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Geleitwort

Die photokatalytische Herstellung von Wasserstoff als einem viel versprechenden
Energietrager ist eine der wichtigsten Herausforderungen der derzeitigen Forschung
im Bereich der heterogenen Katalyse. Insbesondere sind noch wenige Katalysatoren
bekannt, mit denen sichtbares Licht fiir die Wasserspaltung genutzt werden kann. Un-
ter den zahlreichen Katalysatoren stellen graphitische Kohlenstoffnitride (g-C3N4) at-
traktive Kandidaten dar. Bisher gelingt die Wasserstoffbildung jedoch nur mit geringen
Geschwindigkeiten oder unter Verwendung von Opferreagentien und erfordert haufig
energiereiche UV-Strahlung. In seiner Masterarbeit verfolgt Herr Karl Striegler vor
diesem Hintergrund drei Ansatze der Modifizierung, um aktivere und stabilere Kataly-
satoren auf der Basis von Kohlenstoffnitriden fiir die Wasserstoffbildung mit sichtba-
rem Licht zu erhalten: (i) das Einbringen von S- und O-haltigen Funktionalitaten, (i)
die Sensibilisierung durch Farbstoffe und (iii) die Immobilisierung von Edelmetall- und
Cobaltoxid-Nanopartikeln. Die photokatalytischen Tests zur Wasserstoffbildung fuhrt
Herr Striegler in Anwesenheit von Methanol als Co-Reduktionsmittel durch. Die Mate-
rialien charakterisiert er umfangreich und fihrt auch DFT-Berechnungen von Bandli-
cken fur die modifizierten Materialien durch. Herr Striegler wahlt damit insgesamt ei-
nen sehr breiten Ansatz in einem noch jungen, sehr aktuellen und anspruchsvollen
Gebiet der Katalyseforschung. Herr Striegler hat eindrucksvolle Ergebnisse erzielt. So
konnten durch Copolymerisation von Dicycandiamid und Melamin Materialien mit ho-
herer Wasserstoffbildungsgeschwindigkeit erhalten werden als bisher in der Literatur
berichtet. S- und O-haltige Kohlenstoffnitride konnten hergestellt werden, mit denen
eine Steigerung der Wasserstoffbildungsgeschwindigkeit um den Faktor 1.5 erzielt
werden konnte. Durch kovalente Anbindung des Farbstoffs Erythrosin B konnte im
sichtbaren Bereich eine hohere Aktivitat als nur durch Impragnierung erzielt werden.
Fir die Modifikation mit Pt- und Rh-Nanopartikeln (von enger PartikelgroRenvertei-
lung) hat Herr Striegler eine neue Syntheseroute ohne Notwendigkeit zur Nutzung von
UV-Strahlung erarbeitet. Fur mit Co304-Partikeln modifizierte Kohlenstoffnitride konnte
er erstmals eine Abhangigkeit der photokatalytischen Aktivitat von der PartikelgroRRe
nachweisen. Herr Striegler hat mit einem methodisch sehr breit angelegten Ansatz
zahlreiche neue und hoch aktuelle Ergebnisse zur Modifizierung von Kohlenstoffnitri-
den fur die photokatalytische Wasserspaltung erarbeitet. Die daraus gewonnenen Er-
kenntnisse stellen wichtige Impulse fir zukinftige Arbeiten auf diesem Gebiet dar. Die
schriftliche Masterarbeit ist nicht nur klar strukturiert und ansprechend gestaltet, son-
dern zudem in flissig geschriebenem und klar verstandlichem Englisch abgefasst. Die
Argumentation ist trotz der komplexen Thematik verstandlich dargestellt und die
Kernergebnisse mit Giberzeugender Klarheit zusammengefasst.



\ii Geleitwort

Es freut mich sehr, dass die Masterarbeit von Herrn M.Sc. Karl Striegler, einem sehr
engagierten und hoch motivierten jungen Wissenschaftler mit hohem Potential flr ei-
ne weitere akademische Entwicklung, im Rahmen von Springer BestMasters 2014
pramiert wurde.

Prof. Dr. Roger Glaser



Institutsprofil

Das Institut fir Technische Chemie an der Universitat Leipzig verknipft in For-
schung und Lehre die Grundlagen der Materialwissenschaft mit technisch-
industriellen Anwendungen. Im Zentrum der Anwendungen steht die Heterogene Ka-
talyse. Die wesentlichen Anwendungsfelder sind Energie- und Umweltforschung. Die
Praparation und Charakterisierung nanostrukturierter Materialien als Katalysatoren
sowie die Nutzung nachwachsender Rohstoffe als Energiequelle oder fur die Synthe-
se von chemischen Zwischenprodukten stellen dabei Briickenthemen dar. Der Ansatz
fur ein vertieftes Verstandnis der katalytischen Wirkungsweise basiert dabei auf der
gezielten Herstellung und umfassenden physikalisch-chemischen Charakterisierung
von Materialien mit definierten Eigenschaften einerseits und der Korrelation zu den
katalytischen Eigenschaften unter anwendungsnahen Bedingungen andererseits. Ne-
ben funktionalen Materialien mit definierten Eigenschaften, v.a. hinsichtlich der Poro-
sitat auf unterschiedlichen Langenskalen, spielt die chemische Reaktionstechnik eine
wesentliche Rolle als Werkzeug zur Interpretation der katalytischen Prozesse auf der
Ebene des aktiven Zentrums in seiner Wirkungsumgebung. Damit dient die Reakti-
onstechnik der anwendungsorientierten experimentellen Untersuchung der Katalysa-
toren. Dieses Konzept verbindet somit materialorientierte Arbeiten mit der angewandt-
ingenieurwissenschaftlichen Katalyseforschung einerseits sowie der homogen, hete-
rogen und enzymatischen Katalyse andererseits.

In der Lehre werden Studierenden die Grundlagen der industriellen Chemie vermittelt
und in Vertiefungsmodulen sowie Exkursionen die flr technische Anwendungen und
Prozesse wesentlichen Zusammenhange und Perspektiven erarbeitet. Auf diese Wei-
se werden die im naturwissenschaftlichen Studium erworbenen Kenntnisse mit den
fur die berufliche Tatigkeit im technisch-angewandten Kontext erforderlichen Fahigkei-
ten verbunden.

Die am Institut verfolgten wissenschaftlichen Zielsetzungen leiten sich unmittelbar aus
dem Umfeld einer innovationsgetriebenen, nachhaltigen chemischen Industrie ab. Auf
diese Weise wird ein Ansatz der experimentellen Heterogenen Katalyse und der an-
gewandten Materialforschung auf der Grundlage der Technischen Chemie konse-
quent verfolgt.

Schlissel fir das Verstandnis heterogen katalysierter Prozesse sind Katalysatoren
mit definierten Eigenschaften. Neben der Nanostrukturierung von Katalysatoren v.a.
hinsichtlich der Porositat wird ein breites Spektrum an katalytischen Aktivkomponen-
ten untersucht. Die katalytisch aktiven Zentren sind dabei entweder als isolierte Ato-
me in das Feststoffgeriist eines mikro-, meso- oder makroporésen Materials einge-
baut oder liegen als Gastkomponenten, z.B. als Metallnanopartikel, in den Poren vor.
In jingerer Zeit wurden zudem Materialien untersucht, die als gesamte Phase aus



Vil Institutsprofil

einer katalytisch aktiven Komponente, z.B. aus Ubergangsmetall(misch)oxiden, be-
stehen. Die Porendurchmesser der Materialien Uberstreichen einen weiten Gréfenbe-
reich und gestatten so die Untersuchung skalentbergreifender Phanomene der Mate-
rialwissenschaft und der heterogenen Katalyse. Fiir solche Studien werden am Institut
entwickelte Synthese von Materialien mit hierarchisch strukturierten Porensystemen
durch kombinierte Templatierungsstrategien (Exo- und Endotemplate) oder Sol-Gel-
Techniken konsequent genutzt und weiter ausgebaut. Mittels vielfaltiger Methoden der
physikalisch-chemischen Feststoffcharakterisierung wird der Zugang zum Verstandnis
von Struktur und Wirkungsweise nanopordser Katalysatoren erreicht.

Zu den aktuellen Anwendungsgebieten der Materialien zahlen neben adsorptiver
Stofftrennung und Sensorik insbesondere die Umwandlung und Speicherung regene-
rativer Energie, z.B. die selektive katalytische Reduktion von Stickoxiden in Dieselab-
gasen im Betrieb mit Biokraftstoffen oder photo- und elektrokatalytische Routen zur
Wasserstoffherstellung. Ein weiterer Schwerpunkt stellt die Nutzung innovativer Reak-
tionsmedien wie Uberkritischer Fluide und gasexpandierter Flissigkeiten fir die hete-
rogene Katalyse dar.

Prof. Dr. Roger Glaser
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Abstract

Graphitic carbon nitrides, short g-C3N4, are a promising material for photocatalysis
and catalysis in general. Since the discovery of their photocatalytic activity towards
hydrogen evolution from water, recently, there have been many attempts to improve
this material. This thesis was focused on material modifications and their characteriza-
tion. A series of photocatalytic experiments was carried out. Different types of modifi-
cations and improvement of the basic material are presented.

Copolymerization of comonomers with the standard precursor was performed leading
to a successful introduction of carbon and sulfur. The hydrogen evolution rate of the
resulting material increased up to 150 % compared to the basic material. DFT calcula-
tions and DTA/TG were performed to examine this improvement.

Dye-sensitizing, a technique known to improve the performance of solar cells, was
used to alter the absorption spectrum of g-C3N4. Covalent coupling of dyes resulted in
a doubling of the photocatalytic activity while using just visible light.

Furthermore, new methods of nanoparticle deposition were tested for this material
and the influence of nanoparticle size was examined. The used compounds platinum,
rhodium and cobalt oxide were previously reported to promote the photocatalytic hy-
drogen evolution from water. TEM proved sufficient deposition of platinum and rhodi-
um by well-controllable polyvinylpyrrolidone mediated synthesis on g-CsN4 resulting in
a highly active photocatalyst. It was discovered that the hydrogen evolution rate de-
pends on the size of Co304 nanoparticles.

The thesis was carried out between 2013-06-05 and 2013-11-12 at the Institute of
Chemical Technology, research group Heterogeneous Catalysis of Prof. Dr. Roger
Glaser.
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1 Introduction and Objective

Hydrogen is an important basic chemical. It is widely used in industry for example
methanol synthesis, the Haber-Bosch process, hydrogenation reactions or the Fisch-
er-Tropsch process. Furthermore, over the last decades it has become evident that
CO, is a greenhouse gas, which is presumably responsible for global warming. Thus
and due to its limited availability, humankind will have to change from fossil fuels as
primary energy sources to regenerative energy sources. Hy is promising candidate as
an energy carrier. Lately, research is focusing on pollution free hydrogen generation
by photocatalytic water splitting or photoelectrolysis of water. These methods provide
sustainable energy.

In the late 1970s Fujishima and Honda discovered that a photoelectrical cell in which
the semiconductor titania acts as a photoelectrode, is able to split water while it is il-
luminated. Although there were huge efforts to establish a working system of different
semiconductor types and developing new kinds of materials, there was no break-
through in that field. Almost all semiconductors are lacking in stability against photo-
corroision; their overpotenial for hydrogen and oxygen evolution is too high; often, the
band gap is not suitable and, very essential, they exhibit an inadequate efficiency for
the photoelectrolysis of water.

Still, nanostructuring is a prerequisite for hydrogen evolution from water with sus-
pended photocatalysts. Besides progress in sensitizing semiconductors and apply
nanomaterials for suspended photocatalysts, recently, graphitic carbon nitrides or g-
C3N4 were rediscovered, after Liebig synthesized a material he called “melon”, a
promising material nowadays. It showed a significant hydrogen evolution from water
when it is irradiated. Graphitic carbon nitride can be simply synthesized by heating
precursors like melamine or urea under nitrogen atmosphere above 500 °C. It was
recently investigated with respect to its physical, chemical and catalytic properties.
Still, the structure is not fully elucidated. The material has a special structure that
makes it unique compared to other solid semiconductors. The smallest unit — a hep-
tazine ring — probably forms a two dimensional network of carbon and nitrogen which
can be compared to graphite.

Considering the presumed structure and the straight forward synthesis, a wide range
of modifications are imaginable. Many attempts were carried out doping the semicon-
ductor properties for photocatalytic hydrogen evolution from water by altering the
structure and composition. A vast of methods was tested like vapour deposition tech-
niques which are elaborate. But also copolymerization of barbituric acid was exam-
ined to alter the material. The advantages of g-C3N, are defects of the structure which
are free primary amine groups. Techniques from organic chemistry were applied to
modify this material. Nevertheless, because of its chemical nature, graphitic carbon

K. Striegler, Modified Graphitic Carbon Nitrides for Photocatalytic Hydrogen
Evolution from Water, BestMasters, DOI 10.1007/978-3-658-09740-0_1,
© Springer Fachmedien Wiesbaden 2015



2 1 _Introduction and Objective

nitrides have supposedly a high overpotential for hydrogen and oxygen. It was report-
ed that the reaction can be accelerated by the deposition of promoters for photocata-
lytic hydrogen evolution from water.

It was the aim of this work to investigate new strategies to modify catalysts for photo-
catalytic hydrogen evolution from water. Therefore graphitic carbon nitride had to be
altered by in-situ synthesis and post-functionalizing. All modifications were performed
to alter the composition of the basic material and improve the semiconductor proper-
ties for hydrogen evolution or to reduce the overpotential. Overall, the basic catalyst
was modified by copolymerizing the precursor with different compounds for a quick
and easy shift of the valence band. Here, several copolymers were used to introduce
heteroatoms like sulfur and oxygen to investigate the influence of additional carbon
atoms. Furthermore the polymeric carbon nitrides were sensitized with a dye for a
wider absorbance of the visible light spectrum. Two basic techniques for immobiliza-
tion were tried. It was tested whether it is possible to deposit the dye on the surface by
electrostatic adsorption or to bind a dye covalently, respectively. In order to lower the
overpotential for H, and O, evolution new ways of depositing nano-sized promoters
like platinum and rhodium were investigated. Furthermore, a size dependency of the
promoters Co3;O4 was examined. The products were analyzed, as to whether synthe-
ses had been conducted successfully or not.

To study the copolymerization process and the structure of graphitic carbon nitride
XRD, classical elemental analysis, TG and DTA, Maldi mass spectrometry and DFT
calculations of several HOMOs and LUMOs were perfomed. Successful dye sensitiz-
ing was investigated by diffuse reflection UV/Vis spectra. However, additionally exper-
iments for the deposition of nanoparticles used nanoparticle tracking analysis, TEM
and TPR. Of course, all synthesized materials were tested for their performance in
photocatalytic hydrogen evolution from water, to deduce a relationship between a
specific modification and its efficiency.



2 Literature Overview
2.1 Water Splitting
2.1.1 Hydrogen from Convenient Water Splitting

Hydrogen is required for several applications. Besides classic chemical use like the
Haber-Bosch process, coal liquefaction or for hydrogenation, it is to be considered as
an energy carrier."? Ever since hydrogen has been used on a large scale, there has
been the need for an efficient, cheap hydrogen production.”! In the past, numerous
ways of hydrogen production were developed. Still, fossil fuels are regarded to be the
prerequisite for steam reforming.[‘” Furthermore, partial oxidation or coal gasification
are also depending on fossil fuels.”™ Recently, biomass reforming has become more
and more attractive. Obviously, hydrogen and oxygen can be produced by water split-
ting. While several methods are possible (e.g. thermal decomposition of water or pho-
tobiological water splitting), electrolysis is the most common. With around 5 % of the
overall hydrogen production it is still a minor issue for industrial application compared
to steam reforming.!®’ Nevertheless, photocatalytical water splitting gained attention,
because it converts the primary energy light into a chemical energy carrier, e.g. hy-
drogen.”) It is proposed that hydrogen could alternatively be used as an energy-rich
reagent for formation of hydrocarbons using atmospheric CO,.?

H,0 H, +0.50, (2-1)
2H,0+2e — > H,+20H (2-2)
20H ——> 050,+H,0+2¢ (2-3)

Given that equation (2-1) is clearly an endergonic reaction with AG = 237 kj mol™ =
1.23 eV. It is a requirement that some sort of energy must be fed to the system. In
order to understand the ongoing research in photocatalytical and photoelectrochemi-
cal water splitting, the fundamentals of water electrolysis must be understood. While
reaction (2-2) is the cathodic reduction and (2-3) is the anodic oxidation of water in
alkaline electrolysis, it should be noted that the voltage AU to drive an open electro-
chemical cell is given in equation (2-4). Anyhow, two electrons have to move from the
cathode to the anode.

AG
AU= — +IR+ X 2-4
— TR+ In (2-4)

While the number of electrons n, the Faraday constant F and the free Gibbs energy
AG are set by the reaction itself, the current |, the total ohmic series resistance R and
the overpotentials n can be influenced by designing the electrodes or a possible pho-

K. Striegler, Modified Graphitic Carbon Nitrides for Photocatalytic Hydrogen
Evolution from Water, BestMasters, DOI 10.1007/978-3-658-09740-0_2,
© Springer Fachmedien Wiesbaden 2015
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toelectrical catalyst. ! Hence, it has to be considered that oxygen can have an over-
potential of about one volt for elemental metals®®, while the hydrogen overpotential is
about half a volt for graphite.® The electrodes must not only be conducting but also
have a low overpotential for hydrogen and oxygen. Of course, an increased current is
favorable due to a higher reaction rate and can be achieved by a higher contact be-
tween electrodes and the liquid. Nevertheless, the ohmic series resistance is sup-
posed to be kept low.
Because the kinetics of hydrogen evolution from water electrolysis and the kinetics of
photocatalytic hydrogen evolution from water can supposedly be compared, the
mechanism and the kinetic will be discussed in the following.
H'yo+e — > H Volmer (2-5)
Hags # H'ggt e —= Hy Heyrowsky (2-6)
2Hygs —= H; Tafel (2-7)

ads

The equations (2-5) to (2-7) describe the possible mechanisms of electrochemical
hydrogen evolution. At first the hydrogen has to be adsorbed and reduced on the solid
surface (2-5, Volmer mechanism). The second step depends on the affinity of the
electrode towards hydrogen adsorption. For a low affinity equation (2-6) — Heyrowsky
mechanism — is favored. For a high affinity equation 2-7 — Tafel mechanism — is pre-
ferred. Therefore there are two possibilities of the overall proton reduction: Volmer-
Tafel and Volmer-Heyrowski. For metals, the Volmer mechanism is most commonly
the rate determining step. It is not surprising that metals with a medium metal-
hydrogen bond energy inhibit neither Hyrowsky-mechanism nor the Tafel-
mechanism."” Platium, palladium and other noble metals are known to have low elec-
trode overpotential. Thus, they have a medium metal-hydrogen bond energy, which
leads to a fast Volmer-mechanism reaction, resulting in a quick reaction at rate deter-
mining step.

