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CHAPTER I: INTRODUCTION 1

Chapter I

1 Introduction

Ever since the dawn of mankind, energy carriers were required to keep people warm, safe
and supplied with food. To fulfill their needs, biomass in the form of plants and bones
was sufficient for a very long time. The combustion of biomass did not have any negative
effect on the environment. The carbon dioxide which was released to nature was
reabsorbed into plants to produce energy-rich organic carbohydrates through
photosynthesis.

With the invention of the first steam engine in 1698 and the start of the industrial
revolution, high efficiency energy carriers in the form of fossil fuels (coal, oil and gas)
were used to cover the world’s energy consumption.! With the increasing energy
consumption and the deforestation, the carbon dioxide level of the atmosphere rose,
resulting in a dangerous warming of the globe.

Paradoxically, the energy consumption not only increases with the human population
but with the efficiency of an engine as reported by W. S. Jevons.? In detail, in the year 1860
the world consumed 5 - 102 kWh yr-! with a global population of 1.2 billion.»* Nowadays,
7.1 billion people live on earth and consume 156 - 102 kWh yr.45> While the population
increased about six times, the energy demand grew by a factor of 30, which can be
explained by higher energy efficiency leading to cheaper energy usage, and an increase in

economic growth.¢

1.1 Fossil fuels and nuclear energy

As fossil fuels are products of dead organisms which naturally decompose over millions
of years, their depletion is much faster than new ones are created. Still, 82 % of energy
used nowadays can be traced back to fossil fuels, which can be considered as a primary
energy source.” While biomass and mineral coals were used exclusively at the beginning
of the industrialization period,! crude oil represents the biggest share currently with
natural gas having an increasing share."® The need for replacement of coal is attributed to
environmental concerns since its combustion gives rise to the highest emission of carbon
dioxide and other pollutants within fossil fuels.” Carbon dioxide accounts for 9 % — 26 %
of the greenhouse effect and is mainly responsible for global warming.!* Crude oil, as a

flexible and easy to transport fuel, is indispensable for petrochemical industries and the
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leading tradable commodity. However, the price range has a high volatility which is due
to the large geopolitical tensions in the areas of greatest reserves (e.g. Venezuela, Saudi
Arabia, Iran, and Iraq). Natural gas is the cleanest of fossil fuels with increasing proven
reserves and is efficient enough for power generation. Nonetheless, the long supply routes
of natural gas require high cost of infrastructure.

Already in 1954, the first nuclear reactor was commissioned and the nuclear industry
started. Nuclear energy seems to solve energy and environmental problems as no carbon
dioxide is produced, while at the same time it is a very efficient energy source.” Several
grave nuclear power plant accidents including the Three Mile Island accident in 1979, the
Chernobyl disaster in 1986 or the latest Fukushima Daiichi nuclear disaster in 2011, as well as
concerns about the final waste disposal are the reasons why other zero-emission energy
sources have to be explored.” The next chapter introduces one promising candidate for the

generation of zero-emission fuel.

1.2 Renewable energy

The extract from L’fle mystérieuse (shown below) affirms that already in the 19t century
people worried about running out of fossil fuels. This emphasizes that a drastic change in
the energy economy from fossil fuels and nuclear power to renewable energy carriers is

indispensible and should be tackled as long as fossil fuels are still available.

“One day all the coal will be used up. What will they burn in the place of coal? ”

“Water,” replied Cyrus Smith. “but decomposed into its basic elements. Water will be em-
ployed as a fuel, hydrogen and oxygen will furnish an inexhaustible source of heat and light.
As long as this earth is inhabited, it will provide for the needs of its inhabitants. Water is the
coal of the future.”

Lle mystérieuse (J. Verne, 1874)

Renewable energy comes from infinite resources such as rain, wind, tides, waves, geo-
thermal heat and sunlight, and contributes currently 19 % of our global energy generation
based on REN21’s 2014 report.'"2 Commonly, these forms of energy are immediately con-
verted into heat and electricity. However, these sources deliver a power flow that varies
according to the daily and seasonal cycles. Therefore, the storage in the form of synthetic
energy carriers such as hydrogen or hydrocarbons is needed which also makes their

transport to consumers easier.

1.2.1 Hydrogen

Hydrogen is an ideal alternative energy carrier due to its high specific energy of 142 M]
kg (compared to coal: 15 MJ kg™ — 33 MJ kg)!> which originates from its low molecular
weight and its strong covalent binding (bond dissociation energy: 436 k] mol™).'*!> Hydro-

gen oxidizes to water when combusted which justifies its designation as green energy
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source. In addition, no living matter is needed for the generation of hydrogen which

allows large scale production in a very short period of time."'* However, safety issues and

storage problems still cast a shadow over hydrogen as the future fuel.!

Exemplary routes for hydrogen generation:

In small scale, hydrogen can be formed by adding diluted acids or water to base
metals (e.g. Zn) or alkali metals (e.g. Li) (redox reaction).!”

The crudest way to produce hydrogen is to heat water above 3730 °C, where water
dissociates to molecular and atomic hydrogen, oxygen and hydroxyl ions (thermal
decomposition).’® This route is considered dangerous for large scale production,
since at such extreme temperatures hydrogen and oxygen cannot be separated
quickly enough."

In industry, hydrogen is commonly generated by stream reforming in a two-step
process (see reaction below). In the presence of a metal-based catalyst (such as Ni)
and at high temperatures (700 °C — 1100 °C) and pressure, hydrocarbons (e.g. me-
thane) are converted to hydrogen in excess of steam. To increase the hydrogen
yield, carbon monoxide (the byproduct from the first reaction) is exposed to more
steam to form additional hydrogen (water-gas shift reaction) and carbon

dioxide.1920
CH:+ H20 2 CO + 3H2, AH =+206.2 k] mol!
CO+H20 2 CO2+ H2, AH =-41.2 k] mol!

While steam reforming is usually applied for low-boiling crude oil fractions, the
partial oxidation approach exploits the high-boiling ones. In both cases, toxic car-
bon monoxide is formed as a side-product.’-
In the 1980s, the Norwegian company Kverner developed a way to dissociate
hydrocarbons to hydrogen and pure carbon (rather than carbon dioxide) within a
plasma oven at 1600 °C.2>?* Waste heat-induced hydrogen formation is efficient for
industrial applications. However, this method seems dangerous and disadvanta-
geous when applied on a small scale (e.g. hydrogen car) due to the necessary high
temperatures.1¢
High temperatures and carbon monoxide can be avoided by means of electrolysis
(see reaction below). Here, electricity is used to endothermically split water into
hydrogen and oxygen in the presence of an electrocatalyst in the stoichiometric ra-
tio of 2:1 (AH’ =+ 571.8 k] mol™ at T'=25 °C, p = 1.013 x 10° Pa).?>?” Currently, yield
efficiencies of over 80 % are reached in industry (basic 25 % — 30 % KOH solution,
T=70°C-90°C,1.90V,0.15A cm?2-0.5 A cm?2).2%

The standard electrode potentials (E’) presented here are given in reference to
the normal hydrogen electrode (NHE), where the potential of the H*/H2 redox
couple (pH 0) is defined as the zero-point.
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Cathode: 2HiO*+2e > H2+2H0 E°= 0.000 Vvs NHE (pHO)
2HO+2e > H:+2O0H- E°=-0.828 Vuvs NHE (pH 14)
Anode: 6 H.0 2> 02+4HsO*+4e E°= 1.229Vuws NHE (pHDO)
4 OH- > O2+2H:O0+4e E°= 0401 VusNHE (pH14)
Total: 2 H20 2> 2H+O: AE= 1229V

In detail, the reference cathode is a platinum electrode flushed with hydrogen
gas at atmospheric pressure and at a temperature of 298.15 K. 1 mol L' HCl is used
as electrolyte. This leads to an adsorption of the hydrogen molecules on the plati-
num’s surface. At constant temperature and pressure, the electrode potentials (E)
still depend on the pH values according to the Nernst equation?” (equation 1). Here,
R denotes the molar gas constant R = 8.31447 ] mol™ K7, T the absolute tempera-
ture in K (298.15 K), z. the number of transferred electrons, F the Faraday constant
(F =96385.34 C mol), a the activity of the redox-couple and c (and d) the prefactor

of the oxidation (reduction) site.

0.059V

(aOX)C ~ Eo+ 0'059vl (COX)C

( Ox)c
E= ot R0 _ poy
(aRed)d Ze (CRed)d

ZeF (aRed)d loglu

0.059V lg(Hgo’f)2

=0+ 2 (Hp)?

=0+40.059 V-1g(c(H:0")) = —0.059VpH (1)

The presented list above shows that nowadays, hydrogen can be successfully produced
on a large scale. However, hydrogen can only be considered as a renewable energy carrier
when it is produced either directly or indirectly from a renewable source such as solar,
hydro or wind power."'¢ The next chapter explains the light-driven formation of hydrogen

by water reduction.

1.2.2 Photocatalytic water splitting

The necessity of heat or electricity points out that energy is required for water splitting.?
In 1972, Hondo and Fujishima® demonstrated on a single-crystal rutile TiOz2 photo anode
and a platinum cathode that electrochemical water splitting can be catalyzed by the illu-
mination with UV-light (Figure 1.1). TiO2 as a typical semiconductor exhibits a valence
and a conduction band which are separated by an energy gap of 3.0 eV — 3.2 eV (anatase:
3.2 eV, brookite: 3.1 eV and rutile: 3.0 eV).3-3 When TiO: is illuminated by light with ener-
gies > 3.0 eV, electrons of the valence band can be promoted to the conduction band level
while leaving “holes” behind. Unfortunately, the photo-generated electrons quickly re-
combine with the holes and release the energy in the form of unproductive heat or pho-
tons. However, once an anodic potential is applied through an external circuit, the excited
electrons migrate through the bulk to reach the platinum counter electrode. Here, these
electrons are good reducing agents and can reduce water/protons to molecular hydrogen.
This is only possible because the conduction band of TiO: is more negative (anatase:
—-0.29 V vs NHE at pH 0)* than the reduction energy level of water (0.00 V vs NHE at pH
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0). Concurrently, the holes in the valence band can oxidize water/hydroxyl ions to hy-
droxyl radicals, reactive oxygen species or oxygen on the surface of the TiO: photo-
electrode since the valence band is more positive (anatase: 2.91 V vs NHE at pH 0) than the
oxidation energy level of water (1.23 V vs NHE at pH 0).2823>3

Water Oxidation Water Reduction
V/INHE v
B Relaxation H' B A I_I2
e S i (D) NG :
0.00 }— - CB Pt
1 : :
Hzo\j/z " ; -
1.23 p=— ol -
A elie
: Recombination
h' 2 / VB
3.00 pe=rrasnnnnas CERTTTE
Sessssssnsnnnsnnnnnnnnn h' :
\ 4 atpHO
TiO, (Anatase)

Figure 1.1 Schematic photoelectrochemical splitting of water into hydrogen and oxygen with the
help of TiO2 and an external circuit which hinders charge recombination (magenta).

TiO:z particulates by themselves cannot photocatalytically evolve hydrogen due to the
large overpotential on their surface. To solve this problem, the TiO: surface can be loaded
with co-catalysts of noble metals such as platinum.? Noble metals are preferably used as
co-catalysts due to their high exchange current densities io (in A m?) and low Tafel slope
values A (in V) which results in low overpotentials (AV) (see Tafel equation (2); i: current
density in A m?2).° The exchange current density can be considered as the spontaneous
reaction rate between H*/H: at equilibrium and, thus, represents the inherent activity of
the catalyst. The Tafel slope displays the voltage increase needed to increase the current by
an order of magnitude.®

AV = A xIn(;) @)

Platinum requires the lowest overpotential, which is the reason why it is the most
widely used hydrogen evolution co-catalyst.> A co-catalyst can thus serve as active site
for the hydrogen production on the photocatalyst’s surface (Figure 1.2).35 Additionally, co-
catalysts can also trap excited electrons due to a larger driving force caused by their larger
work functions (e.g. Pt: 1.21 V vs NHE at pH 0)®* compared to the semiconductor (TiO2:
—-0.29 V vs NHE at pH 0).* Often, this phenomenon is described by the formation of a
Schottky barrier at the metal/TiO: interface.®® Here, electrons migrate from the TiO:
surface to the noble metal until a thermodynamic equilibrium is reached, i.e. until their
Fermi levels are aligned. The photoinduced electrons can shift the Fermi levels of TiO:
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which leads to a continuous migration of the electrons from TiO: to the noble metal where
they react with water. The photoinduced hole is then free to diffuse to the TiO: surface
and the electron-hole-recombination is suppressed.?> However, this holds true only for
large platinum particles or films. If the diameters of the metal particles are similar to the
depletion width of the semiconductor (as it is in our case here), the semiconductor/liquid
junction dominates the band bending in the semiconductor and not the co-catalyst.* In
addition, the surface plasmon resonances of the nanoparticulate noble metals can further
excite electrons which are located either at the metal or semiconductor (CB) site and
contribute to the photocatalytic activity.*-+ Nevertheless, noble metals are expensive and
non-abundant. Further, Pt (for instance) can catalyze the backward reaction of Hz and O:
to water which leads to lower efficiencies. Current research focuses on more ecologically
benign, efficient, durable and cost-effective co-catalysts such as NiOx, #2448 MoS,*

RuOx#24450-% or molecular metal complexes which allow better charge transfer.5>¢2

Water Oxidation Water Reduction
V/NHE """""xni ........
\ A e
Y H
0.00 |— CB
2 H,
H,0 _ RuO, ¢
123 [~ VB
¥ 0, 4
h': L
v ....................... h+ pH 0
Photocatalyst

Figure 1.2 Schematic showing the photocatalytic splitting of water into hydrogen and oxygen with
the help of co-catalysts and sacrificial agents. The violet tinted region presents the water oxidation
mechanism. The right side shows the water reduction process.

Charge recombination can be further suppressed by the addition of suitable sacrificial
agents. In the case of water reduction/oxidation, electron donors/acceptors which are more
easily oxidized/reduced compared to water are used (Figure 1.2). These molecular com-
pounds react irreversibly with the photogenerated holes/electrons instead of water.
Hence, a direct recombination of the charges can be avoided and the remaining charges
more easily react with water. Since the sacrificial agents are consumed, a continuous ad-
dition is required to sustain gas evolution.®® The addition of such sacrificial agents allows
to decouple the water oxidation and reduction process and, for instance, to study the re-
duction process as the rate-limiting step.®® Commonly, organic compounds such as

triethanolamine (TEoA or TEA), methanol (MeOH), ethanol, lactic acid, sodium ascorbate,
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formaldehyde, and EDTA are used as electron donors. In the case of chalcogenide
photocatalyst systems, also sulfide ions such as S>> and SOs?- are used as well to prevent
corrosion of the chalcogenide itself.>> The oxidation potential of the electron donors has an
influence on the hydrogen production efficiency (Figure 1.3). The more negative the redox
potential of the electron donor, the more efficient the hydrogen production.* For instance,
using triethanolamine in a photocatalytic system typically leads to higher hydrogen
evolution rates compared to MeOH since the driving force for accepting the “hole” on the
photoexcited catalyst is enhanced.®* Note, however, that since the oxidation potentials of
commonly used electron donors such as TEoA are higher than the potential for H*/H>, the
occurring reactions are not of endothermic nature anymore. The sacrificial agent has
further an influence on the pH conditions of the photocatalytic system which directly
influences the redox potentials of the photocatalyst (see Nernst equation, Chapter 1.2.1).
With TEoA a basic environment can be created (pH 10-11; 10 vol% aqueous TEoA
solution) while MeOH leads to a neutral or slightly acidic conditions (pH 6; 10 vol%).

V]

L .18

L 16

[ 4T
142
|--1.2:8

2
1.0 3
Q.

~—

--0.8

REDOX

--065
1 w

--0.4

42ev [02
L 0.0

Figure 1.3 Redox potentials of some commonly used electron donors. Adapted with permission
from the reference.5* Copyright 2012, AIP Publishing LLC.

For high water oxidation efficiencies, suitable electron acceptors are necessary, such as
silver nitrate (AgNOs) and sodium persulfate (Na25:0s).>%” In the best case, environmental
pollutants are chosen as sacrificial agents which are decomposed while hydrogen/oxygen
is produced photocatalytically. Some of these sacrificial agents have to be chosen with
caution. For instance, it is known that TEoA is light sensitive and may form photoactive
charge transfer complexes with some photocatalysts constructed on nitrogen-containing
heterocycles (which are used as photocatalysts in this work, see Chapter 2).%7 In addition,
the oxidation of triethanolamine or other alcohols leads to the formation of radicals
(Figure 1.4). When these radicals are further oxidized by directly injecting an electron
either into the conduction band of the photocatalyst or directly to the platinum centers,
then extra electrons are located in the excited state. These electrons can also reduce water
and form hydrogen which is not due to the action of the photocatalyst. The detected
photocatalytic activity of the photocatalyst might not be reflective of the true performance
of the photocatalyst, also known as the current doubling effect.”72
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Current Doubling Effect

TEoA Oxidation Water Reduction
1st electron
Ha\/\{\/ch ""_""" HO~jm OH  reeesesseesees pa°00000 V /NH E
OH oH - —

)\m v - H
HOL A OH O~ o~ OH Q 0.00 }—
dveaon 1, H,

lrlmhr‘/e. OH HOH Qﬂllsc\mn
. transfer
- H

HOL_~ 2 o OH Oy OH e
OH OH
l-w,u,o 1.23 —
HO_~ s, Gt 4
L, h': I |/
e enssssssssssssnsssnnssannnnnnnnns h*’ PH 0 v
Photocatalyst

Figure 1.4 TEoA oxidation can lead to an extra electron in the conduction band of the photocata-
lysts and thus, higher amount of produced hydrogen. The suggested reaction sequence for the oxi-
dation of TEOA is reprinted from the reference.®

1.3 Alternative photocatalysts

Until now, TiO: (mostly in the form of anatase or anatase-rutile mixtures, e.g. the com-
mercially available P25)” is widely used as a photocatalyst due to its abundance, long-
term stability, sustainability and low-cost production.®347375 Its large band gap of
3.0eV — 3.2eV333% demands that TiO: must be illuminated with UV-light, which

contributes only 3 % — 6 % to the solar spectrum at sea level (Figure 1.3).287¢

Electromagnetic spectrum

Solar spectrum
INFRARED

2000

1800

Outside atmosphere
1500 /

1200

Sea level

900

600

Spectral irradiance / Wm?”um”

300

200 500 1000 1500 2000 2500

Wavelength / nm
Figure 1.3 Electromagnetic spectrum from gamma rays to radio frequencies (top). Solar spectrum
outside the atmosphere and at sea level (bottom). The region of visible light is highlighted.
Adapted with permission from Nate Christopher / Fondriest Environmental.””
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However, about 50 % of the solar energy derives from visible light, so an ideal
photocatalyst should exhibit a band gap lower than 3 eV to work efficiently with solar
light.»4 At the same time, the band gap should be wider than 1.23 eV to fulfil the
thermodynamic requirements for photocatalytic water splitting (see Chapter 1.2.1) and
actually even larger than 2 eV to accumulate sufficient driving force to overcome the
overpotential.# Hence, semiconductors with a band gap between 2eV and 3eV are
needed for photocatalytic water splitting. In the literature, this is often realized by simply
optimizing the band gap of TiO2.# However, band gap tuning of TiO: is limited (with
regards to adjusting the band levels), therefore the development of novel photocatalysts
are a focal point in modern materials chemistry. A plethora of alternative photocatalysts
are known which can generally be classified into inorganic (e.g. d° metal oxides: Ti*, Zr*
and Nb¥, d'°: In*, Ga* and Ge*; f* metal oxides: Ce*; non-oxides: InP, GaN and S-GesNg;
(oxy)sulfides: ZnS and CdS)*# and organic compounds (which will be discussed in the

f Ol]OWing) 67,78-87

These organic photocatalysts can achieve high hydrogen evolution rates. However,
only a low amount of oxygen is usually detected since the oxidation of water requires four
electrons compared to the water reduction which is a two-electron process. Due to the
complexity (which involves the kinetically demanding consecutive transfer of four elec-
trons and also a rearrangement of multiple bonds and the formation of the O-O bond) and
the high oxidation potential required to oxidize water, this half reaction is currently con-
sidered to be the bottleneck for organic photocatalytic systems. For successful water oxi-
dation, organic photocatalysts are required with valence bands providing sufficient over-
potential. In addition, high-energy intermediates are formed during the water oxidation
process which can damage and degrade the photocatalyst itself.®® Therefore, it is crucial to
compare the photocatalyst before and after the photocatalytic process to ensure its
integrity. The benefits of organic-based photocatalysts lie in their accessibility, abundance,
light weight, and relatively facile band gap tuning. The idea of using organic materials for
photocatalysis dates back to early investigations on semiconducting polymers such as
poly(pyridine-2,5-diyl) (PPD),®> poly(2,2’-bipyridine-5,5'-diyl) (PBPD)** and poly(p-
phenylene) (PPP)® (see Table 1.1) which clearly suffered from low long-term stability.
Still, the research on these polymers carried on, resulting in optimized 1D polymeric pho-
tocatalysts producing up to 3680 pmol Hz per hour per gram recently.® Also, co-polymers
of benzene and pyrene building-blocks have recently been identified as attractive photo-
catalysts.®84%57 However, the most established organic photocatalysts remain the carbon
nitrides, which will be presented in detail in Chapter 2.1. In addition, this thesis intro-
duces the most recent organic photocatalytic system, the covalent organic frameworks
(COFs) (Chapter 2.2).
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Table 1.1 Photocatalytic results for hydrogen evolution of the above mentioned organic polymers
and the conditions under which they have been tested.

photocatalyst co-catalyst electron illumination activity
donor wavelength
- RuCls MeOH- >400 nm ~250 pmol H2 h' g7;
}\J /J n triethylamine 0.21 % (450 nm)
PPD, ref.82
_ _ [Pt(bpy)2](NOs)2: MeOH- >320 nm TON/Pt: 490
\ [\{ }\] / n H0 triethylamine

PBPD, ref.8!

@ — diethylamine >290 nm ~104 umol H2h' gt

n
PPP, ref.83
fluorene-type possibly Pd-traces; no MeOH- >420 nm <3680 pmol H2h1 g1
polymers, ref.® additional co-catalyst  triethylamine
2.3 % (420 nm)
pyrene-type possibly Pd-traces; no  diethylamine  visiblelight = >170 umol H2h g™!
co-polymers, additional co-catalyst
ref 86
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Chapter II

2 Background

2.1 Carbon nitrides

2.1.1 History

Carbon nitrides (systematically named as ammonocarbonic acids) are known since the
discovery of “melon” by the Swedish chemist J. ]. Berzelius in 1830" who has synthesized
amorphous melon by the pyrolysis of mercury thiocyanate Hg(SCN): (back then known as
the Pharaoh’s serpents).? . Liebig repeated several of |. ]. Berzelius” experiments, yet started
from NH(SCN), which yielded products of higher purity. Next to melon, he identified
and named? various triazine- and heptazine-based molecular compounds such as mela-
mine (1,3,5-triazine-2,4,6-triamine), melam (N?-(4,6-diamino-1,3,5-triazine-2-yl)-1,3,5-
triazine-2,4,6-triamine), melem (2,5,8-triamino-tri-s-triazine), ammeline (4,6-diamino-2-
hydroxy-1,3,5-triazine) and ammelide (6-amino-2,4-dihydroxy-1,3,5-triazine) (see Fig-
ure 2.1 for the general formula), some of which are tent intermediates (and derivatives) of

the thermal polycondensation of melon (see Scheme 2.1).!

. H
NJ\ND\N N*

~'N

PSS GRS

H N H
Figure 2.1 Structures of s-heptazine or tri-s-triazine (left) and s-triazine (right).

Many of these materials and their salts* or hydrate phases,® which have been found
during the 19% century, remained unidentified regarding their molecular and crystal
structures. In the cases of the higher-condensed phases, the low solubility and the low
crystallinity hindered the elucidation of their structures.*® Melamine® and cyanuric acid'*!!
(2,4,6-trihydroxy-1,3,5-triazine) were the first compounds that could be fully characterized
due to early single-crystal X-ray diffraction (XRD) investigations. After years in oblivion,
R. Franklin* introduced the concept of ammonocarbonic acids (x CsNs - y NHs) in 1922 and
many of the “old” compounds were reinvestigated. L. Pauling and ]. H. Sturdivant'> were
especially interested in the possibility of the formation of a heptazine (tri-s-triazine) nu-
cleus which led to speculations as to whether melon might consist of heptazine cores ra-
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ther than triazine building blocks. This mystery has been finally solved in 2007 by Schnick
and co-workers'> with the help of electron diffraction in combination with advanced solid
state nuclear magnetic resonance (ssNMR) spectroscopy on crystalline melon samples.
The results showed that melon (poly(aminoimino)heptazine) consists of layers made up
from zigzag-type one-dimensional (1D) chains of NH-bridged melem monomers that are
tightly linked by hydrogen bonds (see Scheme 2.1).2* Melon (CsNs - 0.5 NHs) and not CsN4
is the final product of the (simple) thermal polycondensation process. However, it had
often been attempted to synthesize the hydrogen-free, purely sp>bonded binary carbon
nitride CsNa which has firstly been described by R. Franklin in 1922413

H,N——N
Cyanamide
H,N_ _N PY N
Z N N“ ~'N
XN _— | /)\ C.N, * 2NH,
NH, H,N” N7 NH, *-NH
Dicyandiamide Melamine ’
x:’N -NH, AZ C.N, * 0.5NH,
NH, NH, v o, v .
)\ )\ D S . T N
. “."'_.- : : 0“-_\0".--" : : '~._>‘..c‘
)NL\)N\ JNl\)N\ RN § O Ve ¢ 5 8 & Fe o SN0 & O ¥
- - . i : » | & 1 : v
H,N" N7 NH N7 NH, A1 AAA LY AASC LY
Melam A Y “AAL Y AR
‘ :, s_ - H e : . 3 : :.
3 " A AT o‘,h.__ '. I o'.~-_\ '. s A
1.:»:;_.'~' 1 .‘.\".“:,' . i :.n
NHZ .‘.‘.“‘ '4,.*.": "'\-‘.. : 74 v S e e
NN ‘ L L O *
){ )\ 'NH3 N vty . “TIY . "
C.N, * NH, N7 NN 3 8 = % 5

Melem Melon

Scheme 2.1 Simplified thermal condensation path of cyanamide, resulting in melon as the final
deammonation product.’®1> The structure of melon is reproduced with permission from 2007
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (licence number: 3800290814770).13

Still, the polymerization process is not yet fully understood in detail. However, it is
possible to mention some important reaction steps (see Scheme 2.1).131¢ As suitable carbon
nitride precursors, different nitrogen-rich compounds and mixtures thereof such as cyan-
amide, dicyanamide, melamine and (thio)urea can be named due to their preorganized
C/N/H motifs (having no C-C or C-H, but exclusively N-C and N-H bonds) and easy ac-
cessibility. When heated, these non-cyclic precursors form melamine (and derivatives of
melamine) which is a thermally stable compound (up to 350 °C)"1® and, hence, constitutes
a thermodynamic sink favorable over a wide range of conditions.”” Melam can be consid-
ered as composed of two condensed melamine units and is the product of the deammo-
nation process of guanylmelamine and dicyandiamide.” It is formed at about 350 °C as a
relatively short-lived intermediate (without ammonia back pressure, leading to rapid
transformation into melem) and has been elucidated in 2007 by Lotsch et al.® At higher
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temperatures, the heptazine nucleus is formed: First in the form of melamine-melem (2:1,
1:1 and 1:3) adduct phases* and melem!?*? and finally, when the condensation process
has further advanced into 1D chains of fused melem units, i.e., the already mentioned
melon.'”®* As a side phase a holey heptazine-based 2D network containing embedded
melamine molecules, known as poly(heptazine imide) (PHI), has been synthesized in
small yields and characterized.?* Above 500 °C melon decomposes and starts degrading
into volatiles (NHs, C2N2 and HCN).»

After the prediction by Liu and Cohen?*? of extremely high bulk moduli (B) for the
dense sp*-bonded hydrogen-free CsN4 phases (especially f-CsNa: B =4.27 Mbar; Bdiamond =
4.43 Mbar), a “harder-than-diamond” fever, followed by a resurrection of carbon nitride
chemistry, occurred in the 1990s.2% The interest in these compounds blossomed and moti-
vated scientists to synthesize the binary CsNs which turned out to be very difficult, if not
impossible. In analogy to diamond, further theoretical calculations indicated that the gra-
phitic (g) phase of CsN4, which should be thermodynamically more stable, could be trans-
formed to the dense 3D structure by high pressure and high temperature (HP-HT) synthe-
sis.3! In many experimental attempts, several groups tried to obtain g- and dense CsNu
through HP-HT,32%¢ solid state®#! and solvothermal synthesis,**> chemical* and physical
vapor deposition” (CVD and PVD) and through thermal polycondensa-
tion/decomposition paths.*5! With one exception (see below),> none of the presented
materials purely consist of carbon and nitrogen in a stoichiometric ratio of 3:4. Usually,
amorphous products were synthesized. Some rare examples show high crystallinity but
still contain residues of hydrogen and partly oxygen.!3243234-364052-55 Eor simplicity, these
(CN)x compounds were still called carbon nitrides in the literature, and in this thesis, this
terminology will be used as well. Over the last years, some crystalline (CN)x could be
identified among the already mentioned melon and PHI, for which either the combination
of relatively high temperature and pressure was needed, or the use of salt melts.

For instance, in a laser-heated diamond-anvil cell, a three-dimensional (3D) carbon ni-
tride network has been synthesized starting with dicyandiamide under HP-HT conditions
by Boehler and co-workers in 2007.3* The obtained carbon nitride imide C2N2(NH) crystal-

lizes in a defect Wurtzite-type structure.

The first purely triazine-based carbon nitride, CeNoHs - HCI (hereinafter also referred to
as “PTI/HCI”) has been synthesized in 2001 by Wolf and co-workers in a piston cylinder ap-
paratus using a mixture of melamine and cyanuric chloride as precursors.®> The compres-
sion of this layered compound above 40 GPa results in a pillared-layered carbon nitride
material composed of a backbone of sp? and sp® hybridized carbon and nitrogen atoms.
A similar compound is poly(triazine imide) (PTI), CsNo(HxLii«)s - LiCl (PTI/LiCl), which
has been initially synthesized under ionothermal conditions by Thomas and co-workers® but
was fully characterized by Wirnhier et al.3
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Figure 2.2 Idealized crystal structure of two stacked layers of (a) Li/H containing PTI intercalated

with chloride (ICSD 422088)% and bromide (CCDC 902173)% ions and (b) CeNoHs- HCI (PTI/HCI)3?
viewed along the c-direction.

Until recently, PTI was the only existing crystalline two-dimensional (2D) carbon ni-
tride network known. It is composed of imide-linked triazine units forming layers which
are stacked in an ABA-type fashion, with cations (protons, lithium and partially potas-
sium ions) and anions (chlorine or bromine ions) situated in the channels running along
the stacking direction along the c-axis (Figure 2.2).%5” Bojdys and co-workers have also
reported on PTI/LiF which has been synthesized by treating PTI/LiBr with NH4F. PTI/LiF
occurred as a side-phase next to PTI/LiBr and seems to crystallize in the PTI/HCI form.>
Depending on which ions are intercalated, a change in the stacking distance appears
(PTI/HCI: 3.22 A, PTI/LiF: 3.32 A% PTI/LiCl: 3.36 A %% PTI/LiBr: 3.52 A; bigger ions lead
to larger stacking distances)’® which has a significant influence on its electronic and
absorption properties. PTI has also been synthesized in ZnClz-based salt melts which re-
sulted in PTI/ZnO cluster composites.’

Figure 2.3 (a) Idealized crystal structure of one layer of TGCN. (b) A TEM image of a single macro-
scopic TGCN film, adapted with permission from 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim (licence number: 3755350729716).52

In 2014, Bojdys and co-workers> have once more reported on a crystalline, triazine-based
graphitic carbon nitride (TGCN) with an ABC-type layered structure, which in contrast to
PTI should exclusively consist of covalently-linked sp?-hybridized carbon and nitrogen
atoms (Figure 2.3). The elemental analysis data show residues of 0.51 wt% of hydrogen
which has been assigned to residual water. Clear impurities of potassium, bromine and
adventitious carbon have been detected. The TEM data indicate that a triazine-based car-
bon nitride has been synthesized (in the form of a thin film). However, the NH-regions are
slightly active in the IR and Raman spectra. Paradoxically, even though a band gap of
1.6 eV — 2.0 eV has been extracted, the optical appearance of the TGCN flakes is of metallic
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character. Due to its narrow band gap, TGCN could be applied as a novel metal-free semi-
conductor in electronic devices (e.g. in transistors or solar cells), but not for full photo-
catalytic water splitting.5>>

2.1.2 Melon as photocatalyst for water splitting

While monomeric carbon nitrides (e.g. melamine and melem) are wide band gap semicon-
ductors (3.5 eV) giving rise to their white color, yellow-colored melon exhibits a band
gap of 2.7 eV.% Its narrow band gap and the calculated band potentials render melon a
suitable candidate for overall photocatalytic water splitting. In 2009, Antonietti, Domen and
co-workers® showed for the first time that the amorphous form of melon is able to split
water with the help of sacrificial agents when illuminated with visible light (A >420 nm).
Its moderate and fluctuating hydrogen evolution rate of 0.1 pmol h™' to 4 umol h™* could

be increased and stabilized with the addition of platinum as co-catalyst (Figure 2.4(a)).
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Figure 2.4 (a) Produced hydrogen over 75 hour for a 10 vol% aq. TEoA/amorphous melon disper-
sion when illuminated with visible light (i: before and ii: after 3.0 wt% Pt-loading). Every 24 hours
the reactor was evacuated to avoid saturation. (b) Action spectrum of the same sample using a 10
vol% aq. MeOH solution. Adapted with permission from Macmillan Publishers Ltd: Nature
Materials,® copyright 2008 (licence number: 3755370969507).

Then, 770 umol H: after 72 h of illumination were accumulated resulting in a hydrogen
evolution rate of 107 umolh™ g. It was also reported that RuO:-modified melon is
capable of oxidizing water, albeit just 8 umol O: were detected after 9 h of (A >420 nm)
illumination (9 umol h™' g), proving the oxidation of water being the problematic reac-
tion.? As explained in Chapter 1.3, the oxidation of water is a four-electron-four-proton
process and is hence, kinetically limited. In addition, the valence band potential is not
offering enough overpotential (600 mV) for the water oxidation process.®0¢!

This pioneering work indicated that for high photocatalytic activities it is necessary to
optimize four factors such as catalyst- and co-catalyst-loading, the choice of suitable sacri-
ficial agent, pH conditions as well as the choice of wavelengths with which the catalyst is
illuminated (Figure 2.4(b)).®* The concentration of the photocatalyst-dispersion is im-

portant since the hydrogen evolution rates first increase with increasing concentration
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until they start to saturate and then to decline due to scattering effects and thus, disturbed
light absorption.¢>¢> Henceforth, the hydrogen evolution rates will be given normalized to
mass (per gram) to facilitate a comparison between the different presented photocatalysts.

2.1.3 Photocatalytic mechanism in carbon nitride photocatalysis

While it is experimentally proven that amorphous melon is capable of splitting water un-
der visible light illumination, a clear theoretical explanation of its activity does not exist to
date. This may be aggravated by misconceptions regarding the structure of carbon nitrides
as well as limited interaction between theorists and experimentalists, since the calculations
are often based on fully condensed structure models of melon. To be more precise, melon
has often been modelled as a 2D system while actually being a 1D polymer.*+7 This fallacy
may result from the fact that melon-type carbon nitrides are often erroneously named “g-
CsN4”, a term excessively used in the literature.®® Moreover, photoactive melon is not
crystalline but an ill-defined polymer with terminal sites and structural defects which are
not properly studied. Such misconceptions will hamper precise theoretical calculations
and may even explain obvious discrepancies between computational and experimental
results.

In the following, a summary of the theoretical (DFT) and experimental results (spectro-
scopic) regarding the band gaps and band potentials as well as proposed photocatalytic
mechanism will be given for the prototypical carbon nitrides: Heptazine-based 1D melon,
triazine-based 2D PTI and (hypothetical) heptazine- and triazine-based graphitic carbon

nitride.

Melon
In 2009, Antonietti and co-workers®® demonstrated experimentally by UV-Vis spectroscopy
that the optical band gap of amorphous melon is about 2.7 eV which is large enough to
realize complete water splitting. According to their density functional theory (DFT) cal-
culations (using the software CASTEP)™ on different reaction intermediates along the con-
densation path, the electronic band gap decreases from the melem molecule (3.5 eV) to the
1D polymerized melon (2.6 eV) (Figure 2.5(a), grey arrow).®* The theorized band gap is in
agreement with the one experimentally extracted. In a later publication, Cheng and co-
workers”™ computed an even narrower (direct) band gap of 2.34 eV for 1D melon (these
calculations were carried out using the Vienna simulation package).”*”” A large vacuum
space of 15 A between two neighboring melon sheets was constructed to avoid stacking
interactions. The discrepancies of the two band gap values are attributed to the different
methods (and corrections) used for the calculations. To the best of our knowledge, no
other band gap calculations have been performed on 1D melon.

The computations presented in the original paper® showed further that melon exhibits
a highly anisotropic band structure with low band dispersion (hence high charge carrier
effective masses) and with a direct band gap at the I' point (Figure 2.5(a)). Its valence band
derives from the HOMO levels of the melem building blocks, i.e. the nitrogen p: orbitals of
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the peripheral nitrogens of the heptazine ring (Figure 2.5(c)). The carbon atoms (as p-
orbitals) create the LUMO levels and are hence assumed to be the reduction sites carrying
the photogenerated electrons (Figure 2.5(b)). For photocatalysis, not only the band gap
itself but the absolute potentials of the energy bands are essential. Since the valence and
conduction band of melon theoretically straddle the proton reduction/water oxidation
potential, melon should be capable to completely split water.®® However, one should bear
in mind that these calculations are based on vacuum conditions, thus excluding real
solvation effects. Therefore, Antonietti and co-workers” tried to explore experimentally the
valence and conduction band edge positions through the photoelectrochemical
determination of the flat band potential (onset potential for photocurrent). A sufficient
potential of -0.83 V and 1.83 V vs NHE at pH 0 was estimated for the conduction and va-

lence band edges, respectively.
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Figure 2.5 (a) DFT band structure for 1D melon calculated along the chain (I'-X direction) and per-
pendicular to the chain (Y-I' direction). The position of the water reduction level H*/H: is indicated
by the dashed blue line and the oxidation potential O2/H20 is indicated by the magenta dashed
line. The Kohn-Sham orbitals (b) of the conduction band and (c) of the valence band of melon.
Adapted with permission from Macmillan Publishers Ltd: Nature Materials, copyright 2008
(licence number: 3755370969507). €

Following publications have shown that the optical band gap of melon correlates with
the temperature it has been synthesized and thus, the polycondensation degree. Melon (or
rather melem oligomers) obtained at 400 °C displayed an absorption edge about 410 nm,
while materials synthesized at 650 °C exhibited a red-shifted absorption edge at
520 nm.”# Hence, the optical band gap of melon can vary between 2.4eV-3.1eV
depending on the polymerization degree.’' Therefore, Butchosa et al.® studied the optical
properties of melon (or rather melem clusters; see Figure 2.6) in various condensation
states by computational methods (DFT/TD-DEFT).
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Figure 2.6 The linear melem oligomer clusters (in gas phase) used for the calculations of Butchosa et
al. Adapted with permission from the reference.®? Copyright 2014, American Chemical Society.

Their calculations suggested that for an extended absorption in the visible region, a
certain oligomeric length is necessary. Further, the absorption spectra of melon show a
red-shift with increasing polymer length and stacking order suggesting higher photo-
catalytic activities for the highly condensed samples. However, Lau et al.?> could verify
experimentally that the oligomeric forms of melon are actually more photocatalytically
active than the extended polymer despite their lower absorption in the visible regime. This
points out that besides the band potentials and energy gap as well as the light harvesting
properties of the photocatalyst, “functional defects” (such as the terminal sites) are im-
portant to investigate since they can improve the interaction with the co-catalyst and the

kinetics of charge transfer and, thus, the photocatalytic activity.

Complementary to the absorption properties, it is important to look at the photolumi-
nescent (PL) behavior of a photocatalyst to deeply study its optical properties. PL (fluores-
cence and phosphorescence) occurs due to light emission after photon absorption (radia-
tive decay pathway). The amount of emitted light depends on the number of populated
excited states after photoabsorption. The number of populated excited states can vary
upon the excitation wavelength. As the decay rate has radiative and non-radiative contri-

butions,
Lot = lraa + Tnon 3)

each of them can be attributed to the time constant:

— =t — @)

TpPL Trad Tnon

where Trad and Tron are the radiative and non-radiative recombination times, respectively.®
Responsible for radiative recombination processes in semiconductors are the recombina-
tions of free charge carriers, free, bound and localized excitons (exciton: excited qua-

siparticle in a solid, which is formed by a Coulomb-bound electron-hole pair).#* Non-
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radiative recombination processes can occur due to e.g. carrier capture by defects or Auger
recombinations and are detrimental for photocatalysis.®* Charge transfer can either lead to
radiative or non-radiative processes. In the case of a dominant radiative recombination
process, a fast decay rate of the PL signal after light absorption (pico-nanosecond range)
would indicate a short charge carrier lifetime (e.g. of electron-hole pairs). However, the
radiative recombination process plays only a minor role in carbon nitrides, hence, light

absorption leads mostly to non-radiative processes.®

Merschjann et al. %% investigated the photoluminescence behavior of melon (and
mesoporous melon) which shows relatively strong emission at 440 nm — 520 nm, covering
almost the whole visible range. The broad PL signal width is caused by the the ill-defined
nature of the sample. Highly condensed melon samples (synthesized at a reaction temper-
ature of 610 °C) show a red-shifted photoluminescence signal (maximum at 480 nm)
compared to low condensed samples (synthesized at 490 °C; maximum at 460 nm).% The
high reaction temperature seems to correlate with a decreased layer stacking of melon and
an increasing overlap of the mt-orbitals perpendicular to the aromatic systems.® The mean
lifetimes of the photoluminescence emission is in the range of a few nanoseconds, which
suggests the initial formation of singlet excitons directly after excitation (see Figure 27).8¢
Further, a transport mechanism has been suggested. First, the singlet excitons dissociate
into singlet polaron pairs (Coulomb bound pair of a negative and a positive polaron,
situated on different molecules)® on neighboring sheets and further dissociate into free
polarons (a charge — electron or hole — plus a distortion of the charge’s
surroundings).®*% It has been shown that the PL lifetimes decreases non-linearly with the
(increasing) process temperature and decreasing layer distance of melon (see Figure
2.8(a,b)). Therefore, a hopping mechanism of the charges (in a Brownian motion-type
movement) perpendicular to the aromatic system was assumed.® This was also justified
due to the large intrachain hopping activation energies of >1 eV and presumably an even
higher energy barrier with regards to intraplanar hopping. Still, an additional transport
within the sheets might be possible.?” In general, the highly non-linear decrease of the PL
lifetimes points to a fairly complex relaxation behavior and probably an interaction
between radiative and non-radiative relaxation processes.’ The low radiative efficiency of
the melon samples arise from non-radiative relaxation formed triplet excitons.®” The
hopping rates declined with increasing layer stacking (Figure 2.7(c,d)) and measured to be
in the range of 10° s7, leading to low combined electronic mobilities (of electron and hole
polarons) of about 10°cm? Vs -10%cm? V' s! which are common for conducting

organic polymers.?”
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Polaron-Pair Dissociation Singlet Polaron Pair
& Hopping Transport

Figure 2.7 Proposed excitation and transport mechanism of melon: (a) Photoexcitation, (b) genera-
tion of singlet excitons, (c) dissociation of singlet excitons into singlet polaron pairs on neighboring
sheets and (d) polaron-pair dissociation and the diffusive Brownian motion of the free polarons
along the c-direction.”

One would assume that a higher hopping rate would subsequently lead to higher
photocatalytic activities. Merschjann et al.¥” detected apparent correlations between the
hopping rate (or inverse time constant of the PL decay) and the measured concentration of
photoinduced charge carriers, as well as photocatalytic activity (see Figure 2.8(d)). How-
ever, the photocatalytic activity (and the concentration of photoinduced charge carriers)
largely depends on the absorption coefficient of the samples and their surface area. While
the surface area could be measured, the absorption coefficient could not be determined
due to light scattering. Therefore, a definite answer about the correlation between mobility
and activity could not be given.

To summarize the results of Merschjann et al.,* a molecular singlet exciton is generated
when melon is irradiated with UV light, which is highly confined to the network-consti-
tuting monomer due to insufficient orbital overlap and, hence, limited conjugation be-
tween the heptazine building blocks of the polymer strand. A separation of the electron-
hole pairs was discussed to be unlikely at room temperature due to the very high exciton
binding energies (approximately 800 meV). Thus, these excitons dissociate into free polar-
ons which travel perpendicular to the aromatic systems via diffuse hopping and the rate
decreases with increasing layer stacking distance. To conclude, melon behaves effectively

as a monomer in contrast to classical semiconductor systems.



