220i-XL electron spectrometer from VG Scientific
and 300W AlKa radiation. For Chapter 4, the X-ray photoelectron spectroscopy was measured with
CISSY equiment in ultra-high vacuum (UHV), with a SPECS XR 50 X ray gun Mg Ka radiation and
Combined Lens Analyser Module (CLAM ). All spectra were referenced to the C 1s peak of
adventitious carbon at 284.8 ¢V. For quantification purposes, survey spectra at pass energy of 50 eV
and high-resolution spectra at pass energy of 20eV were recorded and analysed by XPS Peak 4.1
software . The spectra were decomposed assuming line shapes as sum functions of Gaussian (80%)

and Lorentzian (20%) functions.

Ultraviolet photoelectron spectroscopy (UPS) analyzed was carry out with CISSY equiment in ultra-
high vacuum (UHV), with a excitation source of He [ 21.2 eV radiation and UVS 10/35.

Zeta-potential measurements were performed using Zetasizer nano ZS, and the data analysis was

conducted by using “Zetasizer” software.

TGA-MS measurement has been performed using a thermo microbalance TG 209 F1 Libra (Netzsch,
Selb, Germany) coupled with a Thermostar Mass spectrometer (Pfeiffer Vacuum; Asslar/Germany)
with a ionization energy of 75eV. A platinum crucible was used for the measurement of 10 mg of
samples in a Helium flow of 10 mL/min and a purge flow of 10 mL/min. The samples have been
heated with heat rate 2.5 K/min to 910 °C. Data have been recorded and analysed by the Proteus (6.0.0)
and Quadstar (7.03, MID modus) software package.

Internal quantum efficiency was measured using Jasco-8300 fluorescence spectrometer equipped with
ILF-835 100 mm integrating sphere. The sample was excited with 370 nm and the region 400-550 nm

was used to calculate internal quantum efficiency.

GC MS and GC FID measurement were conducted via Agilent 6890 Network GC System coupled
with Agilent 5975 Inert Mass Selective

For oxygen production experiment, the content was monitored with oxygen dipping probe sensor from

PreSens.
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6.2 Supplementary information

Table A.1. Element weight percentage of the DBQ-M materials

Sample N % C% H % C/N mass ratio

B-DBQ-M 322 35.5 4.3 1.104
DBQ-M-150 33.6 38.2 4.2 1.182
DBQ-M-200 33.7 38.6 4.2 1.150
DBQ-M-250 31.7 42.8 33 1.340
DBQ-M-300 29.8 46.9 2.6 1.573
DBQ-M-350 27.4 44.9 3.1 1.643
DBQ-M-400 29.1 49.9 23 1.715
DBQ-M-480 29.0 52.9 24 1.824
DBQ-M-550 29.2 55.5 2.6 1.904
DBQ-M-600 28.4 26.4 24 1.987
DBQ-M-650 26.7 58.7 2.0 2.042
DBQ-M-700 24.6 62.0 2.3 2.527
DBQ-M-800 21.5 68.3 2.1 3.176
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Figure Al. Scanning electron microscopy images of B-DBQ-M (a), DBQ-M-150 (b), DBQ-M-200
(c), DBQ-M-250 (d), DBQ-M-300 (e), DBQ-M-350 (f), DBQ-M-400(g), DBQ-M-480(h) DBQ-M-
550(i), DBQ-M-600 (j), DBQ-M-700 (k) and DBQ-M-800 (1). The scale bars are equal to 3 pm.
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Figure A2. Degradation curves of MB with different catalysts. The catalysts are DBQ monomer (a),
DBQ-M-150 (b), DBQ-M-250 (c¢), DBQ-M-350 (d), DBQ-M-480 (e), and DBQ-M-550 (f),

respectively.
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Figure A3. Comparison of MB degradation by DBQ-M-250 with different addition; (a) blank, (b) Ar
purged, (¢) O, purged, (d) methanol , (¢) Ag ions, and (f) tert-Butanol.
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Table A.2. Element weight percentage of the M-CLA materials

Sample N % C% H % C/N mass ratio
B-M-CLA 334 29.2 3.5 0.879
M-CLA-200 333 29.0 3.5 0.874
M-CLA-250 334 29.1 3.0 0.874
M-CLA-300 41.9 34.6 2.9 0.845
M-CLA-550 40.3 46.8 1.3 1.159
M-CLA-800 24.7 66.2 0 2.680
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Figure A4. Degradation of RhB with CLA-M-200(a), CLA-M-250(b), CLA-M-300(c) and CLA-M-

550(d) as Catalysts respectively.
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Figure AS5. Photochemical RhB degradation curves with different additives. (CLA-M-250 as the

catalyst).
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Figure A6. Comparison of oxygen production experiments with CLA-M-250 and that with monomers.
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Table A.3. Element weight percentage of the g-C3N,-xCN materials

Sample C% N % H% S% C/N mass ratio
g-C5Ny 34.8 58.8 3.4 0.6 0.581
g-C5N4-2CN 34.6 58.5 3.5 0.8 0.592
g-C5Ny-5CN 354 58.3 3.0 1.2 0.607
g-C5N,4-8CN 36.1 58.1 29 0.7 0.621
g-C5N4-13CN 37.2 56.9 23 0.5 0.653
g-C5N4-16CN 37.6 56.6 2.0 1.0 0.664
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Figure A7. XPS overview curves of g-C;N,;-16CN and g-C;Nj.
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