Electrolysis of water or photocatalytic water splitting is always a zero-order reaction. A
zero-rate reaction is found, when the reaction rate is independent on the concentra-
tion of the reactants. This is the case for reactions, when the reaction rate depends on
catalysts saturated with reactants. The reaction rate ra is constant over time t, be-
cause the increase or decrease of the concentration dca is constant; giving a system
that depends only in the reaction rate coefficient ka (equation 2-8). Since the diffusion
to the surface is faster than the rate determining Volmer reaction, the concentration of
the adsorbed Hags Will remain constant over the reaction time. This is the case for wa-
ter splitting depending only on the surface of the catalyst and the applied bias. By al-
tering the latter variable, ka can be changed, but not the reaction order. Of course,
photocatalytic reactions are special, because they occur mostly only under irradiation.
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While changing from electrolysis of water to photocatalytic water splitting, the origin of
the bias changes instead of the reaction order.
dCA

Tpa = T kA (2_8)

2.1.2 Photocatalytic Water Splitting and Hydrogen Evolution from Water

In general, photocatalysis can be divided in three groups. The excitement or stabiliza-
tion of a reactant leads to a catalytic reaction what is characteristic for catalytic photo-
reactions. The reaction would not occur without light or catalyst. In photosensitized
and photoassisted catalytic reactions the catalyst itself is required to be excited. For
photosensitizing just an initial irradiation is required, after which the reaction will pro-
ceed even in the dark. Photoswitches are a typical example for this reaction type.
Photoassisted reactions require a permanent irradiation of the catalyst, because the
received light energy of the catalyst is transferred to the reactant during the reaction.
The provided energy is a prerequisite for the reaction of the reactant or reactants.
Therefore, photocatalytic water splitting or hydrogen evolution from water can be de-
scribed as photoassisted catalysis.!""

While various methods for water splitting from light are imaginable and applicable,
photoelectrosynthetic cells (PECs) and suspended photocatalysts are the most en-
couraging challenges.!"? The energy conversion efficiency from sunlight to hydrogen
is low. Still, 16 % efficiency of a commercial available photovoltaic cell plus electroly-
sis would exceed 12 % efficiency of the best PECs in laboratory scale.!"® Photocata-
lytic water splitting or photocatalytic electrolysis of water was discovered by Fujishima
and Honda.!"*"® They established illuminated TiO, as the material for “artificial photo-
synthesis”. Though, in these experiments TiO, was used as the photoanode, while
platinum was used as the metal cathode, it was postulated, that colloid systems would
also split water."®'”! Nevertheless, a first commercial attempt of using titania for solar
energy conversion was done by Grétzel: a combination of nanocrystalline TiO, and
certain dyes supported on a transparent conducting oxide as anode.["®

As described in section 2.1.1, water can be split by electrical current. Photocatalytic
water splitting is achieved by a photogenerated electron and an electron hole within a
semiconductor. While the potential of an excited electron, which was promoted to the
conduction band, has to be lower than 0.00 V, the remaining hole in the valence band
must have a potential above 1.23 V in order to split water into its elements. The band
edge energies must straddle the electrochemical potentials of E°(H'/H,) and
E°(O2/H,0) to drive the hydrogen or oxygen evolution reaction, respectively. This is
illustrated in Figure 2-1a.'% Thus, in terms of thermodynamics photocatalytic water
splitting is not very extraordinary. Since the free enthalpy of the reaction is 1.23 eV, a
semiconductor material is needed whose absorption edge is above that energy.
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Hence, the wavelength of light used for water splitting is required to be less than
1010 nm. Though this would cover the whole visible and a part of the near infrared
spectrum, the overpotential for the oxidation and reduction of water inhibits photoelec-
trolysis for the most semiconductors. This is observed, even if an appropriate catalyst
is used for the generation of electron-hole pairs. Therefore, the required band gap of a
semiconductor for water splitting is reported to be between 1.6 eV and 2.4 eV.2 Any-
how, working photochemical electrodes can be designed in two configurations:
Schottky type cells have a photoanode-cathode configuration and Tandem or Z-
Scheme type cells use a photoanode-photocathode configuration. The latter have the
advantage of two smaller band gaps instead of a single, large one. Thus, a greater
fraction of the solar spectrum can be used.'” Though, when it comes down to use
suspended photocatalysts, just Schottky type cells seem to have reasonable efficien-
cy.?# This might be because of the difficult synthesis of two microscale semicon-
ductors particles, which have an ohmic contact.

After the demonstration of Fujishima and Honda of artificial photosynthesis, photo-
catalytic effects were demonstrated on suspended semiconductor particles.[" Fur-
thermore, it was assumed that the basic functions of a “photoelectrosynthetic” cell
could be imitated by nano- or microscale objects. Light absorption, charge separation
and water electrolysis is supposed to be accomplished by one particle instead of two
electrodes. The principle is illustrated in Figure 2-1b.%®! There were early attempts
with colloid TiO, structures which showed no overall water splitting. As it is depicted,
after the generation of an electron-hole pair, the migration to the surface is a prerequi-
site for the catalytic reaction. Crystal structure, crystallinity and particle size can clear-
ly influence migration. Crystal defects may affect the lifetime of an electron-hole pair,
since they can recombine at these centers. In smaller particles the way to the reaction
sites becomes shorter, which leads to a decreased probability for electron-hole re-
combination.
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Figure 2-1:  Principles of photoelelectrolysis of water. (a) Schematic illustration of the band gap pre-
requisite of semiconductor for water splitting. (b) Model for the charge separation by irradiation within
the photocatalyst and hydrogen plus oxygen evolution by deposited promoters.

Furthermore, the reactive surface character and the number of active sites are im-
portant. It was repeatedly reported, that sufficient photocatalytic water splitting was
observed only in the presence of deposited nanocomposites for some semiconductors
catalyzing the oxygen evolution reaction, the hydrogen evolution reaction or both.
Although for the most metal oxide a promoter is not needed for oxygen production,
still, hydrogen evolution is depending on typical promoter for hydrogen reactions like
Pt, Pd or Rh."'% Considerations of the nanostructuring of catalyst and promoters can
be found in section 2.1.3.

Although a suitable band and its position are the requirement for photoelectrolysis of
water, the energetics of semiconductor liquid interface under irradiation are crucial for
the understanding of that process. The actual free energy, which is basically the Fermi
energy of the semiconductor, is influenced by the kinetics of the charge carriers under
irradiation. Therefore the effective band gap under illumination is smaller than in the
dark. Hence, water cannot be split by a catalyst under irradiation unless the photo-
voltage is less than 1.23 V.** Kinetically, the formation rate of charge carriers must
be higher than their consumption rate. Therefore, five non-positively contributing effi-
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ciency processes can be outlined. These are illustrated in Figure 2-2. The photogen-
erated electron-hole pair is able to recombine in the bulk (1), in the depletion region
(2) or at surface defects (3). Furthermore, electrons are able to tunnel through the
electric barrier near the surface (4) and escape through thermionic emission.''? Thus,
it should be the aim developing well organized semiconductors for inhibiting the pro-
cesses (2) to (5).12%
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Figure 2-2:  Schematic illustration of the recombination pathways of photogenerated electron-hole
pairs within a semiconductor under irradiation. The semiconductor is in contact with a liquid and
qE(A/A’) marks the electrochemical potential for the redox couple of acceptor A and donor A".

Semiconductors with insufficient water splitting abilities might be able to split water
with a chemical bias such as sacrificial agents being electron donors or acceptors.
Hence, hydrogen or oxygen evolution rates are enhanced depending on the nature of
the sacrificial agent. On the one hand oxidizing agents like Ag* or Fe** were able to
increase the oxygen evolution rate while hydrogen production was suppressed; on the
other hand alcohols or thiols achieved the opposite. Sacrificial agents or chemical bi-
ases, as they are also referred, are crucial nowadays for sufficient for photocatalytic
hydrogen evolution from water. This is a huge drawback of this method. Without these
agents the hydrogen evolution rate of photocatalyzed water splitting is always close to
zero. There were very rare examples of overall water splitting into hydrogen and oxy-
gen. Still, it will be one of the major challenges in the next decades to overcome this
problem. Most commonly methanol or triethanolamine is used to get oxidized instead
of the oxygen within the water. The lower redox potential of the organic sacrificial
agents was discussed to be the major influence for the enhancement of the photo-
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catalytic activity. Also the high overpotentials for oxygen oxidation might have a large
effect on a suppressed hydrogen evolution.?®!

CdS ——— Cd*+S+2e (2-9)

Besides all development in photocatalysis, photocorrosion is still the biggest disad-
vantage of using light as a primary energy source. For example, CdS has been stud-
ied for a while and it has a suitable band gab and band gap position, but instead of
oxidizing water, the catalyst itself is oxidized without a matching sacrificial agent.*”!
The reaction shown in equation (2-9) can replace 0% oxidation shown in equation
(2-3). Although the degree of photocorrosion depending on the used material, it will
remain certainly as the main drawback in all kinds of photocatalysis, homogenously or
heterogeneously.

Because nowadays it is state of the art to develop suspended photocatalysts for hy-
drogen evolution from water, the discussion have to outline the advantages of
nanostructured catalysts. Since it became clear that nanostructuring is a prerequisite
for the conceptual transition from photoelectrochemical cells to suspended photocata-
lyst, this quantum effect was used and examined.”® This will delineated in section
2.1.3. Nevertheless, even early researches focused on titania nanoparticle pho-
toanodes.

2.1.3 Nanostructuring in Photocatalysis for Sufficient Hydrogen Evolution

Since the groundbreaking talk of physicist Richard Feynman “There is Plenty of Room
at the Bottom” in 1956,% nano-technology has had a huge impact on industrial, bio-
medical, electronic and catalytic applications. This is to take advantage of their small
size, resulting in higher specific surface area and properties that are not observed in
bulk material like changes of the band gap or ion conductivity. Nanoparticles (NPs)
are defined by IUPAC to have dimensions between 1 and 100 nm. NPs can be syn-
thesized by “top down” strategies using vapor deposition etc. or “bottom up” ap-
proaches, utilizing classically chemical strategies.*%="

(2-10)

X M™ + Rgiopie + NX € X MO, gabiezed, cluster
Soft template design became most common for metallic nanoparticles. Therefore,
“wet chemical” reduction has proven to be a good method for the preparation of sol-
vent dispersed NPs.®? As shown in equation (2-10), the general procedure is straight
forward. A metal salt M™ is dissolved with a stabilizer Rgape and a reducing agent
herein implied as a solved electron €. For the reduction of metal salts, several com-
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pounds were found to be suitable like hydrogen, borohydrides, alcohols or hydrazines.
While the metal is reduced, the stabilizer inhibits growth of the metal nucleus above a
certain size and promotes a colloid solubility of the metal cluster.% Additionally, the
size of the NPs can be controlled.*!

However, the usage of metal NPs for catalysis has been investigated thoroughly.
Since the reaction rate for most typical metal catalyzed reaction increases due to a
larger specific surface area, there were also investigations about shape- and size-
depending effects for these reactions when using catalytically active nanoparticles.
There are cases for metallic systems in which the activity goes up or descends with
smaller NPs while the surface area is held constant. These effects are called negative
or positive size effects. Nevertheless, there are cases in which the activity goes
through a maximum of a certain NP core diameter.

Since there were concepts to apply nanoscaled particles on sufficient water splitting, a
lot of research was conducted to improve the catalytic activity of suspended nanopar-
ticles. Nowadays, it is proven that only nanostructured photocatalyst can provide a
sufficient hydrogen evolution rate from water when a suspended catalyst is used in-
stead of a photoelectrochemical cell.®® The ability of suspended semiconductors to
split water is based on the quantum size effect what was already denoted in Figure
2-1b. Size and electronic properties play an important role. In a solid bulk catalyst is
no electron-hole pair separation possible. The pure volume and defect sites of the
semiconductor material do not allow the electrons or the positively charged holes to
diffuse to the solid surface without recombination.

Though it seems to be obvious that catalytic activity for photocatalytic water splitting
can be enhanced by smaller particles due to a higher specific surface area, pros and
cons of nanostructures have to be discussed. The following discussion focuses mainly
on kinetic aspects regarding light distribution and electron diffusion.!"®!

For water splitting, photoexcited charge carriers are supposed to diffuse to the sur-
face. Because their lifetime is in the range of microseconds, a nanostructured surface
or a small NP increases the probability of these electronic states to reach the semi-
conductor surface. Similar considerations might be done for the light distribution. The
degree of horizontal light distribution will be enlarged by light scattering. In general,
this effect can clearly be seen by UV/Vis absorption measurements of colloidal sus-
pensions. Certainly, quantum size confinement is most important regarding photocata-
lytic experiments using a semiconductor. Holmes et al. observed a logarithmic size-
dependency in catalysis using CdSe quantum dots.®! That can be explained by a
growing band gap when the size of the particle decreases. Derived from the Marcus-
Gerischer theory increasing thermodynamic driving force accelerates the reaction for
electrolysis.®”) All these effects have been applied to photoelectrolysis. Besides all
positive effects, there are negative contributions from NPs for photocatalysis. As im-
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plied in Figure 2-2, a higher specific surface area allows a higher surface electron re-
combination rate. Hence, the quantum efficiency decreases. Intuitively, in smaller par-
ticles the space for charge carrier separation is reduced. The charge layers are not
effectively isolated and additional energy would be required.

However, two major disadvantages of nanostructuring are a lower photon flux at sur-
faces leading to a lower flux to specific surface area ratio and a slow interparticle
charge transport due to carrier diffusion instead of carrier drift. All the pros and cons
will have to be considered to outline a good strategy for heterogeneous photocataly-
sis.['¥!

Although early results of Grétzel neglected a satisfactory water splitting reaction, re-
cently, microscaled suspended photocatalysts worked under ultraviolet conditions
without a chemical bias. Nevertheless, all of them are Schottky type devices, but only
a few compounds showed overall water splitting.

There were inter alia transition metal compounds like RuO, modified LiNbO3.8 Water
splitting is complex, kinetically slower, more corrosive and highly endergonic com-
pared to a single-electron-transfer. Fe,O3;, WO3; or MnO, have been developed as
nanostructured photoelectrodes which might be used for a bias-free photoelectroly-
sis.®% These materials were improved with small promoters like NiO, IrO; or
MoS,.The latest research focuses on several techniques and materials, in order to
tailor the properties and the catalytic activity. As already mentioned, it is the overall
aim to develop nanostructured photocatalyst in suspension. Most common are metal
oxides in general. ZnO, TiO2 and Fe,O3 are very promising, because they have a
suitable band gap for water splitting. Although cobalt modifications of these materials
were performed to enhance the photocurrent, they lack in catalytic activity towards
water splitting experiment.'*? The performance is better with materials containing
niobates, which would be expensive in a large scale. Furthermore, nickel and tanta-
lum catalyst showed recently a reasonable activity.*" Still, photocorrosion, the difficult
synthesis and the costs of these systems will remain a major drawback of metal ox-
ides. Unfortunately, the most common semiconductors with a suitable band gap are
metal chalcogenides which underlie the same processes as the described photocata-
lysts. Recently, graphitic carbon nitride was discovered as a photocatalytic active
semiconductor for hydrogen evolution, which has shown none of the disadvantages
so far.
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Figure 2-3: lllustration of the effect of a Cr,0;3 shell surrounding a noble metal cocatalyst on an illumi-
nated semiconductor-photocatalyst.

The benefit of promoters for electrode reactions have been known for 40 years.*?
More specifically, electron injection from TiO, into gold “* and hole injection into
RuO, was directly observed by transient absorption spectroscopy.*®! Furthermore, Pd,
Ru, Rh and Pt are well studied for their properties as cocatalysts for water reduction
reactions.”? For photocatalytic water splitting, the reaction rate becomes equal to the
rate of the back reaction at certain H, and O, concentrations. Therefore, Domen et al.
elucidated that a 2 nm layer of Cr,O3; on the cocatalyst catalyzes a proton reduction
but inhibits reduction of the generated oxygen. That is illustrated in Figure 2-3.14
Nevertheless, there have been also reports about several oxides promoting the oxida-
tion at photoactive semiconductors like IrO; or different cobalt oxides. This might be
attributed to the reduction of the overpotential.*®! Investigations on promoters for pho-
tocatalytic hydrogen evolution from water will be crucial for the development and suc-
cess of that method.

2.2 Graphitic Carbon Nitrides
2.2.1 Structure

The history of graphitic carbon nitrides reaches back to Liebig who discovered the so
called “melon”."® Until 1990, this class of compounds was not attractive for re-
search.*”! It was the theoretical prediction of B-carbon nitride which led to experi-
mental activities.[*®! Nowadays, there are many efforts toward synthesis and charac-
terization of graphitic carbon nitrides.*® In general, graphitic carbon nitrides, a class of
materials with a carbon nitrogen ratio close to three to four, are often referred as g-
C3N4. Although there have been many attempts, this compound could not be crystal-
lized well enough for X-ray crystal analysis.®®®" It is said, that nanostructuring, tem-
plate chemistry and copolymeric modification are supposed to be more important for
material design than growing of single crystals. In 2006, this class of materials was
considered to be used in metal-free catalysis.®?
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Figure 2-4: Proposed condensation reaction of different CN, precursor resulting in two-dimensional
sheets of graphitic carbon nitrides. The unit mesh of g-C;N, is shown as as dashed parallelogram.