CHAPTER II: BACKGROUND 25

a 10 b 10_ T T T T T T s
9 E
(]
g 8 E 8l 4
- 7 il Py - )
Es Es -
e 5 £
= 4 ]l ¢ 4l |
c
g 3 18
= 2 l 4 2 I <+ =
lﬁi—v—-
s l LT ]
0 A n " o L 1. 1 1 L L "
500 550 600 326 327 328 329 330 33
Reaction temperature / °C Stacking distance / A
10
c10 d
B <
© o
o 10° °
® Lll £
= —é—_’m—u_ﬁ E
& TT g i —&- 5
g 10° 1 2
T v .
\\\;\‘» T
107 i i o
3.24 3.26 3.28 3.30 00 05 10 15 20 25 3.0
Stacking distance / A Hopping rate / 10° s™

Figure 2.8 Decreasing PL mean lifetime of melon with (a) increasing reaction temperature and (b)
decreasing stacking distance.® (c) Correlation of the stacking distances of various melon samples
with the hopping rates. (d) No reliable correlation between the photocatalytic activity and the hop-
ping rates can be given (also due to missing absorption coefficient values) according to the refer-
ence.¥” Adapted with permission from 2016 John Wiley and Sons (licence number: 3825241351008).

Poly(triazine imide)

Less information on the electronic structure can be found for the 2D triazine-based carbon
nitride PTIL Initially,® an optical band gap of 2.6 eV has been extracted for crystalline
PTI/LiCl from the UV/Vis diffuse reflectance spectrum which is narrower than the one of
polymeric melon (2.7 eV).%° Moewes, Scheu, Schnick and co-workers® carried out deeper stud-
ies on the electronic structure on PTI depending on its ion loading by a combination of X-
ray absorption/emission and electron energy-loss spectroscopy in a transmission electron
microscope (TEM). A band gap of 2.2 eV has been estimated for PTI when it is fully
loaded with lithium and chloride ions (Figure 2.9(a)), which is narrower than the one ob-

served experimentally.

Similar to melon, the highest-energy nitrogen states of PTI are responsible for photoab-
sorption, as N 2p sites also contribute to the conduction band minimum.® In contrast to
melon, the N 2p states of PTI can split due to the lithium-coordination to the nitrogen-
bridge which introduces additional states just below the valence band maximum. How-
ever, the position of the valence band maximum remains unchanged. The introduced
lithium, leads to a reduction of the conduction band minimum which consists of
hybridized C and N 2p states, with C dominating. Hence, a high lithium content leads in
total to a narrowing of the band gap (of 0.4 eV). The chlorine loading does not affect the
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valence band maximum. However, the splitting of the N 2p states at the valence band
maximum allows an increased hybridization between the lithium-coordinated imide-link-
age with the low binding energy Cl 2p states (the valence electron density is illustrated in
Figure 2.9(b)). This finding suggests that the photocatalytic activity of PTI might be con-
trollable by ion loading, especially with regards to the lithium content.

g ‘o : b

N-3 bridg; NH bridge N-3 bridge NH bridge

N Triazine

Figure 2.9 (a) Fully Li loaded PTI/LiCl model showing three different nitrogen sites: the triazine
nitrogen and the bridging nitrogen with either two neighboring Li atoms (N-3) or as NH group. (b)
The N-3 site gives a different valence electron density.> Adapted with permission from the refer-
ence.®? Copyright 2016, American Chemical Society.

Deifallah et al.*® performed further calculations on a single-layer PTI and PTI/HCI sheet
(flat geometry). A large electronic band gap of 5.16 eV has been calculated for PTI between
the valence band maximum (unshielded electron pairs on the nitrogens) and the bottom of
the conduction band (7t* levels of the triazine ring). When loaded with HCI (protonation
of the triazine nitrogen), the band gap decreases to 4.12 eV due to the presence of addi-
tional bands just above the valence band due to chlorine loading.

Two dimensional graphitic carbon nitride

The electronic structure of g-CsNs has been studied on models constructed either on
triazine or heptazine building blocks (Figure 2.10). While both versions should be thermo-
dynamically capable to reduce and oxidize water, the heptazine-based carbon nitrides
should be more suitable for photocatalysis due to its red-shifted absorption edge. How-
ever, the triazine-based structures seem to have a larger thermodynamic driving force for
proton reduction than the heptazine-based compounds. On the other hand, the heptazine-
based compounds seem to be more suitable to perform water oxidation. In general, a
stronger red-shift has been observed for the graphitic than the linear structures (Figure
2.6). Stacking as well as extension of the oligomeric length seems to red-shift the absorp-

tion edge. The effect of stacking appears larger for the triazine-based models.

While a heptazine-based graphitic CsN4 has not been synthesized without doubts so far,
no experimental values can be given. However, Bojdys and co-workers>? could experimen-
tally estimate a band gap of roughly 1.6 eV -2.0 eV for (almost hydrogen-free) triazine-
based g-CsNa. The following table lists several band gap values for hypothetical heptazine-
and triazine based g-CsNa found in the literature (calculated with different methods and
based on different stacking behaviors).
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Figure 2.10 Model clusters of triazine- (top) and heptazine-based (bottom) g-CsN4. Adapted with
permission from the reference.®? Copyright 2014, American Chemical Society.

Table 2.1 Various band gap values of heptazine- and triazine-based g-CsNu taken from the refer-

ences.
reference heptazine-based triazine-based band gap (eV) method
60 infinite sheet 2.1 (direct) CASTEP*
67 X 2.7 (indirect) PAW, GGA-PBE,
VASP,”¢ HSE06,
67 X 3.3 (direct)
o1 X 3.0 (AB-stack) WIEN2K package, LDA-
CA, GGA-PBE, EV-
2.6 (AA-stack) GGA, mBJ
%0 X 29-41 CRYSTALO6 code,
hybrid B3LYP
% S 3.0-38 functional, LDA
o8 X 1.2-1.5 (indirect) VASP, PAW, PBE,
CASTEP, PWUS-PW91,
GGA, LDA-CAPZ
7 X 1 VASP (GGA-LDA)
73 X 2.9-3.1 (depending on VASP, PAW, vdW-DF,

the stacking order) GW, Hartree-Fock
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2.1.4 Methods to improve the photocatalytic activity of carbon nitrides

Precursor: Urea

Preorganization of
precursors
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550 °C — 600 °C
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step in air & H,
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Scheme 2.2 Several methods
discussed in the literature, which
benefit the synthesis of highly
active melon.

The photocatalytic activity of carbon nitrides in gen-
eral and for melon in particular strongly depend on
the synthesis conditions such as reaction tempera-
ture,78092% reaction time,* applied pressure,” syn-
thetic atmosphere® and choice of precursor.”>” For
instance, conventionally synthesized (brown) crystal-
line melon is photocatalytically inactive (measure-
ments performed within our research group) while ill-
defined carbon nitrides show a reasonable photocata-
lytic activity.® From classical photocatalysis it is
known that high crystallinity is beneficial for charge
transport since defect states might operate as scatter-
ing sites and recombination centers.”1* On the other
hand, the so-called “defects”, including carbon-nitro-
gen substitutions, incorporation of oxygen-impurities
or dangling terminal sites can dramatically change the
density of states by adjusting the redox potentials or
by introducing additional energy levels.”> They might
also be the reason for changes in morphology (such as

particle size and porosity), improved wettability of the photocatalyst, or better attachment

of the co-catalyst and reactants on the surface of the photocatalyst and therefore, quicker

charge transfer (see Chapter 4.2). In detail, Lau et al.?> have shown that a large quantity of

terminal sites, which correlates with the polymerization degree, is beneficial for melon. It

has often been reported that the photocatalytic activity of melon reaches its maximum at a

reaction temperature of roughly 550 °C — 600 °C while usually only short reaction times of

about 4 h are applied, implying incomplete polymerization and an increased level of un-

reacted terminal sites.%

Figure 2.11 Summarized methods to improve the photocatalytic activity of carbon nitrides.



CHAPTER II: BACKGROUND 29

Through an additional calcination step under special conditions (half-closed crucible),
the activity can be further enhanced. This is explained by thermal oxidation of melon,
sometimes along with exfoliation or modification of the surface termini.'® It has also been
shown that ultra-long calcination times (> 500 h) can result in very active samples which
display surprisingly high crystallinity.!® Heating the samples in a hydrogen atmosphere
was reported to result in higher activities. The samples displayed a narrower band gap
compared to melon samples heated in air which has been reasoned by a reduction of the
amino-groups.” Clearly, the applied conditions resulted in more ill-defined samples, a
partial decomposition of the heptazine cores and possible delamination.

As already mentioned, the choice of the precursor is crucial. Urea-derived melon sam-
ples are more active compared to the melamine- and dicyandiamide-based ones, probably
owing to the carbamide terminal sites and higher surface areas.’>**'”” In contrast, it has
been reported that amine and imino groups have a negative influence on the photocata-

lytic activity of melon.”

In addition, a pre-organization of the precursors before heating seems also to be benefi-
cial for highly active materials. The pre-organization of the precursors improves the crys-

tallinity of the products.1081%

The activity of the carbon nitrides has been enhanced not only through reaction control
but also by a series of specific modifications. For instance, an increase of the surface area
by porosity engineering through soft!*!2 and hard templating methods,'*!* by changing
the condensation process, e.g. by sulfuric acid treated melamine,”® and by exfolia-
tion/delamination of the carbon nitride layers results in a larger number of accessible ac-
tive sites.105119123 However, excessively thinning down the carbon nitrides (<2nm) can

result in a widening of the band gaps due to quantum size confinement effects.®”

While an enlargement of the surface area leads to a better access to the terminal sites,
texturization of carbon nitrides in the form of hollow spheres!®'2412> and 1D nanostruc-
tures!'?130 can improve light harvesting. Also doping or intercalation with specific heteroa-
toms of metallic (Zn, Fe, Mn, Co, Ni, Cu, Eu, Pt, Pd, Li, Na and K)# 31140 and non-metallic
elements (B, S, F, O, I, P, H, C, N and Cl)®688/141-151 or by co-polymerization$8108152-15 with a
series of organic molecules has a significant influence on the absorption properties, defect
levels and band edges and thus the photocatalytic activity (see Figure 2.12). However,
good light harvesting properties do not necessarily make a semiconductor a more active
photocatalyst.
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Figure 2.12 Schematic illustration of the band structures of typical samples of melon in comparison
to TiOz (from left to right): Pristine melon, S—, B—, O— and C—doped melon and melon which was co-
polymerized with barbituric acid (BA). Adapted with permission from 2015 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim (licence number: 3756411023958).9

Another method to enhance the activity of carbon nitrides is the formation of hybrids
and heterojunction systems to either improve light harvesting or charge transfer.> Carbon
nitride-based composites with several carbon materials (e.g. graphene,'1% reduced gra-
phene oxide,'® fullerene,'* carbon nanotubes,'* carbon black'® and carbon nanodots),'®3
inorganic semiconductors (e.g. TiOg,141® WQs3,70171 Fex0s172 and ZnO'7?17#) and organic
semiconductors (e.g. poly(3-hexylthiophene!” and poly-pyrrole),'” dyes,'”” a-sulfur,'”® red
phosphor'” and carbon nitrides (thiourea-derived CsNs/urea-derived CsN4)!$018! have been
created.’® In Table 2.1, the best carbon nitride-based systems for photocatalytic water
reduction so far are listed along with some essential experimental details. Unfortunately, a
fair comparison between different laboratories is practically impossible. Therefore, the
activity is typically given related to a reference sample (usually non-modified melon)
measured under identical conditions. The next chapter (Chapter 2.2) will give further
insights into challenges in photocatalysis and presents a suggested protocol for the ex-

perimental setup.

To conclude, carbon nitrides have been widely used and studied as light-element pho-
tocatalysts. High photocatalytic activities can already be achieved but there is still scope
for improvement. The carbon nitrides suffer from their limited structural variety as they
are composed of exclusively triazine or heptazine building blocks. In addition, their lack
of crystallinity and generally low intrinsic surface are major disadvantages. Chapter 2.3
introduces a novel photocatalyst which belongs to the category of covalent organic

frameworks, which offers a greater toolbox for modifications.
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Table 2.1 A variety of carbon nitride-based photocatalysts for visible-light induced water reduc-
tion. Grey-highlighted photocatalysts produce more than 2000 pmol Hz h-! g1 or are over 10 times
more active compared to their reference. Note that since these catalysts were measured under dif-
ferent conditions, they cannot be compared directly.

precursor* co-catalyst sacrificial donor irradiation activity in Ha2 / activity in H2/ umol ~ enhancement in
-derived photocatalyst, (wavelength) umol h' g1, hlglofa activity relative
synthesis conditions, AQE /% reference catalyst, to reference
literature (wavelength) synthesis conditions
(if different from the
photocatalyst)
Melon
D*-melon®® 3.0 wt% Pt 10 vol% TEoA >420 nm, 107, - -
300 W Xe lamp 0.1 (420-460 nm)
U*-melon, 3.0 wt% Pt 13 vol% TEoA >395 nm, 3300 300 (D*-melon) 11
600 °C, air® 300 W Xe lamp 500 (thiourea- 7
melon) 23
142.3 (C*-melon)
oligomeric M*-melon, ~0.9 wt% Pt 10 vol% MeOH >420 nm, 270 45 (polymeric M*- 6
450 °C, 12 h, air® (pH701M 300 W Xe lamp 0.1 (400 nm) melon, 550 °C, 12 h,
PBS) Ar)
melon nanosheets, 3.0 wt% Pt 10 vol% TEoA > 420 nm, 1860, 200 9
liquid sonication'? 300 W Xe lamp 3.75 (420 nm)
melon nanosheets, 3.0 wt% Pt 10 vol% TEoA >420 nm, 1300 200 7
thermal oxidation 300 W Xe lamp
D*-melon nanosheets, 3 wt% Pt 10 vol% TEoA > 420 nm, 230 90 (D*-melon) 3
550 °C, 4 h, chemical 500 W Xe lamp,
exfoliation!!® 40.0 mW cm=
U*-melon nanosheets, 0.5 wt% Pt 15 vol% TEoA > 420 nm, 1400, 450 (U*-melon 3
500 °C, 8 h, Ar's3 300 W Xe lamp 2.6 (420 nm) nanosheets, 1 h)
D*-melon, 3 wt% Pt 10 vol% TEoA >420 nm, 960 92 (D*-melon ,air) 10
550 °C, 4 h, N, treated for 350 W Hg arc lamp, 90 (D*-melon) 11
2 h with Hz at 550 °C'# 15°C
U*-melon, 3 wt% Pt 10 vol% TEoA > 420 nm, 2433 1100 (U*-melon) 2
550 °C, 4 h, treated with 300 W Xe lamp
0.001 M NaOH!#
N-doped M*-melon, 3.0 wt% Pt 10 vol% TEoA > 400 nm, 554 98 (M*-melon) 6
550 °C, 4 h, air'> 300 W Xe lamp
N-deficient M*-melon, 1 wt% Pt 10 vol% TEoA >420 nm, 316 105 (M*-melon) 3
520 °C, 4 h, Ar'se 300 W Xe lamp
S-doped D*-melon, 6.0 wt% Pt 10% TEoA > 420 nm, ~340 ~60 (D*-melon) 6
550 °C, 4 hee 300 W Xe lamp.
T<9°C
10 % Zn-doped melon, 0.5 wt% Pt 19 vol% MeOH >420 nm, 298 28 (D*-melon) 11
550 °C, 4 h1s7 200 W Xe lamp
mesoporous-C*-melon, Pt 10 vol% TEOA >420 nm, 1490 - -
550 °C, 4 h, 500 W HBO
from hard-templating!s$
mesoporous-C*-melon, Pt 10 vol% TEoA >420 nm, 850 - -
550 °C, 4 h, 500 W HBO
from soft-templating
(SBA-15)116
N-doped tantalic acid Pt 19 vol% MeOH >410 nm, 71, 20 (U*-melon) 4
sensitized U*-melon, 300 W Xe lamp, 4.8 (420 nm) at
400 °C, 2 h, air'® 27 mW cm2 940 uW cm
F-doped D*-melon, 3.0 wt% Pt 10 vol% TEoA > 420 nm, 120-130 50-60 (D*-melon) 2
550 °C, 4 h, through NH4F 500 W HBO
treatment!#?
0.03 quinoline- 3.0 wt% Pt 10 vol% TEoA > 420 nm, < 780 nm, 4360 1110 (U*-melon) 4
incorporated U*-melon, 300 W Xe lamp
550 °C, 2 h1
ABN-doped melon'5 Pt >420 nm, 1470 - -
300 W Xe lamp
barbituric acid-doped D*- Pt 10 vol% TEoA >420 nm, 294 65 (D*-melon) 5
melon, 500 W HBO
550 °C, 4 h1»2
C*-melon nanorods, 3.0 wt% Pt 10 vol% TEoA >420 nm, ~1680 560 (C*-melon) 3
600 °C, 4 h, N2126 300 W Xe lamp
U*-melon, 4.8 x 103 conc. without >420 nm, 575, - -
550 °C, 3 h, air'63 C- nanodots 300 W Xe lamp 16 (420 nm)
M*-melon, 1.5 wt% Pt, 25 vol% MeOH > 400 nm, 451 147 (M-melon) 3
550 °C, 4 h, N2157 1 wt% Xe arc lamp
graphene
C*-melon, 1.0 wt% Pt, 25 vol% MeOH >400 nm, 76 20 (C*-melon) 4
550 °C, 4 h, N2t 2 wit% Xe arc lamp
MWCNTs
U*-melon, 3.0 wt% Pt, pure water > 400 nm, 154 3 (U*-melon) 50
550 °C, 3 h, air!7e 1.5 wt% 300 W Xe lamp
polypyrrole

nanoparticles
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mesoporous-U*-melon, 1.0 wt% Pt 15 vol% TEoA >420 nm, 3850, - -
600 °C, 43 h, air + 0.4 mM pH7 250 W HP Hg lamp 24.0 (=420 nm)
Eosin Y2
U*-melon nanosheets, 1.25 wt% Pt 5vol% TEoA, >420 nm, 6525 451 (U*-melon 15
550 °C,4 h + erythrosin B pPHY 300 W Xe lamp nanosheets, 1 wt%
(1:2)17 Pt)
U*-melon + 0.5 wt% Pt 50 mM ascorbic > 500 nm, 12520, - -
Zn-tri-PcNc%? acid 300 W Xe lamp, 1.85 (700 nm)
328.4 mW cm?
U*-melon, 0.5 wt% Pt 0.1 M, pH 4.0, > 420 nm, 1000 340 (U*-melon) 3
550 °C, 4 h, Ar + L-ascorbic acid 300 W Xe lamp
70 wt% red P17
D*-melon, Pt 10 vol% TEoA > 420 nm, ~6500 ~250 (D*-melon) 26
550 °C, 4h, N2+ 300 W Xe lamp
S-doped D*-melon’s!
melon!%* 0.5 mol% 10 vol% TEoA > 400 nm, 152, - -
Ni(OH)2 350 W Xe lamp 1.1
180 mW cm
mesoporous-C*-melon, 0.2 wt% MoSz 10 vol% lactic >420 nm, 1030, 240 (mesoporous- 4
550 °C, 4 h1% acid 300 W Xe lamp 2.1 (420 nm) C*-melon, 0.5 wt%
Pt)
mesoporous-U*-melon, 1.1 wt% NiS 15 vol% TEoA, >420 nm, 482, 2 (mesoporous-U*- 241
550 °C, 4 h1e pH11.0 300 W Xe lamp 1.9 (440 nm) melon)
melon'¥” (2.0 wt% Ni) 10 vol% TEoA > 400 nm, 2435, (melon, 2 wt% Pt); no
[Ni(TEoA)]Cl 500 W Xe lamp 1.51 (400 nm) (AQE: 1.83 %
2 (400 nm)
M*-melon, 0.5 wt% Pt 20 vol% MeOH > 415 nm, 2233, 107 (M*-melon) 21
600 °C, 4 h, Ar + 300 W Xe lamp 5.5 (410 nm)
SrTiOz:Rhos mote (20:80
Wit%)1%
U*-melon, 2 wt% Pt 10 vol% TEoA > 420 nm, 66, 27 (U*-melon); 2
500-520 °C, 4 h, air + 300 W Xe lamp 0.90 (405 nm) AQE: 0.34 %
10 wt% WOs1% (405 nm)
M*-melon, 3.0 wt% Pt 10 vol% TEoA > 420 nm, 241 142 (M*-melon) 2
520 °C, 4 h, air + 300 W Xe lamp
0.05 wt% Cu020
M*-melon, 0.5 wt% Pt 0.1ML- > 420 nm, 198 38 (M*-melon) 5
500-520 °C, 4 h, air + ascorbic acid 300 W Xe lamp
10 wt% In20s20 (pH=4.0) 200 mW cm2
PTI
D*-PTI, 2.3 wt% Pt 10 vol% TEoA >420 nm, 864 722 (D*-melon, >1
LiCI/KCl, 12 hin Ar at 300 W Xe lamp 600 °C, 4 h, air)
400 °C, 24 hin NHs at
600 °Css
amorphous D*-PTI, 2.3 wt% Pt 10 vol% TEoA >420 nm, 1080 722 (D*-melon, >1
LiCl/KCl, 12 h, 500 °C, 300 W Xe lamp 600 °C, 4 h, air)
Ar/airss
4AP-doped amorphous 2.3 wt% Pt 10 vol% TEoA >420 nm, 4907 864 (D*-PTI) 6
D*-PTI, 300 W Xe lamp 722 (D*-melon, 6
LiCl/KCl, 12 h, 500 °C, 600 °C, 4 h, air) 5
Ar/air 1080 (amorphous
D*-PTI)
D*-PTI nanosheets, 2.3 wt% Pt 10 vol% TEoA >420 nm, 1750, 430 (D-PTI) 4
LiCl/KCl, 12 hin Ar at 300 W Xe lamp 1.3 (400 nm)
400 °C, 24 hin NHs at
600 °C122
C*-PTI, 5 wt% Pt 10 vol% TEoA > 420 nm, ~46 ~ 76 (C*-melon, no
500 °C, air, 0.2 Li/C 300 W Xe lamp 500 °C, air)
mol %22
PTI, 3 wt% Pt 10 vol% TEoA >420 nm, 3460, 100 (D*-melon, B5
(LiCl-H20/KCI/NaCl 300 W Xe lamp 21.2 (420 nm) 550 °C, 4h)
(1:1:1)): (15:1), 500 °C, 1
h139
TAP-doped M*-PTI (0.13:1 3 wt% Pt 10 vol% TEoA >420 nm, 8160 600 (melon) 14
mol%)! 300 W Xe lamp 880 (M*-PTI) 9
3-Amino-1,2,4-triazole-5- 3 wt% Pt 10 vol% TEoA 50 W LED 1220 660 (mesoporous- 2
thiol, pH=10.8 melon) total
LiCI/KCl, 600 °C, 4 h, Nz 0 (D*-PTI, LiCI/KCl, 9
550 °C)
132 (guanazole,
LiCl/KCl, 550 °C)
M*-PTI, 3 wt% Pt, 25 vol% MeOH > 420 nm 689 163 (M*-PTI) 4
NaCl/KCI/LiCl, 500 °C, 0.5 wt% C
2 hie2 black
PTI/HCI, HP,HT® Pt 10 vol% MeOH > 400 nm, 0 115
300 W Xe lamp (D*-M-melon,
550 °C,15 h, N2)
0

(D*-PTI, LiCIKCI,
400 °C for 6 h in Na,
600 °C for 12 h,
NH:)

*Precursors: Melamine (M), dicyandiamide (D), urea (U) and cyanamide (C).
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2.2 Challenges in photocatalysis

After the initial paper on the photocatalytic activity of melon, numerous publications fol-
lowed which reported on competitive hydrogen evolution rates. However, a fair compari-
son is basically impossible due to missing standards. So far, there is no consensus on how
to measure the photocatalytic activity in a standardized fashion, not just for carbon ni-
trides but for any heterogeneous photocatalytic systems. Several articles aimed to discuss
these problems with the goal to improve the quality of the research work and scientific
papers in the field of photocatalysis. Here, I want to refer to the personal commentary of
B. Ohtani®* and ].-M. Herrmann" on the preparation of articles and misconceptions occur-
ring in photocatalysis and the problem of normalization and comparing rates or photonic
efficiencies from T. Maschmeyer & M. Che® and H. Kisch.*® A “best practice” recommenda-
tion (published by others and based on the research performed herein) is given below in

order to provide a guideline for future researchers in this field:

. Photo- and co-catalyst loading should be optimized, which also depends on the
design of the photoreactor (see Figure 2.13).°2 The amount of catalysts and
concentration should be presented in the manuscript, as well as the illuminated
surface area and the reactor design.®® Continuous stirring to provide stability of the

suspensions is absolutely necessary for heterogeneous photocatalytic systems.2"”

A: Linear increase with photocatalyst concentration
Increase of absorbed photon flux

B-C: Constant and optimal light absorption

¢

5

B: Onset of saturation is best for conducting the photocatalytic experiment

Reaction rate

J B-D: Reduced penetration depth
S A Increased scattering of the incident light beam

>

Concentration of photocatalyst

Figure 2.13 Dependence of the reaction rate on the photocatalyst concentration. Adapted
with permission from John Wiley and Sons, 2016 (licence number 3825421251768).206

. Over-powered lamps should be avoided, especially with small photoreactors since
the head space might get oversaturated with hydrogen.®® The intensity and inten-
sity profile of the lamp should be as similar to sunlight as possible (solar simulator
or AM conditions) and should explicitly be given in the manuscript. Since we (in
this work) saw significant differences in the intensity profiles of commercially
available cut-off mirrors/filters as well as light bulbs (and altering), it is helpful to
show the intensity profiles in the publication.?

. The experiments should be performed under well-defined conditions of tempera-

ture (25 °C) and pressure (atmospheric) (keep in mind the Nernst equation, Chap-
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ter 1.2.1, the Le Chatelier’s principle and the temperature-dependent solubility of
hydrogen/oxygen in water).%

. Maximum quantum yield can only be obtained at full coverage of the photocata-
lyst’s active sites with the reactants. Apparent quantum yields (AQEs)/photonic ef-
ficiencies (see Chapter 7.2) should be given, but are only accurate if the light inten-
sity is low and properly measured, and the catalyst loading is saturated such that
all photons are absorbed. Otherwise, the AQE values are underestimated.®® The
AQE results are sometimes pushed to the limits by surrounding the photoreactor
with a reflecting surface (e.g. aluminum foil) or by using inner-radiation, which
should be explicitly stated in the experimental details.®

. A purchasable reference sample should be used for comparing the results.?* Ta-
ble 2.1 (Chapter 2.1.4) shows that the photocatalytic activity of “non-modified”
amorphous melon varies drastically depending on the reaction conditions used
during synthesis. It has been suggested to use purchasable P25 and purchasable
melon (Nicanite).o!

. Dye discoloration is not sufficient to prove the photocatalytic activity of a novel
photocatalyst. Since the mechanism of dye degradation is complicated, the effi-
ciency of the photocatalytic reaction cannot be measured. The consumption of a
dye (measured with a spectrophotometer) is no clear proof for a photocatalytic
process. The presence of dyes can even lead to dye sensitization. An action spec-
trum is therefore needed.?*#2%® Continuous gas detection by a well calibrated chro-
matograph and correct product identification should be the method of choice.?

. The choice of sacrificial agent is crucial. Triethanolamine seems the most effective
electron donor for many organic-based photocatalysts but it should be used with
particular caution since it is light-sensitive.?”” Further, any alcohol containing elec-
tron donor (e.g. methanol) can cause current doubling effects such that at least half
of the detected hydrogen is formed through the oxidation of the electron donor
and the subsequent transfer of extra electrons into the conduction band of the
photocatalyst .21 Additional tests with other electron donors (such as acetate,
which has no current doubling effect) should be performed to prove the photo-
catalytic activity of the novel photocatalyst.

. The pH values before and after photocatalysis should be given and controlled
since the pH has an influence on the water splitting potential (see Nernst equation,
Chapter 1.2.1) and band bending.

. The photocatalyst should be extensively analyzed before and after photocataly-
sis.?* Most of the used carbon nitrides are rather ill-defined samples for which the
nature of the terminal sites or the polymer length are not discussed. In some cases,
the continuous stirring in water might even lead to partial delamination of 2D

photocatalysts.
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. Surface area values of samples should be given since higher activities can often
solely be traced back to higher surface areas (and thus, more accessible active
sites).204

. Adhesion and distribution of the co-catalyst on the photocatalyst as well as its
oxidation state (or crystallite sites) should be known since they have an influence
on the proton reduction capability.?!! The initially used amount of co-catalyst

might differ from the actual concentration deposited on the catalyst.

2.3 Covalent organic frameworks as photocatalysts

Covalent organic frameworks (COFs), a relatively new class of 2D and 3D organic poly-
mers, are light-weight, crystalline, and porous solids. Several COFs are 2D systems and
show interesting absorption properties for photocatalysis, which allows a comparison
with the already presented photocatalytically active carbon nitrides. Their chemical ver-
satility and easy tunability is determined by the building blocks used and augmented by
post-synthesis modifications. COFs are synthesized by the assembly of molecular building
units which are linked by reversible bond-forming reactions (dynamic covalent chemistry)
to yield periodic and porous frameworks. By combining several of these building blocks
(Figure 2.14), an inexhaustible number of COFs can be built, which differ in their material
properties and applications.?'>?* Thus, it is possible, in principle, to rationally design a
suitable photocatalyst with good light-harvesting and charge transfer properties, high
surface areas (hence, accessible active sites), and low weight. In addition, COFs may be
able to capture the hydrogen (and oxygen) gas which is formed during water splitting,
which could be an interesting solution to the challenge of hydrogen storage and gas sepa-

ration.212213

In 2005, Yaghi and co-workers*'? presented the first COFs which have been synthesized
through the condensation of phenyl diboronic acids (termed COF-1) or phenyl diboronic
acid and hexahydroxytriphenylene (termed COF-5). The formation of COFs by the
condensation of boronic acids still belongs to the most popular COF synthesis routes.
Thus far, COFs have been assembled through several linkages which can be categorized as
boron-based (boronate, borosilicate, boron acid anhydrides and borazine), nitrogen
nucleophile-based (hydrazone, imine, squarine, azine, phenazine and imide) as well as
triazine/heptazine-based linkages. While most of these interconnections are rather
unstable under aqueous conditions (e.g. boron-based and imine), the imide-, hydrazone-
and triazine/heptazine-bridged COFs could be applied for photocatalytic water
splitting.?** The extensive studies on carbon nitrides clearly emphasizes the important role
of triazines (and also heptazines) for photocatalysis even though their function is yet not
fully understood. Therefore, this thesis includes our investigations on triazine-based COFs
next to those of the carbon nitride PTI. Triazine-based COFs can either be synthesized by
directly starting from a triazine-containing building block or through the formation of a

triazine-linkage during synthesis. When the triazine unit is formed by a (Lewis-acid
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catalyzed) trimerization reaction of a nitrile-termined building block, then the COF is

referred to as covalent triazine framework (CTF) (for an exemplary synthesis see Chapter
4‘2).215—221

Building Lattice Pore size
blocks
Cs _\)L_ R, /\
Triangular /\ r/—— C-/ ‘ v
lattice Fa A A
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: L
G et 171 r
Tetragonal ‘ }—» ‘ 3 l l‘ L
latti “
attice c, - - —_— '
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C, /L < \\__%\/ \>
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Figure 2.14 Possible assembly of planar COFs out of Cz, C3, C+ and Cs symmetric building blocks.?2

To conclude, in this chapter the synthesis and structure of melon, its intermediates and
PTI has been presented. It has further been discussed that melon is (theoretically and ex-
perimentally) photocatalytically active and that its activity can be improved by a series of
techniques (Chapter 2.1.4). It has been pointed out that the comparison of the photocata-
lytic activities from different laboratories is challenging and that photocatalytic experi-
ments should be performed under well-defined conditions (Chapter 2.2). Also PTI and
triazine-containing covalent organic frameworks have been theorized to be potential can-
didates for water splitting. These two triazine-based material classes form the basis of this
work. The following chapter delves deeper into the aims of this thesis and gives an over-
view of the the following chapters.

2.4 Project aims

This thesis is providing first insights into triazine-based photocatalysts. PTI as an ex-
emplary triazine-based compound is comprehensively discussed in this thesis and com-
pared with the reference material melon which in contrast to PTI is based on heptazine-
building blocks.

Therefore, the crystalline carbon nitride PTI/LiCl has been synthesized and its photo-
catalytic activity was tested for light-induced hydrogen evolution (Chapter 3.1). The re-
sults were compared with the commonly used amorphous melon (“g-CsN4”). After intro-
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ducing crystalline PTI/LiCl as a new class of “green” photocatalysts, its moderate activity
has been further improved. Its absorption properties have been studied and modified to
result in a higher photocatalytic activity. Overall, the following aspects were explored to
increase the activity of PTI/LiCl:

1 Lowering its crystallinity and band gap modulation by a co-polymerization pro-
cess of dicyandiamide (PTI-precursor) with pyrimidine-based molecules: 4-amino-
2,6-dihydroxypyrimidine, barbituric acid, triaminopyrimidine and 2-amino-4,6-di-
hydroxypyrimidine, which correlates with an increased surface area and amount

of terminal sites (Chapter 3.1).

2 Extension of the surface area of PTI and interface with the electrolyte by aqueous
exfoliation (Chapter 3.2).
3 Cationic and anionic exchange of PTI/LiCl,Br for the investigation on the catalyti-

cally relevant sites of PTI (Chapter 3.3).

The resulting products were thoroughly characterized by a multitude of analytical
methods. Special attention has been paid to identifying the triazine-building block in the

ill-defined products and to preventing photocorrosion during the photocatalytic

Discussed
photocatalysts

experiment.

Carbon nitrides COFs
Chapter 2.1 Chapter 2.3

Heptazine-based Triazine-based TFPT-COF CTF

melon PTI Chapter 4.1 Chapter 2.3
i : Active Active
Inactive Active "
n crystalline PTI amorphous PTI
ERystelingelon Chapter 3.1 Chapter 3.1
Polymerization degree
Exfoliation of PTI
Chapter 3.2

CTF-1 derived PTOs
Chapter 4.2

Polymerization degree
Terminal sites

Terminal sites
Li/H-exchange
Chapter 3.3

Surface engineering Active sites

Co-polymerization
Chapter 3.1

Band gap tuning

Scheme 2.3 Overview of the conducted projects and the corresponding Chapters.

In order to gain a deeper understanding of the role of these triazine units, two other tri-
azine-based compounds belonging to the class of covalent organic frameworks or covalent
triazine frameworks are investigated for photocatalytic water splitting, namely 1,3,5-tris-
(4-formyl-phenyl)triazine (TFPT)-COF and CTF-1 (Chapter 4). The scheme shown above

serves as an orientation for the projects that were conducted.
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3 Poly(triazine imide) as photocatalyst

3.1 Co-polymerization of PTI
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Abstract

A new dimension: The doping of amorphous poly(triazine imide) (PTI) through iono-
thermal copolymerization of dicyandiamide with 4-amino-2,6-dihydroxypyrimidine (4AP)
results in triazine-based carbon nitrides with increased photoactivity for water splitting
compared to crystalline poly(triazine imide) (PTI/Li*Cl") and melon-type carbon nitrides.
This family of carbon nitride semiconductors has potential as low-cost, environmentally

clean photocatalysts for solar fuel production.
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3.1.1 Introduction

The development of catalysts that enable the direct conversion of solar energy into chemi-
cal energy has been defined as one of the major challenges of modern materials chemistry.
Hydrogen generated by photochemical water splitting has been identified as a promising
energy carrier that offers a high energy density while being environmentally clean.! Nev-
ertheless, to realize a light-driven hydrogen-based economy, the exploration of new mate-
rials for highly efficient, stable, economically viable, and environmentally friendly photo-

catalysts is required.

To date, numerous inorganic semiconductors have been developed for water splitting,
most of them being transition metal compounds containing heavy metals such as La, Bi,
Ta, or Nb, which impede scalability, increase cost, and add complexity.? Recently, atten-
tion has been attracted to a new class of metal-free photocatalysts, comprising polymeric
melon-type carbon nitrides (CNs) based on imide-bridged heptazine units (see
Figure 3.1(a)).> CNs are readily accessible, light weight, stable, and low-cost compounds
that offer an attractive alternative to metal-rich catalysts while still maintaining efficient
photoactivity.* Thermal condensation of CNs forms a wide variety of chemical species that
differ substantially with respect to their degree of condensation, hydrogen content,
crystallinity, and morphology.>¢ The chemical modification of CNs by molecular “do-
pants” has resulted in a number of CN materials with improved photocatalytic activity.”
Although the evidence is largely empirical, the property enhancement presumably origi-
nates from subtle modifications of the parent structures by incorporation of heteroatoms
as well as structural defects, to give rise to enhanced absorption in the visible light range
and a more complete exploitation of the solar energy spectrum.
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Figure 3.1 Chemical structures of (a) melon, (b) PTI/LiCl (idealized structure), (c) aPTI-4APie%
(proposed structure), and (d) the dopant 4AP.

In contrast to all known CN photocatalysts, which are composed of heptazine building
blocks, poly(triazine imide) (PTI/LiCl) is the only structurally characterized 2D CN net-
work featuring imide-linked triazine units (see Figure 3.1(b)).%° Owing to its high level of
crystallinity, PTI/LiCl lends itself as an excellent model system to study photocatalytic
activity towards water splitting as a function of the number of building blocks, the com-
position, and the degree of structural perfection of the system. Herein, we present a new
generation of CN photocatalysts based on triazine building blocks and demonstrate their
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enhanced photocatalytic activity in comparison to heptazine-based CNs. Moreover, we
show that their performance can be amplified by small-molecule doping, thus rendering
them the most active non-metal photocatalysts for the hydrogen evolution reaction that

have been reported to date.

3.1.2 Results and discussion

As a starting point, we synthesized crystalline PTI/LiCl as a model structure for triazine-
based CNs in a two-step ionothermal synthesis according to the procedure of Wirnhier et
al.® To study the effect of crystallinity on the photocatalytic activity, we also synthesized
an amorphous variant of PTI (aPTI), through a one-step ionothermal synthesis involving a
LiCl/KCl salt melt. We used 4-amino-2,6-dihydroxypyrimidine (4AP) (Figure 3.1(d)) as the
dopant because of its structural similarity to melamine and higher carbon and oxygen
content. The photocatalytic activity of the as-prepared CNs was compared with that of
crystalline PTI/LiCl and of heptazine-based raw melon (7.1 Supporting information).

The XRD patterns of the aPTI samples confirm their amorphous character by the ab-
sence of sharp reflections (Figure S1, 7.1 Supporting information), which are present in the
XRD patterns of crystalline PTI/LiCl. However, the FTIR spectra of the synthesized aPTI
CNs are still largely similar to that of PTI/LiCl® (Figure 3.2(d) and Figure S2-3, 7.1
Supporting information), as they contain a band at 810 cm™ (ring sextant out of plane
bending) and a fingerprint region between 1200 cm™ and 1620 cm™! that is dominated by
v(C-NH-C) and v(C=N) stretching vibrations.>'® Doping with 4AP gives rise to less well-
defined IR bands, thereby indicating a decrease in the structural order. In addition, in the
spectra of 16 % and 32 % doped PTI there is a band at 914 cm™ that can be assigned to ar-
omatic C-H bending vibrations of the dopant (Figure S3, 7.1 Supporting information).
Interestingly, the bands at 2160 cm™, 1730 cm™, and around 1200 cm™, which are seen in
the spectrum of aPTI and partially in those of the doped samples, point to the presence of

terminal nitrile groups as well as oxygen containing functionalities, such as C=O and C-O.

Elemental analysis (EA) indicates the molar ratio C/N =0.68 for PTI/LiCl, whereas the
C/N ratios of the aPTI samples are slightly increased for those synthesized at elevated
temperatures, indicating either a higher degree of condensation or an increase of oxygen
incorporation (Table S1, 7.1 Supporting information). Notably, the amount of Li and Cl is
lower in doped and non-doped aPTI than in crystalline PTI/LiCl, whereas the oxygen
content is significantly higher, consistent with the IR results. This finding is worth noting
as the amount of carbon and oxygen atoms in CNs is likely to play an essential role in the
activity of CN photocatalysts."! By increasing the amount of 4AP incorporated in the
doped PTI from 2 % to 64 % the C/N ratio increases from 0.69 to 1.13, respectively (Ta-
ble S2, 7.1 Supporting information). In summary, the EA and IR results suggest that both

carbon and oxygen atoms are incorporated into the amorphous materials, most likely
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through replacement of one of the ring or bridging nitrogen atoms, as proposed in Fig-
ure 3.1(c).
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Figure 3.2 3C CP-MAS NMR spectrum (10 kHz) (a), ®N CPPI-MAS NMR spectrum (6 kHz, inver-
sion time = 400 ms) (b) and >N CP-MAS NMR spectrum (10 kHz) of aPTI-4AP1s% (c). FTIR spectra
of aPTI-4AP1s% synthesized at 550 °C before and after 15 h illumination, compared to crystalline
PTI/LiCl, aPTIs00c, and melon (d). A typical image of 2.3 wt% Pt-loaded PTI-4APsy% after illumina-
tion for 3 h under visible light (A 2420 nm) (e) and at higher magnification (inset).

The BC and N cross-polarization magic-angle spinning (CP-MAS) NMR spectra (Fig-
ure 3.1(a,c)) for aPTI doped with 16 % 4AP and synthesized at 550 °C (aPTI-4AP16%) pro-
vide additional information about the structural composition of the material derived from
copolymerization with 4AP. Both spectra are similar to those of PTI/LiCl (Figure $4, 7.1
Supporting information),®° albeit with significantly increased line width (full width at half
maximum (FWHM)) of 1.5 kHz compared to 600 Hz) owing to the less ordered character
of the materials (Figure S1, 7.1 Supporting information). The N CP-MAS spectrum
shows two broad signal groups centered around -175 ppm and -245 ppm. The former
group is typical for tertiary ring nitrogen atoms (Nter; from the outer ring nitrogen atoms
of heptazine or triazine rings), whereas the latter is characteristic of bridging NH groups.
A very weak signal around -280 ppm indicates that only a small amount of terminal NH:
groups is present, hence a melon-type structure seems very unlikely. However, to further
corroborate this hypothesis and identify the type of heterocycle formed under the condi-
tions used — triazine versus heptazine — we recorded a >N cross polarization polarization
inversion (CPPI)*? NMR spectrum of aPTI-4AP1e% (Figure 3.2(b)) with an inversion time of
400 ms. Under such conditions, resonances of the NH groups are reduced to zero intensity
whereas signals of NH2 units will be inverted. In contrast, the >N signals of tertiary nitro-
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gen atoms are expected to remain largely unaffected. Hence, the unique signal for the
central nitrogen atom, N, of a heptazine ring between -220 ppm and -240 ppm can une-
quivocally be identified.> The absence of any signals in the "N CPPI spectrum (Fig-
ure 3.2(b)) in the region between —200 ppm and -300 ppm therefore strongly suggests the
absence of heptazine units within the detection limit of roughly 10 % — 15 %. The mark-
edly different intensity ratios in the *C CP-MAS spectrum of aPTI-4AP1e% (Figure 3.2(a))
compared to those in the C CP-MAS spectrum of PTI/LiCl, and the broad asymmetric
high-field flank of the signal between —140 ppm and —170 ppm in the "N CP-MAS spec-
trum (Figure 3.2(c)) may indicate partial incorporation of pyrimidine into the PTI frame-
work during copolymerization, which is not observed for PTI/LiCl.%°

The brown color of crystalline PTI/LiCl indicates substantial absorption in the visible
range of the spectrum. More specifically, the material absorbs largely in the UV region, yet
additional absorption takes place in the blue part of the visible region and there is a grad-
ual decrease in absorption toward higher wavelengths (Figure 3.3(b) and Figure S5, 7.1
Supporting information). The absorption spectra of aPTI synthesized at 400 °C — 600 °C
show bands that are comparable to those in the spectrum of melon, thus rendering the
color of the materials similar to that of melon (Figure 3.3(b)). When the reaction tempera-
ture is increased, the color of aPTI changes from cream (400 °C) to yellow (500 °C), sug-
gesting enhanced absorption in the visible region. The absorption of aPTIsw-c, which is
synthesized at a reaction temperature of 500 °C, is strongly red-shifted compared to that of
crystalline PTI/LiCl, thereby representing further improvement in the visible-light ab-
sorption (Figure S5, 7.1 Supporting information). With increasing amounts of dopant the
color of the 4AP-doped CNs gets darker, changing from yellow (2 %) to red-brown (64 %);
this color change correlates well with the red-shift observed in the absorption spectra
(Figure S6, 7.1 Supporting information).
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Figure 3.3 Photocatalytic activity towards visible-light induced hydrogen production using 2.3 wt%
Pt and 10 mg of photocatalyst dispersed in 10 mL of 10 vol% TEoA (a). UV-Vis spectra and color of
the water/TEOA suspensions (inset in a) of aPTI-4AP1e% synthesized at 550 °C compared to crystal-
line PTI/LiCl, aPTI synthesized at 500 °C, and melon (b).

The inherent 2D architecture of crystalline PTI/LiCl gives rise to an expanded m-elec-

tron system, lower band-gap, and enhanced absorption as compared to the 1D polymer
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melon, and thus renders PTI/LiCl a promising photocatalyst that may even outperform
the heptazine-based semiconductors. In fact, hydrogen production of 864 umol h' g (ca.
15 % error) was measured for crystalline PTI/LiCl in the presence of a Pt co-catalyst and
triethanolamine (TEoA) as sacrificial electron donor; this result equates to an enhancement
of approximately 20 % compared to synthesized raw melon (see 7.1 Supporting
information; 722 umolh?g™) and is comparable to “g-CsNs” synthesized at 600 °C
(synthesis according to Zhang et al.;’* 844 umol h™' g!). The photocatalytic activity of the
amorphous CNs synthesized in an open system in the temperature range 400 °C — 600 °C
showed that the highest activity was achieved for the CN synthesized at a reaction tem-
perature of 500 °C (1080 pumol h™' g); this activity corresponds to an approximately 50 %
enhancement compared to that of raw melon (see Table 3.1).

Table 3.1 Physicochemical properties and photocatalytic activity of different Pt/CNXx species for the
hydrogen evolution reaction driven by visible light.

catalyst ~ surface area / C/N molar ratio hydrogen evolution rate / apparent quantum
m? gt pmol h™! g efficiency / %
PTI/LiCl 37 0.68 864 0.60
melon 18 0.62 722 0.50
aPTIs00c 122 0.69 1080 0.75
aPTI-4AP16% 60 0.82 4907 3.40

Although the above results show a moderate improvement of the photocatalytic activ-
ity of PTI-derived materials compared to melon-based ones, when PTI is doped with 4AP
the increase in the photoactivity of PTI is a function of the doping level and synthesis
temperature. By increasing the temperature from 400 °C to 600 °C, an optimum photo-
catalytic activity was measured for the material synthesized at 550 °C (Figure S9, 7.1
Supporting information). When the content of 4AP was increased from 2 % to 64 %, the
highest photocatalytic activity of 4907 ymolh™' g (3.4 % [420 nm — 460 nm] apparent
quantum efficiency) was detected for 16 % doped aPTI, synthesized at 550 °C (aPTI-
4AP1e%) (FigureS9, 7.1 Supporting information and Table3.1). In essence, the
photocatalytic activity of PTI/LiCl can be enhanced by 5-6 times upon doping with 4AP in
a simple one-pot reaction. 4AP doping of crystalline PTI/LiCl leads to no apparent
photocatalytic activity. Also, as a control experiment, pure 4AP was shown to be
photocatalytically inactive by itself and under ionothermal or thermal treatment. Water
oxidation experiments in which O: evolution was measured, carried out in the presence of
a Co3Os co-catalyst, did not yield substantial amounts of oxygen, thus suggesting that
either water oxidation is thermodynamically unfeasible or that the reaction conditions

need to be further optimized.

A typical TEM micrograph shows that the surface morphology of doped aPTI is layered
and platelet-like (Figure 3.2(d) and Figure S7, 7.1 Supporting information). The crystallite
size and composition of the platinum nanoparticles deposited on the carbon nitride cata-
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lyst in situ were studied by TEM and EDX. The results reveal that the photoinduced re-
duction of the co-catalyst results in well-dispersed nanoparticles roughly 5 nm in diame-
ter.

N: sorption measurements allow us to quantify the impact of the surface area (SA) of
the catalysts on the photocatalytic activity. In Table 3.1, the measured specific Brunauer—
Emmett-Teller (BET) SAs indicate a weak correlation between SA and activity, but the
increased photoactivity in the doped species cannot be rationalized by an increased SA

alone.

As seen in Figure 3.3, the aPTI-4AP1s% photocatalyst yields an orange-brown suspen-
sion and its diffuse reflectance spectrum spans across the visible region. It is therefore in-
structive to examine the wavelength-specific hydrogen production to determine which
wavelengths actively contribute to the Hz evolution. In the wavelength dependence graph
(Figure 16), the absorption is overlaid with the wavelength specific hydrogen evolution.
The hydrogen production rate falls off at 450 nm — 500 nm, thus indicating that the major-
ity of photons contributing to the hydrogen production are at A <500 nm. It is suggested
that the active absorption follows the band edge observed between 430 nm and 440 nm.
This band is similar to that seen for the other PTI compounds although red-shifted by the
4AP doping. The broad absorp-

tion profile suggests the existence 150

of intra band gap electronic states
at various energies, which could
. . 1

arise from the incorporated 4AP 00

(Figure S3, 7.1 Supporting infor-
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evolution but may rather act as

We therefore envision that through active control of the number and position of defects
in the material, photocatalysts with further enhanced activity can rationally be designed.
Nevertheless, the increased visible-light activity up to approximately 500 nm in doped PTI
results in a significant improvement over its undoped or crystalline counterparts and is a

contributing factor to its high photoactivity.
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3.1.3 Conclusion

In conclusion, we have reported a new family of 2D triazine-based carbon nitrides that
shows substantial visible light-induced hydrogen production from water, and in this re-
gard rivals the benchmark heptazine-derived photocatalysts. With external quantum effi-
ciencies as high as 3.4 %, the amorphous carbon- and oxygen-enriched poly(triazine im-
ide) species not only outperform melon-type photocatalysts, but also crystalline PTI by 5
to 6 times. Consistent with previous results,’> we have demonstrated that a rather low
level of structural definition and the introduction of defects up to a certain doping level
(16 % for 4-amino-2,6-dihydroxypyrimidine) tend to enhance the photoactivity of the cat-
alysts.

We believe that the diverse range of available organic and inorganic dopants will allow
the rational design of a broad set of triazine-based CN polymers with controlled functions,
thus opening new avenues for the development of light-harvesting semiconductors. The
easily adjustable structural and electronic properties of CN polymers render them partic-

ularly versatile for solar energy applications.

3.1.4 Further co-polymerization experiments

Since the ionothermal co-polymerization reactions with 16 % 4AP and dicyandiamide re-
sulted in highly photocatalytically active materials, further co-polymerization reactions
with 16 % 2-amino-4,6-dihydroxypyrimidine (2AP), 2,4,6-triaminopyrimidine (TAP) and
barbituric acid (BA) were carried out. The chemical structures of the dopants are depicted
in Figure 3.5 and resemble the core unit of PTI, which should favor the incorporation of
the dopant. The synthesis was carried out at the optimal conditions described before, us-
ing an argon atmosphere and a reaction temperature of 550 °C. The samples were heated
twice for six hours at the peak temperature and were ground in-between to achieve ho-
mogenous condensation. The co-polymers were tested under identical photocatalytic con-
ditions (see 7.1 Supporting information); thus a direct comparison is possible. The results
are compared to amorphous PTI co-polymerized with melamine, which should result in

simple amorphous PTI, and amorphous PTI synthesized exclusively with dicyandiamide.

NH, NH, OH
)\ | \N | \N
HoN HoN N NH, HO N OH
Melamine TAP BA

Figure 3.5 Chemical structures of the dopants: melamine, 4AP, 2AP, TAP and BA (from left to
right).

According to PXRD and IR spectroscopy, no significant differences can be detected
between the products (Figure 3.6). All samples are rather ill-defined materials and show
residual nitrile groups in addition to the characteristic PTI bands due to incomplete con-

densation or cyclo-reversion of the triazine ring during synthesis. Compared to melamine-
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doped amorphous PTI, the 2AP, 4AP, TAP and BA co-polymerized samples exhibit an
additional reflection at 8.2° 20. This reflection might be attributed to partial potassium
intercalation within the C,N-plane.’> All doped amorphous samples show a larger
potassium (up to 11 wt%) than lithium (0.4 wt%) content in contrast to crystalline
PTI/LiCl.
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Figure 3.6 PXRD patterns (a) and IR spectra (b) of the aPTI samples co-polymerized with mela-
mine, 2AP, 4AP, TAP and BA, compared to crystalline PTIL.

Table 3.2 Elemental analysis of the melamine, 2AP, 4AP, TAP and BA co-polymerized amorphous
PTI samples compared to non-doped amorphous PTI.

dopant C [wt%] N [wt%] H [wt%] rest [wt%] C/N [wt.]
no dopant 27.8 47.5 2.2 22.5 0.58
melamine 30.1 48.7 2.4 18.8 0.62
4AP 29.6 44.3 2.7 234 0.67
2AP 29.0 44.4 1.9 24.7 0.65
TAP 30.0 44.1 24 235 0.68
BA 29.9 42.7 2.5 24.9 0.70

Unlike the PXRD and IR results, the samples differ in their elemental composition
(Table 3.2). All samples show an increased C/N weight ratio compared to non-doped
amorphous PTI synthesized under identical conditions. Even melamine-doped PTI shows
a higher C/N ratio compared to non-doped PTI which might be due to two reasons:
Melamine as precursor might lead to more condensed products compared to
dicyandiamide, or to incipient carbonization. As expected, doping with 4AP, 2AP, TAP
and BA lead to samples with larger C/N weight ratios and thus, carbon content, compared
to melamine co-polymerized PTI. The differences in the C/N ratios of the doped samples
demonstrate that either the quantity of inserted dopants varies or partial carbonization
might take place as a side reaction. The BA- and TAP-co-polymerized samples exhibit
higher C/N ratios compared to the 2AP- and 4AP-doped samples. A similar trend shows
their melting/decomposition temperatures: BA: 248 °C — 252 °C,'¢ TAP: 249 °C - 251 °C,"”
2AP: > 300 °C'® and 4AP: > 360 °C." It seems that the hydroxy-contents of the dopants do
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not affect the doped products since no additional oxygen (in form of the residue) has been
detected.

As in the case for the 4AP-doped amorphous PTI, doping with 2AP, BA and TAP re-
sults in an increase of the photocatalytic activity compared to non-doped amorphous PTI
(10.8 umol h) (Figure 3.7). The co-polymerization with melamine does not have a large
impact on the photocatalytic activity of PTI. A slightly enhanced activity is noticed for
melamine-doped PTI compared to pure dicyandiamide-derived PTI, which might be due
to its higher condensation degree (see elemental analysis). However, the enhancement is
within the detection error of 15 % and is therefore not significant. It further seems that
doping with 4AP, 2AP and TAP results in materials with similarly high activity, while BA-
doped amorphous PTI is slightly less active. This might be associated with the large C/N
ratio of the BA-doped sample and its darker color indicating progressed carbonization.
Since the hydroxyl-containing 2AP and 4AP samples are very active, we do not relate the
low activity of BA-doped PTI with its high hydroxyl-content. The difference in the photo-
catalytic activities might more likely be associated with the polymerization degree of the
samples, quantity of inserted dopants and degree of degradation of PTI itself as well as its
dopants. However, this should be analyzed in the future. Note that meanwhile, TAP- (H:
evolution) and BA-doping (dye degradation) of PTI have been shown to increase the

photocatalytic activity of PTL.20
50
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Figure 3.7 Hydrogen evolution rates after three hours of illumination for 10 mg of 4AP, 2AP, BA
and TAP-doped amorphous PTI samples compared to PTI co-polymerized with melamine. Meas-
urement was performed in a 10 vol% aqueous TEoA solution, with 6 uL of H2PtCls (2.3 wt% Pt)
under visible light (= 420 nm) illumination.

To conclude, it has been shown that the photocatalytic activity of amorphous PTI can
be enhanced by co-polymerizing the precursor dicyanamide not only with 4AP, but also
other melamine-related heterocyclic compounds of increased carbon content, such as 2AP,
BA and TAP. The slight difference in the photocatalytic activities of the doped samples
might be associated with the condensation degree of PTI, the quantity of inserted dopants,

degree of carbonization and the amount and quality of platinum coordination. It further
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seems that the hydroxyl-groups do not explicitly affect the photocatalytic activities of
doped PTI. These preliminary experiments and results presented herein are repeated, vig-
orously developed, and discussed in L. Moser’s bachelor thesis.?' In addition, further ex-
periments with other dopants, such as urea, ammeline, ammelide, cyanuric chloride and

cyanuric acid should be performed in the future.
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3.2 Surface engineering through exfoliation
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Abstract

Nanosheets of a crystalline 2D carbon nitride were obtained by ionothermal synthesis of
the layered bulk material poly(triazine imide), PTL, followed by one-step liquid exfoliation
in water. Triazine-based nanosheets are 1 nm — 2 nm in height and afford chemically and
colloidally stable suspensions under both basic and acidic conditions. We use solid-state
NMR spectroscopy of isotopically enriched, restacked nanosheets as a tool to indirectly
monitor the exfoliation process and carve out the chemical changes occurring upon exfoli-
ation, as well as to determine the nanosheet thickness. PTI nanosheets show significantly
enhanced visible-light driven photocatalytic activity toward hydrogen evolution com-
pared to their bulk counterpart, which highlights the crucial role of morphology and sur-

face area on the photocatalytic performance of carbon nitride materials.

3.2.1 Introduction
The exploration of highly efficient photocatalysts has been fuelled by the prospect of con-

verting sustainable solar energy into clean chemical fuels.! In this context, carbon nitrides
have emerged as promising metal-free visible-light photocatalysts owing to their abun-
dance, stability, and chemical tunability.? Recently, we® and others* independently discov-
ered a new type of carbon nitride photocatalyst, poly(triazine imide) (PTI/LiCl),5® which
rivals the benchmark carbon nitride based on heptazine building blocks, known as melon®
and often loosely called graphitic carbon nitride, g-CsN4.2” In contrast to melon (“g-CsN4”),
PTI is a crystalline species and represents the only structurally characterized two-dimen-
sional (2D) carbon nitride network known to date.> The layers are composed of imide-
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linked triazine units (Figure 3.8(a)) and are stacked in an ABA-type fashion, separated by
weak van der Waals forces, with lithium and chloride ions situated in channels running
along the stacking direction (Figure 3.8(b)).** In the past, various strategies, such as doping
with heteroatom® or organic molecules,®® interfacing with other semiconductors or dyes to
create heterojunctions,' and morphology-tuning®!! have been used to increase the photo-
catalytic activity of carbon nitrides. In this regard, the exfoliation of carbon nitrides into
ultrathin nanosheets has been shown to enhance the photocatalytic activity due to surface
and quantum confinement effects.’? Since the seminal discovery of graphene,® it has been
well-established that delamination of 2D layered materials such as MoS:!* and WS2!> may
entail unique physicochemical properties, including ultrahigh charge carrier mobilities
and pronounced changes in the band structure. Likewise, delamination of layered photo-
catalysts into 2D sheets may be advantageous for promoting photocatalytic efficiency,
both via the exposure of active sites and optimized light harvesting, charge separation and
percolation.'?<1¢ In contrast to melon-type carbon nitrides which have been exfoliated
recently,'? PTI is highly crystalline and a true 2D material,®'2¢ which lends itself as an
excellent model system to explore both structural effects and photocatalytic activity as a

function of the exfoliation state.

-
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Figure 3.8 Idealized PTI structure (lithium/chloride intercalation omitted for clarity) viewed along
the c-axis (a) and the slightly tilted b-axis (b). Scheme of the exfoliation process and product label-

ing (c).

Layered materials such as graphite and boron nitride can be exfoliated when the en-
thalpy of mixing is minimized, which is the case when the surface energies of the
nanosheet and solvent match.'” Zhang et al.'* calculated the surface energy of g-CsNu as
115 mJ m, which matches well with the surface energy of water (~102 mJ m2).17¢ In addi-
tion, the terminal hydrogen atoms of the carbon nitrides prefer polar solvents, which upon
hydrogen bond formation will cause swelling and exfoliation of the bulk carbon nitrides
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on a large scale.’?® Recently, Bojdys et al. reported’>® that bromide intercalated PTI can be
exfoliated by intercalation of potassium and subjecting the intercalate to water. The re-
sulting thin sheets show large lateral sizes in the micrometer range, which however is ex-
pected to be unfavorable for photocatalysis due to the relatively small surface area and

exposed number of active sites.

Here we demonstrate the one-step synthesis of crystalline PTI nanosheets by "green"
liquid phase exfoliation in water, without the need for additives, toxic solvents or prein-
tercalation steps. Remarkably, facile exfoliation in water leads to highly crystalline
nanosheets of 1 nm — 2 nm in thickness, which show significantly increased photocatalytic
efficiency for visible-light driven hydrogen evolution compared to bulk crystalline PTI.

3.2.2 Results and Discussion

Crystalline PTI/LiCl was suspended in water (2 mg mL") and sonicated for 15 h at room
temperature (Figure 3.8(c)). The dispersion was centrifuged at 3000 rpm to remove aggre-
gates (Precipitate I), giving rise to a homogeneous dispersion of PTI nanosheets. To fur-
ther separate the suspension according to the degree of exfoliation, a fraction of the aque-
ous suspension was further centrifuged at 5000 rpm (Precipitate II) to yield a nanosheet
suspension with a higher degree of exfoliation compared to Precipitate I. The supernatant
remaining after this centrifugation step, showing the maximum degree of exfoliation, was
kept for analysis of the suspended nanosheets (Supernatant 2, 0.2 mg mL™). Finally, the
nanosheets were precipitated by centrifugation at 25000 rpm and subjected to analysis in
order to compare the suspended nanosheets (Supernatant 2) vs their restacked form (Pre-
cipitate III). The labeling scheme of the different nanosheet fractions is outlined in Figure
3.8(¢).

The well-dispersed PTI nanosheets (Supernatant 2) in water are negatively charged,
with a zeta potential of -54.0 mV and a pH of 10.5. This observation is consistent with the
fact that deprotonated, bridging imide moieties are present which are charge-compen-
sated by Liions, giving rise to dynamic lithium proton exchange with water and, hence, to
the observed basic character of the suspension caused by lithium hydroxide. The brown-
ish dispersion is highly stable, showing no signs of precipitation even after being stored
for 2 months, in line with the high negative surface charge. Interestingly, the surface
charge is minimal (point of zero charge) at pH 5.4 and reversed at lower pH with a zeta
potential of +30 mV at pH 2 (Figure S11, 7.1 Supporting information). Thus, the
nanosheets are stable both at low (< 3) and high pH values (> 8), which can be rationalized
by the overall amphoteric character of the ring and bridging nitrogen functions in the PTI

backbone.

Having ascertained the state of dispersion and stability of the suspensions, the thick-
ness of as-prepared PTI nanosheets (Supernatant 2) was investigated by atomic force mi-
croscopy (AFM). According to Wirnhier et al. bulk PTI is built up from hollow microtubes



62 CHAPTER III: POLY(TRIAZINE IMIDE)

whose walls are composed of an oriented assembly of hexagonal prismatic crystallites
with lateral sizes of about 60 nm.>> AFM images of the nanosheet suspension (Supernatant
2) and the corresponding height profile display exfoliated crystallites with lateral sizes of
less than 100 nm and a height of 1 nm — 2 nm, indicating the exfoliated nanosheets are
composed of only a few carbon nitride layers, taking into account a water shell likely sur-

rounding the nanosheets (Figure 3.9(a) and discussion below).

b sBukem

4000 3500 3000 2500 2000 1500 1000
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Figure 3.9 AFM image of exfoliated PTI nanosheets deposited on a 5i/SiO2 wafer (a) and the corre-
sponding height image (inset). IR spectrum of bulk PTI (black) compared to Precipitate III (blue)
and Supernatant 2 (magenta) (b). TEM image of exfoliated ultrathin PTI nanosheets (c), higher
magnification of a PTI nanosheet edge viewed along [001] (d) marked in (c) and simulation (JEMS;
Af=+50 nm, ¢ =2.70 nm; inset).

AFM results were further confirmed by TEM investigations. HRTEM measurements
reveal that the hexagonal shape of the crystallites is in fact retained, and the 2D sheets are
well separated and conformally spread across the substrate (Figure 3.9(c)). Selected area
electron diffraction (SAED) patterns are fully consistent with the expected hexagonal
symmetry of an individual PTI layer (Figure 3.9(c, inset) and Figure S12(a), 7.1 Supporting

information).®

X-ray diffraction patterns (Figure S12(b), 7.1 Supporting information) confirm that both
the restacked PTI nanosheets (Precipitate III) and the precipitates from the previous steps
(Precipitate I and II) show reflections which are consistent with bulk PTI,%® confirming
that the structure of the parent bulk PTI is retained in the nanosheets. Interestingly, the
presence of (hkl) reflections showing no obvious asymmetry or line broadening further
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suggests that the same stacking pattern is adopted after centrifugation, without the occur-
rence of turbostratic disorder in the restacked material.

The identity of the nanosheets was further confirmed by FTIR spectroscopy (Fig-
ure 3.9(b)). The characteristic IR spectrum of the nanosheet Precipitate II is largely remi-
niscent of that of the bulk material, > both having a band at 810 cm™ (triazine ring sextant
out of plane bending) and a fingerprint region 1200 cm™ — 1620 cm™ which is dominated
by the same v(C—NH—C) and v(C=N) stretching vibrations. Nevertheless, Precipitate II
shows a more highly resolved band at 1440 cm™ and the intensity ratio of the v(C—NH—
C) vibrations at 1260 cm™ and 1210 cm™ is slightly shifted. The IR of the nanosheet
suspension (Supernatant 2, measured in solution against a water background) shows
slightly broadened and shifted bands in the region between 1000 cm™ and 1200 cm™!
compared to the bulk material. These changes can be attributed to the water environment
of the nanosheets in Supernatant 2. The composition of the nanosheets (Precipitate III) was
analyzed by elemental analysis (EA), revealing slight differences from the bulk material
(Table S3, Supporting information). PTI nanosheets show decreased lithium content com-
pared to the starting material, suggesting that lithium ions are released during the exfoli-
ation process, possibly by Li*-H* exchange at the [...] basic [...] imide groups through
reaction with water. The atomic C/N ratio of Precipitate II (0.62) is similar to the one in
bulk PTI (0.64).

To further probe the chemical environment and bonding between the carbon and nitro-
gen atoms in the PTI nanosheets (Precipitate III), XPS measurements were conducted. No
obvious shifts of the binding energy of C 1s and N 1s core electrons are observable, sug-
gesting that the chemical states of both carbon and nitrogen atoms in the nanosheets (Pre-
cipitate III) are the same as in bulk PTI (Supporting Information). Two oxygen peaks are
observed for Precipitate III, which are due to air (O1 at 530.8 eV) and water (532.1 eV),
respectively (Figure S14, 7.1 Supporting information).’® Note that the bulk material con-
tains only the first oxygen peak (O1).

To gain more insights into the local structure of the nanosheets relative to the one of
bulk PTI, we performed solid-state NMR spectroscopy with N isotope-enriched samples
of Precipitates I-III and bulk PTT in comparison (Figure 3.10). While being overall similar,
both 3C and N spectra reveal subtle differences in the relative signal intensities on going
from the bulk to the restacked nanosheets. These changes are predominantly attributed to
a decrease in the lithium content in the channels and the resulting higher local symmetry
of carbon and nitrogen environments in the restacked samples. As the Li content does not
further decrease with increasing degree of exfoliation, it is likely determined initially by
the sonication process and unaffected by the subsequent centrifugation exfoliation steps.
In contrast, the water content in the samples, apparent from 'H spectra (signals at 6.2 ppm
and 4.6 ppm), tremendously increases from Precipitate I to III. Polarization exchange be-
tween the PTI protons and the ones of the water molecules as ascertained by '"H'H proton

driven spin diffusion spectroscopy (Figure3.10(d) and Figure S16, 7.1 Supporting



64 CHAPTER III: POLY(TRIAZINE IMIDE)

information) is even faster than the exchange among the PTI protons. This points to a
close vicinity of the nanosheets and water on a molecular scale. Assuming dense mono-
layers of water on the surface of the nanosheet stacks, we find that between 2 and 4 PTI
layers are interspersed with two water layers, based on the relative proton signal intensi-
ties (7.1 Supporting information and Figure S15, 7.1 Supporting information). The derived
height of the nanosheet stack (PTI) 2—4 corresponds well to that measured by AFM (1 nm
— 2 nm). Therefore, NMR presents a viable "bulk method" to indirectly determine the
thickness of nanosheet stacks.
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Figure 3.10 C (a) and “N (b) CP-MAS NMR spectra and 'H (c) CP-MAS NMR spectra for
Precipitates [—III and bulk PTI, respectively. "H'H proton driven spin diffusion spectrum (d) for
Precipitate IIL

The brown color of the PTI nanosheet suspension indicates substantial absorption in
the visible range of the spectrum, similar to bulk PTI. While the strong absorption edge
just below 400 nm is likewise present in the nanosheet suspension, the broad band around
450 nm is less pronounced for Supernatant 2 (measured in water), which may be due to
the absence of layer stacking or to solvation effects. Quantum confinement effects are not
noticeable, since there are only minute changes in the absorption material. More insights
into the electronic band structure is given by Moewes and co-workers, who extracted a band
gap of 2.2 eV for the LiCl-intercalated material.?

Owing to their small particle size and, thus, higher exposed surface area and possibly
higher number of active sites, the PTI nanosheets were tested for photocatalytic hydrogen
evolution and compared to the water reduction activity of the bulk material. The photo-
catalytic activity of the PTI nanosheet suspension (Supernatant 2), of the bulk material as

well as agglomerated PTI (Precipitate I) and partially exfoliated nanosheet fractions (Pre-
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cipitate II) was measured in a water/triethanolamine (TEoA) solution (for details see 7.1
Supporting information) under visible light illumination (Figure 3.11). Under the condi-
tions applied, bulk PTI evolves 4.3 pmol Hz per hour. Sonication of the material for 15 h in
water lowers the activity of the suspension by about 43 %. The formed agglomerates were
centrifuged at 3000 rpm, redispersed and tested with regard to their photocatalytic activ-
ity, confirming the same low activity of Precipitate I compared to sonicated PTI. Precipi-
tate II, containing partially exfoliated PTI, shows an improvement in hydrogen evolution
by 28 % (6.4 umol Hz per hour).
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Figure 3.11 Photocatalytic activity toward Hz production of the Pt-doped Precipitates (I and II)
compared to sonicated PTI and bulk PTI (a), and of the nanosheet suspensions compared to bulk
PTI (b), measured in a 10 vol% TEoA/water solution for 3 h illumination with visible light
(> 420 nm). Cyclic stability tests of the nanosheet suspension: Supernatant 1 with methanol as elec-
tron donor (c). The reactor was purged several times (marked with an asterisk) and methanol was
reinjected twice. UV-Vis spectrum of bulk PTI measured as solid in diffuse reflectance mode com-
pared to Supernatant 2 measured as liquid in transmission mode (d).

To examine the low concentrated PTI nanosheet suspensions (Supernatant 2), 2 mg of
bulk PTI was tested and compared to three different suspensions (2a, 2b and 2c) contain-
ing 2.0 mg, 1.8 mg and 3.6 mg of nanosheets, respectively. While bulk PTI shows an activ-
ity of 0.2 umol H: per hour (Figure 3.11(b)), 2 mg of the PTI nanosheets (Supernatant 2a)
exhibits a much higher hydrogen evolution rate, corresponding to an improvement by a
factor of 18 (3.5 umol H: per hour; 1.3 % apparent quantum efficiency at 400 nm for non-
optimized conditions, see ref 21) as compared to the bulk material. As expected, the more
concentrated nanosheet suspension (Supernatant 2c) shows an even higher photocatalytic
activity, suggesting that hydrogen evolution is not yet diffusion limited under these con-

ditions and light harvesting is not yet impeded by scattering effects. Measurements prob-
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ing whether sustained hydrogen evolution over extended periods of time is feasible were
performed with Supernatant 1 and TEoA (Figure S18; 7.1 Supporting information) or
methanol as electron donor (Figure 3.11(c)). While with TEoA a decrease in activity was
detected, which may be due to degradation of the material under basic conditions, long-
term measurements in methanol show that the PTI nanosheets are steadily evolving hy-
drogen for at least 130 h. Note that after the sixth cycle (after addition of methanol), the
hydrogen evolution rate of the first cycle (6.1 pmol Hz per hour) could almost be recov-
ered (5.4 umol Hz per hour). Furthermore, a strongly wavelength-dependent hydrogen
evolution rate was observed (Figure S18; 7.1 Supporting information).

3.2.3 Conclusion

In conclusion, triazine-based PTI nanosheets have been successfully synthesized through a
simple and cost-effective aqueous exfoliation method starting with bulk PTI powder. The
structure and morphology of the nanosheets was identified by complementary techniques
including TEM, XRD, AFM and solid-state NMR spectroscopy, highlighting the close re-
lationship between the parent PTI and the nanosheets. In agreement with AFM measure-
ments revealing nanosheet thicknesses of 1 nm —2 nm, NMR points to facile water incor-
poration in the restacked nanosheets, forming arrangements of 2 -4 PTI layers inter-
spersed with water layers. Exfoliated PTI is the first structurally well defined, crystalline
2D carbon nitride showing high activity toward photocatalytic water-splitting, which is
among the highest ever observed for pristine carbon nitrides, including mesoporous "g-
CsN4".%212019 The photocatalytic activity of the exfoliated sample is superior by a factor of
>17 to both the non-exfoliated counterpart and melon (internal standard) and by a factor
of > 8 to "g-CsN4" (calculated for 2 mg).”> Our study draws on highly defined, structurally
unambiguous carbon nitride nanosheets and thus paves the way for a better understand-
ing of structure-property relationships in carbon nitrides and the factors influencing the
photocatalytic activity in this promising, yet still largely ill-defined, class of photocata-
lysts.
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Abstract

The relationship between the structure and the optical and photocatalytic properties of
highly crystalline PTI are investigated with respect to cation (Li* / H*) and anion (CI- / Br)
intercalation. PTI can be synthesized under ionothermal conditions by a polycondensation
reaction starting from a nitrogen-rich precursor such as dicyandiamide. The choice of salt
melt determines the ion intercalation into PTI and impacts both structural and optoelec-
tronic properties of PTI. A eutectic mixture of LiCl/KCl leads to the insertion of chloride
ions into the C,N-network, while synthesis in a LiBr/KBr salt melt leads to bromide inter-
calation. In both cases, PTI (P6scm, no 185) is intercalated with lithium and proton ions
that are situated within the C,N-layers. The C,N-layers consist of imide-bridged triazine
units which can form voids. The layers are stacked on top of each other in an ABA fashion
such that every triazine unit is “sandwiched” by two inverted ones (see Figure 3.12(a,b)).
The voids can form channels along the c-direction. Stirring the products (PTI/Li*Cl- or
PTI/Li*Br") in concentrated acids such as HCl, HBr or HF gradually induces the removal of
lithium ions, accompanied by lithium-proton exchange (PTI/H*Cl- or PTI/H'Br-). From
powder X-ray diffraction analysis, the structure of PTI/HCI(HBr) is similar with the start-
ing compound. However, the removal of the lithium ions leads to a contraction of the PTI
layers along [001], and most importantly a relocation of the chloride positions from the
interlayer space to within the plane of the PTI layers, accompanied by partial agglomera-
tion. A concomitant lateral shift of the C,N-layers is possible (caused by the repulsion of
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the anions) but cannot be proven. The appearance of the 011 reflection — forbidden in the
parent compound — suggests a lowering in symmetry from P6scm (no 185) to Pés/m (no
176). The as-synthesized PTI/HCl shows a great similarity with CéNoHs-HCI reported in
2001,' which can be synthesized by a high-pressure solid-state reaction of melamine and
cyanuric chloride. Although PTI/LiBr does not show photocatalytic activity, its chloride
intercalated counterpart remains as a promising visible-light photocatalyst due to the
stronger interplanar mt-orbital overlap or more accessible active sites. The lithium-proton
exchange of PTI/LiCI(LiBr) to PTI/HCI(HBr) induces the densification of the structure
along [001] and, hence, approaching C,N-layers, however this surprisingly results in the
loss of the photocatalytic properties. Only a minor blue-shift of the absorption edge is
observed after protonation which cannot be the main reason for the loss in photocatalytic
activity. Thus, the observed inactivity most likely arises from blocked or modified
catalytically relevant sites due to protonation and sterical hindrances from the relocation
of the anions. These observations emphasize the importance of the accessibility of the

nitrogens as possible active sites.

3.3.1 Introduction

Carbon nitrides in general and melon in particular have come into focus as the first poly-
meric photocatalysts capable of overall water splitting since the seminal report by Wang et
al.2 in 2009. Even though melon is only moderately active compared to most inorganic
photocatalysts,? its abundance, low-cost scalability, light weight and sustainability make it
an attractive photocatalyst for prospective large-scale applications. Subsequent publica-
tions focused on improving the low efficiency of melon mainly by band gap engineering
through doping with heteroatoms as well as organic co-polymerization to enhance light
harvesting, composite formation to counteract charge recombination, and morphology
control e.g. by enlarging its surface area.’ Indeed, a couple of these modified carbon ni-
trides outperform their inorganic competitors. Unfortunately, the race to reach the highest
photocatalytic activities among the carbon nitrides is leading to a disregard of the photo-
catalytic mechanism. This might also be due to the structural imperfection of melon itself.
Therefore, crystalline PTI/LiCl, which has shown to be as active as amorphous melon
(when TEOA is used as the electron donor),* may be the better choice to study structure
property-activity relationships due to its superior long-range order. PTI (CeNoHs) is a two-
dimensional polymer of imide-bridged triazine units forming six-membered ring motifs.
These C,N-layers are stacked in an ABA fashion forming continuous channels along the c-
axis.»57 It has been shown that these channels can be filled with lithium cations along with
anions such as chloride (PTI/LiCl)>¢ or bromide (PTI/LiBr)” depending on the synthesis
conditions. In case of chloride and bromide intercalation, PTI crystallizes in the P6scm
space group (no 185) with stacking distances depending on the intercalated ions (3.36 A
for chloride and 3.52 A for bromide, respectively) (Figure3.12(a,b)).>” For charge-
compensation, lithium ions are intercalated into the structure and found to reside within

the six-membered ring motifs; Li cations can be partly exchanged by protons.® Interest-
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ingly, depending on the amount of intercalated ions, the band gap and band positions and
thus the photocatalytic activity of PTI can be varied. For instance, Moewes and co-workers®
determined a band gap of 2.2 eV for PTI fully loaded with Li/Cl, and of 2.8 eV when no
ions are intercalated. Further, it was suggested that the hydrogen evolution performance
of PTI/LiCl may be further maximized by removing the lithium ions while maintaining
full chloride loading.? This assumption serves as the basis for the work discussed here. We
further show that in contrast to chloride intercalated PTI, PTI/LiBr does not exhibit any
photocatalytic activity, which strengthens the hypothesis that the optical and photocata-
lytic properties of PTI are dependent on the intercalated ionic components as well as the
stacking behavior of PTI.

Figure 3.12 Idealized crystal structure (without protons) of fully loaded (a) PTI/LiCl (ICSD 422088),>
(b) PTI/LiBr (CCDC 902173)” and (c) CsNoHs-HCI° viewed along the c-direction (two layers on top of
each other) (top) and along the b-direction (bottom).

Before the publication of PTI/LiCl in 2008, Wolf and co-workers® already reported on a
PTI-based compound of composition CeNoHs-HCI. Interestingly, this system seems to ful-
fill the criteria of Moewes and co-workers for a lithium-free but chloride-containing sample.®
More precisely, Wolf and co-workers® synthesized this PTI-like compound by means of a
high-pressure route (1.0 GPa — 1.5 GPa, at 500 °C - 550 °C). CsNoHs-HCl is built up from
ABA-stacked imide-bridged triazine units.” In contrast to PTI/LiCl(LiBr), the triazine units
might not be stacked directly on top of each other but may be laterally shifted such that
every triazine unit follows a void filled with a chloride (along the c-axis). While in
PTI/LiCl(LiBr) the chlorides are localized between the C,N layers, the high-pressure leads
to a chloride intercalation within the C,N-layers in the case of CéNoHs-HCl and a de-
creased interlayer distance of 3.22 A. The different stacking leads to a change in symmetry
as the c glide plane is lost (P6s/m, no 176) compared to Péscm (no 185) in PTI/LiCl(LiBr)
(Figure 3.12(c)). The protons are charge-compensating the layers leading to a partial pro-
tonation of the C,N-framework. The exact protonation sites (triazine or imino nitrogen
site) were not finally clarified but seem to be interesting in terms of photocatalysis and the
investigation on active sites. Despite the prediction of Moewes and co-workers,® McMillan
and co-workers'® reported that CeN9Hs-HCl is photocatalytically inactive and formed no
hydrogen in an aqueous methanol solution. The photocatalytic activity of PTI/HCI(HBr) in
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an aqueous triethanolamine solution has not been tested yet although TEoA is easier to

oxidize than methanol.

Here, we demonstrate that the photocatalytic activity of PTI depends on its ionic load-
ing which at the same time influences the layer stacking and accessibility of catalytically
relevant sites. To this end, we synthesized PTI with full chloride or bromide loading and
various lithium-proton-contents by stirring PTI/LiCI(LiBr) in water (0 % HCI(HBr) and
different concentrated acids (<36 % HCl, <47 % HBr and 40 % HF). Treating
PTI/LiCl(LiBr) with highly concentrated acids leads to an almost lithium-free (< 0.1 wt%)
and highly protonated species (PTI/HCI(HBr)). Interestingly, PTI/HCI(HBr) exhibits
highly ordered nitrogen environments. The removal of the lithium ions induces a contrac-
tion of the C,N-layers, a congestion of the voids with chlorides(bromides) and a protona-
tion of possible active centers which causes a blockage of catalytically relevant sites. This
leads to a loss of the photocatalytic activity. The investigation on the structure and prop-
erties of PT1 related to its photocatalytic activity sheds light on catalytically relevant sites
of PTL

3.3.2 Results and discussion

PTI/LiCL,Br was successfully synthesized according to literature protocols” and then
stirred in several concentrated acids (12 % — 36 % HCl, 16 % —47 % HBr and 40 % HF) or
pure water (0 % HCl and 0 % HBr) as described in the Supporting Information (see Chap-
ter 7.1). The filtrated solids have been excessively washed with water (until neutralization
of the filtrate), dried at 60 °C in air and finally characterized.

According to elemental analysis (Table 3.3), a gradual decrease in lithium content is
detected for PTI/LiCl(HBr) when increasing the acid strength. The lowest lithium content
is observed for the samples stirred in the strongest acids (36 % HCl and 47 % HBr). How-
ever, even after stirring and washing the samples multiple times with concentrated acids
and water, traces of lithium ions (= 0.04 wt%) remain. Apparently, parts of the removed
lithium ions are exchanged by protons which are necessary for charge-compensation since
the amount of intercalated counter anions (chlorine and bromine) remains nearly un-
changed after acid treatment. In the case of PTI/LiCl the reported anion contents vary
drastically (11.0 wt%® and 3.3 wt%).® The anion content of as-synthesized PTI/LiCl
(8.2 wt%) is in the range of the literature but lower than that of CsNoHs-HCI (14.5 wt%).°
For PTI/LiBr a higher bromide content is detected (7.5 wt%) compared to the literature
(3.8 wt%).” The harsh acidic conditions do not lead to hydrolysis and fragmentation of the
C,N-network since the carbon-to-nitrogen (weight) ratios of the acid treated samples are
mostly in agreement with the parent compounds. Surprisingly, the C/N value for PTI/LiCl
after acid treatment is slightly reduced compared to the parent compound and seems to
approach the value for CsNoHs-HC1.” Most likely the concentrated acids react with carbon-
rich species and purifies PTI/LiCl from amorphous carbon (implying that those species are
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present in larger amounts in pristine PTI/LiCl) as reported in the case of carbon

nanotubes.!!

Table 3.3 Elemental composition of the PTI/LiCl,Br samples before and after acid treatment meas-
ured in combination with elemental analysis, ICP and XPS.

sample C N H Li? Lib Cl/Brc Cl/Br® restd wt.
[Wt%] [wth] [wt%h] [wth] [wth] [wt%] [Wt%]  [wt%] C/N
PTI/LiCl 30.7 514 1.7 2.3 2.1 8.2 49 9.0 0.60
PTI/LiCl 0% HC1 30.7 514 1.7 2.3 2.0 - 4.3 9.6 0.60
PTI/LiCl 12% HCl 30.9 53.0 1.9 1.7 2.1 - 5.7 7.2 0.58
PTI/LiCl 18% HCl 304 52.3 2.2 1.4 1.5 - 5.6 8.1 0.58
PTI/LiCl 36% HCl 31.3 53.6 2.1 0.1 0.0 8.7 5.5 7.4 0.58
CsNoH3-HCl 26.60  46.77 2.05 14.01 0.57
(CsNo.osHs.51Cl1.07)°
CeéNoH3-HCl 28.39  50.06 1.95 14.94 0.57
(CsNo.o7H4.91Cl1.07)°
PTI/LiBr 315 46.9 2.0 1.2 - 7.47 - - 0.67
PTI/LiBr 0% HBr 315 46.9 2.0 1.2 2.3 - 6.6 1.8 0.67
PTI/LiBr 16% HBr 31.6 47.2 2.1 0.4 0.6 - 7.3 114 0.67
PTI/LiBr 23.5% HBr 322 48.0 2.2 0.6 0.7 - 6.2 10.8 0.67
PTI/LiBr 47% HBr 31.6 47.1 2.1 0.1 0.0 - 6.9 12.2 0.67

aData from ICP analysis. » Data from XPS analysis. < Data from titration. ¢ Based on EA, ICP (Li) and XPS
(C1,Br).

More details about the elemental composition and chemical environment can be ob-
tained by X-ray photoelectron spectroscopy (XPS) and are shown in the Supporting In-
formation. Consistent with the ICP results, the XPS spectra show that the acid treatment
leads to a removal of lithium ions as observed by the gradually vanishing lithium signals
(1s) of PTI/LiCLBr at 54.8 eV / 54.9 eV with increasing concentrations of acids used until
they completely disappear (PTI/LiCl: 36% HCl and PTI/LiBr: 47% HBr) (Figure S22 and
Figure S524). The removal of lithium ions by HCl treatment has also been stated by Ham et
al.? upon performing ion exchange in PTI/LiCl with [Pt(NHzs)4]?. We further observed that
the chemical environment of the anions slightly changes (Figure S22 and Figure 524).
While the binding energies of Cl in PTI/LiCl are 197.7 eV (2psz) and 199.3 eV (2pip), the
signals shift to lower energies when treated with 36 % HCI: 197.0 eV (2ps2) and 198.6 eV
(2p122), which indicates slightly weakened bonding of the chlorides and the PTI scaffold. A
similar shift of the signals can be observed for the bromides in the case of protonated
PTI/LiBr.

The chemical environments of the carbon as well as nitrogen atoms of PTI/LiCl and
PTI/LiBr slightly change after the acid treatment (Figure S21 and Figure S23). In total,
three carbon signals (1s) located at 284.6 eV, 286.2 eV and 287.6 eV can be deconvoluted
for PTI/LiCl and PTI/LiBr. While the first weak signal can be attributed to typical C-C
bonds from adventitious carbon which is used for calibration,’3!5 the two other carbon
peaks arise from sp? C atoms.*'%'7 Theoretically, all carbon atoms in PTI should exhibit
the same chemical environment. However, the irregular lithium/proton distribution is the
reason for the existence of two sp? C signals. The carbon signal at 287.6 eV shifts about

0.3 eV to higher binding energies (287.9 eV) for the sample treated with concentrated
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acids. In general, the signals of PTI/LiBr are broadened and the adventitious carbon peak
at 284.6 eV is more evident, suggesting a larger carbon impurity and lower crystal order
compared to PTI/LiCl. With regard to the high-resolution N (1s) spectra, two signals at
398.3 eV and 399.9 eV can be identified and attributed to the sp?> N atoms of the triazine
rings®%1% and bridging nitrogen atoms'* in N(H"H,HLi*Li)(CsNs)2, respectively
(Figure S21 and Figure 523). Both signals slightly shift to higher binding energy (398.5 eV
and 400.0 eV) due to protonation.

a PTI/LIiCI

PTI/LiCI 0% HCI

i o
PTI/LICI 12% HCI PTI/LiBr 16% HBr

PTI/LICI 18% HCI

PTI/LiBr 23.5% HBr
PTI/LiCl 36% HCI
PTI/LiBr 47% HBr

3500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™ Wavenumber / cm™

PTI/LiBr 47% HBr

15 20 25 30 35 40 15 20 25 30 35 40
2Theta/® 2Theta/"

Figure 3.13 IR spectra (top) and PXRD patterns (bottom) of PTI/LiCl (a,c) and PTI/LiBr (b,d) sam-
ples protonated with HCl or HBr solutions of different concentrations. The IR spectrum of melon is
shown for comparison in (a). Regions that changed due to protonation are highlighted in grey.

The IR spectra of PTI/LiCl and PTI/LiBr are depicted in Figure 3.13(a,b). Both spectra
are in agreement with the IR spectra of the literature and are nearly identical.>” The bands
at 3300 cm™ and 3180 cm™ indicate the presence of -NH groups. The sharp feature at 805
cm is attributed to the out-of-plane breathing mode of triazine units and the region from
1200 cm™ to 1600 cm™ can be assigned to the C=N stretching modes of C,N heterocycles.
When protonated with concentrated acids another feature appears in the region from
3100 cm™ to 2750 cm™ due to the protonation of the -NH groups and the coordination to
the anions (chloride or bromide) as also observed by Wolf and co-workers.! Further, the
bands in the region from 1200 cm™ to 1600 cm™ appear to be more well-defined, which
indicates a higher degree of local order for the protonated samples as compared to their
parent compounds. While most of the PTI vibrations are unaffected, better agreement is
found between the protonated samples and CsNoHs-HCI® (Figure 3.14, left).
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Figure 3.14 IR spectra (a) and PXRD patterns (b) of PTI/LiCl 36% HCI as compared to CsNoHs-HCl
from the literature.!

The powder X-ray diffraction patterns of PTI/LiCl(LiBr) are in agreement with the liter-
ature, though less crystalline.>” Acid treatment of PTI/LiCI(LiBr) leads to a gradual phase
transformation which seems to be brought to completion when concentrated acids are
used (PTI/LiCl 36% HCIl and PTI/LiBr 47% HBr). The removal of the lithium ions through
lithium-proton exchange leads to a decrease in layer distance of the PTI layers as indicated
by the shift of the 002 stacking reflection to higher angles (Figure 3.13(c,d)). Further, loss
of the ¢ glide plane and symmetry reduction to P6s/m (no 176) is observed since a new re-
flection at 18.1° 20 — 18.3° 20 appears which can be assigned to the previously absent and
forbidden 011 reflection. These changes in the PXRD pattern have already been observed
by Ham et al."? and explained by partial delamination or decomposition of the framework

but have not been further analyzed.

Table 3.4 List of hkl and °2 Theta values for PTI/LiCl 36% HCIl compared to PTI/LiCl and
CsNoH3-HCI.