Since the synthesis of graphitic carbon nitrides has been studied very well,*® a lot of
strategies have been developed. Starting from several materials, about 20 different
preparation methods and precursors were developed sufficiently.*® Main synthesis
routes are depicted in Figure 2-4. One of the easiest procedures is heating cyanamide
(1), dicyandiamide (3) or just melamine (2) under nitrogen atmosphere up to 500 °C -
600 °C. This starts a polymerization process that ends with graphitic carbon nitride
(4).54 However, beginning with the polymerization of cyanamid is not a prerequisite
for a successful synthesis.®™ The synthesis of g-CsN, can be started from dicyandi-
amide and melamine. Despite the fact, that starting materials are different, when it
comes down to analyze the intermediates, it is known, that melamine is always the
main intermediate, which all synthesis routes have in common. Nevertheless, melam
(not shown) and melem (5) were also identified intermediary products.!®® Compound 5
is also referred as a heptazine or tri-s-triazine derivative. Though the carbon nitride is
illustrated as a polymer of eight heptazines, it is proposed that hundreds of these units
can condensate to form large sheets. In that case, a unit mesh, indicated with red
dashes in Figure 2-4, would continue two-dimensional for an undefined length. It is
worth noticing, that these so called sheets are a distinct m-system. A structure, which
is defined but still has amorphous components, was discussed for a long time. There
are contributions for structure elucidation by HRTEM and coupled X-ray powder spec-
tra, implying that those graphitic carbon nitrides have a broken hexagonal symmetry
as expected. This is, the structure is comparable with the structure of graphite consist-
ing of stacked sheets.®””! Nevertheless, it was discovered early that the hydrogen
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mass fraction xy varies between 1.1 and 2.0 mol.-%%! Therefore, the unit mesh must
be interrupted quite often and free primary and secondary amine are available for
modification.

There were many efforts to test the stability of graphitic carbon nitrides and investigate
new modifications of that material. The precursors are organic and the compound it-
self seems to be an organic polymer having free amine functions. So, thermal decom-
position, breaking up by solvents or modifications seem to be very likely. Surprisingly,
thermogravimetrical analysis has proven a good thermal stability up to 630 °C. At this
temperature the material decomposes without leaving a residue. Hence, it is more
temperature stabile than so called high temperature polymers. Furthermore, it was
shown that graphitic carbon nitrides are stable in all common solvents like water, eth-
anol, acetone and many others.®® Using strong acids, it can be protonated perma-
nently and form colloid solutions. Using an alkaline melt, it is hydroxylized.® Never-
theless, it is almost insoluble in water or organic solvents.

2.2.2 Optical and Photocatalytical Properties

Graphitic carbon nitride was very well characterized by means of UV/Vis spectroscopy
and photoluminescence experiments. A regularly described yellow to orange color of
this semiconductor matches with a band gap of 2.7 eV. Theoretical calculations
showed that the absorption edge depends on structure packing and adatoms. Exper-
imental data confirms an absorption edge at about 430 nm."“% Different preparation
methods are able to alter the optical properties. Mesoporous designed material was
found to have a higher photocurrent than solid graphitic carbon nitride. The benefit of
modifications will be described in detail in section 2.2.3.

OH
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Figure 2-5: Different reactions which can be catalyzed by graphitic carbon nitride itself or in which it
has an important role as a support.
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Although g-C3N4 chemistry was just recently rediscovered a variety of catalytic appli-
cations has emerged (Figure 2-5). Friedel-Crafts acylation is a typical reaction of acti-
vated aromatic rings. It was shown that mesoporous graphitc carbon nitride was able
to catalyze this reactiontype. Electron density might be transferred to the aromatic
ring.®" Furthermore, it could be used as a basic catalyst in transesterification’®? and
as a non-noble metal catalyst with a low turnover in the decomposition of NO®¥ Inter-
estingly, it can be also used for alkene oxidation and alkene hydrogenation.® Being
an easily synthesized semiconductor for photocatalytic water splitting is the most en-
couraging property of this material. This is remarkable since it is a metal free photo-
catalyst for water splitting. This might be a prerequisite for cheap, large-scale applica-
tion for that kind of hydrogen production.

As expected, the semiconductor graphitic carbon nitride has a suitable band gap and
band gap position. The energy of the valence band straddles the potential for water
oxidation and the energy of the conduction band the potential for water reduction. Of
course, the band gap of 2.7 eV exceeds the energy of 1.23 eV and the experimental
often found kinetic overpotential of semiconductors of about 1 eV."*® Furthermore, it
has the fitting microstructure that can bind molecules by surface minimization, defects
and nitrogen atoms. Nevertheless, still two major modifications have been regularly
reported to be required for a sufficient photoelectrolysis of water. Although the semi-
conductor energy levels straddle redox potentials of water, still sacrificial agents are
needed for water splitting. Triethanolamine and methanol were reported to be good
additives.””! Still, a noble metal promoter is needed for these reactions, due to the
overpotentials of both partial reactions. As already discussed in section 2.1.2, hydro-
gen evolution rate was enhanced by deposited platinum, rhodium or palladium. For
other semiconductors, deposition of noble metals led to an increased oxygen evolu-
tion rate. Cr,03, Co30, and Cos(PO,), were applied for that purpose.%¢”]

2.2.3 Doping Photocatalytic Properties

As already mentioned in section 2.2.1, g-C3N4 can be modified by several approach-
es. Besides structure variation, it can be either functionalized post-synthesis or in-situ
using different synthesis strategies. Texture modifications were carried out in order to
increase the specific surface area. Therefore nanocasting was performed with meso-
porous silica matrices as templates. Hence, specific surface area and hydrogen evolu-
tion rate has been enlarged by one order of magnitude.®® Chemical modification for
various semiconductors have been studied and applied for a while. As implied by the
main syntheses strategies, graphitic carbon nitride was doped with several elements.
Typically, doping g-CsN4 involves copolymerization of precursor such as dicyandi-
amide or melamine with other comonomers. There have been successful efforts dop-
ing this material with boron and phosphorous using ionic liquids as doping agent.!®®!
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The resulted material showed improved catalytic activity but was not tested in photo-
catalysis.

There have been three chemical modifications that showed improvements for water
splitting without promoters: sulfur doping, peptizing with hydrochloric acid and copol-
ymerization with barbituric acid.” Sulfur doping was achieved by treating well pol-
ymerized g-CsNs with hydrogen sulfide at 450 °C. The resulting, well characterized
material showed variable sulfur content and a good water splitting performance. In
sulfur-mediated synthesis the energy level of the HOMO is lowered, making the hole
in the valence band a stronger oxidizing agent.”" Furthermore, a synthesis of sulfur
doped carbon nitride was done by polymerization of trithiocyanuric acid.? Because
the precursor is highly volatile, the reaction need to be conducted under inert atmos-
phere. Colloid graphitic carbon nitride was easily produced by heating it in hydrochlo-
ric acid under reflux. Spectroscopic data implied that hydrochloric acid acts as an ada-
tom, so the configuration might change and the acid intercalates between the stacked
sheets. Nevertheless, this modification is reversible when heated above 350 °C.73
Barbituric acid was effectively copolymerized with melamine. This was studied to
change the carbon to nitride ratio from three to four to higher carbon content, disrupt
aromatic system partially and introduce more crystal defects. The absorption edge of
g-C3N4 was efficiently red-shifted. A higher absorption in the visible region of light
promised a higher energy conversion and increased hydrogen evolution rate. This
was verified with weakly doped basic material.

Since the discovery of titania as a photocatalytic material, Gréatzel et al. tried to estab-
lish a solar cell with TiO,. They immobilized certain dyes on titania-nanoparticles
which were coated on a transparent electrode, in order to broaden the range of light
that can be used for the conversion of solar energy. These included metal complex
dyes with ruthenium as well as metal-free dyes like erythrosine B. A very schematic
illustration describes the process for photoelectrochemical cells in Figure 2-6. A
solved redox couple transports electrons from the cathode to the dye-sensitized an-
ode. The energy of an excited electron gets transferred to the semiconductor.["* Alt-
hough graphitic carbon nitride has not been used for solar cells, only in suspended
photocatalytic experiments, it was confirmed that magnesium phthalocyanine could be
deposited at the semiconductor. Hence, higher quantum efficiency was achieved for
photoelectrolysis.["
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Figure 2-6: Schematic illustration of an operating dye-sensitized solar cell. Pathway of the electrons
(red) within the cell from the cathode over an electrolyte redox couple (A/A’) for electron transport and
energy uptake by the dye which (violet) conducts it over titania (grey) to the transparent anode.
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3.1 Equipment

Table 3-1: Applied equipment for measurements, including name of model and providing company

(Analytical) Method /

Model Company
Purpose
Electron Beam Modifica- ELSA Institut fir Oberflachenmodi-
tion fizierung
. . Elementaranalyse Systeme
CNS Elemental Analysis Vario IL H
anau

Gas Chromatography
ICP-OES
Light Source

Maldi-MS
N2-Sorption
Nanoparticle Tracking
Analysis
Thermal Analysis
TEM
TPR
UV/Vis
XRD

HP 6890 Series GC
Hewlett Packard

Systems
Optima 8000 Perkin Elmer
Hg medium pressure
lamp Heraeus
Daltonics Bruker
Asap 2010 Micromeritics Instruments
LM10 NanoSight
STA 409 Netzsch
Jem 2100 Jeol
Ami 100 Altamira Instruments
Lambda 650 s Perkin Elmer
XRD-7 Zeiss

K. Striegler, Modified Graphitic Carbon Nitrides for Photocatalytic Hydrogen
Evolution from Water, BestMasters, DOI 10.1007/978-3-658-09740-0_3,
© Springer Fachmedien Wiesbaden 2015
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3.2 Chemicals

Table 3-2: Overview of used chemicals, their formula, molecular weight and commercial producer

MW /g
Compound Formula A Company
mol
4,6-Diamino-2-mercaptopyrimidine C4HgN4S 142.2 Sigma-Aldrich
4-Amino-6-hydroxy-2- CiHsN:OS 1612 Sigma-Aldrich
mercaptopyrimidine
4-Dimethylaminopyridine C7H1oN2 122.7 Fluka
Acetonitril (for HPLC) C,H3N 411 VWR
Ammonia (25 %) NH3 17.0 Merck
Barbituric acid C4HsN203 128.1 Bernd Kraft
Cobalt (Il) acetate tetrahydrate Co(OAc), 2491 Merck
“4H,0
Cobalt (Il) chloride hexahydrate CoCl, -6H,0 237.9 Merck
Cyanuric acid C3H3N303 129.1 Sigma-Aldrich
Dicyandiamide CoHsN4 84.1 Sigma-Aldrich
Erythrosine B CaoHeliNazO o799 Abcr
5
Ethanol (absolute, 99.9 %) C,HgO 46.1 VWR
Ethylacetate (99 %) C4HgO, 88.1 Sigma-Aldrich
Ethylene glycol (99 %) C,HeO2 62.1 Sigma-Aldrich
Hexane (chemically pure) CeH1a 86.2 Merck
Hexachloroplatinic acid hexahydra- Ho[PtClg) .
517.9 Private
te ‘6H0
Hydrochloric acid (37 %) HCI 36.5 Merck
Melamine C3HsNs 126.1 Alfa Aesar
Methanol (chemically pure) CH,O 32.0 Merck
Nitric acid (65 %) HNO; 63.0 Merck
N,N"-Diisopropylcarbodiimide C7H14N2 126.2 Sigma-Aldrich
Polyvinylpyrrolidone (CeHgNO)x ~10 000 Sigma-Aldrich
Potassium chromate KCr,04 194.2 Sigma-Aldrich
Pyrrole C4HsN 67.1 Sigma-Aldrich
Rhodium chloride trihydrate RhCl3-3H,0 209.3 Sigma-Aldrich
Sodium chloride NaCl 58.4 Merck
Triethanolamine CeH15sNO3 149.2 VWR
Trithiocyanuric acid C3H3N3S3 177.3 Abcr
Thiobarbituric acid C4H4N>0,S 144.2 Sigma Aldrich
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3.3 Syntheses
3.3.1 Synthesis of g-C3N4

15 g of melamine were suspended in 75 ml water, the water was evaporated and the
sample calcined for 4 h at 550 °C under nitrogen atmosphere. The heating rate was
2.3 °C min™ and the sample was allowed to cool down to room temperature under
nitrogen atmosphere in the oven. The obtained product was pestled and character-
ized.

3.3.2 Synthesis of Copolymerized g-C3N4

15 g melamine or dicyandiamide as precursor and a defined amount of comonomers
were mixed. In order to get a finely dispersed mixture, the compounds were dissolved
in hot water (temperature was varying). The water was evaporated and the mixture
was pestled. Table 3-3 and Table 3-3b give detailed information about the used pre-
cursors and comonomers. The received sample was calcined for 4 h at 550 °C under
nitrogen atmosphere. The heating rate was 2.3 °C min™" and the sample was allowed
to cool down to room temperature under nitrogen atmosphere in the oven. The ob-
tained product was pestled and characterized.

3.3.3 Dye Modification of g-C3N4 by Chemical Synthesis

The dye modification of differently copolymerized graphitic carbon nitride was done by
DIC (N,N"-Diisopropylcarbodiimide) and DMAP (4-Dimethylaminopyridine) as coupling
agents. In order to check the influence of these agents, the synthesis was also con-
ducted without the reagents. At first, the carbon nitrides were activated by heating
them in concentrated hydrochloric acid under reflux. The semiconductor was filtered
and washed with 100 ml water and 50 ml acetonitrile. Following a general method, 15
mg of erythrosine B (0.011 mmol, 1 eq.), 21 mg 4-dimethylaminopyridine (0.057
mmol, 5 eq.) and 24 pl N,N'-diisopropylcarbodiimide (0.057 mmol, 5 eq.) were added
to 150 ml of acetonitrile. Hereinafter, the reaction mixture was equilibrated at room
temperature. After 1 h, the addition of 750 mg varying graphitic carbon nitrides fol-
lowed. After 3 h the reaction mixture was filtered and washed with 100 ml acetonitrile.
Used compounds for dye immobilization are: g-CsN4 (MA), g-CNga 0.5 (MA), g-CNga 1.0
(MA), g-CNga 2.1 (MA), g-CNga 50 (MA), g-CNga g2 (MA), g-C3N4 (DCA), g-CNga 10
(DCA) and g-CNga 5.0 (DCA).
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Table 3-3: Composition of different monomers for graphitic carbon nitride synthesis

Mass of Relative*
Compound Precursor Comonomer Comonomer  Xcomonomer / MoI-
/g %
-CN
9 BAOS Melamine Barbituric acid 0.25 0.5
(MA)
9-CNga_1 ) o
Melamine Barbituric acid 0.50 1.0
(MA)
-CN
A1 pelamine Barbituric acid 1.00 2.1
(MA)
-CN
IHTeAS  Melamine Barbituric acid 2.50 5.0
(MA)
-CN
gHTeAB2  prslamine Barbituric acid 5.00 8.2
(MA)
-CN Di di-
g Neat eyand Barbituric acid 0.50 1.0
(DCA) amide
-CN Dicyandi-
g e Cj:)j 'a::” de' Barbituric acid 2.50 5.0
-CN
g Neat Melamine Cyanuric acid 0.50 1.0
(MA)
-CN
g (MAC;‘—5 Melamine  Cyanuric acid 252 5.0
-CN Di di-
g Neat cyand Cyanuric acid 0.50 10
(DCA) amide
-CN Di di-
9" eas |cya.1n ! Cyanuric acid 2.52 5.0
(DCA) amide
-CN 2-
9 2MP_1 Melamine o 0.56 1.0
(MA) mercaptopyrimidine
-CN 2.
9-CNawe_s Melamine Lo 2.78 5.0
(MA) mercaptopyrimidine
-CN Di di- 2-
g 2MP_1 |cyé.1n | o 0.56 10
(DCA) amide mercaptopyrimidine
-CN Di di- 2-
g Tamp 5 eyand o 278 5.0
(DCA) amide mercaptopyrimidine

Please note that the absolute ratio of the two comonomers varies since melamine and dicyan-
diamide have different molecular masses. Therefore, the relative Xcomonomer iS calculated to the
amount of nitrogen atoms, which is constant for the same mass of dicyandiamide and mela-
mine.
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Table 3-3 (contd):

Composition of different monomers for graphitic carbon nitride synthesis

Mass of Relative*
Compound Precursor Comonomer Comonomer Xcomonomer !
/g mol-%

-CN

g-uare 1 Melamine  2-thiobarbituric acid 0.56 1.0
(MA)

-CN

9B Melamine  2-thiobarbituric acid  2.81 5.0
(MA)

-CN Di di-

-~ Mem.1 YA thiobarbituric acid 056 1.0
(DCA) amide

-CN Di di-

g~ Mema 5 YA ) thiobarbituric acid  2.81 5.0
(DCA) amide

-CN

g+ rmet Melamine  Trithiocyanuric acid 0.69 1.0
(DCA)

-CN

g-vmrTe s Melamine  Trithiocyanuric acid 3.46 5.0
(MA)

-CN Dicyandi-

8 (DCTSJ ;r’;ide' Trithiocyanuric acid ~ 0.69 1.0
-CN Dicyandi-

g-vre.s YA Trithiocyanuric acid  3.46 5.0
(DCA) amide

-CN 6-

g Mom_1 Melamine . . 0.63 1.0
(MA) Methylisocytosine

-CN 6-

IS Melamine , , 3.15 5.0
(MA) Methylisocytosine

-CN Di i- -

9-CNew._1 ieyandi e 0.63 1.0
(DCA) amide Methylisocytosine

-CN Di di- 6-

g~ Mem_s eyandt _ _ 3.15 5.0
(DCA) amide Methylisocytosine

Please note that the absolute ratio of the two comonomers varies since melamine and dicyan-

diamide have different molecular masses. Therefore, the relative Xcomonomer iS calculated to the
amount of nitrogen atoms, which is constant for the same mass of dicyandiamide and mela-

mine.

3.3.4 Modification of g-C3N4 by Electron Beam

Another approach to modify various polymers, used to immobilize certain small mole-
cules on the surface, was developed by the Leibniz Institut for Oberflachenmodifizier-
ung eV.'® The modifications are done by the Elektronen-Laborbeschleu-
nigungsanlage (ELSA). While using 200 kV for electron acceleration, the absorbed
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energy dose can be verified by the contact time of the sample with the electron beam.
Herein, the absorbed dose was kept constant at 200 kGy. In order to test the efficien-
cy of the electron immobilizing of erythrosine B on the surface, modification was also
carried without electron beam treatment according to the procedure as follows. Thus,
the dye was just immobilized by wetness impregnation. 500 mg g-CsN4 (MA) were
spread out on a glass plate (diameter: 4.6 cm). 10 mg dye was added to certain sam-
ples. The prepared catalysts were suspended in 1.5 ml water and treated with the
electron beam three times. Afterwards the samples were washed in 50 ml water to
remove the adsorbed dye and filtrated. The procedure is summarized in Table 3-4.

Table 3-4: Details for electron beam treatment of g-C3N, (MA)

Compound Activation Dye Treatment
¢9-C3Ny not activated - electron beam
e~actd-C3N4 activated - electron beam

Dye.@g-CsN4
Dyec-actg-C3N4

not activated
activated

erythrosine B
erythrosine B

electron beam
electron beam

g-C3Ny not activated - -
actd-C3N4 activated - -
Dye -
VCW’I\I@Q not activated erythrosine B Wetness impregnation
3N4
Dyewi-actg-
yCW’I\lactg activated erythrosine B Wetness impregnation
3N4

3.3.5 Synthesis of Pt and Rh Nanoparticles

The synthesis of the NPs was done according to Teranishi et al.®¥ In a typical ap-
proach, 1 ml of a 40 mM aqueous solution of H,PtCls or RhCl; was evaporated in a
flask, the flask was purged with nitrogen and 159 mg PVP, 10 ml ethylene glycol and
45 ul HNO3; were added. The reaction mixture was heated for 16 h at 120 °C. Herein-
after, the resulting solution of nanoparticles was purified by adding 2 ml isopropanol
and extracting the organic impurities three times with 5 ml hexane. The residual eth-
ylene glycol was removed under reduced pressure. The stabilized nanoparticles were
resolved in 50 ml absolute ethanol.

3.3.6 Deposition of PVP Stabilized Pt and Rh Nanoparticle

300 mg of g-C3N4 were added to the resulting nanoparticle solution from section 3.3.5.
The noble metal nanoparticles which were coated by polyvinylpyrrolidone were sup-
posed to be immobilized on the surface by electrostatic adsorption. After 20 h stirring
at room temperature, the modified catalyst was filtered, washed with ethanol and cal-
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cined at 400 °C for 3 h to remove PVP. In order to gain more modified catalyst, the
batch could be enlarged.

3.3.7 Rh and Pt Nanoparticle Deposition by Visible Light

Though it was the aim to get 1.5 wt.-% Pt on g-C3Ny4, the molar amount was kept con-
stant for comparability for both used noble metals, Rh and Pt. A relationship of used
noble metal salt and obtained elemental noble metal was found previously. Therefore,
1.0 g graphitic carbon nitride (derived from melamine) was suspended in 100 ml water
with a subsequent addition of 755 mg HyPtCls - 6 HO or 384 mg
RhCl; - 3 H0, respectively. The reaction was carried out under nitrogen atmosphere.
A 250 W and 220 V light bulb by MLW Labortechnik lImenau was used for the photo
reduction of the metals. Visible light was applied with a wavelength above 300 nm
using amorphous glass as a cut-off filter. Distance to samples was kept constant. The
solution was irradiated for 4 h while the solution was heated under reflux.

3.3.8 Cr,03 Nanoparticle Deposition by Visible Light

Cr,03 nanoparticle deposition or nanoparticle shell growth, respectively, by Light was
done. Therefore catalysts which were synthesized according to section 3.3.1 and
3.3.6 were modified as follows. In a water cooled flask, 1 g of the catalyst was sus-
pended in 100 ml H,O and 3.88 g K,CrO4.The reaction was conducted under nitrogen.
For photodeposition of Cr,O3 250 W and 220 V light bulb by MLW Labortechnik -
menau was used. Visible light was applied with a wavelength above 300 nm using
amorphous glass as a cut-off filter. Distance to samples was kept constant. The sus-
pension was irradiated for 4 h at room temperature.

3.3.9 Synthesis of Co304 Nanoparticle

0.5 g of Co(OAc), - 4 H20 or 0.63 g of CoCl; - 6 H,O were dissolved in an a mixture of
ethanol, water and ammonia.””! Detailed information is given in Table 3-5. After ho-
mogenizing, the Co®* solution was transferred in to a 50 ml autoclave, sealed and in-
cubated for 3 h at 150 °C. After this, the autoclave cooled down naturally within the
oven. The resulting suspension of Co30s nanoparticles was centrifuged at
1000 rpm for 20 min, the supernatant was discarded and the nanoparticles were dis-
persed in 30 ml water. These steps were repeated three times. Afterwards, the nano-
particles were dried at 60 °C for 4 h. Attempts Co3;04 NP | through to Co304 NP 11l did
not yield any nanoparticles.
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Table 3-5: Detailed synthesis parameters of Co304 nanopatrticles

VAmmonia (25 %) /

Compund Co?" Salt Vetnano / Ml Viater / Ml o
Attempt Coy04 NP
emp |°3 4 CoCly - 6 H,0 25 0.0 25
Atternpt Co;Os NP
emp ”03 4 CoCly - 6 H,0 23 20 25
Attempt Co3z04 NP
P , 34 CoCl, - 6 H,0 15 10 25
Co(OAc), - 4
§-C0404 NP 25 0.0 25
Hs0
Co(OAc), - 4
m-Co304 NP (OAc) 23 2.0 25
Ho0
Co(OAc), - 4
-C0304 NP 0(OAc) 15 10 25
H,0

3.3.10 Modification of g-C3N4 with Co304 Nanoparticle

To accomplish the modification of g-C3N4 with cobalt oxide, two separate synthesis
routes were done. Therefore, the material synthesized accordingly to 3.3.9 was sup-
posed to be deposited on the basic catalyst g-C3N4 (MA) in two different ways.

In the first experiment, the different cobalt oxides were suspended water in which
2.22 g of melamine were dissolved. This was followed by the evaporation of water.
This incipient wetness impregnation method aimed for a well-dispersed cobalt oxide
and carbon nitride mixture, hence, the water was completely evaporated. For these
synthesis routes either 10 mg or 1 mg of Co304 NPs were used, which should result in
the material being doped with 1.0% and 0.1% Co304, respectively. The resulting mix-
ture was calcinced according to the procedure described in section 3.3.1.

The second experiment was a classical electrostatic adsorption deposition of nano-
particle. Therefore,10 mg of the Co3;04 particle were suspended as well as 1.0 g gra-
phitic carbon nitride in 100 ml water and stirred for 24 h, followed by the filtration and
drying of the resulted powder.

3.3.11 Polypyrrole Modification of g-C3N4

Because a possible connection of noble metal nanoparticle deposition on graphitic
carbon nitride and dye sensitizing of the same material should be confirmed, a new
method was tried to accomplishing both. Therefore, 113 mg H,PtCls - 3 H,O, 130 mg
NaCl, and 26 pl pyrrole were added to 100 ml H,O, followed by the addition of 1.0 g g-
C3N4 derived by melamine. The resulting suspension was stirred for 4 days. The dark
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black material (Ptp,y@g-C3sN4 pure) was washed and filtrated. In additional experi-
ments, it was tested to obtain a dye modified catalytic material. These experiments
were conducted with 6.6 mg and 66 mg of erythrosine B, respectively, were added
with the pyrrole and the other compounds (Ptp,y@g-C3N4 Dye | and Ptppy@g-C3N4
Dye II).

3.4 Characterization
3.4.1 Bulk Characterization

In order to get an overview on the structure of g-C3N4, matrix assisted laser desorption
ionization mass spectrometry (Maldi-MS) was performed. During such a process it is
possible to ionize and analyze molecules and larger fragments with masses up to
20.000 Da. Daltonics spectrometer by Bruker was used.

Powder X-ray diffraction (XRD) was used to identify the graphitic carbon nitride sam-
ples, because the material shows typical signals in a XRD pattern. For all materials,
the chosen angle (26) was between 4 and 85°. XRD experiments were conducted at
the institute for mineralogy, crystallography and material science of the Universitat
Leipzig. The XRD-7 (Seifert) was used for these experiments. Copper Ka radiation
with a wavelength A of 1.541 nm was used.

3.4.2 Computational Details

For density functional theory calculations the program Orca (program version 2.9.1)
was used, which is package for ab initio, DFT and semiempirical electronic structure
calculation. It was developed by the Max Planck Institute for Bioinorganic Chemistry,
Muhlheim. In order to get proper results for HOMO and LUMO calculations a geome-
try optimization with the Ahlrichs bases def2-TZVP and the BLYP functional was
done.”® Subsequently, the coordinates were used for a single-point calculation using
the same bases and the B3LYP functional. The later has the advantage of being a
hybrid functional using exact energies derived from a Hartree-Fock calculation.” A
Hartee energy of 10 was the convergence criterion was in both cases. Nevertheless,
an empirical van-der-Waals correlation was done.®”

3.4.3 Elemental Analysis

The amounts of carbon, nitrogen and sulfur were determined by classical approaches
by combustion analytic. The samples are weighted and burned in pure oxygen. The
resulting gases (CO2, NOy and SO;) — NOy gets reduced to N, — were analyzed via
gas chromatographically and with a TCD. The experiments defining the carbon, nitro-
gen and sulfur content were conducted with Vario IL (Elementaranalyse Systeme Ha-
nau).
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Because nanoparticle synthesis was conducted, elemental analysis of platinum, rho-
dium, chromium and cobalt had to be done. This was accomplished by means of in-
ductive coupled plasma optical emission spectroscopy (ICP-OES). 50 mg of the sam-
ples were solved by microwave treatment 6 ml HCI (35 %) and
6 ml HNO3 (69 %) (Rotipuran supra, purchased from Roth). Perkin and Elmers Opti-
ma 8000 was used for ICP-OES measurements. This method uses a plasma torch to
excite atoms and detects the emitted light during that process. It is possible to analyze
the light with a UV camera sphere in connection with a charge coupled detector. Be-
cause every element has a characteristic spectrum and the amount of emitted light
correlates to the amount of used material used, it is possible to analyze the samples
qualitatively and quantitatively.

3.4.4 Nanoparticle Tracking Analysis

Nanoparticle tracking analysis is a tool to determine the size of macromolecules like
proteins or stabilized nanoparticles in solution, because the Brownian motion of parti-
cles in solution just depends on viscosity, temperature and particle size.®"! Hence, it is
possible to determine a size distribution profile for nanoparticles which have a diame-
ter between 10 to 1000 nm. By using an ultra-microscope under laser illumination the
Stokes-Einstein equation can be used to evaluate the hydrodynamic radius which is
equivalent to the sphere radius. These measurements were done with the LM10 Na-
noSight.

3.4.5 Surface Characterization

The nitrogen adsorption was done using an ASAP 2010 (Micromeritics Instruments).
The principle of measurement is based on adsorption and desorption of nitrogen. In
this project the samples were activated at 150 °C. Therefore, the investigated material
is cooled down close to the boiling point of nitrogen. The evacuated samples are
treated with nitrogen at atmospheric pressure and about 78 °K. Hereinafter, the sys-
tem is again evacuated. From the so obtained nitrogen isotherms Brunauer, Emmet
and Teller developed an analysis which uses the hysteresis curves to determine the
specific surface.

The characterization of a semiconductor via UV/Vis spectroscopy is fundamental, dif-
fuse reflectance UV/Vis spectroscopy was performed. In these experiments an inci-
dent ray is reflected by a solid surface in many angles instead of passing a sample.
The reflected light is collected by a universal reflectance sphere for all wavelengths,
which allows to record a wavelength depended UV/Vis. A luminescence will appear in
all direction lying in the half-space adjacent to the surface, the so called Lambertian
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reflectance. All samples were measured between 200 and 800 nm. The split width
was 2 nm.

Transmission Electron Microscopy (TEM) is able identify nano-sized structures and
objects on solid surfaces. The principle of the measurement is based on accelerated
electrons which function as the testing probe and can be spatially resolved by analyz-
ing the Rutherford scattering. While an evacuated sample is hit by a passing electron,
unalike compounds interact differently with the emitted electrons. Contrasting micro-
scopic images can be recorded, when a (nano-sized) object interacts much more with
the probe than the support, e.g. noble metals on oxides. Thus, depth profiles can be
recorded in the same manner. Samples were prepared by sonicating 5 mg of the ma-
terial in 0.5 ml acetone solution for 10 min. Afterwards 5 pl of this solution were cast-
ed on a copper grid with carbon support film which has been pretreated by glow dis-
charge. The liquid was evaporated by drying. The prepared sample was transferred to
the TEM (Jem-2100 by Jeol). The TEM was operated at an acceleration voltage of
200 kV. All images were recorded digitally.

3.4.6 Thermal Characterization

In order to define the processes happening during polymerization, thermogravimetrical
analysis (TG) and differential thermal analysis (DTA) coupled with mass spectrometry
were conducted. In this manner, melamine and dicyandiamide and mixtures with bar-
bituric acid were analyzed. The principle of measurement includes heating the sample
with a defined heating rate while the loss of weight and temperature difference to an
inert reference material. Therefore 50 mg of the samples were weighed in. A tempera-
ture ramp of 2 °K min™ was used. The used equipment was STA 09 from Netzsch. In
order to define the degassing compounds during the heating process, an ion impact
mass spectrometer with a capillary system was used.

Furthermore, temperature programmed reduction (TPR) was used to characterize the
effect of deposited nanoparticle promoters for hydrogen reaction. Therefore, platinum
modified as well as pure g-C3N4 were investigated using this method. The samples
were pretreated at 150 °C for 1 h, hereinafter, treated with a 5.18 vol.-% hydrogen
argon mixture as gas flow and heated with a rate of 2 °K/min. The consumption of hy-
drogen was measured by a thermal conductivity detector in order to survey the reduc-
tion of the material. The measurement was performed at the AMI-100. The results
allowed a qualitative characterization of the samples.
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3.5 Photocatalytic Hydrogen Evolution from Water

The photocatalytic hydrogen evolution experiments were conducted in a self-made
apparatus which is schematically depicted in Figure 3-1. For the experiment 250 mg
catalyst were suspended in the ultra-sonic bath for at least half a minute in 360 ml
H20 and 40 ml MeOH. MeOH had to be used for a sufficient hydrogen evolution. It
functions as a sacrificial agent which gets oxidized instead of water. In preliminary
experiments the MeOH amount was changed but no significant change of the hydro-
gen evolution rate was observed. Additionally for some catalytic experiments, 3.32 mg
H.PtCls - H,O were added and then photoreduced to Pt resulting in a noble metal
deposition wp; of 0.5 wt.-% Pt on the graphitic carbon nitride. This was the standard
treatment. For the testing of platinum and rhodium modified g-C3sN4 no Pt salts were
added. The suspended powder was spinning in circles. Furthermore, the reaction
chamber was flushed with nitrogen for 3 min.

Ventiles for ‘
N, flushing
and sampling
hydrogen N, - Outlet
Light-Source:
cooled Hg medium
pressurelamp
Protected by quartz
or glas
Stirring bar
for proper
mixing

Figure 3-1:  Partly schematic picture of the vessel system for photocatalytic water splitting with sus-
pended powder

A UV Hg medium pressure lamp (150 W) by Heraeus was used to irradiate the sam-
ples. Therefore, the UV lamp was protected by an immersion quartz or glass which
was cooled with water to keep the lamp and the aqueous medium at 20 °C. The spec-
trum of the lamp is shown in the appendix (Figure 0-1). In order to guarantee a con-
stant level of light emission from the lamp, it was allowed to warm up for 15 min be-
fore the first irradiation experiment and in between each following experiment as well.
The suspended samples for the catalytic water splitting by UV/Vis light were irradiated
for 60 min. Afterwards, the gas was pumped in circles around the GC system. After 5
s a 250 pl gas sample were injected into the GC system. Nitrogen was used as carrier
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gas. The sampled gases were separated on a column for gas chromatography (Hay-
sep) at 50 °C. The temperature at the TCD detector was 250 °C. The analysis of the
evolved hydrogen was done qualitatively by the retention time and quantitatively by
the peak area of a TCD detector. For quantitative analysis of the hydrogen amount,
the system was preliminary calibrated using a mass flow controller to regulate the hy-
drogen stream. Hence, the peak area-hydrogen amount was determined. Each
measurement was done twice. The hydrogen evolution rate was ascertained by the
measured hydrogen amount over the time of light irradiation. The reaction rate can be
obtained in this manner, because the hydrogen evolution is a zero-order reaction.

For dye-sensitized graphitic carbon nitride amorphous glass was chosen to cut off the
irradiation spectrum of the lamp below a wavelength of about 300 nm. For the other
carbon nitrides quartz was used which allows light to pass till a wavelength of about
200 nm.



4 Results and Discussion
4.1 Material Characterization and Improvement
4.1.1 Pure g-C3N4

For a modification of graphitic carbon nitrides there are two starting compounds which
are suitable for a sufficient synthesis of the semiconductor. One aim of the work was
to analyze and improve the graphitic carbon nitride described and investigated by
several groups so far. Pure g-C3N4 was synthesized according to well-known proce-
dures as described in section 3.3.1 from melamine (MA) or dicyandiamide (DCA) and
differences in physical and chemical properties as well as their catalytic activity were
studied. XRD pattern and UV/Vis spectra are depicted in Figure 4-1 and Figure 4-2
indicate that the catalysts derived from two different precursors do not vary strongly.

T T T T
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g-CaNA (DCA)
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Figure 4-1:  XRD pattern from graphitic carbon nitride derived from melamine (MA) and dicyandi-
amide(DCA)

XRD and UV/Vis characterizations prove the successful synthesis of g-CsN4.[* Typi-
cally, a signal at 13°, which is caused by distances between two unit meshes of the g-
C3N4, can be found. Furthermore, the signal at 27° can be assigned to the distance
between the layers of heptazine sheets. Since graphitic carbon nitride is amorphously
or finely structured, the signals are very broad. Because the structure has never been
entirely elucidated, small signal at 45° and 55° and possible covered signal at 26°
might be a contribution from graphite as a side product.®? Nevertheless, graphite
XRD signals would slightly differ from XRD signals presented herein. Though, this is
strong hint how close the structures of graphite and graphitic carbon nitride really are.