PTI/LiCl (as-synthesized) PTI/LiCl 36% HCl CeNoHs-HCl
hkl 2 Theta / ° hkl 2 Theta / ° hkl 2 Theta / °
010 12.1 010 12.1 010 12.1
011 18.3 011 184
-120 21.1 110 21.1 110 21.1
020 244 200 244 200 243
-121 249 111 25.2 111 252
002 26.6 002 27.9 002 27.7
012 29.3
-130 324 210 324 210 324

Interestingly, the PXRD pattern of PTI/LiCl 36% HCI is similar to the one of
CsNoH3-HCI (Figure 3.14, right and Table 3.4).! The positions of the reflections of the two
compounds are identical which has additionally been confirmed by LeBail fits (see Sup-
porting information, Figure S25). Rietveld refinements, however, was not possible due to
the low quality of the powder patterns (generally, structure solution through Rietveld re-

finement in C,N-polymers is hampered by their relatively low crystallinity).
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While a profile fit is possible, yielding lattice parameters of a=b=8.50 A and ¢ = 6.44 A
for PTI/LiCl 36% HCI (Table 3.5), the intensity of the reflections of the protonated samples
(especially the 010 reflection) do not agree with those reported for CsNoHs-HCI. A fit of the
protonated PTI/LiCl samples was only possible by contracting the layer distance and more
importantly by the “migration” of the anions towards the C,N-layers as reported for
CsNoHs-HCI (Figure 3.12(c)). A lateral shift of the C,N-layers, as suggested for CsNoHs-HCl
did not result in improved LeBalil fits. The high intensity of the 010 reflection of PTI/LiCl
36% HCl could only be recovered by a hypothetical overpopulation of the chlorine content
within the PTI-voids. Since the chlorine content remains unaffected after protonation, the

additional electron density might arise from intercalated water within the voids.

Table 3.5 Lattice parameters from Le Bail fits for the various PTI/LiCl (X% HCI) samples based on
PTI/LiCI5 and CsNoHz-HCI.!

samples lattice parameter from lattice parameters from
LeBail fit based on PTI/LiCl (P6scm) LeBail fit based on CsNoH3-HCI
(P6s/m)

a=b c a=b c
original cifs 8.47 6.75 8.44 6.44
as-synthesized 8.46 6.74 8.53 6.65

PTI/LiCl

PTI/LiCl 0% HCl 8.46 6.71 8.53 6.65
PTI/LiCl 12% HCl 8.51 6.70 8.50 6.58
PTI/LiCI 18% HCl 8.49 6.69 8.50 6.56
PTI/LiCl 36% HCI 8.46 6.73 8.50 6.44

We also observed this phase transformation when PTI/LiBr was stirred in other acids
such as HF (40 %) or an aqueous solution of ammonium fluoride (Figure 3.15). Note that
elemental analysis suggests that no fluorine has been intercalated and the bromine content

remained unaffected, which is in stark contrast to previous reports.”

T
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Figure 3.15 PXRD patterns (a) and IR spectra (b) of PTI/LiBr either treated with 47% HBr or with

40% HF.

To further investigate the chemical environment of PTI/LiCl 36% HCI, we performed
MAS ssNMR measurements and compared the results with PTI/LiCl and Ce¢NoHs-HCI
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(measured under identical conditions) (Figure 3.16). CsNoHs-HCI was synthesized by E.
Wirnhier (LMU Munich) according to the procedure described in the literature.!

As already shown by elemental analysis, PTI/LiCl 36% HCI contains residual lithium
ions and therefore, ’Li MAS spectra were recorded (Figure 3.16(d)). While for PTI/LiCl
only one lithium environment (non-mobile lithium ion at 1 ppm with spinning sidebands,
which result from quadrupolar interaction; deconvolution yields a quadrupolar coupling
constant of 180 kHz and an asymmetry parameter of 0.8)* can be detected, the residual
lithium ions of PTI/LiCl 36% HCIl show two different lithium environments (a mobile
lithium without spinning sidebands at 0 ppm and a non-mobile one at 2 ppm).

b

PTILICI “e
C.N,H, - HCI 300 MHz
PTI/LICI 36% HCI 10 kHz

H
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25 20 15 10 5 0 -5 -10 190 180 170 160 150 140 130
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Figure 3.16 'H (a), 1*C (b), N (c) and “Li (d) CP-MAS solid-state NMR spectra of PTI/LiCl 36% HCl
compared to PTI/LiCl and CsNoHs-HCl (PTI/HCI) measured under identical conditions as given in
the Figure. While for PTI/LiCl only one lithium signal is detected, two lithium signals can be de-
tected in the case of PTI/LiCl 36% HCI (inset).

Additionally, high-resolution 'H measurements were conducted for all samples. Their
main signals arise between 7 ppm and 15 ppm. The intensities below 6 ppm result most
likely from residual water and probe background and consequently are not part of the
samples. For PTI/LiCl 36% HCI this is corroborated by 2D spectra, as will be described
later. The high-resolution 'H spectrum of PTI/LiCl reveals two main signals at 8 ppm and
11 ppm, whereas CeNoHs-HCI has a broad signal at 12.5 ppm with a shoulder at the up-
tield side of the signal. The 'H spectrum of PTI/LiCl 36% HCI also has a broad signal at
about 12.5 ppm with a shoulder and an additional signal at about 10 ppm. Besides the
latter signal, the spectrum largely matches the one of CsNoHs-HCI. To gain deeper insights
into these additional features, a 2D "Li-'"H HMQC spectrum with a mixing time of 352 ps
(see Figure 529, Supporting Information) was recorded. It reveals a correlation between
the lithium signals and the additional proton signals between 12.5 ppm and 9 ppm. The
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intensity of these proton signals are reduced for the samples containing even less lithium.
Hence, we believe that the additional signals arise from the residual lithium ions. The re-
sidual lithium ions complicate the evaluation especially of the 'H ssNMR spectra and con-
sequently further experiments are necessary to completely remove the residual lithium
ions.

The #C CP-MAS ssNMR spectrum of PTI/LiCl 36% HCI reveals three signals at
163.5 ppm, 156.3 ppm and 152.9 ppm. As expected for a protonated structure, all three
signals have protons nearby. This was confirmed by a 2D *C-'H heteronuclear multiple
bond correlation (HMQC) experiment (see Figure 528, Supporting Information), as all
carbon atoms show correlation peaks with proton signals above 7 ppm. This also supports
the assumption that 'H signals below 6 ppm are not part of the sample. For PTI/LiCl, the
13C CP-MAS ssNMR spectrum gives three overlapping signals between 153 ppm and
170 ppm. According to Wirnhier et al.> they are assigned to three different CsNs-triazine
carbon signals which are non-protonated (168.0 ppm) and protonated (162.6 ppm and
157.9 ppm). Further details about the proton/lithium structure and the shift assignment
are given in the PhD thesis of Maria B. Mesch (University of Bayreuth).? The spectrum of
CsNoHs-HCI looks very similar to that of PTI/LiCl 36% HCI, revealing three signals at
164.3 ppm, 156.6 ppm and 154.0 ppm, although the latter two are less well-resolved. Ac-
cording to Wolf and co-workers,' the most prominent BC signal of CsNoHs:HCI, at
164.3 ppm, is assigned to the non-protonated CsNs-triazine carbon which is in agreement
with the one of PTI/LiCl 36% HCI. The signals at 156.6 ppm and 154.0 ppm arise due to
partial protonation. While Wolf and co-workers' assumed protonation of the more basic
triazine-nitrogen to be more favorable, protonation of the imide-nitrogen could not be
excluded. According to Wolf and co-workers! the protonation of the triazine-nitrogen would
lead to a 1:1:1 splitting in the *C spectrum, while the protonation of the imide-nitrogen
would result in two different carbon signals (2:1).! It might also be possible that both kinds
of nitrogen atoms (heterocycle and imide-bridge) are partially protonated. Although the
signal assignment is not clear yet, comparison of the *C NMR spectral features reveals
that PTI/LiCl 36% HCl is similar to CeNoHs-HCI.

This was further studied using ®N experiments. All spectra show signals in the area of
tertiary nitrogen atoms (—200 ppm to —150 ppm) and signals for NH groups (-230 ppm to
—-260 ppm), as expected for these structures with the main difference being the resolution.
The N spectrum of PTI/LiCl 36% HCI is highly interesting due to its exceptionally well-
resolved N resonances, which implies a high local order of the nitrogen signals. The NH
signals (230 ppm to —253 ppm) and the signals between —-160 ppm and —180 ppm are
splitted into four, which are assigned to tertiary nitrogen atoms. The splittings are caused
by protonation and changes in the chemical environments of the nitrogen atoms. Further,
the latter signals are shifted to lower field (-160 ppm and -180 ppm) compared to PTI/LiCl
(-165 ppm and -210 ppm) due to the approach of the chlorid ions, which is well in
agreement with the shifts observed for CsNoH3HCI. A protonation induces additional
positive charges resulting in a lower core shielding.
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The split signals in the *C as well as "N CP-MAS ssNMR spectra of PTI/LiCl 36% HCl
still need to be clarified. Therefore, further investigations using neutron diffraction, 2D
ssNMR experiments ("H-'°N), distance measurements or direct excitation experiments are
needed, preferably with **N-enriched lithium-free samples.

We further performed a series of 2D and pseudo 2D experiments (‘H-'H double-quan-
tum-single-quantum, 'H-C CP build-up and 'H{"Li}REDOR) which are not discussed
here but added to the supplementary information for completeness (see Figure 527,28).
Clearly, PTI/LiCl 36% HCI significantly differs from PTI/LiCl according to the ssNMR
spectra. In general, better agreement can be observed for PTI/LiCl 36% HCl and
CsNoHs-HCL

We used transmission electron microscopy (TEM) to investigate the morphology
changes during protonation to obtain information about possible hydrolysis and degra-
dation during the acid treatment. TEM images of PTI/LiCl 36% HCl demonstrate the for-
mation of regular crystallites with hexagonal symmetry (Figure 3.17(a) and Figure 542), as
also observed for the parent compound. However, some of these crystallites form agglom-
erates along the c-axis after the acid treatment (Figure 3.17(b)). In contrast to PTI/LiCl, the
PTI/LiBr crystallites seem to be corroded (frayed edges) and agglomerated even before
acid treatment (Figure S31). Since the bromine-containing eutectic salt melt is more
aggressive than LiCl/KCl, the resulting PTI/LiBr crystallites are damaged before the per-

formed acid treatment.

Figure 3.17 TEM images of PTI/LiCl 36% HCI. (a) Overview of PTI crystallites spread over the TEM
grid, inset shows a crystallite at higher magnification. (b) The sample contains also crystallites
which are aligned along the c-axis (known from SAD). (c) FFT (inset) of a PTI crystallite shows
three different reflections, namely 010 and 002 which are also found in PTI/LiCl, as well as addi-
tionally the 011 reflection which only exists in the acid treated sample.

By means of selected area diffraction (SAD) patterns and fast Fourier transforms (FFTs),
the crystallites differed from the parent compound, a reduced symmetry has been noticed.
The SAD patterns of PTI/LiCl 36% HCI and PTI/LiBr 47% HBr are in agreement with the
PXRD patterns. Most of the reflections seen here are also visible in PTI/LiCl(LiBr) indicat-
ing that both compounds are structurally closely related (see Figure S32-34, Supporting
Information). Similar to the results of the PXRDs, the stacking distances of the acid treated
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samples are smaller than those of their parent compounds and an additional reflection is
observed which can be assigned to the 011 reflection (Figure 3.17(c) and see Figure S30 of
the Supporting Information). According to SAD simulations (Figure 534), the acid treated
samples are structurally very similar to CeNoHs-HCl (P63/m, no 176), and distinct from
PTI/LiCl

Stirring PTI/LiCl,Br in concentrated acids causes slightly optical whitening of the sam-
ples (Figure S35, Supporting Information). The UV-Vis spectra of PTI/LiCl 0% — 18% HCl
are identical to that of PTI/LiCl and the literature,* showing a dominant absorption in the
UV region between 300 nm and 400 nm with a sharp absorption edge at 420 nm and a
very broad feature at around 450 nm (Figure 3.18(a)). This absorption is less intense after
stirring the sample in 36 % HCI. In contrast to PTI/LiCl, PTI/LiBr exhibits a broad absorp-
tion up to 800 nm (Figure S36). Most likely, this optical feature (resulting in the darker
color of the sample), combined with the increased carbon content determined by C/N
analyses and the corroded crystallites indicates partial decomposition of the framework
and the formation of amorphous carbon due to the more aggressive LiBr/KBr conditions
as compared to LiCl/KClL.?" Still, a small blue-shift (ca. 0.1 eV) of the absorption edge can
also be observed here after acid treatment (Figure 536). A band gap of 1.8 (+0.2) eV can be
extracted for PTI/LiCl by X-ray emission spectroscopy (XES), while the acid treatment
leads to a widening of the band gap to up to 2.1 (¥0.2) eV for PTI/LiCl 36% HCI. XES
analyses have not been performed for PTI/LiBr due to its lower crystallinity as compared
to PTI/LiCl and its broad and ill-defined UV-Vis absorption spectrum.
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Figure 3.18 UV-Vis (a) and XES (b) spectra of PTI/LiCl samples protonated with varied concen-
trated HCI solutions.

Finally, we investigated the photocatalytic activity of the PTI samples. To this end, we
used platinum nanoparticles (2.2 wt%) as the co-catalyst, which were formed in situ by
photoreduction of H2PtCls, and 10vol% of an electron donor (methanol or
triethanolamine) was added. The dispersed samples (10 mgin 10 mL) were illuminated
with simulated sunlight with a 420 nm cut-off mirror (see Chapter 7.1 Supporting
information). While PTI/LiCl produces a significant amount of hydrogen as described in
previous chapters, the activity declines for PTI/LiCl 12% through 18% HCI until it
collapses for PTI/LiCl 36% HCl (Figure 3.19 and Figure S38). Similar to the results
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reported for CeNoHs-HCl by McMillan and co-workers,'* the photocatalytic activity of
PTI/LiCl 36% HCI was negligibly low (even when illuminated with a 250 nm — 2000 nm
filter), especially when MeOH was chosen as sacrificial agent. Even though Moewes and co-
workers® had predicted a high photocatalytic activity for lithium-free PTI/LiCl, actually the
opposite has been shown to be the case for PTI/HCI here.

0.304 PTI/LICI 10 vol% MeOH

PTI/LiCI

0.25+ 12% HCI

0.20 4

0.154

0.10 -
PTI/LICI

18% HCI

Produced H, / pmol h”
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36% HCI

0.00 -

Figure 3.19 Photocatalytic activity of 2.2 wt% Pt-modified PTI/LiCl compared to PTI/LiCl 12-36%
dispersed in an aqueous 10 vol% methanol solution and illuminated with a 420 nm cut-off filter.

The photocatalytic activity of PTI/LiBr is very low even before the acid treatment, but
also declines further when treated with acids (see Figure S38 and Figure S39). The gradual
decrease in photocatalytic activity seems to correlate with the extraction of the lithium
ions and the accompanied phase transformation from PTI/LiCl,Br to PTI/HCLBr which

had not been considered by Moewes and co-workers.®

For this reason, we tried to reinsert the lithium ions in PTI/LiCl 36% HCI to re-form
photocatalytically active PTI/LiCl,Br. To this end, a PTI/LiCl 36% HCI sample (containing
0.19 (x0.01) wt% of lithium) was stirred in a saturated LiOH solution (alternatively, dialy-
sis was carried out with a saturated LiCl solution) for more than one week and rinsed the
obtained product in water until neutralized. According to ICP, the lithium content of
PTI/LiCl 36% HCI could be increased from 0.19 wt% to 0.53 (+0.01) wt% (by stirring in
LiOH solution) and to 0.58 (+0.01) wt% (by dialysis with LiCl) but did not reach the origi-
nal value of 2.1 wt% (PTI/LiCl). Even though we saw an increase in the lithium content,
the PXRD patterns remained unchanged, thus no phase transformation back to PTI/LiCl
could be detected. While we could triple the lithium content, the photocatalytic activity
only increased by about 39 %, which might be due to the irreversibly contracted layer
distance and less accessible active sites of PTI (Figure S40) in the more densified structure
of PTI/LiCl 36% HCI. We also reheated PTI/LiCl 36% HCI in a LiCI/KCI salt melt (under
closed atmosphere) to reinsert lithium ions but the resulting products did not show any

increased lithium content.
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3.3.3 Conclusion

In conclusion, the acidic extraction of the lithium ions in PTI/LiCI(LiBr)>7 is accompanied
by a lithium-proton exchange and results in an irreversible phase transformation from
PTI/LiCl(LiBr) to PTI/HCI(HBr). While PTI/LiCI(LiBr) can easily be synthesized by an
ionothermal procedure, high-pressure was needed for the synthesis of PTI/HCI
(CsNoH3-HCI) so far.! The presence of residual lithium ions in PTI/HCI(HBr) indicates that
the lithium-proton exchange has not been completed. Due to the results of X-ray and se-
lected area diffraction, IR and XPS analysis, we conjecture that the protonated samples
essentially consist of PTI/HCI(HBr). The PXRD patterns of PTI/HCI(HBr) further show
reduced symmetry (space group P6s/m) and a reduced interdistance compared to the par-
ent compound PTI/LiCI(LiBr). Notably, the position of the anions in PTI/HCI(HBr) has
changed compared to PTI/LiCl(LiBr); Cl and Br now likely reside in the voids within the
PTI layers. A lateral shift of the C,N-layers as suggested for CsNoHs-HCl may be possible
but cannot be verified. Additionally, partial agglomeration of the PTI crystallites was de-
tected by TEM. Interestingly, solid-state NMR measurements reveal an exceptionally high
order in the carbon nitride backbone of PTI/HCI which will be further analyzed in the
future. While the reduced layer distance in PTI/HCI(HBr) would be expected to result in
improved interlayer interactions, including charge separation and transfer, as compared
to PTI/LiCI(LiBr), the band gap increases for PTI/HCI(HBr) and lower photocatalytic ac-
tivity has been detected. The loss in the photocatalytic activity of PTI/HCI(HBr) can be
reasoned by: a) a hampered charge transfer along the stacking direction (and stacked
triazines) due to a possible lateral shift of the C,N-layers,'' b) a reduced absorption in the
region of visible light due to an increased band gap and c) more significant, a reduced
accessibility of the catalytically relevant sites due to the contraction of the carbon nitride
layers, partial agglomeration, more packed voids and proton-poisoned nitrogen moieties
which can act as anchor groups for the co-catalyst platinum. The insights obtained by
studying the ionic effects on the structure-property-activity relationships in PTI in partic-
ular and organic photocatalysts in general, will be helpful for unmasking of catalytically

relevant sites.
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Abstract

Covalent organic frameworks (COFs) have recently emerged as a new generation of po-
rous polymers combining molecular functionality with the robustness and structural defi-
nition of crystalline solids. Drawing on the recent development of tailor-made semicon-
ducting COFs, we report here on a new COF capable of visible-light driven hydrogen
generation in the presence of Pt as a proton reduction catalyst (PRC). The COF is based on
hydrazone-linked functionalized triazine and phenyl building blocks and adopts a layered
structure with a honeycomb-type lattice featuring mesopores of 3.8 nm and the highest
surface area among all hydrazone-based COFs reported to date. When illuminated with
visible light, the Pt-doped COF continuously produces hydrogen from water without
signs of degradation. With their precise molecular organization and modular structure
combined with high porosity, photoactive COFs represent well-defined model systems to

study and adjust the molecular entities central to the photocatalytic process.
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4.1.1 Introduction

The last decade has seen a continuous rise in activity revolving around the development
of potent photocatalytic systems which are capable of transforming solar energy into
chemical fuels.! Whilst most photocatalysts are based on inorganic semiconductors,? there
are a few examples of materials composed solely of light elements.®> These systems,
prominently represented by carbon nitride polymers, are moderately active in hydrogen
generation from water,* however their performance can be significantly enhanced by
morphology tuning and structural modifications, including doping.>® The major downside
of these polymers, however, is their lack of crystallinity and generally low surface areas,
which are inherently hard to control. In addition, carbon nitrides are invariably composed
of heptazine or triazine units, thus offering only limited chemical variety and they are not
very susceptible to systematic post-modification. A closely related class of organic poly-
mers, dubbed covalent organic frameworks (COFs), is apt to overcome these inherent
weaknesses of carbon nitrides by combining chemical versatility and modularity with
potentially high crystallinity and porosity.”!! Recently, unique 2D COFs with interesting
optoelectronic properties have emerged, representing ideal scaffolds for exciton separa-
tion and charge percolation within self-sorted, nanoscale phase-separated architectures.
Whereas most COFs rely on the formation of water-labile boronate ester linkages,'? a few
other examples based on imine'>!” and hydrazine'® linkages have been synthesized re-
cently. For example, the imine-based COF-LZU1 in combination with Pd has been used as
catalyst in Suzuki couplings.!® Surprisingly, after the pioneering work by Yaghi, hydrazone
formation has not been used again for the synthesis of COFs, although hydrazones are
typically much less prone to hydrolysis than imines.?’ This chemoselective type of bond
formation between a substituted acyl hydrazine and an aldehyde is highlighted by its use
in labeling modified proteins?' and for drug delivery purposes.?

Although big strides towards photoactive COFs with light-harvesting and charge sep-
aration capabilities have already been made,>?*? COFs have not yet been explored as
photosensitizers in photocatalytic systems for the production of solar fuels. A first indica-
tion of the underlying potential of COFs as a photoactive material was the light-induced

activation of oxygen by a squaraine-based COF reported recently by Jiang and co-workers.'®

Herein, we report the first COF which is active in visible light induced hydrogen evo-
lution in the presence of Pt as the proton reduction catalyst (PRC). Our hydrazone-based
COF (TFPT-COF) is constructed from 1,3,5-tris-(4-formyl-phenyl)triazine (TFPT) and 2,5-
diethoxy-terephthalohydrazide (DETH) building blocks (Figure 4.1), featuring mesopores
of 3.8 nm in diameter and the highest surface area among all hydrazone-based COFs re-

ported so far.
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Figure 4.1 Acetic acid catalyzed hydrazone formation furnishes a mesoporous 2D network with a
honeycomb-type in plane structure. (a) Scheme showing the condensation of the two monomers to
form the TFPT-COF. (b) TFPT-COF with a co-facial orientation of the aromatic building blocks,
constituting a close-to eclipsed primitive hexagonal lattice (grey: carbon, blue: nitrogen, red: oxy-

gen).

4.1.2 Results and Discussion

TFPT-COF: Synthesis and characterization

Triazine-based molecules offer high electron mobilities, electron withdrawing character?’
and are hence widely used in synthetic chemistry?* and optoelectronics.?® TFPT has a
much smaller dihedral angle between the phenyl and triazine unit (~7.7°) compared to its
benzene centered analogue (38.3°) (Figure 543, 7.1 Supporting information).** As a conse-
quence, the use of TFPT should facilitate the formation of a planar COF with an extended
Tt-system compared to the monomers and enhanced crystallinity. Indeed, the TFPT-COF
turns out to be crystalline and at the same time stable in methanol and other solvents

(Figure S57, 7.1 Supporting information).

TFPT-COF was synthesized by the acetic acid catalyzed reversible condensation of the
building blocks in dioxane-mesitylene (1:2 v/v) at 120 °C in a sealed pressure vial under
an argon atmosphere for 72 hours. The product was obtained as a fluffy pale-yellow nano-
crystalline solid. To remove any starting material or solvent contained in the pores, TFPT-
COF was centrifuged, washed with DMF and THF, soaked in DCM for 3 hours, and sub-
sequently heated to 120 °C under a high dynamic vacuum for 12 h (107 mbar). It is worth
mentioning that TFPT-COF could also be synthesized by in situ deprotection and subse-
quent condensation in a one-pot procedure (see Scheme S6, 7.1 Supporting information).
Using this reaction scheme, the acetal protected TFPT is deprotected by treatment with a
catalytic amount of camphorsulfonic acid in the solvent mixture. The COF formation is

then started by adding the corresponding catalytic amount of sodium acetate to the reac-
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tion mixture. After 72 h, we obtained a material chemically and structurally identical to
TFPT-COF (Figure S44, 7.1 Supporting information). This protocol opens the door to a
new variety of acetal-protected building blocks and at the same time enhances the solubil-

ity of otherwise insoluble building blocks due to the aliphatic protection group.

ATR-IR data of TFPT-COF show stretching modes in the range 1670 cm™ — 1660 cm™
and 1201 cm™ - 1210 cm™?, which are characteristic of C=N moieties. The lack of the alde-
hyde Fermi double resonance at 2824 cm™ and 2721 cm™, as well as the aldehyde carbonyl
stretching vibration at 1700 cm™ of the TFPT monomer clearly suggests the absence of any
starting material. Furthermore, the triazine moiety is still present in the TFPT-COF as
ascertained by the triazine semicircle stretch vibration at 806 cm™ (Figure S45, 7.1

Supporting information).
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Figure 4.2 Characterization of the TFPT-COF by PXRD and MAS solid-state NMR spectroscopy. (a)
and (b) PXRD suggests a (close to) eclipsed layer stacking as confirmed by Pawley refinement of
the AA-stacked structure model. (c) Assignment of *C and 'H NMR data. (d) ¥C CP-MAS NMR
spectrum, asterisks mark spinning side bands. (e) "H MAS NMR spectrum with a group of signals
centered between 1 and 8 ppm; asterisks mark spinning side bands.

H solid-state NMR MAS spectroscopy shows the presence of the ethoxy group through
signals at 1.39 ppm (CHs—CH>-O) and 3.29 ppm (CHs-CH>-O) (Figure 4.2(e)). The aro-
matic region is represented by a broadened signal at 6.5 ppm. Furthermore, the *C CP-
MAS spectrum clearly supports the formation of a hydrazone bond corresponding to the
signal at 148.9 ppm, and confirms the presence of the triazine ring (167.9 ppm) (Fig-
ure 4.2(d)). All other signals were also unambiguously assigned to the corresponding

carbon atoms (Figure 4.2(c))."8
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Powder X-ray diffraction (PXRD) measurements confirm the formation of a crystalline
framework with metrics being consistent with the structure model shown in Figure 4.1.
Comparison of the experimental data with the simulation® reveal a hexagonal structure
with P6/m symmetry and an eclipsed AA layer stacking, which is in line with most COF
structures reported to date (Figure 4.2(a)).”!! Nevertheless, we assume that slight offsets
with respect to the ideal co-facial layer stacking have to be taken into account as recently
delineated by Heine,*? Dichtel and co-workers.* Subtle layer offsets which are not resolvable
by XRD result in the minimization of repulsive electrostatic forces between the layers with
respect to the energetically less favorable, fully eclipsed structures. Nevertheless, whether
the same situation also holds true for hydrazone COFs has yet to be demonstrated.

Pawley refinement (including peak broadening) of the experimental powder pattern
gave lattice parameters of a = b = 41.90 A (Figure 4.2(a) and Figure S47, 7.1 Supporting
information). The theoretical powder pattern of the related staggered conformation de-
rived from the gra net with P6s/m symmetry does not reproduce the observed intensity
distribution and was therefore discarded (Figure 4.2(a) and Figure S50, 7.1 Supporting
information). The 001 diffraction peak at 20 = 26.6° corresponds to an interlayer distance
of 3.37 A (Figure 4.2(b)), suggesting a typical van der Waals contact between the aromatic
layers. Interestingly, the presence of the ethoxy groups protruding into the pores does not
notably increase the interlayer distance, thus indicating a predominantly coplanar ar-
rangement with the plane of the honeycomb lattice.

According to the above theoretical studies and other predictions for the stacking of tri-
azines by Gamez et al.;** we have also simulated a parallel displaced structure (displace-
ment vector 1.4 A) with an AA'A-type stacking sequence (Figure S51 and Figure S52, 7.1
Supporting information). As expected, the simulated PXRD is very similar to both the
experimental PXRD as well as the PXRD calculated for the perfectly eclipsed structure
(Figure 543, 7.1 Supporting information).

Argon sorption measurements at 87 K clearly show the formation of mesopores as indi-
cated by a typical type IV adsorption isotherm (Figure 4.3(a)). The Brunauer-Emmett-
Teller (BET) surface area was calculated to be 1603 m? g' (total pore volume is 1.03 cm?® g,
Figure S54, 7.1 Supporting information), which is the highest measured surface area
among all hydrazone COFs reported to date.’>15% Comparing these values with those of
COF-43, derived from a benzene-centered trigonal building block with the same pore
size,'® the surface area has more than doubled, probably as a consequence of the smaller
dihedral angle of the triazine-centered TFPT and the resulting more favorable stacking
interactions, or due to the more complete activation of the material. The pore size distri-
bution (PSD) was evaluated with non-local density functional theory (NLDFT). The ex-
perimental PSD exhibits a maximum at 3.8 nm, thereby verifying the theoretical pore di-
ameter of 3.8 nm (Figure S55, 7.1 Supporting information), which is the same pore size
found by Yaghi and co-workers for their benzene-centered COF.'® Transmission electron

microscopy images confirm the data derived from PXRD and sorption measurements. The
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hexagonal pore arrangement with pore distances of =3.4 nm is clearly visible, as well as
the layered nanomorphology (Figure 4.3(b)).
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Figure 4.3 Structural characterization of TFPT-COF by physisorption and TEM. (a) The argon-
sorption isotherm shows the formation of mesopores, consistent with the predicted pore size based
on the structure model. The reversible type IV isotherm (adsorption: black triangles, desorption:
white triangles) gives a BET surface of 1603 m? g'. (b) TEM image showing the formation of hexag-
onal pores.

The diffuse reflectance UV-Vis spectrum of the yellow powder exhibits an absorption
edge around 400 nm (the spike at 350 nm is due to a change of the light source), with the
absorption tail extending well beyond 600 nm (Figure 4.4(a)). We estimate an optical band
gap of roughly 2.8 eV from the absorption edge, based on the Kubelka—-Munk function
(Figure S56, 7.1 Supporting information). The TFPT-COF shows a pronounced red-shift of
the absorption edge by 33 nm in comparison with the individual building blocks. A simi-
lar broadened and red-shifted absorption of the COF with respect to the monomers has
been found by Jiang and co-workers for several COF systems.’3??” In principle, the ob-
served HOMO-LUMO gap of the TFPT-COF is large enough to enable water splitting
through band gap excitation and at the same time small enough to harvest a significant

portion of the visible light spectrum.

To investigate this possibility, we studied the light-induced hydrogen evolution medi-
ated by Pt-modified TFPT-COF in the presence of a sacrificial electron donor as the pho-
tocatalytic system under visible light irradiation. While TFPT-COF primarily acts as a
photosensitizer for exciton generation, Pt functions as PRC. We previously demonstrated
that the Pt-modified triazine-based carbon nitride poly(triazine imide) (PTI) shows sub-
stantial photocatalytic activity, despite its amorphous character.® Therefore, the presence
of triazine moieties in the TFPT-COF, along with a moderate band gap, renders this crys-
talline COF an excellent candidate to study hydrogen-evolution and possible structure—

property relationships.

Photocatalytic hydrogen evolution

Hydrogen evolution was studied under standardized conditions and measured in the
presence of the PRC Pt, using sodium ascorbate as sacrificial electron donor (see 7.1
Supporting information for details). In fact, TFPT-COF/Pt is a potent photocatalytic

system, showing continuous and stable hydrogen production of 230 umol h g
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(Figure 4.4(b) and Figure 564, 7.1 Supporting information). The total amount of hydrogen
produced after 52 h (with sodium ascorbate) exceeds the total amount of hydrogen
incorporated in the material (97.6 umol), which adds evidence that hydrogen evolution is
in fact catalytic and does not result from stoichiometric decomposition of the COF itself.
Measurements in the dark (Figure S64, 7.1 Supporting information) show no hydrogen
evolution, confirming that the evolution of hydrogen is a photoinduced effect. The
monomer TFPT alone does not show photocatalytic activity under these conditions either.
The long-time stability was tested by catalyst cycling, i.e. centrifugation of the reaction
mixture, washing of the precipitate and addition of fresh sodium ascorbate solution. Even
after three cycles the hydrogen evolution does not decrease (Figure S65, 7.1 Supporting
information). Small fluctuations are due to small concentration differences of the

COF/aqueous sodium ascorbate suspensions.
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Figure 4.4 Optical properties of the TFPT-COF and photocatalytic hydrogen evolution. (a) UV-Vis
diffuse reflectance spectra of TFPT-COF (black) and its monomers (blue and purple). (b) Time
course of hydrogen evolution from an aqueous sodium ascorbate solution by the Pt-modified
TFPT-COF under visible light irradiation (A > 420 nm). The inset shows the hydrogen evolution
rate (19.7 umol h™) from 10 vol% aqueous TEoA solution over 5 h (purple). (c) Overlay of UV-Vis
absorption of TFPT-COF and action spectrum of Pt-modified TFPT-COF in a 10 vol% aqueous
TEoA solution using 40 nm FWHM band-pass filters. (d) TEM image of TFPT-COF/Pt after illumi-
nation for 84 h showing the formation of Pt nanoparticles (5 nm).

Using a 10 vol% aqueous triethanolamine (TEoA) solution as sacrificial donor, an even
higher hydrogen evolution rate was detected, with the amount of hydrogen evolved in the
tirst five hours being as high as 1970 umol h™' g7, corresponding to a quantum efficiency
of 2.2 %, while maximum AQEs of up to 3.9 % were obtained for individual batches (Fig-
ure 4.4(b)). However, this high rate comes along with a quicker deactivation of the photo-
catalytic system. By reducing the amount of TEoA (1 vol%) and adjusting the suspension

to pH =7, stable hydrogen evolution for a longer time range (24 hours) was detected.
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The observed high amount of hydrogen evolved under standard basic conditions
(1970 umol h™ g) suggests that TFPT-COF/Pt is superior to Pt-modified amorphous
melon, g-CsN4 (which was synthesized according to Zhang et al.®> at 600 °C) and crystalline
PTI (720 umol h™' g7, 840 umol h' g and 864 umol h! g-!, respectively),® which were
tested under similar conditions for three hours with TEOA as sacrificial donor. We also
studied oxygen evolution to probe whether full water splitting is possible with the TFPT-
COF. However, no Oz could be detected under the conditions used (see 7.1 Supporting

information).

Reconversion of TFPT-COF

After photocatalysis, the amorphous material was coated with dispersed Pt nanoparticles,
formed in situ (Figure 4.4(d)). The TEM images suggest that the material loses its long-
range order during photocatalysis (Figure 4.4(d)), which is supported by XRD measure-
ments (Figure 4.5 and Figure S58, 7.1 Supporting information). This loss of long-range
order has also been observed by Dichtel and co-workers and has been assigned to exfoliation
of the COF in water.?’ To test this hypothesis, we carried out sorption measurements and
PXRD after photocatalysis (95h of irradiation in sodium ascorbate solution). TFPT-
COF/Pt was filtered off as a greenish solid (Figure 4.5, inset picture, see 7.1 Supporting
information for more images). A DCM extract of the solid catalyst did not contain any
molecular material, which suggests that the as-obtained powder did not decompose and
no monomers were released. At the same time, however, crystallinity was lost (Figure S58,
7.1 Supporting information) and the BET surface area was reduced to 410 m2g’!
(Figure S60, 7.1 Supporting information). Nevertheless, we found that the amorphous
product can easily be reconverted into the crystalline and porous TFPT-COF with a BET
surface area of 1185 m? g (Figure 4.5 and 7.1 Supporting information) by subjecting it to
the initial synthesis conditions. Further experiments revealed that the TFPT-COF loses its
long-range order during sonication in water. Overall, this observation strengthens the
hypothesis that the COF is exfoliated in water,? thereby losing its long-range order, while

the connectivity and photoactivity is retained.
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Figure 4.5 Transformation of TFPT-COF during photocatalysis and subsequent recovery by recon-
version (see 7.1 Supporting information for details). Inset photographs show color change from
yellow (TFPT-COF) to green (TFPT-COEF/Pt).
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4.1.3 Conclusion

In conclusion, we have developed a new crystalline hydrazone-based TFPT-COF, which is
the first COF to show photocatalytic hydrogen evolution under visible light irradiation in
the presence of Pt as PRC. This framework is competitive with the best non-metal photo-
catalysts for hydrogen production and represents a light weight, well-ordered model sys-
tem, which in principle can be readily tuned — by replacement, expansion or chemical
modification of its building blocks — to further study and optimize the underlying mech-
anism of hydrogen evolution mediated by the framework and to enhance its light har-
vesting capability. The triazine moieties in the TFPT-COF, which are likewise present in
the recently developed triazine-based carbon nitride photocatalytic system PTI/Pt, may
point to an active role of the triazine unit in the photocatalytic process.

The development of COFs as tunable scaffolds for photocatalytic hydrogen evolution
enables a general bottom-up approach toward designing tailor-made photosensitizers and
photocatalysts with tunable optical and electronic properties, a goal we are currently pur-
suing in our lab. We expect this new application of COFs in photocatalysis to open new
avenues to custom-made heterogeneous photocatalysts, and to direct and diversify the

ongoing development of COFs for optoelectronic applications.
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4.2 Oligomers of the archetype covalent-triazine framework CTF-1

Phenyl-triazine oligomers for light-driven hydrogen evolution

Katharina Schwinghammer, Stephan Hug, Maria B. Mesch, Jiirgen Senker and
Bettina V. Lotsch

Published in: Energy Environ. Sci. 2015, 8, 3345—3353; DOI: 10.1039/C5EE02574E.

CTF-1 )
Predicted Experimental H2

Abstract

The design of stable, yet highly tunable organic photocatalysts which orchestrate multi-
step electron transfer reactions is at the heart of the newly emerging field of polymer
photocatalysis. Covalent triazine frameworks such as the archetypal CTF-1 have been
theorized to constitute a new class of photocatalytically active polymers for light-driven
water splitting. Here, we revisit the ionothermal synthesis of CTF-1 by trimerization of
1,4-dicyanobenzene catalyzed by the Lewis acid zinc chloride and demonstrate that the
microporous black polymer CTF-1 is essentially inactive for hydrogen evolution. Instead,
highly photoactive phenyl-triazine oligomers (PTOs) with higher crystallinity as com-
pared to CTF-1 are obtained by lowering the reaction temperature to 300 °C and prolong-
ing the reaction time to >150 hours. The low reaction temperature of the PTOs largely
prevents incipient carbonization and thus results in a carbon-to-nitrogen weight ratio
close to the theoretical value of 3.43. The oligomers were characterized by MALDI-TOF
and quantitative solid-state NMR spectroscopy, revealing variations in size, connectivity
and thus nitrile-to-triazine ratios depending on the initial precursor dilution. The most
active PTO samples efficiently and stably reduce water to hydrogen with an average rate
of 1076 (+278) pumol h™! g! under simulated sunlight illumination, which is competitive
with the best carbon nitride-based and purely organic photocatalysts. The photocatalytic
activity of the PTOs is found to sensitively depend on the polymerization degree, thus
suggesting a prominent role of the unreacted nitrile moieties in the photocatalytic process.
Notably, PTOs even show moderate hydrogen production without the addition of any co-
catalyst.
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Broader Context

The increasing demand of renewable energy resources, such as hydrogen generated by
photocatalytic water reduction, necessitates the exploration of efficient, stable, non-toxic
and abundant photocatalysts. While organic photocatalysts fulfil these requirements, ra-
tional catalyst design remains challenging both experimentally and computationally due
to the scarcity of structure—property-activity insights, particularly in disordered poly-
meric systems. This case in point is illustrated by the archetype covalent triazine frame-
work CTF-1, which was computationally predicted to satisfy the (thermodynamic) criteria
for exhibiting activity for photocatalytic hydrogen evolution, but shown to be nearly inac-
tive here. We demonstrate further that triazine-based oligomers populated with terminal
nitrile groups, rather than the extended framework, are highly active photocatalysts for
the hydrogen evolution reaction. The nitrile groups likely act as solubilizing agents and
conduits for charge transfer between the oligomer, co-catalyst and reactants, which puts
the role of functional groups embedded in the carbon nitride backbone in the spotlight.
This work thus illustrates the potential of well-defined oligomeric systems as a new gen-
eration of metal-free photocatalysts and provides a guideline for the rational design of

novel organic photocatalysts by molecular engineering.

4.2.1 Introduction

The direct conversion of solar energy to chemical energy, exemplified by light-induced
water splitting into hydrogen and oxygen, enables the sustainable generation of storable
chemical fuels and is hence a green energy cycle.! However, the development of a cost-
effective process for the generation of hydrogen from water has yet to be developed.!
Since the discovery of water splitting on an n-type semiconducting TiO: electrode by
Fujishima and Honda in 1972, research largely focused on inorganic semiconductors that
often entail costly and environmentally critical fabrication steps.®> The development of
carbon-based photocatalysts has become an active research field, which has produced the
first promising examples of polymers,* graphite oxide,® carbon nitrides®® and COFs’ as
predominantly carbon-based photocatalysts. In particular, the incorporation of triazine
units into polymeric systems has been shown to correlate with efficient hydrogen evolu-
tion as the triazine nitrogen, with its free electron pair and electron poor character, may
act as the active site.®”*2 An example of such a triazine system is the covalent triazine
framework CTF-1 (see Scheme 4.1) which was first synthesized in 2008 by Kuhn et al.3
CTF-1 is built from alternating triazine and phenyl building blocks forming a 12-mem-
bered hexagonal ring system, resulting in layers which are stacked in a close-to-eclipsed
AA-type fashion.”® The black colored and highly porous product is obtained from 1,4-
dicyanobenzene by a trimerization reaction under inert ionothermal conditions at 400 °C
for 40 hours.”* However, incipient carbonization occurs due to the elevated reaction
temperature, as evidenced by the larger carbon content and the dark color of the prod-

uct.’® In 2012, Ren et al.** achieved the synthesis of yellow colored and thus largely carbon-
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free, but non-porous CTF-1 through a super acid-catalyzed (microwave-assisted) synthe-

sis.
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1,4-dicyanobenzene trimer, dendrimer and further oligomers

Scheme 4.1 Reaction mechanism of CTF-1 starting from 1,4-dicyanobenzene, which leads to the
formation of oligomers via trimerization and, ultimately, to an extended 2D CTF (right). The ideal-
ized crystal structure of fully condensed, crystalline CTF-1 is shown in an AA-type eclipsed config-
uration (viewed along the c-direction).

Such colored compounds may be capable of light-induced hydrogen evolution drawing
on recent experimental and theoretical results delineating the structural and photophysi-
cal properties of CTF-1-type materials.'*'> Moreover, based on first principles calculations,
Zhao and co-workers'® predicted that certain CTFs including CTF-1 should be promising
visible-light photocatalysts according to the suitable band gap of CTF-1 (2.42 eV) and the
position of its band potentials which are dependent on the nitrogen content of the CTFs,

the number of ring systems, and the extent of m—m interactions.

Here, we revisit the synthesis of CTF-1 and demonstrate that conditions circumventing
the formation of amorphous carbon invariably yield low molecular weight triazine-based
compounds, henceforth referred to as phenyl-triazine oligomers (PTO), with intriguing
optical and electronic properties. These oligomers are studied with respect to their photo-
catalytic activity for hydrogen evolution and compared to the archetypal CTF-1 and the
related molecular model system 2,4,6-tris(p-cyanophenyl)-1,3,5-triazine, henceforth re-
ferred to as “the trimer”. In contrast to black CTF-1 which shows negligible catalytic activ-
ity, the most active PTO samples exhibit an average, but non-optimized hydrogen evolu-
tion rate of 1076 (+278) umol h™! g-'. Thus, PTOs are competitive with the commonly used
melon (g-CsN4) and other purely organic photocatalysts®'17-1° with regards to hydrogen
evolution under simulated sunlight, and long-term stability. Notably, PTOs are even ac-
tive without the addition of any co-catalyst.’” Their high activity and potential to act in a
Pt-free environment (121 umol h™* g') renders triazine-based photocatalysts and PTOs in

particular promising candidates for truly abundant photocatalysts.

4.2.2 Results and Discussion

CTF-1 synthesized according to literature protocols was tested for hydrogen evolution
under simulated sunlight (for experimental details see below and Table S15, 7.1
Supporting information) but was found to show very low activity. We rationalize the low
activity of CTF-1 with the large carbon content in the sample, as the synthesis of CTF-1
seems to be a delicate balance between incomplete polymerization resulting mostly in
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oligomers, and the competitive formation and degradation of the framework yielding
amorphous carbon at elevated temperatures. At the originally applied synthesis
temperature of 400 °C, a large amount of carbon is formed, which may well hinder light
penetration to the photocatalyst.!® In addition, the thermodynamic driving force for
electron transfer in the extended system may be too low to support efficient hydrogen

evolution.

Synthesis

We therefore attempted to synthesize non-carbonized CTF-1. While the synthesis of yel-
low colored CTF-1 according to Ren et al.' requires water-free conditions, we modified the
original ionothermal approach,’® thereby obtaining PTOs rather than the extended CTF-1
polymer. The syntheses of the PTOs were carried out in a fashion analogous to the origi-
nal ionothermal synthesis using zinc chloride melts, as established by Antonietti and co-

workers.13

Table 4.1 Synthesis conditions used for the PTOs and the reference material CTF-1.

sample eq. ZnClz synthesis temperature / °C synthesis time?/ h
PTO-300-1 1 300 168
PTO-300-2.5 2.5 300 168
PTO-300-5 5 300 168
PTO-300-10 10 300 168
PTO-300-15 15 300 168
PTO-350-1 1 350 96
PTO-350-10 10 350 96

CTE-1°b 1 400 48

aHeating at a rate of 60 °C h-' and cooling at 10 °C h'l. ® Synthesized according to Kuhn et
al.?

As already stated in that work, syntheses at temperatures below 350 °C yielded mainly
soluble products after two days of reaction time. Due to the slow reaction kinetics at
350 °C we prolonged the reaction times to increase the conversion, in accordance with
van’t Hoff's law.?’ Indeed, reaction times of 96 h for syntheses at 350 °C and of 168 h at
300 °C led to oligomeric products which were insoluble in organic solvents (THF, acetone,
ethanol, chloroform and dichloromethane), water and hot 1 M HCL. During the organic
washing procedure (and later on by Soxhlet extraction) with THF, smaller oligomers and
unreacted starting material were washed off (organic phase of PTO, see Figure S68 and
Figure S69, 7.1 Supporting information). The detailed synthesis conditions are shown in
Table 4.1. The products are identified by adding to the prefix PTO first the synthesis
temperature and then the equivalents of zinc chloride with respect to 1,4-dicyanobenzene
used in the synthesis.