K. Striegler, Modified Graphitic Carbon Nitrides for Photocatalytic Hydrogen
Evolution from Water, BestMasters, DOI 10.1007/978-3-658-09740-0_4,
© Springer Fachmedien Wiesbaden 2015
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Still, melamine and dicyandiamide derived graphitic carbon nitrides differ slightly in
their XRD patterns. Interestingly, the peak at 27° is considerably more pronounced for
g-C3N4 derived from melamine. Thereby, it can be concluded, that the interaction be-
tween the layer-stacking is stronger for melamine derived carbon nitride. Thus, g-C3N4
(MA) has a better ordered than g-CsN4 (DCA)."! This might result in different possi-
bilities for molecules to interact with the solid catalyst. Unfortunately, the exact struc-
ture of graphitic carbon nitrides has not been elucidated.®®
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Figure 4-2: UV/Vis spectra from graphitic carbon nitride derived from melamine and dicyandiamide

Furthermore, the diffuse reflection UV/Vis spectrum shows similar behavior of both
compounds. The absorption edge, which describes the point on the curves of the
highest slope, is around 435 nm in both cases. The semiconductor is most commonly
described as (pale) yellow; hence, it can still absorb visible light. Considering the effi-
ciency of this material as a photocatalyst, it is noticeable that, regarding a range from
200 to 800 nm, just about 45 % of the light will be converted into non radiation energy.
As mentioned before, a wavelength of 800 nm could theoretically still suffice for water
splitting.

To measure of the quantity of light absorbance, integration of diffuse reflection UV/Vis
spectra were carried out. This will help to compare dye sensitizing and copolymeriza-
tion processes later on (sections 4.1.2 and 4.2). The integration of the spectra was
carried out with the program Origin 8.0. The integration limits were 200 nm and 800
nm. The integrated area of the spectrum was 328 nm for g-C3N4 (MA) and 312 nm for
g-C3sN4 (DCA). The so derived values illustrate how much irradiation is absorbed by
the used carbon nitrides. Low values describe a high light absorption. In the following,
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the integrated area of the spectra will be referred as totally reflected light 8. Thus, a
totally black material would have an integrated area of 0 nm.

Table 4-1: Elemental analysis regarding pure graphitic carbon nitrides

Compound Xc / mol-% Xn/mol-%  C/N Ratio
g-CsNy4 (MA) 39.93 60.07 0.66
g-C3sN4 (DCA) 40.33 59.67 0.67

So far, the compounds are not distinguishable by UV/Vis analysis. Still, there are mi-
nor differences at both sides of the absorption edge. The small variances from the
UV/Vis spectra imply that two graphitic carbon nitrides might differ in their catalytic
performance. Nevertheless, these results following previous results.*"

Table 4-2: Expectations for elemental analysis depending on the structure of g-C3N,

Ne of
Elemental Structure C Ne of N
Struct C/N Rati
ructure Motif At-  Atoms ate
oms
2 di i I -
imensional con Unit Mesh 6 8 0.75
nected
1 di ional con-
imensionat con Monomeric Unit 6 9 0.67
nected

Since the investigated graphitic carbon nitrides were almost invariant in their physical
properties, it is not surprising that their composition was equally identical. Just minor
variations were found (Table 4-1). Although it was imaginable that the structure might
be modified by altering the precursor, no such influence was found. This will be even
more interesting in the discussion of DTA results (section 4.1.2). Because the ratio of
carbon to nitrogen (C/N) should be depending on the polymeric organization, structure
motifs might be assigned by elemental analysis. As explained in Table 4-2, due to an-
other organization, one dimensional connected heptazine polymers should have C/N
ratio of 0.67, while sheets of heptazines have a ratio of 0.75.

It could be concluded that the graphitic carbons nitrides investigated herein are one
dimensionally structured. On the other hand, these ratios, which were lower than ex-
pected for a two-dimensional structure, might arise from a higher nitrogen loss during
preparation of a two dimensionally structured g-CsN,.*? Since more detailed investi-
gations concerning this topic were done, this might be just a minor indication.’®® Nev-
ertheless, it is uncertain whether the material should be called g-C,N3 instead of g-
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C3N4. Despite this, established nomenclature was not changed. The results, which
have been presented so far, are just for the characterization of the basic material.
Because the structure of pure graphitic carbon nitride should be elucidated a little fur-
ther, matrix assisted laser desorption ionization mass spectrometry (Maldi-MS) was
performed (Figure 4-3). Surprisingly, this technique has not been used so far to inves-
tigate the structure of g-C3Na.

Three groups of signals were identified, which can assigned to the three different hep-
tazine ring systems: a monomeric unit (blue), a dimer of heptazine (red) and a trimer
of heptazine (green).Though there is rather a wide range of products than one main
peak, the strongest signals can be assigned to the main species for each heptazine
system. Due to the soft ionization technique (Maldi), compounds will be single
charged. Thus the m/z ratios can be assigned to the masses of the compounds in Dal-
ton (Da).

Intensity / a.u.

m/z

Figure 4-3: MALDI mass spectrum from pure g-C3N, (MA)

The monomer, dimer and trimer of heptazine were identified according to the molecu-
lar weight of heptazine as the smallest detected unit. The molecular mass of hep-
tazine (My) is 218 Da. [M;+H]" can be found with 219 Da next to 215 Da (matrix ef-
fect). Furthermore, are there are peaks according to [M4+25+H]" and [M4+50+H]" (244
Da, 269 Da). In this context, there might be two explanations for this phenomenon.
Clearly, signals from [M;+25+H]" have to rise when a terminal —~NH, groups of hep-
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tazine (M4) are replaced with -NH-CN groups. On the one hand, that might come from
collision induced dissociation of a dimer during the mass spectrometric performance.
A dimer of heptazine rings would have dissociated into a larger and a smaller frag-
ment during the ionization. On the other hand, the whole detected heptazine deriva-
tive might be modified during synthesis.

The same consideration can be done when it comes down to interpret the results of
dimers (red) and trimers (green) of heptazine (Figure 4-3). A heptazine dimer has a
molecular mass M, of 419 Da which can be found as [Mx+H]" at 420 Da. A loss of 17
Da is surely identified as leaving ammonia, while the losses of 50 Da are supposed to
be the process described above for [M4]. Herein, instead of addition of CN and a pro-
ton and a nitrile group are lost. Almost alike, spectrum can be seen in the range of
554 to 646 m/z. Although it might be discussed whether a trimer is made of a polymer-
ic chain (M3sp 2 603 Da) or builds a 2-dimensional unit mesh (Msy 2 620 Da). Unfortu-
nately, the mass difference of theoretical structure motifs is exactly 17 Da. Hence, m/z
[M3p+H]" (604) and [Maw+H]" (620) might be found in the spectrum as a sign for both
species or a 2-dimensional motif with leaving of ammonia.

Overall speaking, the Maldi mass spectrum raises a question concerning the structure
of graphitic carbon nitride. The results from the Maldi-MS experiments are unique in
the structure elucidation of graphitic carbon nitrides.®"! Though matrix assisted laser
desorption ionization is able to vaporize large molecules (e.g. peptides or proteins)
with masses up to 20,000 Da, just monomers, dimers or trimers were found to be ion-
ized and analyzed by this method when it was applied on g-C3N4. Furthermore, mass-
es of pure heptazine monomers, dimers or trimmers were found with no lack of hydro-
gen indicating that these molecules were not created by collision induced dissociation,
but existed free within the matrix. This could imply that graphitic carbon nitride has at
least partially free heptazine rings. High molecular compounds might not be detected
due to hindered evaporation or ionization.

Furthermore, TG and DTA measurements of the pure graphitic carbon nitride in air
were carried out (Appendix: Figure 0-2 ). As it is expected for these kinds of com-
pounds, 1.9 wt.-% of adsorbed water were released up to 445°C followed by the de-
composition of graphitic carbon nitride between 510 and 600 °C. Since preparation of
g-C3N4 is conducted between those temperatures, these temperatures were ex-
pected.®

Table 4-3: Hydrogen evolution rate of pure g-CsN,

Compound Hydrogen Evolution / umol h™'
g-CsNs (MA) 182
g-CsN4 (DCA) 140
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Nevertheless, the aim was to improve graphitic carbon nitride for light-driven hydrogen
evolution. Because every sample setup is reported to be slightly different in literature,
it is necessary to measure and compare the basic catalytic material derived from both
precursors. It is shown in Table 4-3, that g-C3N4 (MA) has a significantly higher activity
towards photocatalytic water splitting than g-CsN4 (DCA). Their values of hydrogen
evolution will be taken in account for the comparison of the efficiency of the improve-
ment of the catalytic activity. Because the apparatus setup for photocatalytic hydrogen
evolution from water was reported to be always different, there are no standard values
and the results presented in this thesis will be normalized to these values in Table
4_3.[65]

4.1.2 Copolymerization of g-C3N4

As it was already mentioned, graphitic carbon nitrides can be modified by copolymeri-
zation of dicyandiamide or melamine with other comonomers. Barbituric acid was
chosen by Zhang and coworkers.’™” They introduced barbituric acid to increase the
carbon amount of carbon in g-C3N4. This led to a red-shifted absorption edge. Since
this method was successful, copolymerization could be a good method for the intro-
duction of other heteroatoms.

2 (MA) 6 (BA) 7 (CA) 8 (2MP)
NH; § ﬂ\ MMz
NAN NH HN™ “NH ==
| P A | I
Han N one, O N 9 O N O e N e
o SH NH,
/JA)LN” 1\1 | A\\E
o7 H&S HS™ "N “sH  HO” N “sH
9 (2TB) 10 (TTC) 11 (6MI)

Figure 4-4: Structure of comonomers used to improve the basic catalytic material

Therefore, the aim of this present thesis is the investigation of the sufficiency of copol-
ymerization reactions in order to explore the potential of the modification and devel-
opment of g-C3N4 with sulfur in a single one step reaction. This method would be
much more beneficial compared to sulfur-modifications already reported.? Unsuc-
cessful examinations were reported testing the possibility to derive g-C3N4 from dia-
minobenzene. Thus, melamine and dicyandiamide were mixed with the compounds
depicted in Figure 4-4 (6 to 11) and calcined under nitrogen.
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Figure 4-5: DTA (black) and TG (grey) of several precursors of carbon nitrides: copolymerization
analysis was done with mixtures according to syntheses of g-CNgs 1 (MA) and g-CNg, 1 (DCA).

In order investigate the influence of the used precursors for a copolymerization pro-
cess, different thermal analyses were carried out at first (Figure 4-5). Although there
have been formation investigation towards the reaction from melamine to graphitic
carbon nitride, the copolymerization process of melamine and barbituric acid has been
just a proposed mechanism.

DTA and TG were exhibited for pure melamine, dicyandiamide and mixtures of both
precursors with barbituric acid (6). As already mentioned, the latter was reported to
lead to a red-shift in UV/Vis spectrum of the resulting g-CsN4."” Obviously, the
polymerization process for both materials differ, even then, if it is polymerized with the
same copolymer. Exothermic reactions can be assigned by a positive signal. The
polymerization of melamine shows only one large exothermic peak at about 350 °C
(Figure 4-5). This is supposed to be a superimposed exothermic polymerization, crys-
tallization or decomposition over an endothermic degassing process. The leaving
compounds were identified by mass spectrometry to be ammonia (fragment 17 =
NH>) and carbon dioxide (fragment 44 = CO,). The mass spectra can be found in the
appendix (Figure 0-4 and Figure 0-5).
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A more straight forward interpretation is possible, if the reaction of melamine at
350 °C is compared with the first reactions of dicyandiamide at 350 °C (Figure 4-5).
Comparable reactions have to be involved, due to the proposed reaction pathway and
resulting products. The first reactions of dicyandiamide between 200 °C and 250 °C
might be explained by reorganization with a starting polymerization process, in which
melamine or other higher molecular compounds are formed. Although the polymeriza-
tion begins at 350 °C, there are fragments from ammonia and carbon dioxide at the
reorganization in lower temperature regions. While analyzing precursor and copoly-
mer reaction, the more exothermic peak at 350 °C for both precursors should be dis-
cussed.

Table 4-4: Elemental analysis regarding g-CNga

Xc / mol-  xn/ mol- C/N

Compound % % Ratio
g-CNga 05 (MA) 40.0 60.0 0.67
g-CNga_1 (MA) 40.3 59.7 0.68
g-CNga 2.1 (MA) 411 58.9 0.70
g-CNga_s (MA) 40.7 59.3 0.69
g-CNga_s2 (MA) 459 54.1 0.85
g-CNga_1 (DCA) 40.6 59.4 0.69
g-CNga 5 (DCA) 42.6 57.4 0.74

Since the signals at 350 °C might be caused product formation and degassing (Figure
4-5), a higher endothermic reaction implies that a superimposed reaction is less exo-
thermic than the reaction without copolymer. Therefore, the formation process with
copolymers might occur not as completely as with pure precursors. In general, ther-
mal analysis reveals the nature of the copolymerization process, which is disturbed by
copolymers. This has not been shown yet."*!

To study the influence of the ratio, six different mixtures of melamine and barbituric
acid were investigated. The product was studied with elemental analysis (Table 4-4).
Elemental analysis gives a quick overview on the performed modifications by copoly-
merization.

The content of carbon to nitrogen varies with altered copolymer ratios. The C/N ratio
increases from 0.67, which is comparable to pure g-CsN4, to 0.85. Regarding the
structure of the catalytic material as a chain, the latter ratio implies that — on average
— 1.7 nitrogen atoms were replaced with carbon atoms within one heptazine ring. Bar-
bituric acid contains one carbon instead of a nitrogen atom. A monomeric unit should
have 9 nitrogen atoms and about 25 mol-% of barbituric acid were used. But for a full
conversion of barbituric acid into the carbon nitride structure 2.2 nitrogen atoms are
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supposed to be replaced. It can be assumed that for that ratio of barbituric acid just
77 % of the copolymer is introduced to the structure.
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Figure 4-6: Overall reflected light from diffuse reflection UV/Vis spectra from several graphitic carbon
nitrides derived from melamine doped with barbituric acid. The relative mole fraction Xsomonomer Of the
used barbituric acid is given by g-CNpa_ 4

Moreover, for these compounds UV/Vis examinations were done. In order to interpret
the results straight forward, only the integrated areas of the UV/Vis spectra are con-
sidered in Figure 4-6 as a column diagram. These columns represent the overall re-
flected light 8. (The method was described in section 4.1.1, page 34.) A high value for
the overall reflected light is caused by a material that absorbs light less efficient than a
material with a low value (additional exemplary spectra are shown in the appendix in
Figure 0-3). The trend of the spectra proves that with increasing amount of copolymer-
ized barbituric acid the light absorption of the material increases. The overall reflected
light & of pure g-C3N4 is with 328 nm almost three times higher than 114 nm of the g-
CNga 82 (MA). This behavior was expected regarding the reported studies about co-
polymerization.I”" Speaking of semiconductor materials, a lower overall reflected light
corresponds with a higher irradiation energy uptake. Light absorption increases with
higher content of barbituric acid. Hence, the introduction of barbituric acid and a red
shifting of the UV/Vis spectrum are sufficient.” This might result in an enlarged pho-
tocurrent and activity for photocatalytic water splitting.
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Table 4-5: Elemental analysis regarding g-CNgomonomers x

Xc/ mol-  Xy/mol-  Xs/mol- CIN

Compound % % % Ratio
9-CNoa 1 (MA) 402 59.8 - 0.67
g-CNeas (MA)  40.2 59.8 ; 0.67
g-CNea 1 (DCA)  40.2 59.8 - 0.67
g-CNeas(DCA)  40.1 59.9 - 0.67
g-CNowp 1 (MA)  40.1 59.9 0.0 0.67
g-CNawe s (MA) 414 58.6 0.0 0.71

g-CNawe 1 (DCA) 404 59.6 0.0 0.68
g-CNave 5 (DCA)  42.8 56.8 0.4 0.75
g-CNors 1 (MA)  40.3 59.7 0.0 0.68
g-CNor s(MA) 424 57.4 0.2 0.74
g-CNors 1 (DCA) 405 59.5 0.0 0.68
g-CNag s (DCA) 42,6 571 0.3 0.75
g-CNrrc 1 (MA)  39.7 60.3 0.0 0.66
g-CNrrc s(MA)  39.9 60.1 0.0 0.66
g-CNrre 1 (DCA)  39.8 60.3 0.0 0.66
g-CNrre s (DCA)  39.8 60.2 0.0 0.66
g-CNew 1(MA)  40.2 59.8 0.0 0.67
g-CNew s(MA) 416 58.2 0.2 0.72
g-CNew 1 (DCA) 402 59.8 0.0 0.67
g-CNew 5(DCA)  42.9 56.7 0.4 0.76

Since it was proven that simple, straight forward modification can be carried out by
copolymerizing barbituric acid, this technique should be transferred to other heteroa-
toms. It was shown previously that sulfur was introduced to the structure of g-CsN4
with much effort.”" In order to introduce new dopants for the improvement of graphitic
carbon nitrides easily, several copolymers and ratios of copolymers were explored.
Investigations towards other copolymers were carried out. Therefore, compounds 7 to
11 (Figure 4-4) were copolymerized with the standard precursors. All derived carbon
nitrides were examined with powder XRD, which showed typical signals for graphitic
carbon nitride at 13° and 27°. The aim of these experiments was to prove the suc-
cessful introduction of heteroatoms like carbon, sulfur and oxygen.

Elemental analysis results and UV/Vis interpretations are depicted in Table 4-5 and
Figure 4-7. The results from the elemental analysis indicate that the triazine derivative
copolymers cyanuric acid and trithiocyanuric acid (7 and 10) hardly change the carbon
to nitrogen ratio (g-CNca and g-CNrrc). Although it was not expected for cyanuric, acid
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copolymerization with trithiocyanuric acid showed no introduction of sulfur. Still, since
it became obvious by DTA that copolymers influence the polymerization process, a
positive effect regarding catalytic activity might occurs due to an altered copolymeriza-
tion process.
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Figure 4-7: Overall reflected light from diffuse reflection UV/Vis spectra from several graphitic carbon
nitrides doped with various copolymers. Each value of a copolymerization process is depicted in a dif-
ferent color.

To interpret the results from elemental analysis from copolymerization processes with
compounds containing sulfur groups derived from pyridine (8, 9, 11) g-CNawp, g-CNorg
and g-CNgy have to be pondered. Following the same consideration as for these
compounds as for barbituric acid regarding the C/N ratio, about 60 % of the comono-
mers were introduced into the structure. Nevertheless, the sulfur mole fraction xs is far
below that value, with just 0.0 % to 0.4 % sulfur. Although the introduction is not very
efficient, it worked reasonably well with higher copolymer proportion. Furthermore, a
better polymerization process can be seen with dicyandiamide than with melamine.
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However, similar elucidation can also be obtained from integrated UV/Vis spectra,
which symbolize the overall reflected light & (Figure 4-7). A color code is used for
each resulting carbon nitride. Compared to pure g-C3N4 all copolymerized variants
have a higher light absorption. Furthermore, trends for each copolymer could be ob-
served. Cyanuric acid (red) leads to almost no change.

Graphitic carbon nitride derived from the precursors and 2-mercaptopyrimidin (blue)
has the highest light absorption for a mole fraction Xcomonomer Of 5 relative mol-% of the
copolymer and with DCA. It is not surprising that there can be similar results be seen
for other copolymers like 2-thiobarbituric (green), trithiocyanuric acid (grey), 6-
Mercaptoisocytosine (purple) and barbituric acid (maroon). Although melamine seems
to be the better precursor for some copolymers, in order to increase the light absorp-
tion of the material, still dicyandiamide has proven by elemental analysis to enhance
the ability to introduce the heteroatom sulfur. According to elemental analysis, just
pyrimidine derivatives with higher carbon contents reduce the overall reflected light
strongly. Thus, the spectra are also red-shifted like it was reported for barbituric acid.
Nevertheless, these experiments show that it is possible to introduce new elements
into the graphitic carbon nitride easily by copolymerization. It is highly recommended
to examine the possibilities of copolymerization further, since it was proven to be a
straight forward modification possibility.
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Figure 4-8: Structure of several hepatzine trimers used for DFT calculations
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Furthermore, nitrogen sorption experiments were carried out. Table 0-1 (Appendix:
page 82) shows that the BET surface is with about 10 to 40 m? g™'not small compared
to other materials like zeolites, decreases with increasing amount of copolymerized
material. Hence, the surface decreases, when dicyandiamide is used as precursor
instead of melamine. Notably, the BET surface for both basic material increases when
they are activated by heating them under reflux in hydrochloric acid. The results from
the nitrogen sorption can be comparable with known BET surfaces.*!
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Density functional theory (DFT) calculations were performed to elucidate the electron-
ic properties of heptazine rings doped with carbon, sulfur and oxygen. DFT is a pow-
erful tool to predict HOMO and LUMO and a vast of other properties like molecule ge-
ometry. In this thesis, it was performed to give theoretical background to the doping
experiments, which have been conducted.

The results of HOMO and LUMO energy calculations are displayed in Figure 4-9. The
theoretic calculations were done according to literature.’®® The calculated gap be-
tween HOMO and LUMO cannot be evaluated quantitatively. On the one hand, even
for small molecules, the DFT expectations are presumably incorrect due to the limita-
tions given by assumption made by that method like setting the temperature to 0 °K
and modeling in the gas phase. On the other hand, limitations are made by computing
only one molecule instead of a solid bulk phase.

Table 4-6: Terms for DF T-calculated molecules

Term X ?OSI_ Y Position Z Position
tion

DFT I C NH N
DFT Il N NH (0]
DFT 1 N (0] N
DFT IV N NH S
DFTV N S N
DFT VI N o S
DFT VII N S (0]
DFT VI N NH N

Trends and results can be discussed just qualitatively. However, these methods have
proven to be suitable for such a question. Besides, by calculating the HOMO and LU-
MO of single molecules, a trend for the energies of the valence band and the conduc-
tion band might be predicted. Generally, a similar shift of the HOMO and LUMO can
be observed depending on the molecular doping. For example, DFT | shows a slightly
higher energetic HOMO while the energy of the LUMO is increased a little further
compared to the pure heptazine (DFT VIIl). Considering doping the semiconductor
properties g-C3N4, this would correspond in a classical way to a negative doped semi-
conductor like silicon doping with phosphorous. Therefore, the results from UV/Vis
spectroscopy seem reasonable. By an additional energy level which is located under
the conduction band of the semiconductor, the effective band gap gets allegedly
smaller. Thus, the UV/Vis spectra of this class of compounds will be red-shifted. Nev-
ertheless, keeping classical semiconductor doping in mind, just a few units within the
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polymer are needed for an efficient doping. Because of the termination of the semi-
conductor properties by adding to much dopant, the concentration of carbon doping
within the catalyst has to be controlled properly.

Energy / a.u.
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Figure 4-9: Results of DFT computed — due to the nature of DFT calculations, just trends can be de-
lineated

Discussing DFT Il to DFT VII, apparently all derivatives of heptazine show similar
HOMO and LUMO properties; because of this, they will be discussed as a group.
Within this group, the influence of heteroatoms such as sulfur and oxygen was calcu-
lated. Due to the absence of information of the incorporation of heteroatoms into the
structure of graphitic carbon nitride, different positions for these atoms were assumed.
Following the same arguments named DFT | and negative doping, these kind of dop-
ing of graphitic carbon nitride corresponds to positive doped semiconductors. This is
contraindicated, because oxygen and sulfur are supposedly electron donors. Never-
theless, the conduction band, represented by the calculated LUMO, is lowered in en-
ergy. Doping the material with just a few monomers could be essential for maintaining
the semiconductor properties. Unlike to carbon doped heptazine systems, at least the
models DFT Ill and DFT V show a structure, which does not interrupt the mesomeric
system of the heptazine ring. Since the corresponding structures have no substitution
at the heptazine ring, altering the bridge position supposedly will not change the con-
formation of the compound. Thus, the original geometry of this class of compounds
can be retained.
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In order to investigate the influence of copolymerization on the catalytic activity of gra-
phitic carbon nitrides towards light-driven hydrogen evolution, catalytic experiments
were performed. The photocatalytic hydrogen evolution from water was investigated.
The relative hydrogen evolution rates are displayed in Table 4-7. For clarity, just the
relative hydrogen evolution rates were plotted. The results are normalized to g-C3N4
(MA), hence, 100 % are 140 ymol h

Table 4-7: Relative hydrogen evolution rate of copolymerized graphitic carbon nitrides

Relative hydrogen evolution

Compound rate | %

g-CNga 05 (MA) 49.8
g-CNaa_1 (MA) 31.2
g-CNga 2.1 (MA) 29.3
9-CNga s (MA) 14.4
9-CNga 2 (MA) 1.1
g-CNBAJ (DCA) 29.2
g-CNga 5 (DCA) 3.9
g-CNca 1 (DCA) 150.9
g-CNca s (DCA) 123.9
g- CN2MP 1 (DCA) 35.3
g-CNamp 5 (DCA) 7.8
g- CNZTB 1 (DCA) 51.1
g-CNarg 5 (DCA) 13.6
g-CNrrc_1(DCA) 96.0
g-CN+1c 5 (DCA) 66.5
g-CNewmi_1 (DCA) 31.6
g-CNewi_s (DCA) 12.8

To examine the influence of carbon or barbituric acid doping, respectively, on graphitic
carbon nitride derived from melamine, the hydrogen evolution rate of all synthesized
semiconductor materials were tested. It is obvious that there is still a significant hy-
drogen evolution arising from graphitic carbon nitride derived from barbituric acid co-
polymerized melamine. Nevertheless, the catalytic activity of the material decreases
with the introduction of carbon provided by the copolymer. The relative hydrogen evo-
lution rate drops from 50 % to 1% with increasing amount of introduced carbon.

Regarding the water splitting results and the results from DFT calculation and ele-
mental analysis, this might be caused by too high carbon doping. Investigating the
loss of activity between g-CNga s (MA) and g-CNga _s2 (MA), changing the ratio of ad-
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ditional carbon to heptazine from below to above 1.0, the amount of produced hydro-
gen drops drastically. From the collected data can be concluded that, in order to gain
a more active catalyst the ratio of barbituric acid to melamine must be adjusted more
finely between pure melamine and 0.5 relative percentages comonomers mixed with
melamine.

Because of the results from elemental analysis and UV/Vis spectrometry, just the car-
bon nitrides from dicyandiamide were analyzed with respect to their catalytic activity.
All copolymer-derived carbon nitrides show a different hydrogen evolution rate. Com-
pared to the melamine based material g-CNga 1 (DCA) and g-CNga 5 (DCA) show
similar results.

The copolymerization of cyanuric acid leads to a higher hydrogen evolution rate which
is 1.5 times higher compared to the basic material g-C3N4. This might derive from ox-
ygen introduction or from changing the polymerization process in general. From the
latter could be concluded that the polymerization process progresses better because
of a eutectic mixture.

However, this was the only compound, which led to an improved catalytic material.
The semiconductors g-CNayp x (DCA), g-CNarg_x (DCA) and g-CNegwmi_x (DCA) showed
no enhanced catalytic activity. The photocatalytic activity of these materials toward
photocatalytic hydrogen evolution from water decreases compared to g-C3Ny4: around
50 % for lower comonomer amount and around 10 % for the higher conmonomer
amount

Because g-CNavp_x (DCA) and g-CNewi_x (DCA) had basically the same results in their
performance compared to barbituric acid copolymerized dicyandiamide, this cannot be
seen as an improvement. Anyhow, by copolymerizing thiobarbituric acid with dicyan-
diamide (g-CNatg_1(DCA)), the hydrogen evolution was enhanced from about 30 % to
50 %, when it is compared to g-CNga_1 (DCA). This shows that even carbon doped
graphitic carbon nitride can be improved by the introduction of sulfur heteroatoms.
Double heteroatom doping is possible.

In this section, graphitic carbon nitrides from pure precursors differ from materials
which were derived from a copolymerization process. Since the catalyst differs slightly
depending on which precursors were used, it seemed to be logical that analyses to-
wards polymerization processes of both needed to be done. The first Maldi-MS exper-
iment ensured the presence of heptazine rings in g-C3N4. By DFT calculations and
thermal analysis a possible explanation for sufficient heteroatom introduction and cat-
alytic improvement could be given.

A new method was found to introduce sulfur atoms into the structure of the catalyst.
As it was discussed above, the results for the copolymerization imply that it is highly
effective and straight forward to introduce carbon and sulfur into the structure of gra-
phitic carbon nitride. Therefore, other heteroatoms can be used to dope the semicon-
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ductor. Copolymerization promises higher effectiveness towards easy graphitic carbon
nitride improvement.6%70:72

4.2 Sensitizing
4.2.1 Immobilization of Dyes

Grétzel came up with idea of sensitizing semiconductors via immobilization of dyes to
enhance the quantum yield of photogenerated electrons.!"® Several dyes were immo-
bilized on TiO, for DSSC in order to get a higher photocurrent.” Following these
considerations, this strategy was used to enhance the activity of graphitic carbon ni-
tride towards photocatalytic water splitting. In previous examinations adsorption and
impregnation of dyes onto g-C3N4 was used to dye-sensitize the photocatalyst to-
wards hydrogen evolution from water.”® Naturally covalent bonding of dyes with gra-
phitic carbon nitride could improve the stability and the activity of the catalyst.

| |
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Figure 4-10: Reaction scheme for the immobilization erythrosine B on graphitic carbon nitride

Recently developed and presented in this thesis,® for properly modified g-CsNs, DIC
and DMAP were used as coupling reagents in a highly diluted organic solution (Figure
4-10). This is possible, because g-C3N4 has free amine groups. Classically, this can
be used to build an amide. Hence, the amount of erythrosine B immobilized and its
stability on the catalytic material should be improved compared to electrostatic ad-
sorption. Erythrosine B was used, because it has one of the highest known extinction
coefficients with over 102000.

Still, another new method was explored for sufficient dye modification: electron beam
treatment. This strategy was used in the past to immobilize small organic molecules
on polymer surfaces like membranes or fibers. Therefore, this was supposedly a great
tool for surface modification of graphitic carbon nitride which has aspects of an organ-
ic compound.”®
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Figure 4-11: UV/Vis spectra from four dye modified catalysts derived from melamine and pure g-C3N,

In Figure 4-11 the UV/Vis spectra from different erythrosine B modified graphitic car-
bon nitrides are shown. The black and grey curves show exemplary the difference
between the two immobilization techniques. Erythrosine B absorbs light between 408
and 600 nm. In both variants, the peaks caused by erythrosine B are flatted. The rea-
son for the flattening might be the acidic surface. Though, covalently bound dyes
seem to be immobilized with much higher concentrations compared to the method
using electrostatic adsorption. Because of the immobilization of the dye, the absorp-
tion spectrum might be altered. Regarding dye modification by means of electron
beam treatment (reddish curves), it becomes obvious that an activated graphitic car-
bon nitride is able to concentrate the dye much more efficient on the surface. Because
the same amount of erythrosine B was for all experiments equivalent, it was expected
that the UV/Vis spectra of these compounds do not differ. Surface properties of acti-
vated graphitic carbon nitride enhance the proper immobilization of the dye, instead of
a possible diffusion of the dye into the material or the unserviceable attachment on the
solid surface. Figure 4-11 shows that the spectrum of graphitic carbon nitride is blue-
shifted during activation of the catalyst with hydrochloric acid.
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Figure 4-12: Overall reflected light from diffuse reflection UV/Vis spectra from several dye-modified g-
C3Ny

Since the overall diffuse reflection is an important value to gain information about a
semiconductor used for photocatalysis, the reflection of dye-sensitized graphitic car-
bon nitrides were integrated as it was discussed in section 4.1.1. The results can be
seen in Figure 4-12 as a column diagram. Unlike to the procedure introduced in sec-
tion 4.1.1 (page 34.), the total diffuse reflection was integrated from 300 nm instead of
200 nm to 800 nm. Thus a smaller overall reflected light is observed. This was done to
take into account that sensitizing was done to shift the spectra into the visible range of
the light. Since the black column represents the spectrum or pure graphitic carbon
nitride, all sensitizing variants had an impact on the sum of the overall reflected light.

It can be assumed that the overall reflected light & corresponds to the amount of sur-
face bound dye. Accordingly, the materials have a higher light absorption of visible
light which is for all material around 250 nm. Wetness impregnation method had high-
er dye content than the electrostatic adsorption and the covalent bonding.

Even though, for electron beam treatment and wetness impregnation 10 mg dye and
500 mg g-CsN4 were used, different amount of surface bound dye is immobilized by
each of the techniques. Interestingly, the electron treatment has definitely a positive
impact on surface modification with dyes. Furthermore, when it comes to analyze the
success of covalent bonding versus electrostatic adsorption, clearly, Dyeko@g-C3N4
has a much higher amount of dye immobilized on the surface than its non-covalent
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counterpart. Hence, the covalent bound erythrosine B is much more stable compared
to non-covalent bound dyes.

Originally, it was the aim to analyze the binding of the dye on the solid surface. There-
fore, again Maldi mass spectrometry of Dyekn@g-C3sNs (MA) was done which is
shown in the appendix (Figure 0-7, page 83). Unfortunately, the spectrum gives hardly
information how the dye is bound to the surface. Still, fragments of graphitic carbon
nitrides can be found as well as peaks which possible can be assigned to decomposi-
tion products of dye. The main signal at 393 m/z could derive from an erythrosine B
fragment, which lost three iodine atoms and the carboxylic acid while the sodium ions
are dissolved during the immobilization process.

Table 4-8: Hydrogen evolution rate of dye modified pure g-C3N,

Relative hydrogen evolution

Compound ate /%
g-C3N4 (MA) 100
Dyeea@g-CsNs (MA) 241
Dyeko@9-CsNs (MA) 260
Dyeea@g-CsN, (DCA) 235
Dyexo@g-CsN4 (DCA) 255
Dye.@g-CsN4 (MA) 630
Dy€e-act@9-C3sN4 (MA) 115
Dyewi@g-CsN4 (MA) 506
Dyew.act@g-C3Ns (MA) 249

The setup for the photocatalytic experiments was changed for the dye sensitized cata-
lyst. Thus a glass filter was installed to improve the hydrogen evolution rate with visi-
ble light. This was done to use only the visible part of the irradiation spectrum from the
Hg medium pressure lamp. Thus, the hydrogen evolution of pure graphitic carbon ni-
tride was measured again under these conditions. Only 15.9 ymol H, were produced
in one hour which is 11.4 % of the evolution rate under UV conditions. In order to have
an initial overview, all results for the hydrogen evolution of the dye-sensitized g-C3N4
are normalized to that value and shown in Table 4-8. It becomes clear that dye-
sensitizing is highly successful for enhancing the hydrogen production under visible
light. Covalent and electrostatic adsorption modification almost triples the hydrogen
production. In the average, additional 30 umol evolved per hour. g-C3N4 with electro-
static adsorbed dye has a slightly higher hydrogen evolution rate compared to cova-
lent bound erythrosine B. After one hour irradiation, covalent modified samples are
unaltered, while the dye which was just adsorbed was probably photocatalytically de-
composed. This behavior might be explained that dye, which is adsorbed on the sur-
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face, is highly active, but susceptible for photogenerated electrons for decomposition
or reduction, respectively. On the opposite, covalent modified graphitic carbon nitride
was not altered very well during the radiation of the samples. Loosely bound dye
might be a better energy transmitter than tightly immobilized dye. Still, the advantage
is given by the higher stability.

Regarding the modifications that were done with electron beam treatment, the results
from hydrogen evolution experiments do not allow a simple analysis. Anyhow, the rel-
ative hydrogen evolution increased from 115 % to over 600 %, which is an enormous
activity change.

The not activated catalysts perform better than the activated ones. Nevertheless, this
effect is stronger after electron beam treatment and weaker after the modification of
the catalyst just by wetness impregnation. It is assumed that treating a mixture of gra-
phitic carbon nitride and erythrosine B with electron induces a stronger binding of the
dye on pure g-C3N4. Hence, a decomposition of the active photocatalytic species oc-
curs, when graphitic carbon nitride is heated in concentrated hydrochloric acid for the
activating of the binding sites. Nevertheless, it seems that this new method is a good
way for the immobilization of dyes on graphitic carbon nitride. Though stabilization
tests were not conducted, detailed test promise a good chance for discovering the
actual nature of dye-modification by electron beam treatment.