Characterization
First, we analyzed the crystallinity of the as-obtained materials by powder XRD meas-
urements and compared the results with CTF-1 (Figure 4.6(a,c)). The diffraction patterns

of PTO-350-1 and the as-prepared CTF-1 sample are largely reminiscent of CTF-1,%* albeit


http://pubs.rsc.org/en/content/articlehtml/2015/ee/c5ee02574e#cit13
http://pubs.rsc.org/en/content/articlehtml/2015/ee/c5ee02574e#cit14
http://pubs.rsc.org/en/content/articlehtml/2015/ee/c5ee02574e#cit13
http://pubs.rsc.org/en/content/articlehtml/2015/ee/c5ee02574e#cit13
http://pubs.rsc.org/en/content/articlehtml/2015/ee/c5ee02574e#cit20
http://pubs.rsc.org/en/content/articlehtml/2015/ee/c5ee02574e#tab1
http://pubs.rsc.org/en/content/articlehtml/2015/ee/c5ee02574e#cit13

CHAPTER IV: COVALENT ORGANIC FRAMEWORKS 97

with less intense reflections. At the lower reaction temperature of 300 °C and prolonged
reaction time, materials with higher crystallinity are obtained which differ from the refer-
ence and cannot simply be assigned to the precursors. While PTO-300-1 still shows simi-
larities to the framework due to the presence of the prominent 100 reflection, the samples
synthesized with a larger amount of ZnCl: (e.g. PTO-300-15) display diffraction patterns
completely different from CTF-1, yet faintly resembling the trimer. We believe that the
powder diffraction patterns of the PTO samples differ from the one of CTF-1 due to the
formation of oligomers. These oligomers exhibit a decreased layer distance compared to
CTF-1 (Table S8, 7.1 Supporting information). Furthermore, it seems that the oligomers
formed at a one-to-one precursor to ZnCl: ratio (PTO-300-1) differ from the ones synthe-

sized in an excess of zinc chloride (> 1 equivalent).

CTF-1 theory (MS)
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Figure 4.6 (a) PXRD patterns and (b) IR spectra of the PTOs: PTO-350-1, PTO-300-1 and PTO-300-15
in comparison to the as-synthesized CTF-1, the trimer and 1,4-dicyanobenzene. The diffraction
patterns of ZnClz and the simulated pattern of CTF-1% are added for clarity. (c) PXRD patterns and
(d) IR spectra of the PTOs synthesized at 300 °C with different amounts of ZnCl..

We used IR spectroscopy as a tool to survey the progress of the trimerization reaction
based on the characteristic IR signals of the nitrile groups of the starting material, which
are expected to form triazine rings. The IR spectra are depicted in Figure 4.6(b,d). The
materials synthesized between 300 °C — 350 °C show the same prominent bands as CTF-1
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and the trimer. The characteristic bands for the triazine unit are found at 1506 cm (C-N
stretching mode)?'?2 and 1355 cm™ (in-plane ring stretching vibrations),?*?* confirming the
successful formation of triazine rings under these synthesis conditions. The lower temper-
ature clearly leads to incomplete polymerization as indicated by the additional signal at
2227 cm! representing unreacted nitrile groups in the sample.

To further confirm the formation of CTF-1-like materials, we conducted elemental
analysis (Table S9, 7.1 Supporting information). The elemental analysis (EA) data of the
as-synthesized PTOs synthesized at 300 °C reveal values very close to the theoretical ones
for CTF-1 and the ones reported by Ren et al.'* for yellow colored CTF-1. The results are in
sharp contrast to the materials synthesized above 300 °C and the ones found by Antonietti
and co-workers'® where a higher carbon content (and C/N ratio) is observed due to partial
carbonization of the products.’® An incipient carbonization can also be detected for the
materials synthesized in an excess of zinc chloride (PTO-300-15). No statement on the
extent of trimerization of the PTOs and thus the amount of unreacted nitrile groups can be
made based on EA because the precursor of the synthesis (1,4-dicyanobenzene) has the
same elemental composition and, hence, C/N ratio as one formula unit of CTF-1 or any

intermediate oligomer.

To gain more insights into the local chemical environment in the different materials,
XPS measurements were conducted (FigureS70 and FigureS71, 7.1 Supporting
information). The nitrogen environments of the low temperature products (PTO-300-1 and
15) are in agreement with the as-synthesized CTF-1 sample showing a dominant N 1s
peak at around 398.9 eV. According to the literature,?? this as well as the weak signal at
400.3 eV observed for CTF-1 can be assigned to nitrogen atoms within the triazine units
(C-N=C) as well as terminal nitrile groups. More likely, however, the signal at 400.3 eV
arises from pyrrolic nitrogen containing decomposition products since this signal is more
prominent in the CTF-1 sample. The C 1s XPS measurements of the three samples reveal
two peaks. The first signal at 284.6 eV is attributed to the carbon atoms of the phenyl rings
as well as adventitious carbon (C-C) which is used for calibration.?” The second one
appearing at around 286.8 eV for CTF-1 and PTO-300-1 and at 286.3 eV for PTO-300-15 is
assigned to the carbon atoms in the triazine (N=C-N) and nitrile moieties (-C=N).2® The
C—C carbon signal of CTF-1 is more dominant in comparison to the triazine/nitrile peak
due to a higher amorphous carbon content which was already verified by elemental
analysis. For the different samples, no obvious shifts of the binding energy of C 1s and N
1s core electrons are observable, suggesting that the chemical states of both carbon and
nitrogen atoms in the PTOs are the same as in the more highly condensed CTF-1 sample.

The results obtained by IR and XPS were further supported by *C and ®N ssNMR
spectroscopy. The 3C CP-MAS ssNMR spectra of PTO-300-1, PTO-300-10 as well as CTF-1
(Figure 4.7, left) show strong signals at 169 ppm, 138 ppm, 130 ppm and 115 ppm. The
signal at 169 ppm is assigned to triazine ring carbon atoms,” while the signals at 138 ppm

and 130 ppm correspond to the phenyl ring. The signal at 115 ppm is characteristic for
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nitrile groups as well as the carbon of the phenyl ring to which the nitrile groups are
bound. Although it is significantly weaker in CTF-1 it indicates residual nitrile groups in
all materials. The "N CP-MAS ssNMR spectra of all samples (Figure 4.7, right) show only
one signal at around -125 ppm. From the chemical shift alone it is not possible to distin-
guish between the triazine unit and terminal nitrile groups, as their signals appear in the
same region.’*?! Note that in PTO-300-10 the carbon peaks at 130 ppm and 115 ppm as
well as the nitrogen peak show a fine structure, indicating better crystallinity. This is also

supported by the XRD measurements shown above.
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Figure 4.7 3C CP-MAS ssNMR spectra of (a) CTF-1, (b) PTO-300-1 and (c) PTO-300-10. "N CP-
MAS ssNMR spectra of (d) CTF-1, () PTO-300-1 and (f) PTO-300-10. Asterisks mark rotational
spinning side bands. A contact time of 5 ms was used for all measurements and the spinning speed
was set to 10 kHz (all PTO measurements), 20 kHz (13C of CTF-1) and 5 kHz (**N of CTE-1), respec-
tively.

To summarize, the results from IR and ssNMR spectroscopy strongly suggest the suc-
cessful formation of triazine rings already at a reaction temperature of 300 °C, while the
phenyl rings are maintained. In addition, unreacted nitrile groups are found in all prod-
ucts, with higher relative quantities of free nitriles for the PTO samples. Whereas at 400 °C
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the polymerization process is almost complete, incomplete polymerization and the for-

mation of oligomers are detected at lower temperatures.

Porosity data were calculated from argon sorption measurements and are summarized
in Table S9 (7.1 Supporting information). According to Kuhn et al.'* CTF-1 displays a rela-
tively high surface area (SA) of 791 m? g! due to microporosity, which is confirmed by
sorption measurements of our CTF-1 sample (610 m? g'). In contrast, the PTOs synthe-
sized below 400 °C show significantly lower values in the range of 6 m? g — 116 m? g7},
suggesting that either no distinct continuous 1D pore system is formed or pore blocking
occurs. Similarly low surface areas (2 m? g? — 4 m? g™) were reported by Ren et al.'* for
their yellow colored CTF-1s synthesized by a super acid-catalyzed (microwave-assisted)
procedure. The surface areas of PTO-300 samples are slightly increased compared to the
ones synthesized at 350 °C, whereas a higher salt concentration (>1 eq.) leads to lower

surface areas irrespective of how much excess of salt melt was used.

Estimation of the degree of polymerization

While the chemical environments of the PTOs are similar to CTF-1 based on IR, ssNMR
and XPS, appreciable differences between the samples are discernible, even in PXRD and
EA. We assumed that these differences result from different degrees of polymerization
and, hence, nitrile content of the PTOs synthesized at 300 °C compared to CTF-1 and PTO-
350. Therefore, MALDI-TOF measurements were performed with PTO-300-1 and PTO-
300-15 to further analyze the molecular sizes of the synthesized PTOs (Figure 572,73, 7.1
Supporting information). No mass signal was detected for the starting material 1,4-
dicyanobenzene (m/z = 128) and the polymer CTF-1 itself. For the PTOs, multiples of
masses of 1,4-dicyanobenzene (n x 128 for n =0, 1, 2, 3,...) are expected since the polymeri-
zation up to CTF-1 proceeds without the formation of side products. Taking into account
the rules of the trimerization reaction—three nitrile groups forming one triazine unit—
fragments of 1,4-dicyanobenzene triplets (trimers) with a mass of 384 m/z should be ob-
servable. Furthermore, the formation of chains or dendrimers (of the trimer units) leads to
(3 + 2n) multiples of the mass of 1,4-dicyanobenzene (Figure 4.8(b), Table 511,12, 7.1
Supporting information). A ring closure would lead to (12 + 7n) multiples of the 1,4-
dicyanobenzene mass (Figure 4.8(b) and Table S13, 7.1 Supporting information). In con-
trast to CTF-1, we obtained signals in the mass spectra for the PTO samples (Table S10 and
Figure 571,72, 7.1 Supporting information) which, in principle, already suggests that the
molecular sizes of the PTOs are smaller than CTF-1 and more susceptible to ablation by
ionization. The recorded mass spectra of PTO-300-1 and PTO-300-15 differ from each
other in that they show small fragments (m/z <12 x 128) for the sample synthesized with a
high zinc chloride content (PTO-300-15) and additionally larger ones (m/z > 12 x 128) for
the PTO synthesized with a 1:1 precursor ratio (PTO-300-1). For both samples, multiples of
odd numbers up to 11 of the masses of 1,4-dicyanobenzene were found which can be as-
signed to chain fragments or small dendrimers (Table 510,12, 7.1 Supporting information).

Additionally, a signal at 12 times the mass of 1,4-dicyanobenzene was recorded which
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likely represents a 12-membered ring (Figure 4.8(b), Table 510,13, 7.1 Supporting

information).
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Figure 4.8 (a) MALDI-TOF spectra of PTO-300-1 compared to PTO-300-15, measured in positive
mode and in the mass range of 2000-3000. For both PTO materials signals have been detected in the
mass spectra below the mass range of 2000. DB represents the mass of the precursor 1,4-dicyano-
benzene (m/z = 128). (b) Examples of possible ring and chain-like oligomers with their calculated
masses. (c) UV-Vis spectra and product color (inset) of the PTO samples synthesized at different
temperatures compared to CTF-1. (d) UV-Vis spectra of the PTO samples synthesized at 300 °C
with different precursor ratios from low (bottom) to high ZnClz content (top) and their corre-
sponding Tauc plots (inset).

In the case of PTO-300-1, the mass spectra also show larger fragments of 16 — 23 multi-
ples of 1,4-dicyanobenzene due to longer chains, larger dendrimers and double ring sys-
tems (Figure 4.8(a), Table S10-13, 7.1 Supporting information). It seems that the amount of
zinc chloride is crucial for the obtained molecular size of the oligomers as well as the type
of oligomeric fragments formed. A high dilution of the starting material leads to smaller,
chain-like oligomers (e.g. PTO-300-15) with very low porosities and more favorable stack-
ing interactions (see below and Table S9, 7.1 Supporting information). In contrast, higher
concentration of 1,4-dicyanobenzene (PTO-300-1) favors the formation of larger oligomers
featuring higher porosities due to the formation of ring-systems (see Table S9, 7.1
Supporting information). The polymerization degree of the PTO samples was also roughly
estimated by means of IR spectroscopy. To this end, we relate the IR signal intensities and
integrals of the nitrile (2227 cm™) and triazine bands (1355 cm™) and compare them with
those of the trimer and CTF-1 (Figure 4.6(c,d) and Table S11,14, 7.1 Supporting

information). In the case of CTF-1, almost no nitrile signal is visible in the IR spectrum,
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which indicates a near-zero nitrile-to-triazine ratio due to the largely complete conversion
to the trimerized product. On the contrary, the highest nitrile-to-triazine ratio is obtained
for the trimer itself (see Table 511,12, 7.1 Supporting information). The PTO samples
invariably yielded lower nitrile-to-triazine ratios compared to the trimer. This is consistent
with the assumption that the polymerization proceeded further than the trimer in the case
of the PTO samples. More precisely, a relatively high nitrile-to-triazine ratio was
calculated for PTOs-300 synthesized with large zinc chloride contents (e.g. PTO-300-15),
which can only be explained by the formation of short chains or small dendrimers
(Table S11,12, 7.1 Supporting information). PTO-300-1 samples reveal lower ratios caused
by ring closure or larger dendrimers (Table S11,13, 7.1 Supporting information). To get a
more quantitative picture of the degree of polymerization, *C one pulse ssNMR spectra of
PTO-300-1 and PTO-300-10 were recorded (Figure S76, 7.1 Supporting information). As
already described in a previous section the signals for the triazine units and the nitrile
groups are well resolved (169 ppm for triazine as well as 120 ppm — 110 ppm for nitrile
groups and the benzene carbons to which the nitrile groups are bound). Using the
integrals of the signals, the nitrile-to-triazine ratio can be calculated. Due to the
significantly longer spin-lattice relaxation of the triazine carbons compared to the other
carbon species the chosen measurement conditions lead to a slight underestimation of
around 5 % for the intensity of the triazine signal (for further details see the 7.1 Supporting
information). The calculated ratio for the PTO-300-10 sample is 0.46, suggesting a mixture
of trimers (0.50) and short chains or small dendrimers (< 0.50). For PTO-300-1 it is much
lower (0.21) pointing towards a higher degree of polymerization. Therefore, the formation
of dendrimers or ring structures is favored under these conditions. This is well in line with
the IR and MALDI-TOF data.

Optical properties

Interestingly, the materials showed different colors compared to the samples synthesized
at 400 °C (black), as depicted in Figure 4.8(c). While the samples synthesized at 350 °C are
still rather dark and their color is independent of the amount of ZnCl: used, the synthesis
at 300 °C leads to products with yellow (PTO-300-1) or green-greyish complexion (PTO-
300-15). The colors of the PTOs differ also from those of the starting materials and the

trimer (colorless), which again suggests the formation of oligomeric products.

UV-Vis spectra were recorded in order to evaluate the absorption characteristics of the
materials as a function of their polymerization state (Figure 4.8(c,d)). When comparing the
samples synthesized at different temperatures, a strong absorption in the UV region
(350 nm) is observed for the PTO samples synthesized at 300 °C, with a sharp absorption
edge around 370 nm (3.2 eV - 3.3 eV, assuming a direct band gap), as well as a weak and
broad absorption in the visible light range. According to Butchosa et al.'> these strong
absorptions in the UV are caused by m — ©* and n — 7* excitations, resulting from ab-
sorptions within isolated molecular units and oligomer stacking, respectively. The long

sloping wavelength tail extending beyond 700 nm in the samples synthesized at higher
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salt contents (Figure 4.8(d)) likely occurs due to enhanced absorption caused by incipient
carbonization. Likewise, the materials synthesized at elevated temperatures (>300 °C)
show broad absorption in the whole visible region with no distinct absorption edge,
which is expected judging from their dark sample color (Figure 4.8(c)). Note, however,
that theoretical calculations suggested a band gap of 2.42 eV for CTF-1.!® When comparing
the UV-Vis spectra of the PTO samples synthesized at 300 °C but with different zinc chlo-
ride concentrations (Figure 4.8(d)), a second absorption around 410 nm arises, which in-
creases relative to the UV absorption and slightly red-shifts for the materials when synthe-
sized in an excess of salt melt (>1 eq.). This feature may be associated with a reduced
interlayer distance for the PTO-300 samples obtained with increasing salt content
(Table S8, 7.1 Supporting information), or with more pronounced torsional angles in the
otherwise planar systems as suggested by Butchosa et al.'> However, due to the sloping
background caused by incipient carbonization,” it is not possible to reliably extract the

intensity of this absorption or the position of the absorption edge.

Photocatalytic hydrogen evolution

Since triazine-based organic semiconductors have been reported to reduce water to hy-
drogen under visible light irradiation, we reasoned that the incorporation of triazine units
into organic frameworks may be a viable strategy to rationally design efficient organic
photocatalysts.’? The high chemical and thermal stabilities of the CTFs, together with the
suitable optical properties based on theoretical calculations and our experimental find-
ings, should render CTFs suitable photocatalysts for the water-splitting reaction.'® Plati-
num-loaded (2.2 wt%) CTE-1 itself (0.02 umol h™) and the PTO-350 samples (0.45 pmol
h) showed only negligible activity in a buffered (pH 7) aqueous triethanolamine (TEoA)
solution when illuminated with simulated sunlight. These low activities may be explained
by the large carbon content in the samples which results from incipient carbonization, or
by a mismatch in energy levels. The excess of carbon absorbs a significant portion of the
light which then cannot penetrate deeply into the photocatalyst. The low crystallinity of
the materials may also hinder the photocatalytic process in that the light-induced charge
carriers quickly recombine at traps rather than being able to diffuse to the surface of the
material. In contrast, the samples synthesized below 350 °C (PTO-300) exhibit a stable and
high hydrogen evolution rate for over 100 hours under the conditions described above
(Figure 4.9(a,b) and Figure S82, 7.1 Supporting information, right). The most active PTO-
300 materials were found to produce 10.8 (+2.8) umol h™* hydrogen on average when illu-
minated with simulated sunlight. The action spectrum of the PTO-300 samples suggest
that the highest hydrogen contribution arises from wavelengths with an energy of 400
(¥20) nm, revealing average estimated apparent quantum efficiencies of 5.5 (+1.1) % (Fig-
ure 4.9(c)). Activities above 450 nm are negligible due to the weaker absorption in this
wavelength range. In several cases, not only a constant hydrogen evolution rate was ob-
served but even an increase in activity over time (e.g. Figure S78, 7.1 Supporting
information), likely due to the gradually improved wettability of the oligomers and,

hence, dispersion. We have analyzed the recovered photocatalyst after operating for over
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tens of hours and can exclude hydrolysis or any photodegradation of the catalyst
(Figure 587,89, 7.1 Supporting information). An additional vibration band at 1771 cm™ is
observed in the IR spectrum for the photocatalysts treated in a phosphate buffer
(Figure S87, 7.1 Supporting information, right) which can be explained by possible
phosphate coordination. No hydrolysis products are observed in the *C CP MAS ssNMR
spectra (Figure S89, 7.1 Supporting information).
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Figure 4.9 (a) Stability test of 10 mg Pt-modified PTO-300-15 and PTO-300-1 in 10 vol% buffered
(pH 7, 0.5 M, phosphate buffer) TEoA solution under irradiation with simulated sunlight (for PTO-
300-15, red) and UV-Vis light (2250 nm for PTO-300-1). Stable hydrogen evolution for over 100 h
(PTO-300-1) shown as two slopes: the black slope represents a fresh PTO-300-1 suspension within
the first 20 h and the grey represents the same suspension after 78 h of photocatalysis, demonstrat-
ing stable Hz evolution for at least 100 h. (b) Average Hz evolution rate of Pt-modified PTO-300>2.5
with standard deviation, compared to PTO-300-1. (c) Action spectrum of Pt-PTO-300-5 dispersed in
a buffered (pH 7, 0.5 M, phosphate buffer) 10 vol% TEoA solution (measured with a 40 nm FWHM
band pass filter), overlaid on the UV-Vis spectrum of the photocatalyst. (d) Reproducible hydrogen
evolution rate of Pt-PTO-300>2.5 and of the best performing sample (Pt-PTO-300-2.5) in compari-
son with literature photocatalysts used as internal standards under identical reactor and illumina-
tion conditions (230 mL reactor volume, top-irradiation, equal irradiation surface and intensity 380
mW cm?), as well as dispersion volume (10 mL of 10 vol% TEoA solution), 10 mg (2 mg for PTI
nanosheets) Pt-modified photocatalyst (2.2 wt% Pt) under reported conditions.

A factor significantly influencing the variation of activity in the series of PTOs is the ra-
tio of precursor to ZnClz in the syntheses at 300 °C. Higher activities are observed for
PTO-300 samples for which an excess of zinc chloride was used in the synthesis (> 1 eq.)
(Figure 4.9(b)). In line with our previous observations described above, the large zinc chlo-

ride content leads to the formation of smaller oligomers, whereas a low zinc chloride envi-
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ronment favors the formation of larger PTO fragments which are photocatalytically less
active (Figure 4.9(b)). Similar observations have recently been reported for carbon ni-
trides,® where oligomers of melon showed an increased photocatalytic activity compared
to the polymer. Furthermore, the activity of these oligomers depended on their size such
that smaller oligomers of melon showed a higher activity compared to the larger ones.*
We believe that the increased activity of the smaller oligomers compared to their larger
relatives or the polymer might be associated with the amount of terminal groups. The
terminal groups in the PTO samples are nitrile moieties which appear in larger quantities
for the samples synthesized in excess of zinc chloride. A large nitrile content favors hy-
drogen bonding and thus, leads to a better dispersion of the photocatalyst during the
photocatalytic experiment. Furthermore, it is expected that platinum, which is used as a
co-catalyst, preferably coordinates to the terminal nitrile groups and thus promotes im-
proved charge transfer.>> Another possibility is that the nitrile groups can be considered as
active sites themselves, as the photocatalytic activity scales roughly with the relative
amount of nitrile groups in the sample. Note, however, that we do not observe a linear
correlation between the observed activity and the excess of zinc chloride used. Neverthe-
less, the interplay between triazines and nitriles or, in other words, a reasonably large
conjugated backbone, is decisive since a certain amount of triazines is needed to exhibit a
photocatalytic response. For instance, the trimer (0.08 pmol h™') showed only minor activ-
ity even with UV-Vis (=250 nm) illumination (Figure S79, 7.1 Supporting information).
Note that we observe quite significant batch-to-batch variations in the samples with
ZnCl-to-precursor ratios of >1 (Table S17 and Figure S86, 7.1 Supporting information),
which we attribute to the dilution and low diffusion of the precursor during the iono-
thermal reaction at 300 °C, and the resulting variations in the oligomer size, indicating that
the synthesis is not yet fully optimized. For example, next to average hydrogen evolution
rates around 10 pmol h7, lower (3.4 umol h™') and higher hydrogen evolution rates of
30.3 umol h™! were observed, the latter with an estimated apparent quantum efficiency of
up to 9.9 (+2.0) %. A fine-tuning of the synthesis parameters and the deliberate introduc-
tion of additional nitrile groups may therefore further improve the photocatalytic activity

of these phenyl-triazine oligomers.

Another important aspect for gauging the intrinsic photocatalytic activities of the sam-
ples is to relate them to their specific surface areas, which may correlate with the number
of exposed active sites. In this case, however, the PTOs with smaller surface areas showed
significantly improved activity and we can therefore exclude surface area effects as domi-
nant factors for the photocatalytic performance (Table S15, 7.1 Supporting information).

Further, the question arises as to whether residual zinc chloride is present as an impu-
rity or quantitatively incorporated into the system and as such may influence the photo-
catalytic activity of the PTOs. Thomas and co-workers* reported on possible Zn?* incorpora-
tion in CTFs during the synthesis of CTF-0 (derived from 1,3,5-tricyanobenzene) when
synthesized in the presence of large zinc chloride quantities. Minor amounts of Zn?* ions
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within the structure might act as “dopants” as reported previously for carbon nitrides.®
However, this zinc doping procedure (stirring melon in an acidic ethanol zinc chloride
solution) most likely leads to an increased amount of nitrile groups from de-polymeriza-
tion and opening of the triazine rings as seen from the IR spectra. It is therefore doubtful
whether the Zn-doping or the formation of nitriles was the reason for the improved activ-
ity of the carbon nitrides.?> Here, the presence of zinc chloride in the PTO is < 0.1 wt% as
established by ICP-AES analysis (Table S9, 7.1 Supporting information). As we cannot
completely exclude that minute amounts of impurities may be the reason for the different
activities of PTOs-300, we performed two different control experiments. Firstly, zinc chlo-
ride (5 mg, 10 mg and 17 mg) was added to a standardized PTO-300 suspension for pho-
tocatalysis, which resulted in a long-term decrease in activity presumably caused by chlo-
rine poisoning of the platinum nanoparticles (Figure S80, 7.1 Supporting information, left).
Secondly, a PTO-300 sample was excessively washed with 0.1 M ethylenediaminetet-
raacetic acid (EDTA), which acts as a complexing agent for zinc ions (Table S16, 7.1
Supporting information), and compared the activities before and after EDTA treatment.
Here again, no change in activity was detected after washing (Figure S80, 7.1 Supporting
information, left), which implies that Zn?* doping is probably not the reason for the

activity differences.

We therefore hypothesize that besides the different nitrile content variations in activity
within the oligomers primarily arise from the different optical properties (more well-de-
fined absorption in the visible, see Figure 4.8(d)) as well as more favorable carrier dy-
namics. The latter may be most facile for oligomers with shorter lengths and smaller in-
terlayer distances, which leads to stronger m-orbital overlap and hence more efficient ex-
traction of the charge carriers at the interfaces. This is supported by the significantly en-
hanced dispersibility of the smaller oligomers with a higher degree of nitrile moieties.

In addition, several control experiments were performed to ensure that the evolution
of hydrogen is indeed photocatalytic and not due to chemical reactions with the catalyst.
Most fundamentally, the absence of light resulted in no activity, proving the hydrogen
evolution to be photo-induced. Secondly, the activity of the photocatalyst was tested
without the addition of the proton reduction catalyst platinum. In fact, unmodified PTO-
300 also showed a moderate, yet significant hydrogen evolution rate (PTO-300-15: 1.21
umol h™' or 121 umol h™' g1; PTO-300-1: 0.53 umol h™ or 53 umol h™* g), which indicates
that PTO-300 acts as an actual photocatalyst rather than just a photosensitizer (Figure S81,
7.1 Supporting information). Surprisingly, PTO-300 (121 pmol h™! g™) significantly outper-
forms other co-catalyst-free light element photocatalysts (e.g. melon: 1 umol h gt —
40 pmol h' g8 msp-g-CsNa: 2 umol h' g7,'7 BssC: 14.5 pmolh' g and PTL
0 umol h™* g1).6710 Yet, this modest activity is significantly increased and stabilized by
platinum deposition. The absence of an electron donor resulted in negligible activity
(0.01 umol h™') which underlines the importance of a sacrificial donor in the system to

avoid recombination of the generated charge carriers and to enhance the driving force for
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hole collection as compared to the oxidation of pure water. The highest activities were
observed when Pt-modified PTO-300 was suspended in an aqueous TEoA solution. How-
ever, other electron donors such as oxalic acid and EDTA also led to sustained hydrogen

evolution (Figure S82, 7.1 Supporting information).

We also tested PTOs-300 doped with 3 wt% CosOs nanoparticles and silver nitrate as
sacrificial agents for water oxidation. However, no oxygen was detected (within the de-
tection limit), even though triazine-based materials have been predicted to be oxygen

evolution catalysts due to their suitable HOMO potential.'®

PTO-300 synthesized from diluted zinc chloride melt is competitive (average rate of
1076 umol h™ g7!, maximum rate of 3030 umol h™' g) with highly condensed heptazine-
and triazine-based carbon nitride photocatalysts, such as melon (e.g. msp-g-CsNa: 1490
pumol h™ g7 or ¢-CsNi doped with barbituric acid: 294 umol h™' g),7% crystalline PTI
nanosheets (1750 umol h* g),10 4AP doped amorphous PTI (4907 umol h™! g*1),” TFPT-
COF (1970 pmol h™! g')* and boron carbide (B43C: 31 umol h™' g)." As differing measure-
ment set-ups (light-sources, intensities, irradiation type e.g. inner vs top-irradiation) may
give different results for the same photocatalyst in different laboratories we compare PTO-
300 with four of the above reported photocatalysts measured under identical instrumental
conditions, namely melon (g-CsNi) synthesized from dicyandiamide for 4 hours at
600 °C % crystalline PTI/LiCl nanosheet suspension,'® 16 % 4-AP doped amorphous PTI”
and TFPT-COF° (Figure 4.9(d)). While PTO-300-1 (1.5 pmol h™) is less active than melon
(6.4 pmol h), PTOs-300 synthesized in an excess of zinc chloride (10.8 (+2.8) pmol h™) are
superior to melon and rival TFPT-COF (15.5 umol h'). Whereas some photocatalysts
tested here (TFPT-COF and (amorphous doped) PTI) exhibit a significant decrease in their
hydrogen evolution rate over time within an aqueous TEoA solution, PTO-300 shows long
term stability.

4.2.3 Conclusions

We have demonstrated that a lower reaction temperature during ionothermal CTF-1 syn-
thesis gives rise to oligomers of CTF-1 which differ in their length and connectivity. These
oligomers are highly efficient hydrogen evolution photocatalysts which show an average
hydrogen evolution rate of 10.8 (+2.8) umol h™* (10 mg photocatalyst) with simulated sun-
light, whereas hardly any activity was observed for the CTF-1 polymer. We hypothesize
that the suspicious absence of activity in CTF-1 is due to a reduced thermodynamic driv-
ing force for hydrogen evolution or to the incipient carbonization at its synthesis temper-
ature of 400 °C, where light absorption by carbon prevents photon absorption by the
framework, thus rendering hydrogen evolution unfeasible. For the triazine-based oligo-
mers obtained at different precursor/zinc chloride ratios, distinct crystallinity, surface
area, nitrile content as well as variations in activity were observed. Specifically, PTOs
synthesized with an excess of zinc chloride (> 1 equivalent relative to the precursor) dis-
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play higher crystallinity, a reduced layer distance, smaller surface areas, lower hydropho-
bicity, smaller fragment sizes and a larger amount of terminal nitrile groups. These fea-
tures were found to contribute to substantially improved photocatalytic activity compared
to PTOs obtained with 1:1 precursor/zinc chloride ratio. Since the observed activity en-
hancement likely correlates with an increased amount of nitrile moieties and improved 7-
stacking of the oligomers, we believe that by controlling the polymerization progress, we
can significantly enhance the charge transfer kinetics, which still is the limiting factor in
organic photocatalysts. Finally, the oligomers show the highest activity observed for
metal-free organic photocatalysts in the absence of any co-catalyst, thus boding well for
the development of earth-abundant organic photocatalysts by controlled polymerization

reactions and molecular engineering.®117-19
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5.1 PTI/LiCl as a new triazine-based 2D carbon nitride photocatalyst

& enhancement of its photocatalytic activity

PTI/LiCl as a new triazine-based 2D photocatalyst
(Chapter 3.1, published in Angew. Chem. Int. Ed. 2013, 52, 2435)

For four years, heptazine-based “melon” was the only carbon nitride which had been used
as photocatalyst for light-induced water splitting. In Chapter 3.1 a new photocatalytically
active carbon nitride, PTI/LiCl, has been introduced, which in contrast to melon exclu-

sively consists of triazine building blocks (Figure 5.1).
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Figure 5.1 Idealized structures of heptazine-based melon (often called g-CsN4) (a) and triazine-
based PTI/LiCl (b).

According to the measurements presented in Chapter 3.1, the activity of crystalline
PTI/LiCl is competitive with that of heptazine-based amorphous melon. In addition, its
high crystallinity makes PTI/LiCl an excellent candidate for the elucidation of the photo-
catalytic mechanism which until now has not been completely clarified. As already known
from heptazine-based photocatalysts, we found that the photocatalytic activities of
PTI/LiCl and related systems largely depend on the reaction conditions at which they

have been synthesized (such as reaction temperature, time, atmosphere and choice of
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precursors) and the testing conditions (e.g. amount and choice of sacrificial agents, co-

catalysts, as well as illumination conditions).

Enhancing the photocatalytic activity of PTI/LiCl
(Chapter 3.1, published in Angew. Chem. Int. Ed. 2013, 52, 2435 and Chapter 3.2, published in |. Am
Chem. Soc. 2014, 136, 1730)

Akin to melon, the moderate photocatalytic activity of crystalline PTI/LiCl can be im-
proved by engineering its optoelectronic properties, morphology and surface properties
which is discussed in Chapter 3.1 and 3.2. In Chapter 3.1, it is shown that PTI/LiCl synthe-
sized in argon and ambient atmosphere has an increased surface area and more defects
(e.g. terminal nitrile groups, incomplete polymerization and oxygen defects) as well as
higher photocatalytic activity compared to crystalline PTI/LiCl, which has been synthe-
sized under autogeneous ammonia pressure. Like crystalline PTI/LiCl, the amorphous
version is composed of triazine units as verified by solid-state (ss) cross-polarization po-

larization-inversion (CPPI) NMR measurements (Figure 5.3(c,d)).
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Figure 5.3 (a) Enhancement of the photocatalytic activity towards light-induced hydrogen evolu-
tion of PTI co-polymerized with 4AP (b; idealized structure) as compared to melon, crystalline and
amorphous PTI, and UV-Vis absorption spectra (inset). (c) "N CP-MAS ssNMR spectrum (10 kHz)
and (d) ®N CPPI-MAS spectrum (6 kHz with an inversion time of 400 us) of 4AP-doped PTI sug-
gesting a triazine-based structure due to the missing central heptazine nitrogen and signals of
amino groups.

By a co-polymerization reaction between the PTI/LiCl precursor dicyandiamide and an
organic “dopant” (4-amino-2,6-dihydroxypyrimidine (4AP)), amorphous PTI-like materi-
als with increased carbon and oxygen content have been synthesized (Figure 5.3(b)). Op-
timization of the reaction conditions led to materials with improved optical properties and
about six times higher photocatalytic activities as compared to crystalline PTI/LiCl (Fig-
ure 5.3(a)). The enhanced activity of the 4AP-doped PTI co-polymers compared to the
undoped samples can be attributed to surface area effects and improved visible light har-

vesting properties. We further suppose that position of the LUMO level is more suitable
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for water reduction and allows enhanced photocatalytic activity. Further, we demonstrate
that doping with other pyrimidine-based organic molecules (such as 2-amino-4,6-dihy-
droxypyrimidine (2AP), 2,4,6-triaminopyrimidine (TAP) and barbituric acid (BA)) also
results in photocatalytically active materials with higher activities than the native (i.e.
undoped) PTI (see Chapter 3.1.4).

In Chapter 3.2 we have shown that the exfoliation of crystalline PTI/LiCl through a
simple sonication procedure in water leads to PTI crystallites 1 nm — 2 nm in height with
lateral sizes of less than 100 nm which are structurally closely related to their mother
compound (Figure 5.4(b,d)). While the C/N connectivity and the chlorine content of the
PTI nanosheets are essentially identical with the ones of the bulk material, the PTI
nanosheets contain less lithium ions (Figure 5.4(a,inset)). A '"H'H proton driven spin diffu-
sion spectrum of the exfoliated PTI nanosheets further supports the formation of few-layer
PTI stacks and implies a strong interaction between protons of the PTI nanosheets with
water physisorbed on the PTI surface (Figure 5.4(c)). We believe that the increased surface
area and thus, facile access to catalytically relevant sites on the nanosheets, as well as the
strong substrate-PTI interactions are likely the reasons for the improved photocatalytic
activity of exfoliated PTI compared to bulk crystalline PTI/LiCl (Figure 5.4(a)).
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Figure 5.4 (a) Visible light hydrogen evolution rate of exfoliated, crystalline PTI/LiCl compared to
bulk PTIL The inset shows the idealized structure (without ion loading) of PTI (view along the c-
axis). (b) AFM image of PTI crystallites on a silicon substrate and the corresponding height profile
(inset). (c) 'H'H proton driven spin diffusion NMR spectrum of restacked PTI nanosheets displays
significant polarization exchange between the protons of PTI and the surrounding water shell of
the PTI crystallites. (d) TEM micrograph of the PTI crystallites viewed along [001]; corresponding
SAD pattern (inset).
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Investigations on the catalytically relevant sites of PTI/LiCl,Br
(To be submitted, Chapter 3.3)

In Chapter 3.3 we further show that the photocatalytic activity of crystalline PTT largely
depends on its ionic loading which in turn, impacts its stacking behavior and hence, the
accessibility of its catalytically relevant sites. While Li/Cl-intercalated PTI has shown to be
photocatalytically active, the exchange of the chloride anions with bromides leads to inac-
tivity, which is likely due to an increased interlayer stacking and, hence, decreased mt-or-
bital overlap. We partially exchanged the lithium ions with protons through washing the
materials with concentrated acids. Reducing the lithium content (in PTI/LiCl and
PTI/LiBr) entailed a structural change which was recognized by a decrease in layer dis-
tance, a change of the anion positions (to within the C,N layers) and a reduction in sym-

metry (Figure 5.2(a—)).
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Figure 5.2 (a) PXRD patterns of PTI/LiCl treated with concentrated acids compared to PTI/LiCl. The
series of PXRD patterns depicts the change in structure and symmetry during protonation. (b)
Crystal structure of PTI/LiCl,Br. (c) Model crystal structure of PTI/LiCl,Br treated with concentrated
acids on the basis of CsNoHs-HCI (proposed due to the similarities of both compounds). (d) N
ssNMR spectra of the different PTI systems, showing the high local order for PTI/LiCl after acid
treatment (PTI/LiCl 36% HCI). (e) Hydrogen evolution rates of PTI/LiCl before (black) and after
acid treatment at different concentrations (in 10 vol% MeOH, > 420 nm).

Although an increase in photocatalytic activity due to an improved m-orbital overlap
could have been expected, the lithium-depleted materials showed only marginal hydro-
gen evolution (Figure 5.2(e)). This may be attributed to a lateral shift of the C,N-layers
after acid treatment, which might hamper charge transfer perpendicular to the layers.!2

More likely though, protonation blocks catalytically relevant sites, thus impeding efficient
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interaction with the co-catalyst, the substrate (water/protons) or the sacrificial electron
donor. The exceptionally high local order of PTI/HCI (apparent especially in >N ssNMR
measurements, Figure 5.2(d)) renders these materials excellent candidates for in-depth

investigations of their structure — property — photocatalytic activity relationship.

5.2 Rational design of a photocatalytically active COF
(Chapter 4.1, published in Chem. Sci. 2014, 5, 2789)

Carbon nitrides are powerful candidates for light-element photocatalysts, due to their
easy, scalable and low-cost synthesis. Only a few other light-weight photocatalysts are
known to date, such as a-sulfur,® red phosphorus,* f-rhombohedral boron,® boron car-
bides,® ternary BCN nanosheets,” polypyridines,®® polyphenylene,® as well as benzene-
pyrene co-polymers."! Chapter 4.1 presents a new class of organic photocatalysts, the
covalent organic frameworks (COFs). COFs consist of two or three different subunits
which potentially offer several benefits for the rational design of non-metal photocatalysts
(e.g. related to charge transfer, charge stabilization, co-catalyst anchor groups or light har-
vesting). The COF shown here, called TFPT-COF, provides a water stable hydrazone-
linkage, a charge stabilizing and electron withdrawing triazine unit, an extended
delocalized m-electronic system, and thus absorption in the visible range as well as a high
surface area due to its inherently porous nature (Figure 5.5(a)). The TFPT-COF exhibits a
hexagonal structure with a P6/m symmetry forming pores of 3.8 nm in diameter and a
close-to-eclipsed AA layer stacking of 3.4 A. Its optical band gap of roughly 2.8 nm is, in

principle, large enough to enable water splitting.
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Figure 5.5 (a) Idealized structure of the TFPT-COF showing with the estimated theoretical pore
diameter. (b) Hydrogen evolution rates of Pt-TFPT-COF in an aqueous sodium ascorbate and TEoA
(inset) solution. (c) Action spectrum of Pt-TFPT-COF in 10 vol% TEoA solution using 40 nm FWHM
band-pass filters.

The photocatalytic hydrogen evolution experiments with platinum as co-catalyst and
and a suitable electron donor (triethanolamine or sodium ascorbic acid) show that the
TFPT-COF is able to sustainably reduce water to hydrogen (Figure 5.5(b,c)). Further, we
noticed a reversible loss in the long-range order of the COF during photocatalysis, which
may indicate in situ exfoliation, as crystallinity could be re-introduced when subjecting the
COF to its original synthesis conditions. The presented COF is one of the first examples for
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a bottom-up approach toward designing heterogeneous photocatalysts based on a

molecular building block approach.

5.3 Polymerization degree & photocatalytic activity illustrated on
CTF-1
(Chapter 4.2, published in Energy Environ. Sci. 2015, 8, 3345)

Even if a material should be thermodynamically capable to photocatalytically split water,
other factors such as kinetics and solvation effects can thwart its actual activity. This is
illustrated in Chapter 4.2 for the archetypal covalent triazine framework CTF-1. CTF-1 has
been theorized to be a suitable photocatalyst for light-driven water splitting due to its
HOMO-LUMO gap of 2.42 eV and its adequate band positions relative to the hydrogen
reduction and water oxidation potential, respectively. Compared to other covalent organic
frameworks, CTF-1 can be easily synthesized through a trimerization reaction of 1,4-
dicyanobenzene catalyzed by the Lewis acid ZnCl.. However, we found that the necessary
high temperature of 400 °C initializes partial decomposition of the triazine-based
framework and carbonization, recognized by the black color of the resulting product and
its higher than expected carbon content. We show that the reduction of the reaction
temperature to 300 °C leads to the formation of oligomeric fragments rather than an ideal
extended framework. The resulting phenyl-triazine oligomers (PTOs) have the same
elemental composition as the framework, as well as identical IR, XPS, and ssNMR

signatures, except additional signals for the unreacted nitriles (Figure 5.5(b)).
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Figure 5.6 (a) Average photocatalytic hydrogen evolution rates (A =420 nm) of the as-synthesized
Pt-phenyl-triazine-oligomers (PTO) synthesized in 1:1 precursor-to-ZnCL ratio (PTO-300-1) and
excess of ZnCl2 (PTO-30022.5) compared to the PTO sample with the highest H2 evolution rate
(PTO-300-2.5 best sample), Pt-4AP co-polymerized PTI and Pt-melon measured in pH 7 (0.5 M,
phosphate buffer) 10 vol% TEoA solution. (b) Examples of oligomeric fragments (rings and chains)
of n-times the mass of the precursor 1,4-dicyanobenzene (DB) detected by MALDI-TOF of the PTO-
300 samples.

We noticed that the intensity of the nitrile signals varied with the amount of ZnCl> used
relative to the precursor. With the help of quantitative ssNMR and IR spectroscopy in
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combination with MALDI-TOF experiments, we could estimate the polymerization degree
and connectivity of the oligomers. The oligomers show masses of up to 23 times the mass
of the trimer. Oligomers synthesized in a 1:1 precursor-to-ZnCl: ratio (PTO-300-1) seem to
be larger compared to the ones synthesized in excess of ZnCl: and to form ring-like
structures, thus featuring fewer unreacted nitrile termini and higher BET surface areas.
The performed photocatalytic experiments show very low activities for the polymer CTF-1
and the trimer, whereas the PTOs produce significant amounts of hydrogen
(Figure 5.5(a)). The oligomers synthesized in excess of ZnCl: are clearly more active than
PTO-300-1, which can be explained by their higher crystallinity, reduced layer distance,
lower hydrophobicity, smaller fragment sizes and hence larger amount of terminal nitrile
groups. Finally, the oligomers show the highest activity observed for metal-free organic
photocatalysts in the absence of any co-catalyst, thus boding well for the development of
earth-abundant oligomeric photocatalysts by controlled polymerization reactions and

molecular engineering.
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Chapter VI

6 Conclusion and Outlook

The worldwide growing energy demands, the depletion of precious forest and fossil re-
sources and the progressing pollution of the earth’s atmosphere enforce a drastic change
in the energy economy. The combustion of high-density green energy carriers such as
hydrogen is one approach to conserve our environment. In this context, particular atten-
tion has been given in the development of environmentally benign routes for the genera-
tion of hydrogen. Photocatalytic water splitting emerged as a potential industrially appli-
cable approach for the renewable production of hydrogen. However, for an efficient con-
version of sunlight suitable photocatalysts are necessary. The commonly used photocata-
lysts are inorganic semiconductors which often suffer from insufficient light harvesting or
contain partially toxic or scarce metals. Current research is driven by the discovery and
further development of organic photocatalysts for light-induced water splitting. The bene-
fits of organic polymers over inorganic materials are their low-cost large-scale synthesis,
easily tunable band gap, absorption in the wavelength range of visible light and light-
weight character. This idea dates back to the early 1980s and 1990s when phenylene- and
pyridine-polymers have firstly been revealed as organic photocatalysts.!? Only since the
introduction of carbon nitrides as photocatalysts in 2009,° the race for organic photoactive
materials for solar fuels production started since this material class offers a platform for a
multitude of modifications on the molecular level. Until 2013, only ill-defined melon-type
samples were investigated for photocatalysis which belong to the category of heptazine-
based carbon nitrides. The question has been raised and answered in this thesis whether
the lesser known but crystalline triazine-based carbon nitride called poly(triazine imide)

PTI/LiCl*> might be an attractive photocatalyst as well.