Overall, the results show that the photocatalytic hydrogen evolution from water was
enhanced due to dye-sensitizing of g-C3N4. Covalent modification of the semiconduc-
tor leads to a higher catalytic activity regarding the higher stability of the immobilized
dye. The hydrogen evolution rate doubled due to modification what is a huge step to-
wards photocatalytic hydrogen evolution under visible light. Covalent modification and
highly catalyst enhancement has not been reported for g-C3N4 with the minor amounts
of dye used in the conducted experiments.584

4.2.2 Dependency on Defects

Because the covalent dye modification was successful, this kind of modification was
attempted to be expanded on graphitic carbon nitride derived from melamine copoly-
merized with barbituric acid. The examination based in results shown preliminary.!®!
Covalent bonding of dyes with graphitic carbon nitride was discussed in section 4.2.1.
Thus, it was the aim to study, whether a covalent bonding of graphitic carbon nitrides
which were derived from melamine and different amounts of barbituric acid would
show a higher affinity for this modification. Of course, the focus was on understanding
trends for future improvement of the catalyst.

This was a promising approach, because the introduction of additional carbon into the
heptazine ring should provide different chemical environment. Thus, there might be
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two possibilities. On the one hand, steric hindrances — caused by an additional carbon
atom compared to graphitic carbon nitride derived from pure melamine — could reveal
possible adsorption sites for erythrosine B. On the other hand, the altered structure
might lead to an enhanced number of possible bonding sites for the dye to be cova-
lently bound to the solid surface. Therefore, again the diffuse reflection UV/Vis spectra
were integrated and the overall reflected light & was determined (Figure 4-13).
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Figure 4-13: Overall reflected light from diffuse reflection UV/Vis spectra from several dye-modified g-
C;sN, copolymerized with barbituric acid.

All modifications have a higher overall light extinction than the basic material (Figure
4-13). Comparing covalent versus electrostatic dye immobilization, obviously, the dye
content of covalent modified graphitic carbon nitrides preponderates over the amount
of immobilized dye by the method of electrostatic adsorption. Nevertheless, there was
no correlation found between the amount of copolymerized barbituric acid and the
amount of immobilized erythrosine B.
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Table 4-9: Hydrogen evolution rate of dye modified g-CsN, from melamine or dicyandiamide and barbi-
turic acid

Relative hydrogen evolution

Compound
rate/ %

Dyeko@9-C3N4 (MA) 241
Dyexov@9-CNga 0.5 (MA) 68
Dyekov@9-CNga_1 (MA) 42
Dyeko@9-CNga 2.1 (MA) 52
Dyekov@9-CNga_s (MA) 25
Dyekov@9-CNga 52 (MA) 13
Dyekov@g-CNga 1 (DCA) 56
Dyekov@9-CNga_s (DCA) 24

Dye modified g-CNga_y Were tested towards their activity in photocatalytic water split-
ting under visible light (Table 4-9). Indeed, the catalytic activity decreases strongly
with the amount of copolymerized barbituric acid. 70 % relative hydrogen evolution for
the best Dye modified g-CNga y confirm an insufficient photocatalytic activity. Never-
theless, the catalytic performance does not fall as much as shown for unmodified sys-
tems from precursors and copolymers (section 4.1.2). These two effects are in con-
tradiction to each other. While the dye transmits more energy to the semiconductor,
the band structure of the semiconductor is disturbed by the copolymer as it was dis-
cussed above. Because dye-sensitizing of graphitic carbon nitride is more efficient for
copolymerized material, supposedly, the dye has to transmit energy depending on the
amount of the copolymerized barbituric acid. However, changing the precursor to di-
cyandiamide has hardly an influence.

The experiments showed the influence of the amount of barbituric acid used in the
copolymerization on the affinity of graphitic carbon nitride being modified by dyes.
This is a first hint that dye immobilization is depending on the structure of g-CsNy,
which has not been reported yet. Furthermore, it was known that mesostructuring
leads to a better impregnation of dyes.I”” Combining both approaches might be a
powerful technique for dye-sensitizing of g-C3Njs.

4.3 Nanoparticle Deposition
4.3.1 Deposition of Noble Metal Compounds

Since the importance of nanostructuring for photocatalysis and, beyond that, for pho-
tocatalytic water splitting was reported and reviewed with a certain attention,' the
interest grew to study the effects of nanoparticle deposition. The standard procedure
for deposition of noble metals on graphitic carbon nitride is in-situ deposition by UV-
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irradiation of the semiconductor in noble metal salt solutions.™"! This procedure results
in a platinum, rhodium and other noble metal modified photocatalyst. It was the aim, to
establish other means for nanoparticle deposition, which do not need UV light for a
sufficient modification. Supposedly, methods are useful, which provide a high control-
lability of shape and size of the deposited metals.

Rh,,,@9-C.N,

3
©
Z
>
g pure Pt pure Rh
£
10 20 30 40 50 60 10 20 30 40 50 60
20/° 20/°

Figure 4-14: XRD patterns from NMp,s@g-C3N,

Therefore, several experiments to deposit nanosized noble metal compounds on the
solid surface of graphitic carbon nitride were carried out. Polyvinylpyrrolidone (PVP)
mediated size-controlled synthesis of platinum and rhodium (NMpyp@g-C3N4) modi-
fied graphitic carbon nitride was carried out.®® A noble metal salt was reduced by eth-
ylen glycol and stabilized in ethanol with PVP. PVP was burned off from the resulted
nanoparticles, after the electrostatic adsorption of the particles on g-CsNs. It was the
aim to establish a non-irradiation technique for this kind of catalyst. Furthermore, light
deposition of these promoters was done (NM;g@g-C3N4), in order to compare the
efficiency of the synthesis routes, this was performed under visible light. These ele-
mental materials are known to promote hydrogen evolution on semiconductors. Fur-
thermore, chromium and cobalt oxide were used to investigate the increase of hydro-
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gen production by reducing the oxygen overpotential. All investigations were done
with g-C3N4.

At first, the elemental noble metal deposition will be discussed. In Figure 4-14, the
XRD patterns of the nanoparticle-modified graphitic carbon nitrides are shown, which
were synthesized by means of PVP-mediated size control. As it is indicated by the
displayed XRD intensities of pure platinum and rhodium, a PVP-mediated noble metal
deposition was successful. Since it was the aim to develop a new strategy to modify
g-C3N4 with noble metal compounds, comparative classical experiments were carried
out.

For comparison, standard photocatalytic water splitting experiments with carbon ni-
trides are conducted with added noble metal salts like H,PtCls or RhCls. During the
process of hydrogen evolution, probably by excited electrons from conduction band of
the semiconductor g-CsN,, the Pt** and Rh** ions are reduced to their Pt and Rh°
metal clusters.

The results from noble metal deposition by visible light will be discussed later on.
Nevertheless, the XRD data and TEM images for Pt and Rh (shown in the appendix -
Figure 0-9 to Figure 0-11), implies a well dispersed precipitation of these noble metals
by that method. The particles might have a diameter below 3 nm.

‘TE 0zl | Maximum of
o Compound the size distri-
§ bution / nm
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§- 01} 1 Rhpp (ethanol) 41
g s-Co304 (water) n.a.
§| m-Co304 (water) n.a.
%920 40 60 80 100 120 140 HC0d04 (water) %3

Particle size / nm

left Figure 4-15: Exemplary results from nanoparticle tracking analysis for Ptsy» nanoparticle
right Table 4-10: Tabulated results from nanopatrticle tracking analysis

The synthesis of NMpyp@g-C3sN4 was performed according to noble metal nanoparti-
cle deposition on GaN and ZnO.®¥ In the process of modification, nanoparticles are
synthesized with a polyvinylpyrrolidone shell. Thus, the nanoparticles can be stabi-
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lized in glycol, ethanol or other polar solvents. The elucidation for a sufficient stable
nanoparticle suspension in ethanol was done by nanoparticle tracking analysis. The
results from the left Figure 4-15 and the right Table 4-10 prove that NM nanoparticles
were sufficiently stabilized in ethanol. Although Rhpyp and Ptpyp have, unexpectedly,
a relative high average diameter of about 40 nm, the polymeric PVP shell is supposed
to have the utmost contribution for that.

30 nm

30 nm

Figure 4-16: TEM images from platinum and rhodium modified graphitic carbon nitride. The upper left
figure shows spherical platinum NPs and the upper right shows agglomerations of rhodium NPs; both
by PVP mediated NP deposition onto g-C3N, (NMpyp@g-C3N,). The lower images show graphitic car-
bon nitrides which were modified by light deposition of platinum (left) and rhodium (right) (NMgn@g-
C;3N,). The noble metals are hardly detectable.

In order to clarify, whether the electrostatic adsorption of noble metal PVP nanoparti-
cle and the subsequent burning off of the polymer was successful, transmission elec-
tron microscopy (TEM) experiments were executed. The results depicted in Figure
4-16 prove that platinum and rhodium were sufficiently deposited by PVP mediated
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synthesis. Still, the platinum variant led to well dispersed, spherical platinum nanopar-
ticle with a regularly particle diameter. Obviously, it can be assumed that this kind of
deposition is far more suitable for platinum than rhodium on graphitic carbon nitride.
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Figure 4-17: Size distribution of Pt nanoparticles of Ptp,p@g-C3N,4

Regarding the TEM images for PVP mediated deposition of platinum and rhodium on
the solid surface of graphitic carbon nitride platinum particles were formed much more
uniformly. The particles were evenly distributed compared to rhodium nanoparticles.
TEM images reveal that both metals can be used for that kind of deposition. A size
distribution of Pt particles was made due to the quality of the Ptpyp@g-C3N4s TEM im-
ages suffices (Figure 4-17). Almost 30 % of the platinum nanoparticles have size
range of 3.5 to 4.5 nm. Hence, the average size is 4.3 nm. Compared to nanoparticle
UV-light deposition described in literature,'® the particles size is about two times larg-
er. Unfortunately, this advantage cannot be applied to Rh PVP mediated nanoparticle
deposition. The size of the nanoparticles could hardly be determined by the resulted
TEM images (Figure 0-8). Nevertheless, they seem to have minor size compared to Pt
particles (estimated average particle size: about 2 nm). Even though, the advantage
of the PVP mediated nanoparticle synthesis is the simple size-control of platinum and
rhodium by changing the pH value during the synthesis of PVP coated noble metal
NP.

Comparing the latter method with light deposition of nanoparticles, the advantage of
the PVP mediated nanoparticle synthesis becomes more evident. The TEM images
show that platinum hardly and rhodium not measurable get deposited in a sufficient
way on the solid surface of g-C3N4. Thus, it would not be efficiently possible to deposit
noble metal particles, if irradiation below 300 nm could not be applied to the system.
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Therefore, PVP mediated synthesis of nanoparticle modified graphitic carbon nitride is
supposedly a good variant to upscale to production of a useful semiconductor for hy-
drogen evolution from water splitting. The method provides spherical nanoparticles
with defined size distribution. The size and the amount of deposited particles can be
well regulated.

Table 4-11: Elemental analysis by ICP-OES of noble metal modified g-C3N,

Compound wpt / Wt.-% Wrh / Wt.-% wer /! Wt.-%
Ptight@g-C3sN4 2.2 - -
Pteve@g-C3Ns 0.46 - -
Rhijignt@g-C3N4 - 0.84 -
thvp@g-CaN4 - 0.31 -
Cr203@g-CsN4 - - 0.003

Cr203@Ptpvp@g-C3N4 0.13 B 0.012
Cr,0:@Rhpyp@g-CsNs - 0.21 0.015

Regarding the elemental analysis by ICP-OES for all noble metal modified semicon-
ductors (Table 4-11), it is noticeable that the mass fraction wnu of deposited noble
metal nanoparticles is in the range of noble metals during in-situ photoreduction of
about 0.05 wt.-%. The mass fraction wp; of 2.2 wt.-% for Ptign@g-CsN4 might be an
artifact of the measurement. PVP mediated deposition gives just a medium noble
metal mass fraction we; and wgn of about 0.4 wt.-%. This is not in contradictory to the
general aim enhancing the photocatalytic activity. Since the right size of the NPs can
be crucial for the efficiency of photocatalytic water splitting, the influence of the pro-
moter wny towards hydrogen evolution will have to be discussed in the future.

In order to modify the nanoparticle further and enhance the photocatalytic activity of
graphitic carbon nitride, it was tried to achieve a core-shell modification of the noble
metal NPs with Cr,O3. Therefore, a photodeposition technique was applied using
K2CrO4. This material should be photoreduced to chromium oxide and create a shell
around rhodium and platinum particles. Regrettably, neither TEM images from the
prepared samples nor XRD patterns revealed whether Cr,O3; was formed during that
process or not. The results are shown in the appendix (Figure 0-9 to Figure 0-14).
However, elemental analyses of chromium modified samples (Table 4-11) imply that
the element was deposited on graphitic carbon nitride somehow. The mass fraction of
chromium wc;, is about 0.01 wt.-% low. The chromium content rises when the deposi-
tion is tested on Pt and Rh modified samples by the order of one magnitude. Thus,
there are two explanations. One the one hand, Cr,O3; was sufficiently synthesized, but
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it is not detectable by the used techniques. On the other hand, K,CrO4 was finely dis-
persed on the solid surface and not reduced, for that, it was not detected by XRD or
TEM. Still, the amount of chromium is very low compared to the other noble metals.
Interestingly, the amount of Rh and Pt decreases after the chromium modification at-
tempts. Following a general understanding, noble metal NPs might be separated from
the solid surface during modification.
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Figure 4-18: TPR profile of pure (light grey) and platinum doped graphitic carbon nitride (dark grey)

Although a sufficient deposition of platinum was proven, analyzing the stability and the
properties under hydrogen treatment is most important for the catalytic reaction.
Hence, temperature programmed reduction was carried out, which is depicted in Fig-
ure 4-18. Pure graphitic carbon nitride was compared with graphitic carbon nitride with
light deposited platinum. Mild conditions were chosen, because of the possibly harm-
ing degassing process of the material at higher temperatures. Hence, TPR can be
evaluated only qualitatively. Nevertheless, the noble metal shows huge influence to-
wards the reducibility of g-C3N4 under a Hy gas stream.

Pure graphitic carbon nitride shows no significant hydrogen turnover and therefore no
reduction of the analyzed material within the displayed temperature area. In additional
experiments, it was shown that the pure g-C3sN4 had a positive TCD signal at tempera-
tures above 500 °C. It was not investigated whether this is an effect from the decom-
position or from the reduction of the material. While no sufficient hydrogen turnover
occurred on the pure compound, platinum doped graphitic carbon nitride was reduced
under comparatively mild conditions. The reduction of the material begins at 120 °C,
below the decomposition temperature of the investigated material. Although it was not
thermally treated further, the compound supposedly gets entirely reduced by addition-
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al heating. Thus, it is elucidated that platinum sensitizes graphitic carbon nitride for
hydrogen reduction. Because the material is disintegrated during that process, a hy-
drogen spillover from platinum to g-C3Ny is plausible.

Hydrogen spill over is not very likely in an aqueous solution at low temperatures like
20 °C. More information about the electron transfer from H, over Pt to g-C3sN4 than the
imaginable decomposition process due to photocatalytic reduction of the semiconduc-
tor can be gained. It is likely that photogenerated electrons can be transferred to a
proton in aqueous solution, due to lowered activation energy. This was proven by the
TPR experiment.
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Figure 4-19: XRD patterns from Co3;0, modified g-C3N,

In the noble metal deposition experiments described so far, it was the aim to decrease
the overpotential of hydrogen towards proton reduction. Yet there have been other
developments for the photocatalytic hydrogen evolution from water. Cobalt (Il) oxides
and phosphates were introduces to increase the photocurrent of semiconductors and
were discussed to reduce the overpotential for oxygen oxidation.!®”! Herein presented
is an investigation of the photocatalytic hydrogen evolution depending on the size of
cobalt oxide nanoparticles. Cobalt oxide nanoparticles have previously demonstrated
to increase the hydrogen evolution rate.®®

Figure 4-19 shows the XRD patterns from Co3;O4 which were electrostatically ad-
sorbed onto the surface. Unfortunately, the integration of the cobalt oxide into the
structure of graphitic carbon nitride by copolymerization was not successful. In both
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experiments, the batch with an aimed mass fraction wcosos Of 1.0 wt.-% and with
0.1 wt.-% Co304, melamine burned off completely during the calcinations process and
about 10 mg and 1 mg Co304 were retrieved. Nevertheless, an effective nanoparticle
adsorption could be achieved by post-synthetic modification. Nanoparticle tracking
analysis could not provide particle sized for all Co304 particles except for the attempt
of the large ones (right Table 4-10).

Though, the results imply a larger particle size than expected,”” a lack of stabilizabil-
ity of the NP might product agglomeration. Cobalt oxide NPs were size-controlled syn-
thesized by applying different amount of water and ethanol during the autoclave reac-
tion. However, the XRD patterns prove the presence of cobalt oxide on g-C3N4. There-
fore, it is possible to deduce the size of Co304 by using the scherrer equation, which is
given in equation 4-1. For that XRD patterns were investigated thoroughly and signals
were fitted to evaluate the half-width of a diffraction reflex B (Figure 4-19). By that
method the particle size Dp was determined by the used wavelength A, the line broad-
ening at half the maximum intensity B and the Bragg angle of the particular peak 6.
Thereby, the particle size of the nanoobjects was estimated.
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Table 4-12: Characterization of the Co304 nanopatrticles on g-C3N,

Nanoparticle size scherrer

Compound Co wt.-% icp-oEs
/nm
S-CO304@ g-CgN4 6 0.74
m-C03O4@ g-C3N4 8 0.84
|-CO304@ g-CgN4 15 1.12

The calculated values and the results for elemental analysis by ICP-OES are shown in
Table 4-12. It was the aim to synthesize nanoparticles with an adjustable size by us-
ing different ethanol/water ratios during the high-pressure autoclave reaction. By XRD
measurements of Co3;04-modified g-C3Ng, it was found out that the small particles (s-
Co304) with a diameter of 6 nm are about half as small as the large particles (I-Co304)
with a diameter of 15 nm. The diameter (8 nm) of the medium particles (m-Co030,) is
closer to the size of small particles. Because 1.00 wt.-% Co304 was applied, 0.73 wt.-
% Co was the maximal applied mass fraction wc, on the catalytic material. As the el-
emental analysis validates, all of the nanoparticles were applied on g-C3sN4. However,
the percentage of cobalt exceeds the observed value.
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Table 4-13: Hydrogen evolution rate of noble metal modified g-C3N,

Relative hydrogen evolution rate /

Compound o
%

Ptight@g-C3N4 26.9

Pteve@g-C3Ny 90.2

Rhijight@g-C3N4 55.9

thvp@g-C3N4 60.3

Cr203@g-CgN4 76.0

Cr.03@Ptrvr@g- 26.9
C3N4

Cr203@th\/p@g 6.8
-C3N4

The hydrogen evolution rate was measured for all noble metal modified graphitic car-
bon nitrides. The results are shown Table 4-13. During the analysis of the experi-
mental data it must be kept in mind that graphitic carbon nitride without any noble
metal modification is able just to produce about 3 pmol/h hydrogen. Consequently,
only 2 % of the amount of hydrogen were produced, which evolves normally during
irradiation g-C3N4 in noble metal salt solutions. Therefore, the standard method is in-
situ modification with Pt salts giving a Pt mass fractio wps of 0.5 wt.-%. Herein, the
latter was used as the standard reaction condition for the testing of the catalytic activi-
ty of all graphitic carbon nitrides, which were not modified with platinum or rhodium.
Consequently, all noble metal depositions are suitable for the modification of graphitic
carbon nitride with promoters towards hydrogen evolution. However, the catalytic ac-
tivity differs with the used modification method. Although PVP mediated synthesis of
Pt and Rh modified g-C3N4 reach not the catalytic activity of the standard modification
with platinum, Ptpvp@g-C3N4 has a relative hydrogen evolution of over 90 %. Com-
pared to the visible light deposited Pt variant, this is an improvement of a threefold
hydrogen evolution rate. Regarding the results for rhodium modified semiconductor,
catalytic experiments reveal about the same effects for the lighter noble metal. Never-
theless, a reduced activity of Rh noble metal modified samples, which were prepared
by the standard in-situ deposition showed a lowered activity as well. Therefore, the
results are consistent. The positive effect of noble metals like rhodium or platinum can
be explained by a reduction of the overpotential of the reaction from H* to H,. There-
fore, the photogenerated electrons from the conduction band of the semiconductor
must be able to be transferred from g-C3N4 to the promoter.
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In order to analyze whether the desired deposition of Cr,O3 had an influence on the
catalytic activity of the basic material, the chromium modified samples were tested
(Table 4-14). Cr,03;@g-C3N4 was tested with added Pt salt and Cr,O;@NM@g-CsNy
without. Nonetheless, it can be stated that chromium oxide somehow poisons the cat-
alyst, since every chromium oxide-modified sample showed less activity than without
modification. Because the method was only used to modify noble metal compounds
on GaN based materials so far, the increase of the hydrogen evolution rate under ir-
radiation which was found in earlier experiments,®¥ might be caused by Cr doping of
GaN or similar compounds.

Compared to previous results,'*”! the presented experiments show sufficient deposi-
tion of nano-sized noble metal promoters without UV light for photocatalytic hydrogen
evolution from water. This diminishes the drawback of in-situ NP deposition. The con-
ducted experiments might help to develop an upscale for photocatalytic active g-C3Na.

Table 4-14: Hydrogen evolution rate of Co;0,@g-C3N,

Relative hydrogen evolution
Compound yereg

rate / %
s-C0304@g-C3N4 141
m-Co304@g-C3N4 67.4
1-Co304@g-C3N4 182

At last, Co304@ g-C3N4 samples were tested (Table 4-14). It was shown previously
that Co" salts or oxides have an impact on the photocatalytic activity of semiconduc-
tors.®®! This behavior might be explained by a reduced overpotential for oxidation re-
actions or an improved electron-hole separation followed by hole transmission from
the valence band to the cobalt species. The Co3z04@ g-C3N4 samples were tested
with Pt salts added to the reaction solution.

According to previous results, Co3;04 increases the hydrogen evolution rate of graphit-
ic carbon nitride. Thus, it was the aim of the presented thesis to investigate the size-
dependency of cobalt oxide nano particles, which were deposited on the solid surface
of g-C3N4. As the results truly imply, such a dependency can be found. m-Co3;04s@g-
C3N4 and I-Co304@ g-CsN4 have a relative hydrogen evolution rate far beyond 100 %
compared to g-C3N4. m-Co3z04@g-C3N4 shows just minor photocatalytic activity with
67 % of the basic hydrogen evolution. As it was already reported for several nanopar-
ticle catalyzed reactions,® the size-activity relationship can undergo a minimum. Alt-
hough cobalt oxide accelerates the reaction, this effect is stronger for the small and
large nanoparticle with a size of 6 nm and 15 nm, respectively. Generally, such an
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effect is explained by the alternated percentage of different surface atoms. Still, the
results might be an artifact from cobalt oxide nanoparticle giving different shapes
caused by the autoclave reaction itself. A reduced activity for m-Co304@ g-C3N4
might derive from interruption of the platinum promoter. This means that the ratio of
cobalt oxide and platinum or rhodium, respectively, must be tuned properly to en-
hance the photocatalytic hydrogen evolution from water. The conducted results for
cobalt oxides follow previous experiments and enlarge the understanding of Co (ll)
promoters.“) The size of promoting NPs influence considerably the photocatalytic
activity towards hydrogen evolution. This fact might be transferred to other known
promoters like Pt or Rh.1®

4.3.2 Combination of Dyes Immobilization and Nanoparticles Deposition

Covalent dye immobilization was successful and the deposition of nanoparticles suf-
ficed properly. To combine advantages of both strategies, pyrrole was oxidized by
H,PtCls to polypyrrole. Regarding the reaction scheme (Figure 4-20), an anion can be
introduced to the structure by non-covalent interaction with the positively charged pol-
ymer.

H

®
N R.T. / i i H
12 + 7 HsPH MNah ——————— 9 TRt H MNaCl
Wi PLCls  + o 4t€}wj)\\/\i+ + 3BHCI +NaC
=)
A n

Figure 4-20: Synthesis route for polymerization of Ppy onto g-C3sN,

Hence, erythrosine B might be able to bind to the polymeric chain of PPy. The ability
of polypyrrole to transport electrons was used for dye-sensitized solar cells. In the
context of photocatalytic water splitting this could lead to an increased activity by
higher water conversion or decreased activity by accelerated electron-hole pair re-
combination. Furthermore, the deposition of platinum particles should occur. Hence,
two modification steps should be combined to one.
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Figure 4-21: XRD patterns of platinum modified g-C3N, by pyrrole modification process

Considering XRD patterns in Figure 4-21, it is obvious that no detectable elemental
platinum was synthesized by the used method. There are two possible explanations.
The modification and Pt® deposition was not successful or the elemental platinum is
finely dispersed. Since all of the material was blackened during the process, it can be
concluded that polypyrrole was deposited on the surface of g-C3N4 properly. Since no
other oxidizing agent was applied, the Pt must be finely dispersed. Because elemental
analysis (Figure 4-20) shows that almost all of the 6 % applied Pt was deposited on
the graphitic carbon nitride, ICP-OES analysis might be a hint that maybe PtCls> was
introduced into the positively charged polypyrrole. Thus, it still should be able to be
photoreduced during hydrogen evolution under irradiation. However, no significant
hydrogen evolution was detected.

Therefore, the modification with polypyrrole must be regarded as a failure, but the
proof of principle was shown. Polypyrolle modification is possible proven by elemental
analysis and the reflection properties. Though, no influence of the amount of applied
dye was observed, because the material was totally blackened during the polymeriza-
tion process. Furthermore, polymerizing polypyrrole onto the surface of graphitic car-
bon nitride led to a stabilized suspension, which has not been observed yet. For gra-
phitic carbon nitride, which was modified with Ppy, neither mixing nor ultra-sonic
treatment was required to have a stabilized solution in water.



68 4 Results and Discussion

Table 4-15: Elemental analysis by ICP-OES and hydrogen evolution rate

Compound wpt / wt.- Relative hydrogen evolution
i % rate / %
Pt -CsN
Poy@9-C3Na 5.97 7
pure
Pt -CsN
Poy@9-C3Na4 4.86 o
Dye |
Pt -CsN
Poy@9-C3Na 532 ”0

Dye Il




5 Conclusion and Outlook

In the presented thesis several modification of the semiconductor graphitic carbon
nitride were realized. The aim of this thesis was the analysis of the activity of modified
photocatalyst towards photocatalytic hydrogen evolution from water. Different charac-
terization techniques were used to clarify the nature of the resulting changes. In order
to modify the basic material, several synthesis routes were chosen to establish a suf-
ficient in-situ and post-synthesis functionalization. Thus, three different approaches
were examined.

At first, the impact on the polymerization process by dicyandiamide and melamine as
precursors were studied. Therefore the formation of g-C3N4 was investigated. Though,
graphitic carbon nitride showed hardly differences in XRD patterns or diffuse reflection
UV/Vis spectroscopy, whether it was derived from melamine or dicyandiamide. Maldi
mass spectrometry revealed that the material most possibly consists of polymers from
hepatzine rings, as it was expected from previous results. The actual structure of the
semiconductor is difficult to elucidate, but the conducted experiment enlarge the over-
all knowledge of this material.

However, the catalytic activity for the photocatalytic hydrogen evolution from water
was slightly higher for dicyandiamide derived g-CsN,4. The results follow the reported
behavior of g-C3Na.

Furthermore, copolymers were used for a possible introduction of carbon, sulfur or
oxygen into the structure of pure graphitic carbon nitride. To understand the copoly-
merization process, DTA, TG and DFT calculations were carried out. The enhance-
ment of the photocatalytic activity might be an effect from n-doping the catalyst or by a
better polymerization process due to a reduced melting point caused by a eutectic
mixture. These experiments will help to understand how the reported red-shifting of
the UV/Vis spectra occurs.

Applied comonomers were structurally similar to melamine and copolymerized with
the precursor. For carbon doping barbituric acid was used. Melamine derivatives have
heteroatom groups like thiols or alcohols instead of a primary amine. Accordingly, the
derivatives were used to improve the photocatalytic activity of g-CsN4. XRD and
UV/Vis spectroscopy validated the successful copolymerization of precursors with
comonomers. Successfully, the sulfur content xs of graphitic carbon nitride was raised
up to 0.4 mol-% for certain comonomers like thiobarbituric acid. Thus, a straight for-
ward method for sulfur-doping was developed in the presented thesis.

For the material derived from dicyandiamide copolymerized with cyanuric acid the hy-
drogen evolution rate was enhanced 1.5 times of pure graphitic carbon nitride. This
proves that copolymerization can enhance the photocatalytic activity even without
carbon doping.

K. Striegler, Modified Graphitic Carbon Nitrides for Photocatalytic Hydrogen
Evolution from Water, BestMasters, DOI 10.1007/978-3-658-09740-0_5,
© Springer Fachmedien Wiesbaden 2015
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Secondly, graphitic carbon nitride was post-functionalized with erythrosine B in order
to shift the absorption spectrum into the visible range of the light resulting in a higher
quantum efficiency. Covalent bonding, electrostatic adsorption and electron beam
treatment were used for dye immobilization.

In order to explore covalent dye bonding, diffuse reflection UV/Vis spectrometry was
carried out. It was found that covalently bound erythrosine B is much more located on
the surface compared to dye immobilization by electrostatic adsorption.

For these photocatalytic hydrogen evolution experiments, only visible light above 300
nm was used. It was found that graphitic carbon nitride is slightly more active if it is
bound covalently to erythrosine B or just adsorbed on the surface. Nevertheless, the
covalently bound dye exhibited much higher stability than its non-covalent counter-
part. Thus, increasing the reaction time would reveal a higher light conversion to hy-
drogen by covalent bound dye. Dye-sensitized g-C3N4 by covalent immobilization has
been proven to outperform previously reported dye impregnation in their photocatalyt-
ic hydrogen evolution from water under visible light.

Furthermore, this approach was used to study the influence of copolymerized barbitu-
ric acid on the improvement of graphitic carbon nitride by covalent dye immobilization.
With a higher amount of copolymerized barbituric acid dye immobilization is more ef-
fective as for pure graphitic carbon nitride.

At last, the influence of different nano-sized noble metal particles, which were report-
ed to act as a promoter for photocatalysis, was examined. Platinum and rhodium were
supposed to be deposited on the surface of g-CsN4 to overcome the high overpoten-
tials for hydrogen evolution from water. To compare different techniques, a novel PVP
mediated nanoparticle deposition method and visible light deposition were examined.
The known standard procedure involves just UV light deposition. A sufficient photo-
catalytic hydrogen evolution from water without Pt or Rh was not possible.

The PVP mediated synthesis provided an even size distribution for Pt on g-C3N4 with
a maximum of 4.3 nm, which was investigated with TEM and XRD experiments. For
platinum deposited on graphitic carbon nitride well shaped NPs were obtained. Even
Rh modification was successful.

Compared to visible light deposition methods, the technique gave a higher photocata-
lytic activity towards hydrogen evolution from water. Thus, it is possible to deposit no-
ble metal in the absence of UV light. PVP mediated synthesis provides a higher con-
trollability of promoter composition and nanoparticle size than the reported methods.
Furthermore the deposition of Co304 was investigated towards photocatalytic water
splitting. Electrostatic adsorption was used to modify g-CsNa. It was reported that Co
(I compounds can enhance the photocatalytic activity of semiconductors. Nanoparti-
cle size investigations have not been reported yet.
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In order to study the success of the nanoparticle deposition and the size of the cobalt
oxide particles, they modified graphitic carbon nitride samples were examined by
XRD.

For photocatalytic hydrogen evolution from water of cobalt modified g-C3N4, a size
dependency was observed. The hydrogen evolution rate catalytic activity goes
through a minimum at a medium particle size. Co304 was discussed to decreased the
overpotential of the water oxidation reaction and stabilize electron holes leading to a
higher photocurrent.

Regarding prospective researches, graphitic carbon nitrides are still a highly promis-
ing material for photocatalytic hydrogen evolution from water. The results presented in
this work suggest that structure-activity dependency has to be further examined.
Therefore, different synthesis strategies have to be compared.

Nonetheless, n-doping or p-doping of semiconductor will stay a good opportunity to
alter the semiconductor properties towards a higher quantum efficiency. Thus, the
concentration of copolymers must be adjusted very finely in order to get positive re-
sults for graphitic carbon nitride doping. With the described method other heteroatoms
can be easily introduced into the structure of graphitic carbon nitride.

The principle of post-synthetic functionalization by covalent bonding was shown. Free
amines of the graphitic carbon nitride can be used to perform classical organic chem-
istry reactions. Hence, bathochromic and auxochromic groups can be attached by
post-functionalizing methods: for example the oxidation of -NH, to —NO; or an elec-
trophilic aromatic substitution to introduce iodine or bromine.

Of course the deposition of promoters like Pt and Rh and other noble metals has to be
further investigated. Due to the fact that the deposition method applying polyvinylpyr-
rolidone is able to produce nanoparticle with defined diameter, it is possible to check
the influence of this parameter on the photocatalytic enhancement by size-determined
noble metal promoters. Since the chromium oxide core-shell modification was not
proven to be successful, XPS (X-ray photoelectron spectroscopy) could be an ade-
quate method to determine the oxidation state of Cr.

At last, g-C3N4 could be a future option — modified with platinum — as a photocathode
while this electrode is coupled to a photoanode like Fe;Os. Applying this idea for a
system in which both compounds are suspended as nanoparticles and small mole-
cules transferring the charge between both semiconductors, this would be the first
suspended Z-scheme photocatalyst. Hence, a larger amount of the visible spectrum
would be used for photocatalysis.
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Figure 0-1:  UV/Vis spectrum of the used Hg medium pressure lamp. Spectrum of the lamp with an
amorphous glass filter (upper figure) and without (lower figure)
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Figure 0-2: TG and DTA from melamine derived g-C3N,
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Figure 0-3: Exemplary UV/Vis spectra from melamine derived carbon nitrides with different amounts of
copolymer
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Figure 0-4: Time depending mass spectra of the degassing products during polymerization process of
melamine. Box-numbers refer to m/z ratios of the degassing products.
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Figure 0-5: Time depending mass spectra of the degassing products during polymerization process of
melamine. Box-numbers refer to m/z ratios of the degassing products.
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Table 0-1: Results from N,-Sorption

for different g-C3N,

Compound Ager/m? g’ D/ mm*g’
g-CaNa (MA) 13.6 06
g-CNga 1 (MA) 10.1 -
g-CNga s (MA) 9.0 0.9
Activated g-C3N4
(MA) 39.1 0.3
g-CsN4 (DCA) 24.7 ;
g-CNasa 1 (DCA) 115 3.3
g-CNsa s (DCA) 143 -
Activated g-C3N4
(DCA) 226 23
NH N/NQHEJ
A AN
NTSN HaN=SNZSNZSNH,
AC A N-R
/N|L /N /N dN&/J\’fN\/IQ?N\
HoN” N7 N7 SNH, HaNTTNTTNTNH,
NH, NH, NH,
NAN NJ§N N)*N
N)l\N)%N N/“\N)*N N)l\N/gN
8 0 A0

Figure 0-6: Additional structures that were applied for DFT calculations. The upper left structure
shows a single heptazine, while the upper right structure describes two stacked heptazine rings. Addi-
tionally, DFT calulations were carried out for a polymer one-dimensional system of three heptazines

(lower structure).
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Figure 0-7: Maldi mass spectra from Dyey,,@g-C3;N, (covalent dye modification) derived from mela-
mine
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Figure 0-8: Size distributions of Pt nanoparticles on g-CsN, from PVP mediated synthesis
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Figure 0-9: XRD patterns from Plg@g-CsN4
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Figure 0-10: XRD patterns from Rhjgn@g-C3N4
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Figure 0-11: XRD patterns from Cr,O;@g-CsN,
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Figure 0-12: XRD patterns from Cr,O3@NMpyp@9-C3N,

Figure 0-13: TEM images from Cr,Os;@Ptpyp@9-CsN,4
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Figure 0-14: TEM images from Cr,0;@Rhpyp@9-C3N4
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