In 2013, we® and others” have shown that crystalline PTI/LiCl is indeed able to reduce
water to hydrogen with the help of visible light. In Chapter 3.1 of this work, the applica-
bility of PTI/LiCl as a photocatalyst has been demonstrated. More precisely, under identi-
cal photocatalytic conditions, PTI/LiCl can compete with the amorphous melon reference
published in 2009.3¢ This illustrates that both building blocks, heptazines and triazines, are
suitable photoactive components which opens up more possibilities for the design of effi-

cient photocatalysts.
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Furthermore, PTI/LiCl is the first crystalline system that has been shown to be photo-
catalytically active. Its 2D character and high crystallinity makes PTI/LiCl an interesting
material for further photocatalysis research since a minimum of defects simplifies the
investigation of the structure-property relationships and the factors influencing the photo-
catalytic activity. In this regard, HCl-treated PTI/LiCl, which is presented in Chapter 3.3
and that demonstrates an even higher degree of order, would be an even better candidate
for detailed research. In the case of melon, Merschjann and collegues® have shown that light
illumination leads to the formation of singlet excitons which are highly confined to the
heptazine units and which are transported along the stacking direction. It would be inter-
esting to investigate whether PTI follows the same charge transfer mechanism and
whether the triazines differ from the heptazines towards charge carrier dynamics. In this
regard, time-resolved photoluminescence and scanning tunneling microscopy (STM)
measurements on highly crystalline PTI samples would give further insights on the carrier

distribution in the framework and the time-scale at which the processes occur.

Chapter 3.1 shows that the photocatalytic activity of PTI/LiCl is largely dependent on
the applied synthesis conditions. Similar to melon, some amorphous PTI samples are
demonstrated here to be even more active than their crystalline versions.® In classical
catalysis, imperfections in the crystal structures are causing charge recombination. In con-
trast, irregularities of the carbon nitride scaffold can be even beneficial for photocatalysis
depending on the nature of “defects”. In order to optimize the organic photocatalysts, it is
important to figure out what kind of defects are beneficial and which are detrimental. We
show that the defects in the form of point defects through the insertion of heteroatoms
(Chapter 2.1.4) or additional carbon and oxygen atoms (Chapter 3.1) result in carbon ni-
trides with higher photocatalytic activity. This can be rationalized by the adjustment of
the band potentials of carbon nitrides with regards to the potentials for the water splitting
reaction. Furthermore, the band gap of a photocatalyst directly influences its light har-
vesting properties and hence, its photocatalytic activity. This point is illustrated in Chap-
ter 3.1 for PTI/LiCl. Here, we demonstrate that co-polymerization of PTI with several py-
rimidine-based molecules lead to a five to six-fold higher photocatalytic activity compared

to non-doped PTI which could be attributed to band gap engineering.®

Defects in organic polymers can also arise due to incomplete polymerization reactions.
Recent findings of Lau and collegues® and the ones discussed in Chapter 4.2 on covalent
triazine frameworks (CTFs)!® point out that organic polymers with a lower degree of
polymerization are significantly more active towards water reduction than the ones which
are more highly polymerized. The degree of polymerization has an influence on the type
and number of residual terminal sites which in turn have an effect on the dispersibility of
the photocatalyst and, moreover, the adhesion of the co-catalyst and sacrificial agents on
the photocatalyst’s surface. Since it has been discussed that carbon nitrides mostly suffer
from low charge carrier dynamics," the attachment of the reactants on the photocatalyst’s

surface seems to be a key aspect. This also includes the adhesion of water itself. In Chapter
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3.2, we demonstrate that the 2D material PTI/LiCl can be exfoliated in 1 nm —2 nm high
PTI crystallites which are two orders of magnitude more active than bulk PTI/LiClL.'2 This
could be attributed to a) an improved access to the active centers due to an increased sur-
face area and b) to a stronger interaction of the protons of PTI with the ones of water. The
improved adhesion of the water molecules on the platinum-decorated PTI surface sup-
ports a quicker charge transfer of the excited electrons from the photocatalyst to the plati-
num surface where the actual proton reduction takes place. Lau and collegues’®> demon-
strated that terminations such as -NH-ethyl, -N-C=N, —urea, -COOH and -OH/K groups,
which can coordinate well with the co-catalyst (in this case platinum), result in photo-
catalytically active carbon nitrides, whereas terminal sites which cause steric repulsion
(e.g. —phthalimide, —toluene and —N(—ethyl)2) lead to inactivity. However, further investi-
gation on the role of the terminal sites and their interaction with the co-catalyst are still

required and should be tackled in the future.

The rapidly increasing number of published papers over the past years (see Figure 6.1)
supports our beliefs that the photocatalytic activity of carbon nitrides is not yet exhausted.
Highly active carbon nitrides can be synthesized by following the compiled experiences

from former researchers which are summarized in Chapter 2.1.4.
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Figure 6.1 Number of results for the combined terms “carbon nitride” and “photocat*” in Web of
Science™ Database for several time spans.

The photoactive components of carbon nitrides are their electron-deficient and fairly
electron-delocalized triazine and heptazine cores which are assumed to benefit charge
stabilization. The stacking of these ring systems leads to overlapping m-orbitals which
allow energy transfer along the stacking direction.® These key criteria can be found also in
other 2D organic systems. In Chapter 4, we show that two of those systems from the cate-

gory of covalent organic frameworks (COFs) are indeed photocatalytically active towards
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water reduction. In detail, we present a water-stable hydrazone-based 1,3,5-tris-(4-formyl-
phenyl)triazine (TFPT)-COF' (Chapter 4.1) and phenyl-triazine-oligomers (PTOs) derived
from the archetypal CTF-1 (Chapter 4.2).1° Their hydrogen evolution rates rival the ones of
the common carbon nitrides. Since their efficiencies are still far from industrial targets, our
results can be considered as initial steps and pave the way towards the application of
organic photocatalysts in large-scale hydrogen generation. While carbon nitrides are re-
stricted to be composed either of heptazine or triazines, COFs offer a platform of possible
subunits with varying properties which can be assembled into frameworks with interest-
ing optoelectronic properties. Important attributes for photocatalysis such as strong light
harvesting properties, charge stabilization, rapid charge carrier dynamics and the combi-
nation of water oxidation and reduction centers can be coupled here. More importantly,
the COF skeleton exhibits great opportunities for post-synthetic modification, for instance
co-catalyst coupling.’” In addition, some of these COFs, when porous, are theoretically
capable of storing the evolved gases which remedies the problem of hydrogen storage or
gas separation. The pores can be further used as templates for the incorporation and ho-

mogenous distribution of co-catalysts.!*1”
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Figure 6.2 The illustrated molecules can be trimerized to triazine-based oligomers or CTFs with
interesting absorption properties for photocatalysis: 1,3,5-tricyanobenzene (CTF-0) (1), 1,4-dicyano-
benzene (CTF-1) (2), 2,6-dicyanonaphthaline (CTF-2) (3), 2,6-dicyanopyridine (4), 4,4'-dicyanobi-
phenyl (5), 1,3,5-tris(4-cyanophenyl)benzene (6), tris-(4-cyanophenyl)amine (7) and tetrakis(4-cy-
anophenyl)methane (8).

A plethora of other COFs might be photocatalytically active. For instance, Zhao and co-
workers'® theorized CTF-0" (derived from 1; see Figure 6.2) and CTF-2% (derived from 3) to
be potential photocatalysts due to their suitable band potentials. CTFs derived from 3%
and 4-82 demonstrate interesting absorption properties and should be tested in the future.
In analogy to the presented CTF-1 (derived from 2) oligomers (Chapter 4.2), oligomers of
2D heptazine-based frameworks (e.g. HBF-1, HBF-2 and HBEF-3; Figure 6.3) might be
interesting to explore for their photocatalytic activity. Similar to CTF-1, the published
HBFs?* have been synthesized at high temperatures which most likely induces a
degradation of the framework and is currently the reason for the dark colors of the

products.
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Next to the photocatalytic water reduction, the organic photocatalysts mentioned above
might be able to catalyze other important processes such as the conversion of the green-
house gas carbon dioxide into valuable hydrocarbon products.?#?> However, the reduction
from CO: to useful fuels represents a major challenge even with inorganic photocatalysts
since transfer of multiple electrons and protons are required. The formation of methane
and methanol is thermodynamically favorable but kinetic hindrance leads to the for-
mation of mostly carbon monoxide, formaldehyde and formic acid.? Moreover, CO:
reduction competes with the reduction of water resulting in the evolution of hydrogen.
Hence, great sceptisicm? arouse (mostly due to missing isotope labelling experiments)
when Mao et al.?® claimed that non-modified urea-melon can photocatalytically convert
CO: to methanol and ethanol (AQE = 0.18%) without the addition of a noble metal co-
catalyst. We have high hopes that by terminal site engineering organic polymers can be
applied for CO:z reduction in the future.

Looking forward, organic polymers are well placed to provide multifaceted solutions
for the environmental challenges we face, which can be accomplished by the reduction of
anthropogenic CO: and the replacement of fossil fuels with photogenerated hydrogen.
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Chapter VII

7 Appendix

7.1 Supporting information

7.1.1 Supporting information of Chapter 3.1

Experimental section

Photocatalysis

1 mg mL™ aqueous suspension of carbon nitride catalyst were prepared and dispersed with an
ultrasonic bath for 30 min. Triethanolamine (TEoA) was used as a sacrificial electron donor and
H2PtCls (8 wt% in H20) was used as the Pt co-catalyst precursor which was photo-reduced during
the reaction. Suspensions with 10 vol% TEoA and 6 uL H2PtCls (2.3 wt% Pt) were illuminated in
24 mL glass vials in an argon atmosphere with PTFE/Teflon septa. Samples were side-illuminated
with a 300 W Xenon lamp with a water filter and dichroic mirror blocking wavelengths <420 nm.
The evolved gas was measured by gas chromatography with an online injection system and using a

thermal conductivity detector with argon as carrier gas.

Syntheses

Crystalline PTI/LiCl according to Wirnhier et al.515? Dicyandiamide (0.20 g, 2.38 mmol) and a eutec-
tic mixture of lithium chloride (59.2 mol%, 0.90 g, 21.33 mmol) and potassium chloride (40.8 mol%,
1.01 g, 14.70 mmol) were ground together in a glovebox. The reaction mixture was transferred into
a dried thick-walled silica glass tube (@ext. 15 mm, gin. 11 mm). The tube was placed in a vertical
tube furnace and heated under atmospheric argon pressure at 6 °C min™ to 400 °C. This tempera-
ture was held for 12 h and afterwards the sample was cooled to room temperature at 20 °C min.
After this procedure, the tube was evacuated and sealed at a length of 120 mm. In a second step the
ampule was placed in a vertical tube furnace and heated at 1 °C min to 600 °C at which the sam-
ple was held for 24 h. After cooling down to room temperature the ampule was broken and the
sample was isolated and washed with boiling water to remove residual salt. The resulting material
PTI/LiCl was obtained as a brown powder (80 mg, 50 %). Synthesis of amorphous PTI (aPTI) using
a modified procedure reported by Wirnhier et al.5'52 Dicyandiamide (1.00 g, 11.90 mmol) and a eu-
tectic mixture of lithium chloride (59.2 mol%, 2.26 g, 53.56 mmol) and potassium chloride
(40.8 mol%, 2.74 g, 39.88 mmol) were ground together in a glovebox. The reaction mixture was
transferred in open porcelain crucibles which were heated either in an argon-purged tube or muffel
furnace at 12 °C min to 400 °C — 600 °C. The temperature was held for 6 h and afterwards the
samples were cooled down to room temperature. The samples were isolated and washed with

boiling water to remove residual salts. The resulting materials yielded beige (0.70 g, 88 %) to yellow
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colored powders (0.30 g, 38 %). Yields in percentage are based on crystalline PTI and can be con-
sidered as an approximate value. Synthesis of doped amorphous PTI using a modified procedure
reported by Wirnhier et al.5'52 Dicyandiamide (0.50 g, 5.95 mmol), a eutectic mixture of lithium chlo-
ride (59.2 mol%) and potassium chloride (40.8 mol%) and 4AP as doping agent (2, 8, 16, 32 or 64 %)
were ground and transferred in open porcelain crucibles, which were heated in a muffel furnace at
12 °C min to 400 °C - 600 °C for 6 hours. The syntheses yielded yellow (0.30 g, 75 %) to dark or-
ange colored products (0.16 g, 40 %). Yields in percentage are based on crystalline PTI and can be
considered as an approximate value. Synthesis of raw melon according to Sattler et al.> A porcelain
crucible was loaded with melamine (20 g) and covered with a porcelain lid. The crucible was
placed in a muffle furnace and maintained at 490 °C for 4 days. The product was ground to a
powder and homogenized after the first day. Synthesis of “g-CsN4” according to Zhang et al.* A
porcelain crucible was loaded with dicyandiamide and heated in a muffle furnace at 600 °C for 4

hours. The synthesis yielded a yellow colored powder.

Methods

X-ray powder diffraction experiments were carried out [for 20min] on a Huber G670
diffractometer in Guinier geometry using Ge(111)-monochromatized Cu-Ka-radiation (A =
1.54051 A). The specimen was ground in a mortar and evenly spread between two chemplexfoils
(Breitlanger GmbH). FTIR spectra were recorded on a Perkin Elmer Spektrum BX II spectrometer
with an attenuated total reflectance unit. The *C and N MAS NMR spectra were recorded at
ambient temperature on an Avance 500 solid-state NMR spectrometer (Bruker) with an external
magnetic field of 11.7 T, operating at frequencies of 500.1 MHz, 125.7 MHz and 50.7 MHz for 'H,
13C and N, respectively. The sample was contained in a 4 mm ZrO: rotor which was mounted in a
standard double resonance MAS probe (Bruker). The 3C and N chemical shifts were referenced
relative to TMS and nitromethane. The 'H'>N and 'H'®C cross-polarization (CP) MAS spectra were
recorded at a spinning speed of 10 kHz using a ramped-amplitude (RAMP) CP pulse on 'H,
centered on the n = +1 Hartmann-Hahn condition, with a nutation frequency enut of 55 kHz (*N)
and 40 kHz (**C). During a contact time of 7 ms the '"H RF field was linearly varied about 20 %. The
15N cross polarization combined with polarization inversion (CPPI) NMR spectrum was recorded at
a spinning frequency of 6 kHz using a contact time of 7 ms and an inversion time of 400 ps.
Constant amplitude CP pulses were applied on ®N (vnut = 55 kHz) and 'H (vau = 50 kHz). In all 5N
NMR experiments, a flip-back (FB)S5 pulse was applied on 'H after the acquisition of the FID, so
that the recycle delay becomes less dependent of the 'H Ti relaxation time. '"H continuous wave
(CW) decoupling (ca 70 kHz RF field) was applied during the acquisition of the '®N signal. The
recycle delay was set to 1.5 s. About 47500 and 121000 transients were accumulated for the CP and
CPPI experiments, respectively. Optical diffuse reflectance spectra were collected at room
temperature with a UV-VIS diffuse reflectance spectrometer (Varian, Cary 500). Powders were
prepared between two quartz discs at the edge of the integrating sphere with BaSOs as the optical
standard. Absorption spectra were calculated from the reflectance data with the Kubelka-Munk
function. HRTEM was performed with a Philips CM 30 ST microscope (LaBs cathode, 300 kV, CS =
1.15 mm). Images were recorded with a CCD camera (Gatan) and Digital Micrograph 3.6.1 (Gatan)
was used as evaluation software. Chemical analyses (EDX) were performed with a Si/Li detector
(Thermo Fisher, Noran System Seven). Nitrogen adsorption measurements were performed at 77 K
with an Autosorb iQ instrument (Quantachrome Instruments, Boynton Beach, Florida, USA).
Samples were outgassed in vacuum at 300 °C for 12 h. For BET calculations pressure ranges were

chosen with the help of the BET Assistant in the ASiQwin software (version 2.0). In accordance



CHAPTER VII: APPENDIX 127

with the ISO recommendations multipoint BET tags equal or below the maximum in V - (1 - p po)
were chosen. The quantum efficiency was calculated according to AQE % = (2xH)/P x 100/1, where
H = number of evolved H2 molecules and P = incident number of photons on the sample. The
incident light was measured with a thermopile power meter with a constant efficiency response
across the visible spectrum. The action spectrum was measured with 40 nm FWHM light filters
(Thor labs) and with the same incident light and filter transmission efficiency for each filter.
Elemental analysis of the elements C, H, N and S is accomplished by high temperature digestion
coupled with dynamic gas components separation. The samples are burned explosively at 1150 °C
in a highly oxygenated helium atmosphere. The combustion products are CO2, H-O, Hz, NO, NO,
SOz and SOs. The detection of the gases is done by a thermal conductivity measurement cell. The
accuracy is 0.30 %. Measurements were done on an Elementar vario EL. The determination of

oxygen was done under inert conditions at high temperature (1200 °C — 1400 °C).
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Figure S1 PXRD patterns of aPTI-4APie% synthesized at 550 °C, compared to crystalline PTI/LiCl,
aPTIs00°c and melon. The reflections marked with an asterisk are assigned to artifacts caused by the

plastic sample holder.
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Figure S2 FTIR spectra of aPTI synthesized at 400 °C — 600 °C in air (left) and inert atmosphere
(right).
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Figure S3 FTIR spectra of aPTI-4APie% synthesized at 400 °C — 600 °C (left) and aPTI-4AP264%

synthesized at 550 °C (right).
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Figure S4 "N CP-MAS NMR spectrum (a) of PTI/LiCl and a >N CPPI experiment (b) with attenua-
tion of NHx signals (left). 3C CP-MAS NMR spectra recorded with 0.5 ms contact time (right).
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Figure S5 UV-Vis absorption spectra of aPTI synthesized at 400 °C — 600 °C in air (left) and inert
atmosphere (right) compared to crystalline of PTI/LiCl detected in diffuse reflectance mode.
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Figure S6 UV-Vis absorption spectra of aPTI-4AP2-s% synthesized at 550 °C (left) and of aPTI-
4AP1e% synthesized at 400 °C — 600 °C (right) detected in diffuse reflectance mode.
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Figure S7 A typical image of 2.3 wt% Pt-loaded aPTI-4AP after illumination for 3 h under visible
light (A 2 420 nm), at higher magnification (top left) and its corresponding FFT (top right) (1). The
lattice planes correspond to elemental platinum. The EDX spectrum of sample location 2 is shown
in (2).
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Figure S8 Photocatalytic activity of aPTI synthesized at 400 °C — 600 °C in air (muffle furnace) and
argon atmosphere (tube furnace). Synthesis of aPTI at elevated reaction temperatures (550 °C —
600 °C) under inert atmosphere resulted in better photocatalytic activity of CNs than in air. On the
other hand, synthesis at lower temperatures (400 °C — 500 °C) in air resulted in marginally better
photocatalytic activity compared to inert atmosphere conditions.
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Figure S9 Photocatalytic activity towards hydrogen production of aPTI-4APie% synthesized at
400 °C - 600 °C (left) and of aPTI-4AP2—es synthesized at 550 °C (right).
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Figure S10 Steady rate of hydrogen production from water containing various electron donors
(methanol, ethanol, trimethylamine and triethanolamine TEoA; 10 vol%) under visible light
(A 2420 nm) by 2.3 wt% Pt-loaded aPTI-4APie%.

Table S1 Elemental analysis of aPTI synthesized air or inert atmosphere (Ar) at 400 °C - 600 °C
compared to PTI/LiCl and melon.

sample atmosphere temperature [°C] C [wt%] N [wt%] H[wt%] C/N/H C/N
PTI/LiCl Ar/vacuum 600 29.6 50.4 1.3 CsoNs4His  0.68
melon  air 490 33.2 62.7 1.8 CsoN49Hio  0.62
aPTlooec air 400 26.9 46.6 2.8 CsoNasHsz  0.67
aPTlsoec air 450 27.1 46.6 3.0 Cs0NasHao  0.68
aPTlsoec air 500 24.7 419 2.5 CsoN4+4Hse  0.69
aPTlssoc air 550 22.0 36.6 2.8 CsoN4sHss  0.70
aPTlwooc Ar 400 279 50.8 3.2 CsoNs7Ha1  0.64
aPTlsoc Ar 450 21.6 36.5 2.6 CsoNasHaz  0.69
aPTIsoc Ar 500 259 43.8 24 CsoN4+4Hss  0.69
aPTlssocc Ar 550 26.5 45.3 2.0 CsoNasH27  0.68

aPTleoocc Ar 600 26.8 454 2.1 CsoN4sH2s  0.69




CHAPTER VII: APPENDIX 131

Table S2 Elemental analysis of aPTI-4AP synthesized at 400 °C — 600 °C compared to PTI/LiCl and melon.

sample temperature [°C] 4AP [%] C[wt%] N [wt%] H[wt%] C/N/H C/N
PTI/LiCl 600 0 29.6 50.4 1.3 CsoNssHie  0.68
melon 490 0 332 62.7 1.8 CsoNssHio  0.62
aPTI-4APi6% 400 16 28.7 46.7 2.6 CsoNs2Hs2  0.72
aPTI-4APi6% 450 16 30.3 474 2.5 CsoNsoHso  0.74
aPTI-4AP16% 500 16 29.8 46.3 24 CsoNaoH29  0.75
aPTI-4APis% 550 16 30.5 43.5 2.6 CsoNs7Hs1  0.82
aPTI-4APie%" 550 16 30.1 422 29 CsoNseHss  0.83
aPTI-4AP2% 550 2 29.2 49.0 24 CsoNasHz9  0.69
aPTI-4APs% 550 8 29.8 48.3 2.3 CsoN42H2s  0.72
aPTI-4APi6% 550 16 30.5 435 2.6 CsoNs7Hs1  0.82
aPTI-4APs% 550 32 28.2 359 2.7 CsoNssHss 092
aPTI-4APes% 550 64 355 36.8 2.6 CsoN27Hz6  1.13

* After illumination for 15 hours.

Further co-polymerization reactions

Synthesis

Synthesis of doped amorphous PTI followed a modified procedure reported by Wirnhier et al 5%
First dicyandiamide (500.0 mg, 5.95 mmol) was mixed with the dopant: 72.0 mg 4AP (16%), 72.0 mg
2AP (16%), 70.9 mg TAP (16%), 72.5 mg BA (16%) or 95 mg melamine (16%). Then five times the
weight of a eutectic mixture of lithium chloride (59.2 mol%) and potassium chloride (40.8 mol%)
was added, excessively ground and transferred in a quartz glass vessel. This mixture was heated in
an argon purged furnace at 12 °C min to 550 °C for 6 hours. After cooling down to room temper-
ature (20 °C min™) the samples were ground and reheated under the conditions described before to
achieve a homogenous polycondensation. After cooling to ambient temperature, the samples were
extensively washed (at least three times) with boiling water to remove the salt residues and then

dried at 60 °C. The syntheses yielded orange colored products.

Doping calculations

The term “doping degree of 16 %” might be not obvious. Therefore, the calculation of the doping
level is described as follows. Firstly, the carbon content is calculated for 500 mg of precursor (dicy-
andiamide) based on its molecular mass (M = 84.08 g mol™), which results in 142.9 mg or 28.6 %
carbon content. This amount of DCDA-derived carbon (142.9 mg) corresponds to 84.0 % of the total
carbon content within the reaction while, 16 % of the residual carbon derives from the dopant. This
16.0 % carbon content derived from the dopant yields a carbon mass of 27.2 mg. 4AP M =1271¢g
mol™) has a carbon content of 378.0 mg or 37.8 %. Thus, 72.0 mg 4AP is needed to achieve 16.0 %
carbon doping when 500.0 mg dicyandiamide is used. To simplify further experiments (see also L.
Moser’s bachelor thesis)% these 16.0 % carbon doping is identical to 14.4 wt% 4AP doping just
based on the initial weight of 500.0 mg dicyandiamide. Since 2AP has the same molar mass as 4AP,
the calculations are identical. BA (M = 128.1 g mol™) has a total carbon content of 375.1 mg or
37.5 %. Thus, 72.5 mg BA is needed. TAP (M =125.1 g mol™) has a total carbon content of 384.0 mg
or 38.4 %. Thus, 70.9 mg TAP is needed. Melamine (M = 126.1 g mol~) has a total carbon content of
285.7 mg or 28.6 %. Thus, 95.2 mg melamine is needed.
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Photocatalysis

1 mg mL-! aqueous solutions of carbon nitride catalyst were prepared and dispersed with an ultra-
sonic bath for 30 min. Triethanolamine (TEoA) was used as sacrificial electron donor and H2PtCls
(8 wt% in H20) was used as the Pt co-catalyst precursor which was photo-reduced during the reac-
tion. Suspensions with 10 vol% TEoA and 6 pL H:PtCls (2.3 wt% Pt) were illuminated in 24 mL
glass vials in an argon atmosphere with PTFE septa. Samples were side-illuminated with a 300 W
Xenon lamp with a water filter and dichroic mirror blocking wavelengths < 420 nm. The evolved
gases were measured by gas chromatography with an online injection system and using a thermal

conductivity detector with argon as carrier gas.
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7.1.2 Supporting information of Chapter 3.2

Experimental section

Syntheses

Crystalline PTI/LiCl according to Wirnhier et al.5! Dicyandiamide (0.20 g, 2.38 mmol, Acros) and a
eutectic mixture of lithium chloride (59.2 mol%, 0.90 g, 21.33 mmol, Roth) and potassium chloride
(40.8 mol%, 1.01 g, 14.70 mmol, Roth) were ground together in a glovebox. The reaction mixture
was transferred into a dried thick-walled silica glass tube (@ext. 13 mm, gin. 10 mm). The tube was
placed in a horizontal tube furnace and heated under atmospheric argon pressure at 6 °C min™ to
400 °C. This temperature was held for 12 h and afterwards the sample was cooled to room temper-
ature at 20 °C min~. After this procedure, the tube was evacuated and sealed at a length of 120 mm.
In a second step the ampule was placed in a vertical tube furnace and heated at 1 °C min to 600 °C
at which the sample was held for 24 h. After cooling down to room temperature the ampule was
opened and the sample was isolated and washed with boiling water to remove residual salt. The
resulting material PTI/LiCl was obtained as a brown powder (80 mg, 50 %). *N-enriched PTI was
synthesized according to the procedure described above using '*N-enriched dicyandiamide (Sigma-
Aldrich). Synthesis of a PTI nanosheet suspension. 40 mg of bulk PTI/LiCl were dispersed in 20 mL
of water. The ice-cooled suspension was sonicated for 15 h in an ultrasonic bath with an amplitude
of 30 %. The final suspension was centrifuged first at 3000 rpm and then at 5000 rpm to obtain the
brown-colored PTI nanosheet suspension with a concentration of ~0.2 mg mL-'. DLS measure-
ments, which theoretically give an idea about the hydrodynamic diameter of a spherical particle,
resulted in an equivalent spherical diameter of 123 nm (98 %). Non-exfoliated PTI shows a hydro-

dynamic diameter of 936 nm (100 %).

Methods

For sonication a Sonorex Digital DK 102 P of Bandelin with an ultrasonic frequency of 35 kHz and
an ultrasonic power of 480 W was used. For centrifugation a bench top centrifuge Sigma 3-30K,
with a maximum speed of 30000 rpm was used. The centrifugation speeds 3000 rpm, 5000 rpm and
25000 rpm correspond to 795 RCF, 2208 RCF and 55201 RCF, respectively. PXRD experiments were
carried out with Cu-Kau-radiation (A = 1.54051 A) on a Bruker D8 Advance diffractometer with a
Ge(111)-monochromator and a Dectris Mythen detector. The specimen was ground in a mortar and
evenly spread by dispersing it with ethanol on a silicon carrier. Lebail fits were performed with the
Fullprof software suite. Peak shapes were modeled with the Thompson-Cox-Hastings pseudo-
Voight profile convoluted with axial divergence asymmetry. Due to the 2D nature of the com-
pounds it was neccessary to additionally account for selective peak bradening of the (00I)
reflections. FTIR spectra were recorded on a Perkin Elmer Spectrum Two spectrometer with an
attenuated total reflectance unit. Optical diffuse reflectance spectra of the solids were collected at
room temperature with a UV-Vis-NIR diffuse reflectance spectrometer (Agilent Technologies,
Cary 5000) at a photometric range of 175 nm — 3300 nm. Powders were prepared in a sample carrier
with a quartz glass window at the edge of the integrating sphere with BaSOs as the optical
standard. Kubelka-Munk spectra were calculated from the reflectance data. Atomic force
microscopy (AFM) measurements were performed on a diluted suspension of nanosheets allowed
to dry on a silicon substrate, using an Asylum MFP3D Stand Alone AFM (Asylum Research, Santa
Barbara, CA) using a Si micro cantilever (300 Hz resonant frequency and 26.1 N m™ spring
constant) operated in tapping mode. HRTEM was performed with a Philips CM 30 ST microscope
(LaBs cathode, 300 kV, CS = 1.15 mm). Images were recorded with a CCD camera (Gatan) and
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Digital Micrograph 3.6.1 (Gatan) was used as evaluation software. Chemical analyses (EDX) were
performed with a Si/Li detector (Thermo Fisher, Noran System Seven). Elemental analysis of the
elements C, H, N and S is accomplished by high temperature digestion coupled with dynamic gas
components separation. The samples are burnt explosively at 1150 °C in a highly oxygenated
helium atmosphere. The combustion products (CO2, H2O, Hz, NO, NO, etc) are detected by a
thermal conductivity measurement cell. The accuracy is 0.30%. Measurements were done on an
Elementar vario EL. The 'H, *C and "N MAS—NMR spectra of ’N-enriched Precipitate I—III were
recorded at ambient temperature on an Avancelll HD 600 solid-state NMR spectrometer (Bruker)
with an external magnetic field of 14.1 T, operating at frequencies of 600.1 MHz, 150.9 MHz and
60.8 MHz for 'H, ®C and N, respectively. Additionally, the MAS—NMR spectra of the ®N-
enriched bulk material were collected at ambient temperature on an Avance 300 solid-state NMR
spectrometer (Bruker) with an external magnetic field of 7.0 T, operating at frequencies of 300.1
MHz, 75.5 MHz and 30.4 MHz for 'H, *C and ®N, respectively. The samples were contained either
in 1.3 mm, 1.9 mm or 4 mm ZrO2 rotors which were mounted in standard triple resonance MAS
probes (Bruker). The spinning speed was set to 62.5 kHz (1.3 mm), 15 kHz (1.9 mm) and 10 kHz (4
mm), respectively. The 'H spectra were recorded using one pulse and Hahn-echo experiments with
a RF field of 125 and 83 kHz. The "H®N cross-polarization (CP) MAS spectra were collected using a
conventional sequence and contact times between 8 and 10 ms. The 'H**C cross-polarization (CP)
MAS spectra were acquired with a ramped-amplitude (RAMP) CP sequence. During a contact time
of 8 and 4 ms the 'H RF field was linearly varied about 50 %. During acquisition proton decoupling
was carried out using SPINAL64 between 60 kHz and 100 kHz. The recycle delay for all the spectra
was set to 3 s and the spectra were referenced relative to TMS ('H, *C) and nitromethane (*°N).
H'H 2D exchange experiments were conducted in a 1.3 mm ZrO: rotor on an Avance III HD 600
Bruker spectrometer using a NOESY-type three pulse experiment at a spinning speed of 62.5 kHz.
Under these conditions the polarization takes place by proton-driven spin-diffusion. Spectra with
mixing times of 10 ms and 200 ms were recorded. Dynamic Light Scattering measurements were
performed with a Malvern Zetasizer Nano ZS with a maximum diameter size range of 0.3 nm to 10
pm and a molecular weight range of 342 Da to 2 x 107 Da. For the setting of the pH of the
nanosheet suspension a Mettler Toledo Seven Compact Labor-pH-meter was used with a five point
calibration system. Photocatalysis: For testing the photocatalytic activity of the precipitates
compared to bulk PTI and sonicated PTI, 10 mg of the carbon nitride catalysts were dispersed in 9
mL water and sonicated for 30 min. In case of the PTI nanosheet suspensions, 9 mL of the
nanosheet suspensions (containing 2.0, 1.8 and 3.6 mg of PTI nanosheets) were directly used and
compared to 2mg of bulk PTI dispersed in 9 mL of water, which was sonicated for 30 min.
Triethanolamine (TEoA, 1 mL, Roth) was used as a sacrificial electron donor and H2PtCls (8 wt% in
H:0, Sigma-Aldrich) was used as the Pt co-catalyst precursor which was photo-reduced during the
reaction (~2.2wt% Pt). The suspensions were illuminated in 24 mL glass vials in an argon
atmosphere with PTFE/Teflon septa. The vials were purged with argon to remove any dissolved
gases in the suspension. Samples were side-illuminated for 3 h with a 300 W xenon lamp with a
water filter and dichroic mirror blocking wavelengths <420 nm while stirring. For stability
measurements the 9 mL of the PTI nanosheet suspension was filled in a 230 mL quartz glass reactor
with a PTFE/Teflon septum under argon atmosphere. A sacrificial electron donor (1 mL) of either
triethanolamine or methanol and the H2PtCls solution (~ 2.2 wt% Pt) was added. The flask was
evacuated and purged with argon. The sample was simultaneously top-illuminated (top surface =

15.5 cm?) and cooled with a water jacket under the conditions described above. For wavelength-



CHAPTER VII: APPENDIX 135

specific measurements, the full spectrum of the xenon lamp coupled with a band-pass filter
(400 nm, 450 nm, 500 nm, 550 nm or 600 nm; bandwidth + 20 nm) was used. The headspace of the
reactor was periodically sampled with an online injection system and the gas components were

quantified by gas chromatography using a thermal conductivity detector with argon as carrier gas.

Results and discussion
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Figure S11 pH-dependent zeta potential measurements of Supernatant 2. The isoelectric point (IP)
is at pH 5.4. Below pH 5.4 the nanosheets are positively charged, above the IP the nanosheets are

negatively charged.
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Figure S12 Electron diffraction pattern along [001] of a PTI nanosheet (a), shown in Figure 3.9. The
pattern is in agreement with the literature.5! Powder X-ray diffraction patterns of bulk PTI com-
pared to the restacked PTI nanosheets (Precipitate III, b). The broad amorphous halo around 12 °20

is caused by the sample carrier.

Table S3 Elemental analysis of bulk PTI compared to the restacked PTI nanosheets (Precipitate III).

sample C [wt%] N [wt%] H [wt%] Li [wt%]

bulk PTI/LiCl 30.7 47.7 1.5 4.1

precipitate III 30.4 489 1.9 2.5
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XPS measurements
The high-resolution N 1s spectra of both bulk PTI and Precipitate III were deconvoluted into two

Gaussian-Lorenzian peaks at binding energies of 398.2/398.2 eV (N1 for bulk/IIl) and 399.8/399.7 eV
(N2 for bulk/IIl) (Figure S13(b)). For both materials, the dominant N1 is attributed to the sp? N
atoms of the triazine rings,5>° while the smaller signal N2 is assigned to bridging N atoms in
NH(CsNs)2 /LiN(CsNs3)2.524 For bulk PTI and Precipitate III three different carbon atoms were found:
284.5/284.5 eV (C1), 286.2/285.9 eV (C2) and 287.7/287.6 eV (C3) (Figure S13(a)). C1 is assigned to
adventitious carbon (especially graphitic C=C and grease),>*5 while C3 and C2 originate from sp? C
atoms bonded to N inside the triazine ring.5%¢ The chemical environment of the chlorine atoms is
unchanged for the exfoliated material (Figure S14): Both bulk and Precipitate III show one type of
chlorine species (ClI1 at 197.7 eV (2psi2) and CI2 at 199.4 eV (2p112)).
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Figure S13 XPS spectra of C1s (a) and N 1s (b) of bulk PTI compared to the PTI nanosheets
(Precipitate III).
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Figure S14 XPS spectra of Cl 2p, Li 1s and O 1s of (top) bulk PTI compared to (bottom) PTI
nanosheets (Precipitate III).
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Calculation of the water content

Due to their negative zeta potential the PTI nanosheets or stacks of nanosheets carry a water shell
in the suspension. Assuming that only the first hydration sphere is bonded strongly enough to be
restacked together with the PTI nanosheets during the centrifugation process, the Precipitates I —III
will consist of alternating PTI stacks separated by two monolayers of water. In this scenario the
ratio of the PTI protons (signals at 8.9 ppm and 10.8 ppm of Figure S15) and the water protons
(peaks at 4.6 ppm and 6.2 ppm of Figure 515) might be used to estimate the mean number of PTI
layers sandwiched by a water shell. Since the surface density of a monolayer of water for a PTI
surface is unknown, we extrapolate from results of DFT and MD calculations%”# for different un-
charged surfaces. The lowest surface water density was found on MgO (001) surfaces, where the
area per water molecule amounts to 17.8 A25” In contrast, on (100) silica surfaces, the highest sur-
face density of 13.0 A? was derived.” For a PTI monolayer two protons occupy a unit cell with a
surface area of 64.18 A2. Taking into account a bottom and a top water monolayer for each PTI
stack, the ratio of PTI protons (Her) to water protons (Hwater) was calculated as a function of the
number of stacked PTI layers (Table 54).

Table S4 Ratio between PTI protons (Hrer) and water protons (Hwatr). Calculation based on the
monolayer water density for MgO (column 1) and silica (column 2).

N° of PTT layers Hrrr: Hwatervigo) Hprti : Hwatersitica)
1 1:72 1:99
2 1:3.6 1:49
3 1:24 1:3.3
4 1:1.8 1:25
5 1:1.4 1:2.0

The deconvolution of a high-resolution '"H MAS spectrum at ultrafast spinning (Figure S15,
Figure S16 and Table S5) leads to Herr : Hwater = 1:2.8. The two signals at 8.9 ppm and 10.8 ppm
represent the typical resonances for the PTI protons and are independent of the water content
(compare Figure and ref. 6). The resonances for the two peaks at 4.6 ppm and 6.2 ppm are typical
for water, and they increase from Precipitate I to III and are in close vicinity to the PTI protons as
proven by the 'H'H spin-diffusion exchange spectra (Figure and Figure S16). We thus take both
resonances as a measure for the relative amount of adsorbed water molecules. The residual signals
at 1.0 ppm, 3.5 ppm and 3.9 ppm (Figure 515) do not exchange with the resonances for neither the
PTI nor the water protons and are thus considered as small impurities. Within the limit of our
model, for the lower water coverage of 17.8 A2 per H2O molecule the “nanosheet” consists, on aver-
age, of 2 to 3 PTI layers, whereas for the higher water surface density (13.0 A2 per H20 molecule) a
mean value between 3 to 4 layers is derived. This amounts to a mean number of PTI layers N = 3(1).



138 CHAPTER VII: APPENDIX

Table S5 Relevant parameters for the deconvolution of the high-resolution 'H MAS spectrum for
Precipitate III at ultrafast spinning (vrot = 62.5 kHz). The resonances were refined with pseudo-Voigt
profiles.*

Oiso [ppm] FWHH G/L ratio® intensity
1.0 2.0 04 0.16
3.5 0.5 0.0 0.12
39 0.5 0.5 0.14
4.6 0.23 0.0 5.1
6.2 2.0 0.9 0.63
8.9 2.1 0.7 1.0
10.8 2.0 0.6 1.0

* With a value 0 the resonance is described by a Lorentzian. For the other limit 1 the peak is refined

by a Gaussian profile.

25 20 15 10 5 0 -5 1025 20 15 10 5 0 -5 -10
3/ppm ('H) 5/ppm ('H)

Figure S15 High-resolution 'H MAS spectrum for Precipitate III at ultrafast spinning (vrt =
62.5 kHz), together with the deconvolution using pseudo-Voigt profiles (compare also Table S5).

/\/L_\

= 62,5 | VA
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14 12 10 8 6 4 2 0—%4
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Figure S16 'H'H proton driven spin diffusion spectrum for Precipitate III with a mixing time of
200 ms.
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Figure 517 UV-Vis F(R) spectrum of bulk PTI compared to the Precipitates I, Il and III.
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Figure S18 Long-term measurements of the PTI nanosheets (Supernatant 2) with TEoA as electron
donor. The reactor was purged in moments marked with an asterisk (left). Action spectrum of PTI
nanosheets (Supernatant 2) using 40 nm FWHM band-pass filters in a 10 vol% TEoA/water solution
(right).

Control experiments

Bulk PTI sonicated for 30 min.

As a control experiment, bulk PTI was sonicated for 30 min in water (2.0 mg mL™") for dispersion
and centrifuged at 5000 rpm (Supernatant, <0.1 mg mL-"). Another reactor containing 30 min soni-
cated bulk PTT in water (1.0 mg mL-') was prepared and its photocatalytic activity was tested com-
pared to the supernatant. The supernatant was characterized by TEM and AFM. Its concentration
was very low and the suspension was only stable for several hours, in accordance with the low zeta
potential of —24.4 mV (measured at a pH of 7.2). There was no photocatalytic improvement of the
supernatant compared to the 30 min sonicated, uncentrifuged bulk PTI with similar concentration.
Characterization showed that bulk PTI was not sufficiently exfoliated within 30 min of sonication
(Figure 519). The thickness of the obtained material was rather increased (TEM, AFM and DLS)
compared to the dispersions sonicated for longer times (15 h) and the suspension contained ag-
glomerates (320 nm in diameter for 87.4 % of the crystallites compared to 123 nm for 98 % of the
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nanosheets of Supernatant 2). TEM measurements show that the shape of the crystallites of the
suspension sonicated for 30 min are rather rounded, whereas longer sonication with separation
steps apparently leads to smaller and less aggregated crystallites with an edged shape which were
homogenously dispersed on the TEM grid. The AFM image (Figure S19(c)) shows that sonication

for 30 min yields essentially no exfoliated material. We find only one nanoparticle on a Si/SiO: wa-

fer at a scan area of 5 x 5 pm for the PTI suspension (supernatant) sonicated for 30 min and centri-

|

1 2 3 4
Distance / pm

fuged at 5000 rpm.

a

Height / nm
N

L

Figure S19 TEM measurements of bulk PTI sonicated for 30 min (and centrifuged at 5000 rpm)
demonstrate agglomerates (a) and enlarged crystallites (b). The AFM image shows one PTI particle
(very low concentration) found on the Si/SiO2 wafer on a scan area of 5 x 5 um, after centrifuging
the PTI suspension sonicated for 30 min (c).

LiCl/LiOH activation

Since we observed a loss in the lithium amount from bulk PTI (4.1 wt%) compared to Precipitate III
(2.5 wt%), we tested the amount of lithium in Supernatant 3 to be about 10.7 mg L (0.096 mg in
9 mL; corresponding to 0.6 mg LiOH monohydrate or LiCl). To exclude any lithium hydroxide /
lithium chloride “activation” of the PTI nanosheet suspension (Supernatant 2), we performed fur-
ther control experiments. Three reactors of 10 mg bulk PTI containing additionally 0.6 mg, 1.0 mg
or 3.0 mg of lithium hydroxide monohydrate and two reactors containing additionally 2.0 mg or
6.0 mg lithium chloride, respectively, were prepared and their photocatalytic activity (10 mL 10
vol% TEoA solution; 2.3 wt% Pt) was tested compared to pristine bulk PTI. We also compared Su-
pernatant 2 to the same PTI nanosheet suspension which was washed several times with water
toward their water reduction ability. The addition of lithium hydroxide leads to a decrease in pho-
tocatalytic activity, which may arise from an increase in pH (11.3 vs 10.5 for the pristine material).
The addition of lithium chloride only leads to a decrease in activity when large amounts are used.
Otherwise no difference is detected. The washed PTI nanosheet suspension (Supernatant 2 washed)
shows a slightly decreased hydrogen evolution rate compared to the unwashed (LiOH added)
suspension within the batch-to-batch error (~15 %), which might be due to loss of material during

the washing procedure.



CHAPTER VII: APPENDIX 141

1D|mg

Amount of hydrogen / umol h”
f -9

Figure S20 Photocatalytic activity of bulk PTI compared to LiCl and LiOH monohydrate contami-
nated bulk PTI samples (10 mg of photocatalyst, 10 vol% TEoA, 2.3 wt% Pt) and of Supernatant 2 (~
0.2 mg mL-") compared to washed Supernatant 2 (<0.2 mg mL™").
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7.1.3 Supporting information of Chapter 3.3

Experimental details

Syntheses

Synthesis of PTI/LiCl,Br.5'$2 All manipulations were done under argon in a glove box.
Dicyandiamide (2 g, 23.8 mmol) and a eutectic mixture of either lithium chloride (59.2 mol%,
452 g, 107.0 mmol) and potassium chloride (40.8 mol%, 5.48 g, 73.5 mmol) (PTI/LiCl) or lithium
bromide (58.7 mol%, 5.20 g, 59.9 mmol) and potassium bromide (41.3 mol%, 4.80 g, 40.3 mmol )
(PTI/LiBr) were finely ground. The reaction mixture was transferred into a quartz glass vessel and
placed in a horizontal tube furnace. The starting materials were heated under atmospheric argon
pressure at 6 °C min to 400 °C and held at this temperature for 12 h. Then the sample was cooled
down to room temperature at 20 °C min?, finely ground and 2 g were transferred into a quartz
ampule, which was sealed after evacuation at a length of 120 mm (@ex. 15 mm, @in. 11 mm). The
ampule was placed in a slightly tilted horizontal tube furnace and heated at 6 °C min! to 580 °C, at
which temperature the sample was held for 24 h. After cooling down to room temperature
(6 °C min'), the ampule was carefully broken, and the sample was isolated and washed several
times with boiling water to remove residual salt. The resulting material was dried at 100 °C to yield
PTI/LiCI(LiBr) as a brown powder (150 mg — 200 mg, 38 % — 50 %). We further tried to synthesize
PTI/LiF by analogy to PTI/LiCl(LiBr). To this end, we mixed small amounts of dicyandiamide
(100 mg, 1.2 mmol) with a eutectic mixture of lithium fluoride and potassium fluoride and filled the
mixture in a platinum vessel. After precondensation under argon flow, the reaction mixture within
the platinum vessel was transferred and vacuum sealed in a large and thick-walled quartz ampule.
Heating the ampule to over 500 °C lead to an explosion of the ampule since the fluorine corrodes

the quartz ampule.

Lithium-proton exchange. PTI/LiCl (50 mg) was stirred in 20 mL of an aqueous 0 %, 12 %, 18 %,
or 36 % HCl and PTI/LiBr (50 mg) was stirred in an aqueous 0 %, 16 %, 23.5 %, or 47 % HBr solution
for one day. The obtained products were carefully and excessively washed with water until the
washing fluid was pH neutral. The products (50 mg) were dried at 100 °C. The samples were
labelled according to the concentration of acid used: PTI/X% HY (Y=Cl, Br). We also extended the
duration of the acid treatment (with 36 % HCIl and 47% HBr) to one week and heated the solution
and refreshed the acid solution several times (>5), but the final products did not change with
regards to their IR spectra and PXRD patterns. In the case of PTI/LiBr, an acid treatment with 40 %
HF and an ammonium fluoride solution (8 M) at 60 °C for 48 h according to the literature®? was

performed, but yielded the same product as PTI/LiBr 47% HBr. No fluorine was intercalated.

Instruments

For PXRD, FTIR, UV-Vis, TEM, XPS, ICP and elemental analysis measurements: see the
supplementary information of Chapter 4.2. XES and XANES measurements have been performed
by T. de Boer (University of Saskatchewan, Saskatoon) and analyzed by E. McDermott (Institute of
Materials Chemistry, TU Wien) as described elsewhere.5® The photoluminescence (PL) spectra were
measured using a Fluorolog-3 FL 3-22 (Horiba Scientific) spectrometer with a Xenon lamp as light
source. The emission spectra were measured between 280 nm and 800 nm. The sample was excited
at 380 nm using a 430 nm cut-off filter to protect the detector. AFM measurements were performed
with a Veeco CP II system. The AFM images were analyzed with the Gwyddion software. NMR:
All spectra were referenced relative to TMS ('H, 3C), nitromethane (**N) and a 1 M LiCl solution
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("Li). 8C and N cross-polarization (CP) MAS-NMR spectra were recorded at ambient temperature
on an Avancell 300 or an Avancelll HD 400 solid-state NMR spectrometer (Bruker) with an exter-
nal magnetic field of 71T or 94T, respectively. The operating frequencies are
300.1 MHz/400.1 MHz, 75.4 MHz/100.6 MHz and 30.4 MHz/40.6 MHz for 'H, 3C and N, respec-
tively. The samples were contained in 4 mm ZrO:2 rotors, which were mounted in a standard triple
or double resonance MAS probe (Bruker) and the spinning speed was set to 10 kHz. For CP meas-
urements a CP sequence with a ramped-amplitude (RAMP) contact pulse%>s6 on 'H (the RF field
was linearly varied about 50 %) and contact times between 4 and 12 ms were applied. During the
acquisition, broadband proton decoupling was carried out using SPINAL-64% with a nutation
frequency of about 70 kHz. The recycle delay was chosen between 1 s and 4 s. 7Li MAS-NMR spec-
tra and the 'H-*C CP build-up were conducted at ambient temperature on an Avancelll HD 400
solid-state NMR spectrometer (Bruker) with an external magnetic field of 9.4 T, operating at fre-
quencies of 400.1 MHz, 100.6 MHz and 155.5 MHz for 'H, 3C and 7Li, respectively. The samples
were contained in 4 mm ZrO: rotors, which were mounted in a standard double resonance MAS
probe (Bruker) and the spinning speed was set to 5 kHz ("Li) and 12.5 kHz (CP build-up), respec-
tively. The 7Li spectra were measured using a standard one-pulse experiment with full relaxation
between the scans (recycle delay 10 s for PTI/LiCl 36% HCI and 60 s for PTI/LiCl). For the 'H-3C
CP build-up, a square contact pulse with variable duration (1 ps — 15 ms) was used. The RF field of
H was experimentally adjusted to the +1 Hartmann-Hahn condition® using Adamantane. During
acquisition proton decoupling was carried out using SPINAL-64% with a nutation frequency of
about 70 kHz. The recycle delay was set to 1 s. 'H 1D and 2D MAS-NMR spectra were recorded at
ambient temperature on an Avancelll HD 600 solid-state NMR spectrometer (Bruker) with an
external magnetic field of 14.1 T, operating at frequencies of 600.1 MHz, 150.9 MHz and 233.2 MHz
for 'H, 3C and 7Li respectively. The samples were contained in 1.3 mm ZrO: rotors, which were
mounted in a standard triple resonance MAS probe (Bruker) and the spinning speed was set to
62.5 kHz. 1D measurements were carried out using a conventional Hahn-echo experiment. 3C—H-
and 7Li—'"H- HETCOR spectra were recorded using a D-HMQC pulse sequence.®® To transfer po-
larization between the nuclei the supercycled symmetry based SR41? sequence was applied.5 As
the quadrupole moment of 7Li is quite small (< 200 kHz), strong 90° pulses (RF field ~230 kHz) were
used to excite the whole spectrum. For both spectra, the t1 evolution was rotor synchronized using
a dwell time of 128 us. For the 3C-"H-spectrum a recoupling time of 448 ps was chosen and for the
H—7Li HETCOR the recoupling time was set to 352 ps. The 2D 'H-'H couble-quantum-single-
quantum (DQ-SQ) correlation spectra were recorded using a rotor-synchronized symmetry based
R-sequences!0s1! R12:% in a excitation-reconversion-m/2-acquisition Scheme. The R-block was im-
plemented using 180° pulses and the phase cycling was performed with the conventional 16-fold
phase cycle to select the required coherence pathway 0 +2 0 -1. Recoupling times of 32 us, 96 us and
224 us were chosen. The powerlevel for the R-sequence was optimised on the sample directly. The
'H{-"Li} Rotational-Echo Double-Resonance (REDOR) curves were measured using a conventional
REDOR sequence.5'® Due to fast spinning, which was necessary to get resolution, and the therefore
short Trot (16 ps), the 7Li 180° pulses have to be shorter than 1.6 ps in order to reach the goal of the
pulse occupying less than 10 % of trot. Due to experimental limits only a 180 pulse of 2.2 ps could be
used, therefore making quantitative analysis complicated. Photocatalysis The photocatalyst (10 mg)
was dispersed in water (9 mL) (when MeOH was used as electron donor) or phosphate buffer
(0.5M, pH?7) (in the case of TEoA) in a 230 mL quartz glass reactor with a PTFE/Teflon septum.
Then 1 mL of MeOH or TEoA and 6 pL H2PtCls (8 wt% in H20) (2.2 wt% Pt) was added. The reac-
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tor was evacuated and purged with argon. Then the reactor was simultaneously top-illuminated
(top surface = 15.5 cm?) with a 300 W Xenon lamp with a water filter and dichroic mirror blocking
wavelengths <420 nm and cooled with a water jacket. The evolved gas was measured by gas chro-
matography with an online injection system and using a thermal conductivity detector with argon
as carrier gas.

Figures and tables
XPS spectroscopy
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Figure S21 C 1s (left) and N 1s XPS spectra (right) of PTI/LiCl (black), PTI/LiCl stirred in water
(orange) and PTI/LiCl treated with 12 % (red), 18 % (wine red) and 36 % (blue) concentrated HCl
solutions.
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Figure S22 Li 1s (left) and Cl 2p XPS spectra (right) of PTI/LiCl (black), PTI/LiCl stirred in water
(orange) and PTI/LiCl treated with 12 % (red), 18 % (wine red) and 36 % (blue) concentrated HCI
solutions.
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Figure S23 C 1s (left) and N 1s XPS spectra (right) of PTI/LiBr (black), PTI/LiBr stirred in water (fair
blue) and PTI/LiBr treated with 16 % (dark blue), 23.5 % (violet) and 47 % (purple) concentrated
HBr solutions.
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Br 3d Li1s
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Figure S24 Li 1s (grey region) and Br 3d XPS spectra of PTI/LiBr (black), PTI/LiBr stirred in water
(fair blue) and PTI/LiBr treated with 16 % (dark blue), 23.5 % (violet) and 47 % (purple) concen-
trated HBr solutions.
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Figure S25 LeBalil fits of PTI/LiCl on the basis of PTI/LiCl (left) compared to the LeBails fit of
PTI/LiCl 36% HCI on the basis of CsNoHs - HCL.S!5 In both cases a reasonable fit could be achieved
using 100 % of the fitted phase. Fot extrahated lattice parameters see Table 3.5 of the main manu-

script.
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NMR spectroscopy
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Figure 526 3C CP-MAS ssNMR spectra (300 MHz, 10 kHz) of PTI/LiCl 36% HCl compared to

PTI/LiCl, CsNoHs - HCI and PTI/LiCl which was Soxhlet-extracted for 7 and 18 days and measured
by D. Gunzelmann (University of Bayreuth).
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Figure 527 2D 'H-'H DS-SQ ssNMR spectra of PTI/LiCl 36% HCI detected at different mixing
times (32 ps, 96 pus and 224 ps). Short mixing times visualize short proton-proton distances and
long mixing times detect larger proton-proton distances.
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Figure 528 “*C—'H HMQC ssNMR spectrum (after 448 ps of mixing time) of PTI/LiCl 36% HCI (left)
and the 'H-3C CP build-up curves (right) showing no major differences of the proton environment
of the different 1°C signals. The oscillation at the beginning of the CP build-up (top right) arises due
to at least one dominating short distance, which for PTI/LiCl was assigned to the C-NH group with
a 'H-3C distance of approximately 2 A.514 A quantitative evaluation of the curves is difficult, as the
spinning was 10 kHz and therefore only residual dipolar couplings are observed.
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Figure S 29 Top: 7Li-'H HMQC ssNMR spectrum of PTI/LiCl 36 % HCI detected at a mixing time of
352 us (left) and 'H{"Li} REDOR ssNMR measurements of the same sample (right). Both are show-
ing a closer lithium distance to the 'H signals appearing at 11.3 ppm and 9.5 ppm. As a spinning
speed of 62.5 kHz was needed to achieve resolution, the “Li pulse was too long to allow quantita-
tive analysis (for further details see Experimental Details). Bottom: Deconvoluted 'H{7Li} REDOR
ssNMR spectra of PTI/LiCl 36% HCI: reference spectrum (left) and dephased spectrum (right).
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Figure S30 TEM micrograph of PTI/LiCl 36% HCI. Different colors are given for different d-spac-
ings in the right image to investigate the origin of the now visible characterisitic 011 reflection of
PTI/LiCl 36% HCI (and CéNoHs - HCl). As reported for CsNoHs - HCl, an absence of the 001 and 003

reflections are observed.
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e 200 PR P —rpan
Figure S31 TEM images of crystalline PTI/LiBr before the acid treatment: (a) High-magnification
image of the crystallites, (b) overview with dispersed and agglomerated (purple cycle) regions and
(c) agglomerate formation along the c-axis.
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Figure S32 Top: Complicated SAD patterns of PTI/LiCl 36% HCI arise from two different overlap-
ping orientations along [100] and [210]. The observed SAD patterns can be assigned to both struc-
tures: PTI/LiCl and CeNoHs-HCL. Bottom: This SAD patterns show the appearance of the 011 reflec-
tion.
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Figure S33 SAD pattern of PTI/LiCl 36% HCI viewed along [111] (middle), next to the simulated
patterns of CeNoHs-HCl (left) and PTI/LiCl (right). The observed pattern agrees with the pattern of
CesNoHs-HCI.
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C.N,H,"HCI P6,cm C.N,H,-HCI P6, C.N,H,-HCI P6,m
Higher symmetry Lower symmetry Real symmetry
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Figure S34 Simulated patterns of PTI/LiCl (top) and CsNoHs-HCl (bottom) using their real sym-
metry and in lower/higher symmetries viewed along different directions. Only along the [100] and
[111] direction the two compounds differ from each other (with regard to their reflection positions).
The observed pattern of PTI/LiCl 36% HCIl matches (blue boxes) with the ones using a P63 or P6s/m
symmetry of PTI/LiCl and CsNoHs-HCL
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UV-Vis measurements

I—

Figure S35 Comparison of the colors of the samples: PTI/LiCl vs PTI/LiCl 36% HCI and PTI/LiBr vs
PTI/LiBr 23.5% HBr (from left to right).

PTI/LiBr
PTI/LiBr 23.5% HBr
PTI/LiBr 16% HBr

F(R)

[ i [ i 1 i 1 i 1 i
300 400 500 600 700 800
Wavelength / nm

Figure S36 UV-Vis measurements of PTI/LiBr before and after acid treatment with HBr.

Photoluminescence measurements

| | A=370 nm

PTI/LiBr 47% HBr
PTI/LiCI 36% HCI
PTI/LICI

PL signal / a.u.

L " 1 " 1 " 1 N
400 450 500 550 600 650 700
Wavelength / nm

Figure S37 PL measurements of PTI/LiCl compared to PTI/LiClBr stirred in concentrated acids
(PTI/LiCl 36% HCI and PTI/LiBr 47% HBr).
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Photocatalytic measurements
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Figure S38 Photocatalytic activity (420 nm cut-off filter) of 2.2 wt% Pt-modified PTI/LiCl before
(black) and after stirring the sample in 36 % HCI solution (blue). 10 vol% triethanolamine (TEoA)
has been used as electron donor in a 0.5 M phosphate buffered (pH 7) aqueous solution.

12 L 10 vol% TEoA
pH 7 1.67 pmol h’
- i PTI/LiCI
£ 10
° I
£ s}
IN 6l
b
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-§ 4t PTI/LiBr
E 2l /I/T
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--"". B 0,
g PTI/LiBr 23% HBr

0 1 2 3 4 5 6 7
Time /h

Figure S39 Photocatalytic activity (420 nm cut-off filter) of 2.2 wt% Pt-modified PTI/LiBr before
(black) and after stirring the sample in 23.5 % HBr solution (violet) compared to PTI/LiCl (grey).
10 vol% triethanolamine (TEoA) has been used as electron donor in a 0.5M phosphate buffered
(pH 7) aqueous solution.
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Figure S40 (Left) Photocatalytic activity (420 nm cut—off filter) of 2.2 wt% Pt-modified PTI/LiCl
36 % HCI before (blue) and after stirring the sample in a saturated LiOH solution (pigeon blue).
10 vol% triethanolamine (TEoA) has been used as electron donor in a 0.5 M phosphate buffered
(pH 7) aqueous solution. The corresponding PXRD patterns are displayed compared to the one of
PTI/LiCl (right).

Exfoliation of PTI/LiCl 36% HCl

Exfoliation procedure according to Schwinghammer et al.*

PTI/LICI 36% HCI
PTI/LiCl 36% HCI re-stacked
S
E] L
o "c'- PTI/LiCI 36% HCI
= =] PTI/LiCl 36% HCI re-stacked
2 @
] o
£
[}
£ 2
o
=
r ' " A A 1 A 'l A L A L A 1 i Il i L
10 20 30 40 50 60 4000 3500 3000 2500 2000 1500 1000 500
2Theta/® Wavenumber / cm™

Figure S41 PXRD pattern (left) and IR spectrum (right) of PTI/LiCl 36 % HCI is identical to the
exfoliated (and re-stacked) PTI/LiCl 36% HCl sample.
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20.0

10.0

Figure S42 AFM image of the re-stacked “exfoliated” PTI/LiCl 36% HCI sample on a SiO2/Si wafer.
Rarely, few-layers of PTI/LiCl 36 % HCI have been detected, mostly multi-layer stacks were ob-
served. Even here, the sharp edges of the hexagonal crystal are visible.
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7.1.4 Supporting information of Chapter 4.1

Materials and instruments

Instruments

All reagents were purchased from commercial sources and used without further purification. The
starter 2,5-diethyoxy-terephthalohydrazideS! was prepared according to ref. 18, the NMR data
being consistent with those given in the literature. The synthesis of the second starting material
TFPT®? is described below. IR spectra were recorded on a Perkin Elmer Spektrum BX II FT-IR
equipped with an ATR unit (Smith Detection Dura-Sample IIR diamond). The spectra were back-
ground-corrected. The C and N MAS NMR spectra were recorded at ambient temperature on a
Bruker Avance 500 solid-state NMR spectrometer, operating at frequencies of 500.1 MHz,
125.7 MHz and 50.7 MHz for 'H, *C and N, respectively. The sample was contained in a 4 mm
ZrO: rotor (Bruker) which was mounted in a standard double resonance MAS probe. The ¥C and
15N chemical shifts were referenced relative to TMS and nitromethane, respectively. The 'H->N and
1H-13C cross-polarization (CP) MAS spectra were recorded at a spinning speed of 10 kHz using a
ramped-amplitude (RAMP) CP pulse on 'H, centered on the n = +1 Hartmann-Hahn condition,
with a nutation frequency vnu of 55 kHz (**N) and 40 kHz (*C). During a contact time of 7 ms the

'H radio frequency field was linearly varied about 20 %.

UV-Vis optical diffuse reflectance spectra were collected at room temperature with a Varian
Carry 500 UV-Vis diffuse reflectance spectrometer. Powders were prepared between two quartz
discs at the edge of the integrating sphere with BaSO4 as the optical standard. Absorption spectra
were calculated from the reflectance data with the Kubelka-Munk function. Argon sorption meas-
urements were performed at 87 K with a Quantachrome Instrument Autosorb iQ. Samples of 20 mg
were preheated in vacuum at 120 °C for 12 h. For BET calculations pressure ranges were chosen
between 0.20-0.34 p/po. The pore size distribution was calculated from Ar adsorption isotherms by
non-local density functional theory (NLDFT) using the “Ar-zeolite/silica cylindrical pores at 87 K”
kernel (applicable pore diameters 3.5 A — 1000 A) for argon data as implemented in the
AUTOSORB data reduction software. PXRD data were collected using a Bruker D8-advance dif-
fractometer in reflectance Bragg-Brentano geometry employing Cu filtered CuKa-monochromator
focused radiation (1.54059 A) at 1600 W (40 kV, 40 mA) power and equipped with a Lynx Eye de-
tector (fitted at 0.2 mm radiation entrance slit). Samples were mounted on Ge (111) sample holders
after dispersing the powders with ethanol and letting the slurry dry to form a conformal film on
the holder. The samples were measured with a 20-scan from 2° to 30° as a continuous scan with
3046 steps and 5 s/step (acquisition time 4 h 47 min 45 s). Transmission electron microscopy data
were obtained with a Philips CM30/ST microscope with LaBs cathode, at an acceleration voltage of
300 kV. The powder was dispersed in n-Butanol. One drop of the suspension was placed on a holey
carbon/copper grid. Scanning electron microscopy images were obtained with a Zeiss Merlin at 1.5

kV. The TEM grids were deposited onto a sticky carbon surface.
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Synthetic procedures
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Scheme S1 Synthesis of 1,3,5-tris-(4-formyl-phenyl)triazine (TFPT) (1) by a three-step modified
literature procedure.s

1,3,5-tris-(4-methyl-phenyltriazine (3)

p-tolunitrile (2) (98 %, Sigma Aldrich) was liquefied by putting the storage vessel in a 60 °C drying
oven for 30 min. To a 25 ml round-bottom Schlenk flask with stir bar 5.0 ml (8.24 g, 53.8 mmol,
2.15 eq) of triflic acid (AlfaAesar, 98 %) were added and cooled to —20 °C in a dewar with salt/ice
bath (1:3 v/v) under stirring. By syringe 3.1 mL (2.99 g, 25.0 mmol, 1.0 eq) of 2 were added drop-
wise with help of a syringe pump over 1 h. The solution turned into slurry solid over time and was
left for 24 h. The cake was scratched off and transferred in ice water under stirring. This solution
was neutralized with 4 mL - 5mL 25 % ammonia. The off-white precipitate was filtered off,
washed with acetone (3 x5mL) and dried in vacuum to yield the title compound 3 (2.56 g,
7.29 mmol, 88 %). ¥C and 'H NMR data were consistent with the literature.

7770

Figure S43 Molecular structure of 1,3,5-(4-methylphenyl)triazine. Newman projection on the single
bond connecting triazine and phenyl ring (left) and structure derived from crystal data (right).%
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THOH
20°C -1t
14 h NI =N
o
CN N
2 3

Scheme S2 Synthesis of 1,3,5-tris-(4-methyl-phenyljtriazine (3) by super-acid catalyzed trimeriza-
tion of p-tolunitrile (2) according to a literature procedure.*?

[4,4',4"-(1,3,5-Triazine-2,4,6-triyl)tris(4,1-phenylene)]-tris(methanetriyl) hexaacetate (4)

To a 25 ml round-bottom flask with stir bar and rubber septum 100 mg (0.285 mmol, 1.0 eq) of 3
and 1.00 mL of acetic anhydride were added and cooled down to -20 °C in a salt/ice bath. After
addition of 0.2 ml 98% sulfuric acid, to the yellowish solution was added dropwise by syringe a
solution of chromium(VI)oxide (250 mg, 92.6 mmol, 325eq) in 1.25 mL acetic anhydride over a
period of 3.5 h under stirring. The temperature was kept below 0 °C. The greenish solution was
stirred for another hour and then added dropwise to 12.5 mL stirred ice water. The yellowish pre-
cipitate was filtered off, washed with dest. water (3 x 3 mL) until neutral and dried in vacuum. The
subsequent further purification by column chromatography (50:1 DCM/EtOAc) on silica gel
yielded the title compound 4 (75 mg, 0.107 mmol, 38 %). *C and '"H NMR data were consistent with

the literature.

'TC /lkc
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3 Ac” 4 SAc

Scheme S3 Synthesis of [4,4',4"-(1,3,5-triazine-2,4,6-triyl)tris(4,1-phenylene)]-tris(methanetriyl)
hexaacetate (3) by threefold benzylic oxidation of 3 by CrOs based on a modified literature proce-
dure.?

1,3,5-tris-(4-formyl-phenyl)triazine (TFPT) (1)

98 % sulfuric acid (0.53 mL, 14.7 eq) was added to a stirred suspension of compound 4 (460 mg,
0.66 mmol, 1.0 eq) in 5.25 mL of dest. water and 4.20 mL of ethanol in a Biotage® 20 mL microwave
vial. The vial was sealed and the resulting mixture was heated under microwave irradiation to
120 °C under stirring for 3 h. The resulting off-white precipitate was filtered, washed with water
and dried under vacuum to yield title compound 1 (230 mg, 0.59 mmol, 89 %). 'H NMR data were

consistent with the literature.
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Scheme S4 Synthesis of 1,3,5-tris-(4-formyl-phenyl)triazine (TFPT) (1) by a microwave-assisted
acid catalyzed deprotection based on a modified literature procedure.*
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Scheme S5 Synthesis of TFPT-COF by acid catalyzed hydrazone formation.

TFPT-COF

To a Biotage® 5 mL microwave vial 17.7 mg (0.044 mmol, 2.0 eq.) of TFPT (1) and a stir bar was
added. Then 18.6 mg (0.066 mmol, 3.0 eq) of 2,5-diethyoxy-terephthalohydrazide was added and
the vial was temporally sealed with a rubber septum. Subsequently, the vial was flushed three
times in argon/vacuum cycles. To the mixture 0.66 mL of mesitylene and 0.33 mL of 1,4-dioxane
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were added and again degassed three times in argon/vacuum cycles. In one shot 100 uL aqueous
6 M acetic acid was added, the vial was sealed and heated in a stirred oil bath with 120 °C (pre-
heated) on a heating stirrer for 72 h. After slow cooling to room temperature the vial was opened
and the whole mixture was centrifuged (3 x 15min, 20000 rpm) while being washed with
DMF (1 x 7 mL) and THF (2 x 7 mL). The resulting yellow precipitate was transferred to a storage
vial with DCM, dried at room temperature, then in vacuum and characterized by powder X-ray
diffraction.

Alternative workup: The vial was opened and the slurry suspension was transferred by a poly-
ethylene pipette to a Biichner funnel and filtered. The filter cake was scratched off and transferred
to an Erlenmeyer flask, washed with DMF (1 x 10 mL) and THF (2 x 10 mL) and again filtered off.

IR (FT, ATR): 3277 (w), 2966 (w), 2888 (w), 1674 (s), 1567 (m), 1515 (s), 1415 (m), 1356 (s), 1203 (vs),
1145 (m), 806 (s) cm™. For elemental analysis the COF was wrapped in filter paper and then washed
with THF in a microwave oven with THF (100 °C, 3 x 20 mL). Then the COF was activated in high-
vacuum for 12 h at 120 °C at 107 mbar and kept under an inert atmosphere until elemental analysis
was performed. Anal. caled. for (CssH7N1sO12)n: C, 66.04; H, 4.88; N, 16.50. Found: C, 64.17; H, 4.96;
N, 15.48.

Ac  Ac
1
4 CHO
2,5-diethoxy- o Zi%di;s'l:o;y— ”
i re phth alohydrazi E
Diox/Mes 1:2 Diox/Mes 12 TRPT-CO
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N N 120°C, N 120°C,
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N
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¢} o]
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.0 o« 1,3,5-1is-
Ac 4 Ac (4-formyl-phenytriazin
(TFPT)

Scheme S6 Synthesis of TFPT-COF by acid catalyzed in situ deprotection and subsequent hydra-
zone formation, carried out in one reaction vessel.

TFPT-COF from protected TFPT ([44',4"-(1,3,5-Triazine-24,6-triyl)tris(4,1-phenylene)]-
tris(methane-triyl)hexaacetate (4))

To a Biotage® 5 mL microwave vial 30.8 mg (0.044 mmol, 2.0 eq) of 4 and a stir bar was added.
Then 18.6 mg (0.066 mmol, 3.0 eq.) of 2,5-diethyoxy-terephthalohydrazide was added and the vial
was temporally sealed with a rubber septum. Subsequently, the vial was flushed three times in
argon/vacuum cycles. To the mixture 0.66 mL of mesitylene and 0.23 mL of 1,4-dioxane were added
and again degassed three times in argon/vacuum cycles. In one shot 100 uL aqueous 6 M acetic acid
was added. To this vial, 0.10 mL (c =20 mg mL~, 0.008 mmol, 0.38 eq) of a solution of rac-camphor-
sulfonic acid in 1,4-dioxane was added, the vial was sealed and heated in a stirred oil bath with
120 °C (preheated) on a heating stirrer for 12 h. After cooling to room temperature, to the vial was
added 0.02 mL (¢ =35 mg mL-, 0.008 mmol, 0.38 eq) of an aqueous solution of sodium acetate by a
micro syringe. The vial was then reheated again on the preheated oil bath for 72 h at 120 °C. After
slow cooling to room temperature the vial was opened and the whole mixture was centrifuged
(3 x 15 min, 20000 rpm) while being washed with DMF (1 x 7 mL) and THF (2 x 7 mL). The result-
ing yellow precipitate was transferred to a storage vial with DCM, dried at room temperature, then

in vacuum and characterized by powder X-ray diffraction.
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Figure S44 PXRD of the TFPT-COF from protected TFPT.

TFPT-COF reconverted after sonication in water/photocatalysis

To a Biotage® 5 mL microwave vial 20 mg of amorphous TFPT-COF and a stir bar were added. The
vial was temporally sealed with a rubber septum. Subsequently, the vial was flushed three times in
argon/vacuum cycles. To the mixture 0.66 mL of mesitylene and 0.33 mL of 1,4-dioxane were added
and again degassed three times in argon/vacuum cycles. In one shot 100 uL aqueous 6 M acetic acid
was added. The vial was sealed and heated in a stirred oil bath with 120 °C (preheated) on a heat-
ing stirrer for 72 h. After slow cooling to room temperature the vial was opened and the whole
mixture was centrifuged (3 x 15 min, 20000 rpm) while being washed with DMF (1 x 7 mL) and
THF (2 x 7 mL). The resulting yellow precipitate was transferred to a storage vial with DCM, dried
at room temperature, then in vacuum and characterized by powder X-ray diffraction and BET

surface area determination.

Results and discussion
FT-IR spectra

e ——
- TFPT-COF

——— TFPT (1)

—— 2,5-diethoxy-terephthalohydrazide

4000 3500 3000 2500 2000 1500 1000

Transmission / a. u.

Wavenumber / cm”
Figure S45 Stack plot FT-IR spectra of TFPT-COF and starting materials.
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Table S6 IR assignments for TFPT (purple), DETH (blue) and TFPT-COF (black).

wavenumber [cm™] band Assignment
2824, 2721 fermi double peak, aldehyde C-H (specific)
> 3200 N-H stretching
1700 aldehyde C=O stretching
1632, 1660, 1670-1660, 1201 C=0 stretching, C=N
806, 806 triazine ring breath

CP-MAS NMR measurements
The N CP-MAS NMR spectrum exhibits a peak at -241 ppm, which we assign to the tertiary ni-

trogen of the hydrazone moiety, the peak at —202 ppm to the hydrazine secondary nitrogen, and the
peak at —128 ppm to the nitrogen of the triazine ring.

a1 -202

Intensity / a.u.

Chemical shift / ppm
Figure 546 "N CP-MAS spectrum of TFTP-COF.

Powder X-ray diffraction data and structure simulation

Molecular modeling of the COF was carried out using the Materials Studio (5.5) suite of programs
by Accelrys. The unit cell was defined by two TFPT molecules bonded via six hydrazone linkages
to 2,5-diethyoxy-terephthalohydrazide. The initial structure was geometry optimized using the MS
Forcite molecular dynamics module (Universal force fields, Ewald summations), and the resultant
distance between opposite formyl carbon atoms in the structure was used as the a and b lattice
parameters (initially 43 A) of the hexagonal unit cell with P6/m symmetry (bnn net). The interlayer
spacing ¢ was chosen as 3.37 A according to the 001 stacking reflection of the powder at 20 = 26.6°,

and the crystal structure was geometry optimized using Forcite (resulting in a = b =43.164 A).
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Figure S47 Simulation of the unit cell content calculated in an eclipsed arrangement: top view onto
the ab-plane and view perpendicular to the c-axis.

The MS Reflex Plus module was then used to calculate the PXRD pattern, which matched the
experimentally observed pattern closely in both the positions and intensity of the reflections. The
observed diffraction pattern was subjected to Pawley refinement wherein reflection profile and line
shape parameters were refined using the crystallite size broadening (one size was extracted from
the exp. PXRD with the help of the Scherrer equation = crystal size: ¢ =35 nm, kept fixed) and
background in the 20™ polynomial order. The refinement was applied to the calculated lattice,
producing the refined PXRD profile with lattice parameters a =b =41.895 A and ¢ =3.37 A. wRp and
Rp values converged to 3.30 % and 6.73 %, respectively. The resulting refined crystallite size
(149 nm in each lateral direction) is in reasonable agreement with the SEM and TEM data. Overlay

of the observed and refined profiles shows good correlation (Figure 548).
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Figure S48 Experimental powder pattern and Pawley refined pattern based on P6/m symmetry.

Table S7 Atom coordinates of optimized P6/m structure.

atomic parameters

atom Ox. Wyck. x/a y/b z/c
C1 6j 4.46484 0.49326 0
C2 6j 4.46961 0.46288 0
C3 6j 4.50666 0.46983 0
Cc7 6j 4.47874 0.55594 0
08 6j 4.56434 0.57050 0
C10 6j 4.43337 0.39480 0
C11 6j 4.39330 0.36475 0
014 6j 4.44518 0.54253 0
N15 6j 4.50051 0.59501 0
N19 6j 4.52013 0.38747 0
C21 6j 4.49094 0.64722 0
C23 6j 4.53965 0.34528 0
C25 6j 4.46512 0.69023 0
C26 6j 4.43386 0.69438 0
c27 6j 4.39837 0.66301 0
C28 6j 4.39415 0.62805 0
C29 6j 4.42460 0.62405 0
C30 6j 4.36484 0.66515 0
N31 6j 4.36636 0.69806 0

Even lower wRp and Rp values (1.94 % and 3.94 %) could be achieved by lowering the symmetry
to P1 (Figure 549) but keeping the angles a, § and y =90° 90° and 120°. The resulting lattice
parameters a and b were = 42.055 A and 45.074 A.
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Figure S49 Experimental powder pattern and Pawley refined pattern based on P1 symmetry.

An alternative staggered COF arrangement was examined wherein P63/m symmetry was used
(gra net). Comparison of the calculated PXRD pattern with the observed pattern shows less agree-

ment with the experimental data (see Figure 4.2), thus ruling out this type of packing arrangement.

Figure S50 Simulation of the crystal structure with staggered arrangement of adjacent layers: Top
view onto the ab-plane and view perpendicular to the c-axis showing the doubled stacking period
due to the staggered AB layer arrangement.

In a recent theoretical study on boronate COFs, Dichtel et al. (ref. 42) and Heine (ref. 41) pointed
out that two adjacent layers in a COF are not expected to be aligned in a perfectly eclipsed manner,
but shifted between = 1.3 A — 1.8 A in any direction parallel to the layer (parallel displacement). We
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therefore simulated (using the software package Material Studio) an AA’A-structure of TFPT-COF
where adjacent layers are offset by 1.4 A, such that each partly positively charged carbon atom of
triazine is situated beneath a partly negatively charged triazine nitrogen atom, which was found to
be a likely structure for triazine units. The structure was simulated in P1 symmetry with lattice

parameters a=b=42.16 A and c = 6.74 A (c axis doubled due to symmetry reasons).

Figure S51 Shift (parallel displacement) in a zig-zag manner to minimize electrostatic repulsion
between adjacent layers.

Figure S52 Simulation of the unit cell content calculated in an eclipsed arrangement with 1.4 A
offset and zig-zag-arrangement of the layers: View onto the ab-plane (top) and view perpendicular
to the c-axis (bottom).
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Figure S53 Experimental powder pattern, simulated PXRD of perfectly eclipsed TFPT-COF and
simulated PXRD of TFPT-COF with 1.4 A parallel layer displacements.

Sorption measurements and pore size distribution
The Brunauer-Emmett-Teller (BET) surface area was calculated to be 1603 m? g1 (linear extrapola-

tion between 0.20-0.32 p/po).
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Figure S54 Linear BET plot of TFPT-COF as obtained from Ar adsorption data at 87 K.
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Figure S55 Pore size distribution calculated based on NLDFT using the “Ar-zeolite/silica cylindrical
pores at 87 K kernel”.
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Plot of the Kubelka-Munk function
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Figure S56 Plot of Kubelka-Munk function used for band gap extraction.

Stability of the TFPT-COF in organic solvents and water
Stability in different organic solvents (DCM, DMF and MeOH) has been tested by soaking TFPT-
COF (5 mg) in the corresponding solvent for 3 h at room temperature. A PXRD was recorded after

filtration and drying in vacuum overnight.

TFPT-COF, 3h DCM soaked

TFPT-COF, 3h MeOH soaked

normalized intensity
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—
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Figure S57 PXRD measurements showing the retention of crystallinity after treatment with differ-

ent solvents.

Reconversion of TFPT-COF after photocatalysis

20 mg of crystalline TFPT-COF (BET surface area = 1190 m? g-') was used for photocatalytic hydro-
gen production as described below. After irradiation with visible light for 95 h the TFPT-COF/Pt
was filtered off as a green and amorphous solid (Figure S63) and washed with water, DMF
(2x7mL) and THF (2 x 7 mL). The organic filtrates were checked for any formed monomers (e.g.
TFPT of DETH), but no traces of monomeric species were detected. The TFPT-COF/Pt has lost its
crystallinity after photocatalysis as shown in Figure S58, and has a BET surface area of 410 m? g-!
(Figure 560). The vacuum-dried powder can be reconverted (see section B) to recover crystalline
TFPT-COF with its original PXRD pattern (Figure S58) and a high BET surface area of 1184 m? g-!
(Figure S60) (yield: 14 mg, 70 %) by resubjecting it to the initial synthesis conditions. An Ar sorp-
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tion isotherm of TFPT-COF/Ptreconv. was recorded and is shown in Figure S61. The corresponding
pore size distribution is depicted in Figure 562, having a maximum at 3.7 nm. Further experiments
revealed that the TFPT-COF has already lost its long-range order after sonication in water
(Figure S58). However, the FT-IR spectrum shows the characteristic bands of the polymer (C=N at
1603 cm?), while no additional peaks appear and no bands corresponding to the TFPT or DETH
monomers are observed (Figure 559). The vacuum-dried powder can also be reconverted (see sec-
tion B) to recover TFPT-COF with its original PXRD pattern (Figure S58).

TFPT-COF as reconverted

TFPT-COF

\M_ (30min sonication in water)
S

normalized intensity

TFPT-COF as synthesized

2 I t;- ' é I é '110'112'1I4'1I6'1I8'2I0'2I2I2I4'2I6l2|8l30
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Figure S58 PXRD patterns of TFPT-COF, showing loss of crystallinity after water exposure and

photocatalysis. The crystalline TFPT-COF can be obtained by reconversion by subjecting it to the

initial crystallization conditions.
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Figure S59 FT-IR spectra showing the vibrational patterns of TFPT-COF before and after water
exposure/photocatalysis.
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Figure S62 Pore size distribution of TFPT/Pt after reconversion calculated based on NLDFT using
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Figure S63 Photographs showing TFPT-COF as-synthesized (left, yellow) and TFPT-COF/Pt after
reconversion (right, green). TFPT-COF/Pt before reconversion is green, as well.
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Photocatalysis

For long-time hydrogen evolution experiments in triethanolamine, the TFPT-COF catalyst (4 mg)
was suspended in water (9 mL) and dispersed in an ultrasonic bath for 30 min. The sacrificial elec-
tron donor (1 mL) triethanolamine (TEoA, Alfa Aesar) and H2PtCle (2.4 pL of 8 wt% in H20, Sigma-
Aldrich, =2.2 wt% Pt) as precursor for the in situ formation of the Pt co-catalyst was added. For
long-time hydrogen evolution experiments in sodium ascorbate, the TFPT-COF catalyst (10 mg)
was suspended in water (10 mL) and dispersed in an ultrasonic bath for 30 min. Sodium ascorbate
as sacrificial electron donor (100 mg) (Sigma-Aldrich, > 98 %) and H2PtCls (6.0 uL of 8 wt% in H20,
Sigma-Aldrich, = 2.2 wt% Pt) was added. The induction time and concomitant delay in hydrogen
evolution observed in the first cycle is caused by the initial formation of Pt nanoparticles (induction
time). The first cycle represents the first three hours of the long-term measurement—the induction
time period —where Pt nanoparticles are formed by the photoreduction of H2PtCles. For each cycle
the photocatalyst (Pt-doped COF) was separated from its suspension (for the photocatalytic meas-
urements) by centrifugation and was washed several times with water. The dried photocatalyst
was redispersed with a fresh sodium ascorbate solution (10 mL of water and 100 mg of sodium
ascorbate) and illuminated for 3 hours (<420 nm) for each cycle. For visible light and UV experi-
ments the suspensions were illuminated at a distance of 26 cm from the light source in a 230 mL
quartz glass reactor with a PTFE septum under argon atmosphere. The flask was evacuated and
purged with argon to remove any dissolved gases in the solution. Samples were simultaneously
top-illuminated (top surface = 15.5 cm?) with a 300 W Xenon lamp with a water filter and dichroic
mirror blocking wavelengths <420 nm for visible light measurements while stirring. For the action
spectra, the full spectrum of the Xenon lamp coupled with a band-pass filter (400 nm, 450 nm,
500 nm, 550 nm or 600 nm; bandwidth + 20 nm) and an 1.5 AM filter was used. Here, an aqueous
triethanolamine suspension with 10 mg of Pt-doped catalyst was illuminated for three hours and
the concentration of evolved hydrogen was determined by gas chromatography. The intensity of
the light was measured for each wavelength, enabling the conversion of produced hydrogen values
into quantum efficiencies. For oxygen evolution measurements photodeposition of IrO2 nanoparti-
cles as oxygen-evolving co-catalyst was carried out before the photocatalytic reaction following a
literature procedure.$*5 To this end, 40 mg of the catalyst was dispersed in a reactant solution con-
taining Ko[IrCls] (1.8 mg, = 2 wt%, Alfa Aesar) and 40 mL of a 5 mM aqueous KNO:s solution. The
suspension was irradiated as described above for 2 h using the full spectrum of the Xenon lamp.
The TFPT-COF catalyst loaded with the co-catalyst was isolated from the aqueous KNOs solution,
washed several times with water, and then dried at 100 °C in a stream of argon. The IrOz-loaded
catalyst (10 mg) was dispersed in water or a phosphate buffer solution (10 mL, 0.1 M, pH =11 or
pH=7). Na:5:0s (110 mg, Sigma-Aldrich) or AgNOs (16 mg) was added as electron acceptor. The
headspace of the reactor was periodically sampled with an online injection system and the gas
components were quantified by gas chromatography (thermal conductivity detector, argon as
carrier gas). The quantum efficiency of the photocatalysts, under irradiation with the band-pass
filter 500 + 20 nm, was determined as follows. The power of the incident light was measured with a
thermo power sensor (Thorlabs) to be 14 mW cm?, which is equivalent to a photon flux of
701 pmol h™'. Quantum efficiency was calculated using the equation: AQE = 2-[H:]/I where I is the
photon flux in pumol h'and [H:] is the average rate of H2 evolution in pmol h-1.
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Stability of TFPT-COF during photocatalysis
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Figure S64 Stability measurements of TFPT-COF for 95 h with ascorbate as sacrificial donor. Be-
tween the 72% and 74t hour the light source was turned off to show no hydrogen evolution in the
dark (the amount of hydrogen concentration decreased during these hours due to the fact that
sampling was performed, i.e. removing sample volume during detection).
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Figure S65 Cycle measurements of TFPT-COF/Pt with sodium ascorbate as sacrificial donor. The
first cycle (Cycle 1) corresponds to the first three hours of the long-term stability measurements
(95 h) and shows decreased rates due to formation of Pt nanoparticles (induction period). The other
cycles were carried out after centrifugation of the photocatalyst, washing with water and resus-
pending it in a fresh aqueous sodium ascorbate solution.
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7.1.5 Supporting information of Chapter 4.2

Experimental section

Methods

Argon adsorption/desorption measurements were performed at 87 K with an Autosorb-iQ surface
analyzer (Quantachrome Instruments, USA). Samples were outgassed in vacuum at 120 °C for 6—
12 h to remove all guests. For BET calculations pressure ranges of the Ar isotherms were chosen
with the help of the BET Assistant in the ASiQwin software. In accordance with the ISO recom-
mendations multipoint BET tags equal or below the maximum in V- (1 — P/Po) were chosen. IR
spectroscopy measurements were carried out on a Perkin Elmer Spektrum BX II (Perkin Elmer,
USA) with an attenuated total reflectance unit. PXRD was measured on a BRUKER D8 Avance
(Bruker AXS, USA) in Bragg-Brentano geometry with a Cu-Kai-radiation (A = 1.54051 A). Elemental
analysis (EA) was carried out with an Elementarvario EL (Elementar Analysensysteme, Germany).
EDX was carried out on a JEOL JSM-6500F electron microscope (JEOL, Japan) with a field emission
source equipped with an EDX detector (model 7418, Oxford Instruments, UK) and a Tescan Vega
TS 5130MM electron microscope equipped with a Si/Li EDX detector (Oxford Instruments, UK).
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was carried with a pressure
digestion system by Berghof, a plasma created on a Vista Pro ICP-AES spectrometer, an Echelle-
Polychromator by Fa. Varian Darmstadt and a photomultiplier. 3C MAS ssNMR spectra were rec-
orded at ambient temperature on a BRUKER DSX Avance 500 FT and a BRUKER Avancelll HD 400
NMR spectrometer (Bruker Biospin, Germany) with external magnetic fields of 11.8 T and 94 T,
respectively. The operating frequencies are 500.1 MHz and 125.7 MHz and 400.1 MHz and
100.6 MHz for 'H and *C, respectively, and the spectra were referenced relative to TMS. The sam-
ples were contained in 4 or 3.2 mm ZrOz rotors and mounted in standard triple resonance BRUKER
MAS probes. The spinning speed was set to 10 kHz or 20 kHz (for the photocatalyst after photoca-
talysis, CTF-1 and quantitative *C measurements). During acquisition of the spectra '"H decoupling
(approx. 70 kHz RF field) was applied using a SPINAL64 sequence. For 'H®®C ramp-amplitude
(RAMP) cross-polarization (CP) MAS spectra a contact time of 5 ms and a 90° puls length of 2.50 us
on 'H was set. The quantitative *C measurements were recorded using a single pulse (SP) experi-
ment. The recycle delay was varied between 60 and 6000 s for PTO-300-10, to get an idea about the
T1. For the final measurements a recycle delay of 6000 s was used and 64 scans were executed. The
background signal was recorded using a recycle delay of 0.5 s to make sure that only the back-
ground signal is relaxed and gives a signal. This signal was subtracted from the spectrum. 'H'>N
CP-MAS ssNMR spectra were measured at ambient temperature on a BRUKER Avancelll HD 400
NMR (PTO-300-1 und -10) and a BRUKER Avancell 300 (CTF-1) NMR spectrometer with external
magnetic fields of 9.4 T and 7.1 T, respectively. The operating frequencies are 400.1 MHz and 40.6
MHz and 300.1 MHz and 30.4 MHz for 'H and N, respectively. The samples were contained in 4
or 7 mm ZrO: rotors which were mounted in standard double or triple resonance BRUKER MAS
probes. The spinning speed was set to 10 or 5 kHz and the chemical shifts were referenced relative
to nitromethane. During acquisition of the spectra '"H decoupling (approx. 70 kHz RF field) was
applied using a SPINAL64 sequence. The spectra were recorded using a RAMP CP pulse on 'H
with a nutation frequency vuu of 40 kHz and 45 kHz on ®N, respectively. During a contact time of
5 ms the 'H RF field was linearly varied about 50%. The recycle delay was set to 2 s and 1.5 s. About
120000 and 40000 transients were accumulated for the CP experiments, respectively. For XPS, sam-
ples were pressed onto indium foil and the spectra were collected on an Axis Ultra (KRATOS An-

alytical, Manchester) X-ray photoelectron spectrometer with charge neutralization. The spectra
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were processed using the software OriginPro 8.5.1 and fitted with the Gaussian function. The
spectra were referenced to the adventitious carbon 1s peak at 284.600 eV. Binding energies were
compared with the NIST Standard Reference Database 30 (Version 4.1) unless otherwise specified.
Matrix-assisted laser deposition/ionization-time of flight (MALDI-TOF) was performed on a
Shimadzu Axima Resonance mass spectrometer. Calibration was carried out using neat fullerene
and using Csl ground with trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidiene] malono-
nitrile as the matrix. Each sample was ground with dithranol (m/z = 227) as the matrix and depos-
ited on a steel sample holder. The spectra were collected in raster mode and the laser power was
progressively increased until a suitable signal-to-noise ratio was achieved. The presented spectra
are averaged from 100 profiles. Optical diffuse reflectance spectra of the solids were collected at
room temperature with a UV-Vis-NIR diffuse reflectance spectrometer Cary 5000 (Agilent Tech-
nologies, USA) at a photometric range of 250 nm—800 nm. Powders were prepared in a sample
carrier with a quartz glass window at the edge of the integrating sphere with BaSOs as the optical
standard. Kubelka-Munk spectra were calculated from the reflectance data. TEM was performed
with a Philips CM 30 ST microscope (LaBs cathode, 300 kV, CS =1.15 mm). Images were recorded
with a CCD camera (Gatan) and Digital Micrograph 3.6.1 (Gatan) was used as evaluation software.
Hydrogen evolution experiments in UV and simulated sunlight were carried out in a continuously
cooled 230 mL quartz glass reactor (see Figure S66) with a PTFE septum under argon atmosphere.
The catalyst (10 mg) was suspended in a 0.5M pH?7 phosphate buffer solution (9 mL),
triethanolamine (TEoA) was used as the sacrificial electron donor (1 mL), and H2PtCls (6 puL of
8 wt% in H20, = 2.2 wt% Pt, Figure S90) was added as precursor for the in situ formation of the Pt
co-catalyst while stirring. Buffered water conditions lead to higher activities and a more stable hy-
drogen evolution rate than using non-buffered water (Figure S83). The flask was evacuated and
purged with argon to remove any dissolved gases in the suspension. Samples were simultaneously
top-illuminated (top surface = 15.5 cm?) at a distance of 22 cm with a 300 W Xenon lamp with a
water filter and dichroic mirror (Newport Oriel) blocking most of the wavelengths <420 nm for
simulated sunlight (spectral profile see Figure 567) and < 250 nm for UV-Vis measurements, which
amounts to a light intensity of about 380 mW cm for the simulated sunlight and 510 mW cm? for

the > 250 nm measurements on the surface of the sample.

Xenon lamp

)

- Quartz window

e

i

Thermostated

H,O cirulating
through reactor
outer compartment

¥

agnetic stirrer

Figure S66 Reactor set-up used for evaluating photocatalysts for hydrogen evolution.
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Figure S67 Light intensity profile of the Xe lamp using the > 420 nm dichroic mirror (simulated
sunlight) compared to the AM 1.5 filter (filter and mirror purchased from Newport Oriel). Spectra
were recorded with an Ocean Optics USB4000-XR1-ES spectrometer.

The headspace of the reactor was periodically sampled with an online injection system and the
gas components were quantified by gas chromatography (thermal conductivity detector, argon as
carrier gas). A high hydrophobicity of the CTF-1 and PTO samples was noticed at the beginning
which was reduced during the photocatalytic experiment due to a better dispersion of the photo-
catalyst. Interestingly, the hydrogen evolution rates of the PTO-300s (> 1 eq ZnCl2) illuminated with
simulated sunlight were just slightly lower than for the samples illuminated with > 250 nm. Appar-
ent quantum efficiency calculations were estimated according to AQE % =2 xH)/P x100/1,
where H =number of evolved hydrogen molecules and P = incident number of photons on the
sample. The incident light was measured with a thermopile power meter with a constant efficiency
response across the visible spectrum. Wavelength specific hydrogen evolution experiments were
carried out in a 30 mL glass vial also in an argon atmosphere with PTFE/Teflon septa. The samples
were top-illuminated for four hours with a full spectrum mirror (= 250 nm) and additional 40 nm
FWHM light filters (400 nm, 450 nm, 500 nm, 550 nm or 600 nm) (Thor labs). The irradiation area
was 3.6 cm?2. The hydrogen evolution rates were normalized with respect to irradiation intensity on
the sample surface of 14 mW cm?. For the internal comparison with other organic photocatalysts
(melon, PTI nanosheets and TFPT-COF), reported conditions for these materials were chosen which
means using water instead of the buffered solution. Four different PTO-300 samples were also
tested under AM 1.5 conditions (100 mW c¢m2) which is shown in Figure S85.

Materials and syntheses

All reactions were carried out under an argon atmosphere in flame-dried glassware.
1,4-Dicyanobenzene (98 %), DMF (99.8 %) and 1,5-bis(diphenylphophino)pentane (97 %) were
obtained from Acros Organics. Anhydrous zinc chloride (99.995 %, 25 mg product sealed in an
ampule), 4-bromobenzonitrile (99 %) and Pd(PPhs)s (99 %) were purchased from Sigma-Aldrich.
Triflic acid and zinc cyanide (98 %) were received from Alfa Aesar (98 %) and used without further

purifications.
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Synthesis of photoactive phenyl-triazine oligomers (PTO). In a typical CTF synthesis®! a Duran
ampule (1.5 x 12 cm) was charged with finely ground 1,4-dicyanobenzene (500 mg, 3.90 mmol) and
ZnCl2 (1-15 equivalents, see Table 5) within a glove box. The ampule was flame sealed under
vacuum and was subjected in a tube oven to temperatures between 300 °C — 350 °C for 168 h—96 h
(see Table 5). After cooling to ambient temperature, the ampule was opened and its content ground
thoroughly. An inhomogeneous temperature zone in addition to a high zinc chloride content
yielded colorless, fiber-like crystals (which are not discussed here). The crude product was stirred
in H20 (75 mL) for 1 h, filtered, and washed with 1 M HCI (2 x 75 mL). The mixture was then stirred
at 90 °C in 1 M HCI (75 mL) overnight, filtered, and subsequently washed with 1 MHCI (3 x 75 mL),
H:0 (12 x75mL), THF (2 x75mL), and dichloromethane (1 x 75 mL). Finally, the powder was
dried overnight in a desiccator.

Synthesis of CTF-1.5! Similar to the synthesis described above, CTF-1 was obtained starting with
1,4-dicyanobenzene (500 mg, 3.90 mmol) under ZnCl: (1 equivalent) conditions at a reaction
temperature of 400 °C for 46 hours.

Synthesis of 2,4,6-tris(p-bromophenyl)-1,3,5-triazine. This compound was prepared as per a
modified literature procedure.®? To a 15 ml Schlenk tube under argon, triflic acid (4.0 ml, 6.7 g,
44.6 mmol) was added and cooled to 0 °C. To this, 4-bromobenzonitrile (1.5 g, 8.2 mmol) was
added in portions and the solution was continued to stir for an hour at 0 °C and then 16 hours at
room temperature. The workup was done by pouring the reaction mixture in 100 mL ice cold water
and neutralizing the resulting suspension with 25% ammonia solution. The precipitate was filtered
off, washed with water (2 x 10 mL), acetone (3 x 5mL) and dried in vacuum to afford the title
compound as off-white solid (1.4 g, 94 %). 'H NMR (CDCls, 300 MHz): 6 ppm 8.59 (d, ] = 8.4 Hz,
6H), 7.72 (d, ] = 8.4 Hz, 6H). *C NMR (CDCls, 75 MHz): 6 ppm 171.37, 135.07, 132.10, 130.55, 127.88.

Synthesis of 2,4,6-tris(p-cyanophenyl)-1,3,5-triazine (Trimer). In a microwave vial charged with
DMF (10.0 mL), a stream of argon was bubbled for 30 min. To this was then added 2,4,6-tris(p-
bromophenyl)-1,3,5-triazine (200 mg, 0.37 mmol), Zn(CN)2 (67 mg, 0.57 mmol), Pd(PPhs)s+ (25 mg,
0.022 mmol), and 1,5-bis(diphenylphosphino)pentane (10 mg, 0.022 mmol). The vial was sealed and
the contents were heated in a microwave for 20 min at 150 °C. The resulting suspension was poured
into water (100 mL) and then filtered, washed with water (20 mL x 2), saturated sodium
bicarbonate solution (10 mL x 2) and methanol (20 mL x 2) to obtain the crude product that was
purified by flash chromatography (CHCls) to obtain 2,4,6-tris(p-cyanophenyl)-1,3,5-triazine
(Trimer) (120 mg, 85 %) as colorless solid. 'H NMR 300 MHz (C2D2:Cls; 70 °C): 0 8.87 (d, J= 8.3 Hz,
6H), 7.93 (d, ] = 8.3 Hz, 6H). ®C NMR 75 MHz (C2D2Cls; 70 °C): d 170.90, 139.14, 132.46, 129.39,
118.09, 116.30. MS (MALDI): m/z: 384.4.

Synthesis of melon.* A porcelain crucible was loaded with dicyandiamide and heated in a
muffle furnace at 600 °C for 4 hours. The synthesis yielded a yellow colored powder.

Synthesis of 16% 4-AP doped amorphous PTIL.$* Dicyandiamide (0.50 g, 5.95 mmol), a eutectic
mixture of lithium chloride (59.2 mol%) and potassium chloride (40.8 mol%) and 4AP (72 mg, 16 %
carbon-doping) as doping agent were ground and transferred in open porcelain crucibles, which
were heated in a argon purged horizontal tube furnace at 12 °C min to 550 °C for 6 hours. After
grinding the sample, the heating procedure was repeated to gain a homogenous polymerized
product. The syntheses yielded in a dark orange colored product which is in accordance with the
literature.>

Synthesis of TFPT-COF and PTI-nanosheets according to the literature.s>6
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Results and discussion

Characterization of PTOorganic phase
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Figure S68 Exemplary IR spectra (left) and PXRDs (right) of the obtained organic phase after wash-
ing PTO-300-2.5 using THF and DCM (PTO-300-2.50rganic phase) compared to pristine PTO-300-2.5,
after further THF Soxhlet extraction, and of its organic phase from Soxhlet extraction. The IR spec-
tra of the starting material 1,4-dicyanobenzene and of the THF-stabilizer butylated hydroxyl tolu-
ene is added for clarity. The first organic phase contains unreacted starting material and most likely
smaller oligomers. The organic phase obtained by Soxhlet extraction includes also stabilizer impu-
rities.
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Figure S69 MALDI-TOF spectrum (negative mode) of PTO-300-150rganic phase showing a trimer frag-
ment. No signals were observed in the mass ranges below 300 and above 850.

XRD Characterization
Table S8 Shift of the layer stacking from PTO-300-1 to PTO-300-15 compared to CTF-1.

sample 2 Theta /° layer distance [A]
CTE-1% 26.2 3.40
PTO-300-1 26.8 3.32
PTO-300-2.5 27.3 3.26
PTO-300-5 27.3 3.26
PTO-300-10 27.3 3.26

PTO-300-15 27.3 3.26
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Elemental analysis and ICP

Table S9 Elemental analysis and BET surface areas of the presented PTOs compared to CTF-1 and

calculated theoretical values of the elemental composition of 1,4-dicyanobenzene and the trimer.

sample N C H Zn wt% BET SAP
[wt%] [wt%] [wt%] [wt%]? C/N [m2 g1]

calculated 21.86 74.99 3.15 0 3.43 -
1,4-dicyanobenzene and trimer 21.86 74.99 3.15 0 3.43 -
CTF-1 according to Kuhn et al.5' 19.3 72.8 3.2 - 3.77 791
CTF-1 according to Ren et al.<% 20.71 74.49 3.03 - 3.60 2
CTF-1 according to Ren et al.4% 22.58 72.93 3.32 - 3.23 4
PTO-300-1 21.61 74.30 3.29 0.03 3.44 116
PTO-300-2.5 21.38 73.53 3.23 0.02 3.44 12
PTO-300-5 21.57 74.25 3.28 0.04 3.44 19
PTO-300-10 21.69 74.45 3.32 0.11 3.43 13
PTO-300-15 20.99 72.75 3.48 0.03 3.47 21
PTO-350-1 21.13 73.59 3.34 0.01 3.48 10
PTO-350-10 20.39 72.93 3.15 0.01 3.58 6
CTEF-1 as synthesized 18.60 70.20 3.30 0.21 3.77 610

@ Measured by ICP. ® From argon physisorption measurements (Figure S21-22). < TFMS catalysed
synthesis and further heating step at 400 °C for 40 h. ¢ TFMS catalysed and microwave-assisted

synthesis.

XPS measurements
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Figure S70 N1s XPS spectra with applied peak and cumulative fits of CTF-1 (left), PTO-300-1 (mid-

dle) and PTO-300-15 (right).
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Figure S71 C1s XPS spectra with applied peak and cumulative fits of CTF-1 (left), PTO-300-1 (mid-

dle) and PTO-300-15 (right).
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MALDI-TOF measurements and IR analysis

Table S10 Summarized mass peaks observed in the MALDI-TOF spectra of PTO-300-1 and PTO-

300-15.
PTO-300-1 PTO-300-15 connectivity
128 128 monomer
256 dimer
384 384 trimer
641 641 pentamer (chain, dendrimer)
897 897 heptamer (chain, dendrimer)
1153 1153 nonamer (chain, dendrimer)
- 1409 endecamer (chain, dendrimer)
1499 1551 dodecamer (chain or ring) without
1CN (PTO-300-1) or with 1N
(PTO-300-15)
2049 - l6mer
2178 - 17mer (chain, dendrimer)
2306 - 18mer
2434 - 19mer (chain, dendrimer or ring)
2563 - 20mer
2690 - 21mer (chain, dendrimer)
2819 - 22mer
2947 - 23mer (chain)

Dendrimers: (3 + 2n; n =0, 1, 2, 3,..) multiples of 1,4-dicyanobenzene mass (m/z = 128.1)

Table S11 Observed dendrimeric oligomers of CTF-1 and the specific nitrile-to-triazine ratio.

dendrimeric fragments n  (3+2n) number of C=N / number of
C=N bonds
0 3/6-1=050
NN
\N,i
T 1 4/6-2=033

CN
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NI»"\N

NagzN

NZIN

39

6 15

cN cN

8 19
2

CN NN
L. J)
CARE
NG’ CN

896.9

1153.2

1922.0

2434.5

5/6-3=0.28
6/6-4=0.25
9/6-7=021
11/6-9=0.20
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Chain fragments: (3 + 2n; n =0, 1, 2, 3,..) multiples of 1,4-dicyanobenzene mass (m/z = 128.1)

Table S12 Linear chain fragments (of CTF-1) observable in the mass spectra for the PTO samples
and the specific nitrile-to-triazine ratio.

chain fragments n (3+2n) mfz number of C=N / number of
C=N bonds

GN 0 3 384.4 3/6-1=0.50

@
™ 1 5 640.7 4/6-2=0.33

00,07

CN

CN CN

2 7 896.9 5/6-3=0.28

CN

CN CN

39 11532 6/64=025
0 00,07

CN CN

CN CN CN

4 11 1409.4 7/6-5=023

CN CN
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Ring fragments: (12 + 7n; n =0, 1, 2, 3,..) multiples of 1,4-dicyanobenzene mass (m/z = 128.1)

Table S13 Ring fragments (of CTF-1) observable in the mass spectra for the PTO samples and the

specific nitrile-to-triazine ratio.

ring fragments n  (1247m)  m/z. number of C=N/ number of C=N
bonds
0 12 1537.6 6/6-6=0.17
0
&
on on 1 19 24345 8/6-10=0.13

N N

N

CN CN

Table S14 Nitrile-to-triazine ratios calculated from the IR signals (from signal intensities and inte-
gral, after background subtraction) of PTO-300-1 and PTOs-300 synthesized with higher zinc chlo-
ride dilution: PTO-300-2.5, PTO-300-10 and PTO-300-15 in comparison to the trimer.

sample nitrile-to-triazine ratio (intensity) nitrile-to-triazine ratio (integral)
PTO-300-1 0.18 (0.18) 0.08 (0.09)
PTO-300-15 0.33 (0.32) 0.18 (0.16)
PTO-300-10 0.38 (0.46) 0.18 (0.23)
PTO-300-2.5 0.41 0.18

Trimer 0.51 0.29
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Mass spectra of PTO-300-1
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Figure S72 Representative MALDI-TOF spectra of the PTO-300-1 sample, measured in the mass
range >100 and <3000 (either in positive or negative mode, indicated with +H* or —H*, respec-
tively). DB represents the mass of the precursor 1,4-dicyanobenzene (m/z = 128). The signals at 230
and 750 correspond to the matrix.
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Mass spectra of PTO-300-15
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Figure S73 Representative MALDI-TOF spectra of the PTO-300-15 sample, measured in the mass
range > 100 and <2000 (either in positive or negative mode, indicated with +H* or —-H*, respec-
tively). DB represents the mass of the precursor 1,4-dicyanobenzene (m/z = 128). The signals at 230

correspond to the matrix.
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Ar-physisorption measurements
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Figure S74 Argon adsorption (filled squares) and desorption (empty squares) isotherm of CTF-1
and 13-point argon adsorption isotherms of PTO-300s and PTO-350s for BET calculations.
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Figure S75 BET-fits and BET calculation data of CTF-1, PTO-300s and PTO-350s. In accordance
with the ISO recommendations multipoint BET tags equal or below the maximum in V- (1 — P/Po)
were chosen.
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NMR measurements
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Figure S76 3C SP ssNMR spectra of PTO-300-10 and PTO-300-1 recorded with MAS using a rota-
tional frequency of 20 kHz.
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Figure S77 Recycle delay plotted against signal intensity for 3C SP ssNMR spectra of PTO-300-10
and fitted with the following biexponential function I(x) = I;,(1 —exp (— Ti) +1Io,(1—
1,1

X
exp (— E)

The values for Io and T are presented in the following table.

Tox Tia1/s To2 Ti2/s

169 ppm 36716 742 215416 2013
140 - 125 ppm 268771 535 833953 1406
120 - 110 ppm 126903 570 301307 1334

The underestimation of the triazine signal due to the longer spin-lattice relaxation time
was calculated from the ratio of the measured intensity at 6000 s to Io1 + Io2 and gives
about 5%. For the other signals this deviation is only about 1%.
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Photocatalytic experiments
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Figure S78 Cyclic measurements with platinum-modified PTO-300-10 irradiated with simulated
sunlight for three hours for each cycle. After each cycle the reactor was evacuated and purged with
argon and irradiation was restarted.
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Figure S79 Photocatalytic tests of the starting material 1,4-dicyanobenzene (black) and the trimer

(cyan) using a buffered (pH 7, 0.5 M phosphate buffer) 10 vol% TEoA solution and platinum as co-
catalyst during UV-Vis illumination (= 250 nm).

Table S15 Photocatalytic activity (with Pt as co-catalyst) versus the surface area.

sample BET SA [m?2 g] HER [umol h-] HER [umol h'] / BET SA [m? g]
PTO-300-1 116 1.45 0.01
PTO-300-2.5 12 6.91 0.58
PTO-300-5 19 3.36 0.18
PTO-300-10 13 9.00 0.69
PTO-300-15 21 9.40 0.48

CTF-1 as synthesized 610 0.02 0.00
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Figure S80 Hydrogen evolution rates of Pt-PTO-300-10 before and after addition of several
amounts (5, 10 or 17 mg) of ZnCl: and before and after stirring (for 2 days) / excessively washing
the sample in EDTA (left). Hydrogen evolution rates (without the addition of H2PtCls) of PTO-300-
10 before and after stirring the sample in a FeCls solution and an excessive washing procedure to
achieve Fe** modification or, more accurately “poisoning” of the active site (likely the free electron
pair at the nitrogen site of the nitrile group or the triazine) by coordination. However, the coordi-
nation mode is unclear, even if we can clearly ascertain that iron is in the sample (see Table 59). The
Fe®treated sample showed a drastically decreased activity. The addition of platinum leads to an
identical rate for both materials suggesting that not all active sites are poisoned by the Fe3* or that
platinum deposited on the Fe¥ site still promotes the electron transfer process.

Table S16 ICP data of the PTO-300-10 sample after/before EDTA treatment and Fe3* poisoning.

sample Zn Fe
PTO-300-10 before EDTA treatment 0.107 0.000
PTO-300-10 after EDTA treatment 0.079 0.000
PTO-300-10 after Fe3*-poisoning 0.107 0.960
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Figure S81 Photocatalytic measurements (simulated sunlight) of dispersed PTO-300-15 (left) and
PTO-300-1 (right) containing 6 uL H2PtCls (black), in comparison to a photocatalysis run without
the addition of platinum as co-catalyst (cyan). The red slope represents a control experiment
showing the illuminated buffered TEoA solution without photocatalyst and platinum.
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Figure S82 Photocatalytic tests with Pt-PTO-300-15 (10 mL buffered - pH 7, 0.5 M phosphate buffer
— electron donor solution, simulated sunlight, 6 uL H2PtCls) using different electron donors: TEoA
(10 vol%; black), oxalic acid (100 mg; cyan) and EDTA (10 vol%; red) (left). Stability test for more
than 20 hours of Pt-PTO-300-10 using oxalic acid as electron donor (right).
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Figure S83 Photocatalytic activity of Pt-PTO-300-1 dispersed in a phosphate buffered (pH 7, 0.5 M;
black) compared to a non-buffered (cyan) 10 vol% TEoA solution illuminated with simulated sun-

light.
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Figure S84 Photocatalytic activity of Pt-PTO-300-15 before (cyan) and after (black) the first washing
procedure with THF/DCM, showing that less active starting materials or rather small oligomers
(such as trimers) are washed away (left). Photocatalytic activity of Pt-PTO-300-2.5 before (black)
and after THF Soxhlet extraction (cyan) showing that the first washing procedure is sufficient to get

rid of less active impurities (right).
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Figure S85 Photocatalytic activity of four different PTO-300 samples under AM1.5 (100 mW cm?)
vs. simulated sunlight conditions (380 mW cm?) (pH 7, 0.5 M phosphate buffer, 10 vol% TEoA

solution, 2.2 wt% Pt).

Batch-to-batch variations

Table S17 Hydrogen evolution rates of several PTO-300 batches (Figure S86). Bold values mark the
“outlier” batches which were not used for the calculation of the “average” hydrogen evolution rate.

sample HER® (several batches) / pumol h-!
PTO-300-1 1.5,1.5,1.7

PTO-300-2.5 7.4,8.0,13.1, 15.6, 30.3
PTO-300-5 3.4,4.0,14.4,15.8

PTO-300-10 8.3,9.0,9.9,10.9

PTO-300-15 8.6,8.7,9.4,11.6, 20.1

* Measurement error of 15 %.
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Figure S86 Photocatalytic activity of various PTO-300 batches illuminated under simulated sun-
light conditions (pH 7, 0.5 M phosphate buffer, 10 vol% TEoA solution, 2.2 wt% Pt) to illustrate
batch-to-batch variations when synthesized in excess of ZnClo.
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Characterization of the photocatalyst after photocatalysis
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Figure S87 IR spectroscopic characterization of the photocatalyst before (left: Pt-PTO-300-5; right:
Pt-PTO-300-1) and after 24 hour of photocatalysis (left: in non-buffered water; right: in buffered
water) as well as after each preparation step of the photocatalytic experiment: Stirring the photo-
catalyst in water or in pH 7 0.5 M phosphate buffer and after the addition of 10 vol% TEoA. A new
band at 1771 cm! appears due to the buffer. No changes caused by photodegradation.

——PT0-300-1 after photocatalysis PTO-300-15 Before photocatalysis
——PTO0-300-1 buffered 10 vol% TEoA —After photocatalysis
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Figure S88 PXRD of the photocatalyst PTO-300-1 (left) and PTO-300-15 (right) before and after
24 hour of photocatalysis in buffered water (left, Pt-PTO-300-1; right, Pt-PTO-300-15). In case of
PTO-300-1, PXRD patterns are also shown after each preparation step of the photocatalytic experi-
ment: Stirring the photocatalyst in pH 7 0.5 M phosphate buffer and after the addition of 10 vol%
TEoA. The sharp reflection marked with an asterisk is an artefact due to the sample holder.
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13 C Cm bl After buffer treatment, 20 kHz
——After buffer treatment, 10 kHz
= Before buffer treatment

C

Phenyl cNitriIe * cPhenyl-Triazine
—

240 210 180 150 120 90 60 30

Chemical shift / ppm

Figure S89 Solid state NMR 3C spectra (contact time 5 ms) of PTO-300-15 before (spinning speed
10 kHz) and after (spinning speed 10 and 20 kHz) stirring the photocatalyst three days in buffered
water (pH 7, 0.5 M phosphate buffer). Bands marked with an asterisk are rotational side bands. The
sharp peak marked with “§” is an artefact. No additional carbon signals are detected after buffer
treatment which makes hydrolysis of the nitrile groups unlikely.

A= %1

Figure S90 TEM images of the Pt-modified PTO-300-1 sample after photocatalysis. Pt-nanoparticles
around 4 nm of average size have been formed on the sample surface after photo-reduction of
H2PtCle.
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TEM characterization

Fg RS R L : /
Figure S91 TEM image of PTO-300-1 showing a layered-like material (left). TEM image of PTO-300-
10 showing mixed phases of clusters and either fibers or furled layers (right).
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7.2 Photocatalysis — calculations

It is recommended to read the PhD thesis of B. Tuffy (Max Planck Insitute of Solid State Research)
for further details on the applied photocatalysis setup used in this thesis.5!

Conversion of ppm to pmol h-! g1 hydrogen

The calculations are based on the ideal gas law:
pV=nRT,;
n[mol H, h™1] = % x ppm H, h™?

1 [atm]xV Hp [h™%] _ Hp [ppmh~]xv .

" 0.082 [atm mol~1 K~1] x293.15 [K] 1000000 24.04 [mol~1] 7

n [umol H, h™1] = n [mol H, h™!] x 1000000;

1000 [mg]
amount of photocatalyst [mg]

n [umol H, h™1 g7!] = n [umol H, h™1] x

p = pressure [atm], V = volume of gas [0.220 L (large reactor) or 0.014 L (small reactor) when filled
with 10 mL suspension], n = amount of hydrogen gas [mol per hour], T reaction temperature
[293.15 K] and R = gas constant [0.082 atm mol-! K1].

Under the applied conditions, the molar amounts n of produced hydrogen do not significantly
differ when hydrogen is considered a “real gas” according to Van der Waals law. 3> Only deviations
within the nmol region have been noticed. The Van der Waals law reads as follows:

na
p+ vz (V—nb)=nRT

Since the real gas differs from the ideal gas with regards to the attraction between the particles a
(J m® mol?) and the volume excluded by a mol of particles b (m?® mol™), those values have been
considered as a being 0.02476 ] m® mol2 and b being 0.00002661 m? mol-.

Thus, a realistic value of 3000 ppm Haz produced per hour (in a volume of 0.220 L at 1 atm and
293.15 K) can be converted into 27.4370 umol H2 according to the ideal gas law and 27.4067 pmol

according to the Van der Waals law.

Apparent quantum efficiency (photonic efficiency) calcuations
For the calculation of the apparent quantum efficiency (AQE) of the presented photocatalysts (sus-
pensions), the intensity of light was first measured (in mW cm™) with a photomultipler at the
height of the sample surface through each band pass filter (400, 450, 500, 550 and 600 + 20 nm) and
the used glass vial (small reactor) or quartz glass lid of the reactor (large reactor). The measured
lamp power was then multiplied with the sample surface area (in cm) to determine the total inci-
dent power (in mW). For further calculations, the incident power was converted to W (1 W=1]s™).
The sum of the photon energies (in J) per each wavelength region, or rather the peak integral
(380 nm — 420 nm, 430 nm — 470 nm, 480 nm — 520 nm, 530 nm — 570 nm, etc), was then calculated.
In Table S18 the photon energies per each wavelength and the sum of the used photon energies are

listed. The number of incident photons per second, i.e. photon flux, was determined as follows.
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Incident light power [J s™1]

Number of incident photons per second = 40 X Sum of photon energy [/]

Next, the number of incident photons per second was converted to umol per hour with the help

of the Avogadro constant (N4).

Number of incident photons [s™1] X 60 X 60
N, [mol1]

Incident photons [mol h™1] =

Number of incident photons X 3600 h™! x 1000000
6.022E23 [umol~1]

Incident photons [pmol h™1] =

Finally, the AQE for each wavelength region was computed as follows, considering that two

electrons are needed to produce one molecule of hydrogen.

Generated electrons [umol™*h™'] 2 X Amount of produced H,[pmol " h™]

AQE = =
¢ Incident photons [umol~1h1] Incident photons [umol~1h1]

AQE [%)] = AQE x 100

Table S18 Photon energies (in ] and eV) for a series of wavelengths (in m and nm). The colored
regions are the ones used for the AQE calculations. For each wavelength region, the sum of the
photon energies are given.

wavelength wavelength photon energy photon energy sum of photon energy
[m] [nm] ] [eV] ]
3.8E-07 380 5.22757E-19 3.263149353
3.81E-07 381 5.21384E-19 3.254584656
3.82E-07 382 5.2002E-19 3.246064801
3.83E-07 383 5.18662E-19 3.237589436
3.84E-07 384 5.17311E-19 3.229158214
3.85E-07 385 5.15967E-19 3.22077079
3.86E-07 386 5.14631E-19 3.212426824
3.87E-07 387 5.13301E-19 3.204125979
3.88E-07 388 5.11978E-19 3.195867923
3.89E-07 389 5.10662E-19 3.187652324
3.9E-07 390 5.09353E-19 3.179478857
3.91E-07 391 5.0805E-19 3.171347197
3.92E-07 392 5.06754E-19 3.163257026
3.93E-07 393 5.05464E-19 3.155208026
3.94E-07 394 5.04181E-19 3.147199883
3.95E-07 395 5.02905E-19 3.139232289
3.96E-07 396 5.01635E-19 3.131304934
3.97E-07 397 5.00371E-19 3.123417517
3.98E-07 398 4.99114E-19 3.115569734
3.99E-07 399 4.97863E-19 3.107761288
4E-07 400 4.97E-19 3.099991885 2.038E-17
4.01E-07 401 4.9538E-19 3.092261232
4.02E-07 402 4.94148E-19 3.08456904

4.03E-07 403 4.92922E-19 3.076915022
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4.04E-07 404 4.91702E-19 3.069298896
4.05E-07 405 4.90488E-19 3.06172038
4.06E-07 406 4.8928E-19 3.054179197
4.07E-07 407 4.88077E-19 3.046675071
4.08E-07 408 4.86881E-19 3.039207731
4.09E-07 409 4.85691E-19 3.031776905
4.1E-07 410 4.84506E-19 3.024382327
4.11E-07 411 4.83327E-19 3.017023732
4.12E-07 412 4.82154E-19 3.009700859
4.13E-07 413 4.80987E-19 3.002413448
4.14E-07 414 4.79825E-19 2.995161242
4.15E-07 415 4.78669E-19 2.987943986
4.16E-07 416 4.77518E-19 2.980761428
4.17E-07 417 4.76373E-19 2.973613319
4.18E-07 418 4.75233E-19 2.966499412
4.19E-07 419 4.74099E-19 2.959419461
4.2E-07 420 4.7297E-19 2.952373224
4.21E-07 421 4.71847E-19 2.945360461
4.22E-07 422 4.70729E-19 2.938380934
4.23E-07 423 4.69616E-19 2.931434407
4.24E-07 424 4.68508E-19 2.924520646
4.25E-07 425 4.67406E-19 2.917639421
4.26E-07 426 4.66309E-19 2.910790502
4.27E-07 427 4.65217E-19 2.903973663
4.28E-07 428 4.6413E-19 2.897188678
4.29E-07 429 4.63048E-19 2.890435324
4.3E-07 430 4.61971E-19 2.883713382
4.31E-07 431 4.60899E-19 2.877022631
4.32E-07 432 4.59832E-19 2.870362857
4.33E-07 433 4.5877E-19 2.863733843
4.34E-07 434 4.57713E-19 2.857135378
4.35E-07 435 4.56661E-19 2.850567251
4.36E-07 436 4.55613E-19 2.844029252
4.37E-07 437 4.54571E-19 2.837521176
4.38E-07 438 4.53533E-19 2.831042817
4.39E-07 439 4.525E-19 2.824593973
4.4E-07 440 4.51472E-19 2.818174441
4.41E-07 441 4.50448E-19 2.811784023
4.42E-07 442 4.49429E-19 2.80542252
4.43E-07 443 4.48414E-19 2.799089738
4.44E-07 444 4.47404E-19 2.792785482
4.45E-07 445 4.46399E-19 2.78650956
4.46E-07 446 4.45398E-19 2.78026178
4.47E-07 447 4.44402E-19 2.774041955
4.48E-07 448 4.4341E-19 2.767849897
4.49E-07 449 4.42422E-19 2.761685421
4.5E-07 450 4.41439E-19 2.755548342 1.811E-17
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4.51E-07
4.52E-07
4.53E-07
4.54E-07
4.55E-07
4.56E-07
4.57E-07
4.58E-07
4.59E-07
4.6E-07
4.61E-07
4.62E-07
4.63E-07
4.64E-07
4.65E-07
4.66E-07
4.67E-07
4.68E-07
4.69E-07
4.7E-07
4.71E-07
4.72E-07
4.73E-07
4.74E-07
4.75E-07
4.76E-07
4.77E-07
4.78E-07
4.79E-07
4.8E-07
4.81E-07
4.82E-07
4.83E-07
4.84E-07
4.85E-07
4.86E-07
4.87E-07
4.88E-07
4.89E-07
4.9E-07
4.91E-07
4.92E-07
4.93E-07
4.94E-07
4.95E-07
4.96E-07
4.97E-07

451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497

4.4046E-19
4.39486E-19
4.38515E-19
4.3755E-19
4.36588E-19
4.3563E-19
4.34677E-19
4.33728E-19
4.32783E-19
4.31842E-19
4.30906E-19
4.29973E-19
4.29044E-19
4.2812E-19
4.27199E-19
4.26282E-19
4.25369E-19
4.2446E-19
4.23555E-19
4.22654E-19
4.21757E-19
4.20863E-19
4.19974E-19
4.19088E-19
4.18205E-19
4.17327E-19
4.16452E-19
4.15581E-19
4.14713E-19
4.13849E-19
4.12989E-19
4.12132E-19
4.11278E-19
4.10429E-19
4.09582E-19
4.0874E-19
4.079E-19
4.07065E-19
4.06232E-19
4.05403E-19
4.04577E-19
4.03755E-19
4.02936E-19
4.0212E-19
4.01308E-19
4.00499E-19
3.99693E-19

2.749438479
2.743355651
2.737299678
2.731270383
2.725267591
2.719291127
2.713340819
2.707416494
2.701517983
2.695645118
2.689797731
2.683975658
2.678178734
2.672406798
2.666659686
2.66093724
2.655239302
2.649565714
2.64391632
2.638290966
2.632689499
2.627111767
2.62155762
2.616026907
2.610519482
2.605035198
2.599573908
2.594135469
2.588719737
2.583326571
2.57795583
2.572607374
2.567281064
2.561976765
2.556694338
2.55143365
2.546194567
2.540976955
2.535780683
2.530605621
2.525451638
2.520318606
2.515206398
2.510114887
2.505043948
2.499993456
2.494963288
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4.98E-07 498 3.98891E-19 2.489953321
4.99E-07 499 3.98091E-19 2.484963435

5E-07 500 3.97295E-19 2.479993508 1.62982E-17

5.01E-07 501 3.96502E-19 2.475043421
5.02E-07 502 3.95712E-19 2.470113056
5.03E-07 503 3.94925E-19 2.465202294
5.04E-07 504 3.94142E-19 2.46031102
5.05E-07 505 3.93361E-19 2.455439117
5.06E-07 506 3.92584E-19 2.45058647
5.07E-07 507 3.9181E-19 2.445752967
5.08E-07 508 3.91038E-19 2.440938492
5.09E-07 509 3.9027E-19 2.436142935
5.1E-07 510 3.89505E-19 2.431366184
5.11E-07 511 3.88743E-19 2.426608129
5.12E-07 512 3.87983E-19 2.42186866
5.13E-07 513 3.87227E-19 2.417147669
5.14E-07 514 3.86474E-19 2.412445047
5.15E-07 515 3.85723E-19 2.407760687
5.16E-07 516 3.84976E-19 2.403094485
5.17E-07 517 3.84231E-19 2.398446333
5.18E-07 518 3.83489E-19 2.393816128
5.19E-07 519 3.8275E-19 2.389203765
5.2E-07 520 3.82014E-19 2.384609142
5.21E-07 521 3.81281E-19 2.380032157
5.22E-07 522 3.80551E-19 2.375472709
5.23E-07 523 3.79823E-19 2.370930696
5.24E-07 524 3.79098E-19 2.366406019
5.25E-07 525 3.78376E-19 2.361898579
5.26E-07 526 3.77657E-19 2.357408278
5.27E-07 527 3.7694E-19 2.352935017
5.28E-07 528 3.76226E-19 2.348478701
5.29E-07 529 3.75515E-19 2.344039233
5.3E-07 530 3.74807E-19 2.339616517
5.31E-07 531 3.74101E-19 2.33521046
5.32E-07 532 3.73398E-19 2.330820966
5.33E-07 533 3.72697E-19 2.326447944
5.34E-07 534 3.71999E-19 2.3220913

5.35E-07 535 3.71304E-19 2.317750942
5.36E-07 536 3.70611E-19 2.31342678
5.37E-07 537 3.69921E-19 2.309118723
5.38E-07 538 3.69233E-19 2.30482668
5.39E-07 539 3.68548E-19 2.300550564
5.4E-07 540 3.67866E-19 2.296290285
5.41E-07 541 3.67186E-19 2.292045756
5.42E-07 542 3.66508E-19 2.287816889
5.43E-07 543 3.65833E-19 2.283603599
5.44E-07 544 3.65161E-19 2.279405798
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5.45E-07
5.46E-07
5.47E-07
5.48E-07
5.49E-07
5.5E-07
5.51E-07
5.52E-07
5.53E-07
5.54E-07
5.55E-07
5.56E-07
5.57E-07
5.58E-07
5.59E-07
5.6E-07
5.61E-07
5.62E-07
5.63E-07
5.64E-07
5.65E-07
5.66E-07
5.67E-07
5.68E-07
5.69E-07
5.7E-07
5.71E-07
5.72E-07
5.73E-07
5.74E-07
5.75E-07
5.76E-07
5.77E-07
5.78E-07
5.79E-07
5.8E-07
5.81E-07
5.82E-07
5.83E-07
5.84E-07
5.85E-07
5.86E-07
5.87E-07
5.88E-07
5.89E-07
5.9E-07
5.91E-07

545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591

3.64491E-19
3.63823E-19
3.63158E-19
3.62495E-19
3.61835E-19
3.61177E-19
3.60522E-19
3.59869E-19
3.59218E-19
3.58569E-19
3.57923E-19
3.5728E-19
3.56638E-19
3.55999E-19
3.55362E-19
3.54728E-19
3.54095E-19
3.53465E-19
3.52837E-19
3.52212E-19
3.51588E-19
3.50967E-19
3.50348E-19
3.49731E-19
3.49117E-19
3.48504E-19
3.47894E-19
3.47286E-19
3.4668E-19
3.46076E-19
3.45474E-19
3.44874E-19
3.44276E-19
3.43681E-19
3.43087E-19
3.42496E-19
3.41906E-19
3.41319E-19
3.40733E-19
3.4015E-19
3.39568E-19
3.38989E-19
3.38411E-19
3.37836E-19
3.37262E-19
3.36691E-19
3.36121E-19

2.275223402
2.271056326
2.266904486
2.262767799
2.258646182
2.254539553
2.25044783
2.246370931
2.242308778
2.238261289
2.234228386
2.230209989
2.226206022
2.222216405
2.218241063
2.214279918
2.210332895
2.206399918
2.202480913
2.198575805
2.19468452
2.190806986
2.186943129
2.183092877
2.179256158
2.175432902
2.171623037
2.167826493
2.164043201
2.160273091
2.156516094
2.152772142
2.149041168
2.145323104
2.141617883
2.137925438
2.134245704
2.130578615
2.126924106
2.123282113
2.119652571
2.116035416
2.112430586
2.108838017
2.105257647
2.101689414
2.098133256

1.482E-17
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5.92E-07 592 3.35553E-19 2.094589112
5.93E-07 593 3.34987E-19 2.091056921
5.94E-07 594 3.34423E-19 2.087536623
5.95E-07 595 3.33861E-19 2.084028158
5.96E-07 596 3.33301E-19 2.080531467
5.97E-07 597 3.32743E-19 2.077046489
5.98E-07 598 3.32186E-19 2.073573167
5.99E-07 599 3.31632E-19 2.070111442

6E-07 600 3.31079E-19 2.066661257 1.358E-17
6.01E-07 601 3.30528E-19 2.063222553
6.02E-07 602 3.29979E-19 2.059795273
6.03E-07 603 3.29432E-19 2.05637936
6.04E-07 604 3.28887E-19 2.052974758
6.05E-07 605 3.28343E-19 2.049581412
6.06E-07 606 3.27801E-19 2.046199264
6.07E-07 607 3.27261E-19 2.04282826
6.08E-07 608 3.26723E-19 2.039468345
6.09E-07 609 3.26186E-19 2.036119465
6.1E-07 610 3.25652E-19 2.032781564
6.11E-07 611 3.25119E-19 2.029454589
6.12E-07 612 3.24587E-19 2.026138487
6.13E-07 613 3.24058E-19 2.022833204
6.14E-07 614 3.2353E-19 2.019538687
6.15E-07 615 3.23004E-19 2.016254885
6.16E-07 616 3.2248E-19 2.012981744
6.17E-07 617 3.21957E-19 2.009719212
6.18E-07 618 3.21436E-19 2.00646724
6.19E-07 619 3.20917E-19 2.003225774
6.2E-07 620 3.20399E-19 1.999994765
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7.3 List of publications and statement of contribution

The majority of the results compiled in this thesis were published in scientific journals as
listed below. As the scope of this thesis is the synthesis and characterization of triazine-
based frameworks for light-driven hydrogen evolution, publications beyond this scope are
not explicitly listed in prior Chapters and are here referred to as not part of this thesis. Orals
and poster presentations at scientific conferences as well as workshop participations are

summarized separately.

Publications published as part of this thesis

Triazine-based carbon nitrides for visible-light-driven hydrogen evolution

K. Schwinghammer, B. Tuffy, M. B. Mesch, E. Wirnhier, C. Martineau, F. Taulelle, W.
Schnick, J. Senker, B. V. Lotsch

Angew. Chem. Int. Ed. 2013, 52, 2435—2439.

CeNS Publication Award 2013.

Press releases: http://technologiewerte.de/2013/01/24/neuer-katalysator-fur-die-wasserspaltung/.
http://www.nano-initiative-munich.de/press/press-releases/meldung/n/new-catalyst-for-water-

splitting/.

K. Schwinghammer (Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch)
wrote the Results and Discussion section of the manuscript, screened the literature, synthesized the samples,
did most of the (commission of the) analysis, edited images, interpreted most of the analytical data. B. Tuffy
(Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) has conducted part of
the photocatalytic measurements such as the wavelength-depending measurements, and acted as mentor and
supervisor for this publication. This work was published as part of his PhD thesis. All solid-state NMR
measurements, their interpretation, as well as image editing were carried out by M. B. Mesch (University of
Bayreuth, advisor: Prof. Dr. ]. Senker) in the department of Prof. Dr. F. Taulelle with his student Dr. C.
Martineau (Tectospin, Insitut Lavoisier de Versailles, France) and will appear in M. B. Mesch’s PhD thesis.
Dr. E. Wirnhier (University of Munich, advisor: Prof. Dr. W. Schnick) introduced K. Schwinghammer into
the synthesis of poly(triazine imide) and melon; this publications is also part of her PhD thesis. V. Duppel
(Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) performed the TEM
measurements of the platinum-modified photocatalyst and edited the TEM image. The sorption measure-
ments were carried out by Dr. S. Hug (University of Munich, advisor: Prof. Dr. B. Lotsch). Elemental analy-
sis and ICP was conducted by M.-L. Schreiber (Max Planck Institute for Solid State Research, Stuttgart,
advisor: Prof. Dr. B. Lotsch). Part of the PXRD patterns were recorded by C. Stefani (Max Planck Institute
for Solid State Research, Stuttgart, advisor: Prof. Dr. R. Dinnebier). Each author also revised the manu-
script. C. Hohmann (NIM) designed the image shown in the front page cover.
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Crystalline carbon nitride nanosheets for improved visible-light hydrogen evolution

K. Schwinghammer, M. B. Mesch, V. Duppel, C. Ziegler, ]J. Senker, B. V. Lotsch

J. Am. Chem. Soc. 2014, 136, 1730—1733.

K. Schwinghammer (Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch)
wrote the main part of the manuscript, synthesized the samples, screened the literature, did most of the image
editing, interpreted the analytical data and did/commissioned most of the analysis. The ssSNMR measure-
ments and the water layer calculations were carried out by M. B. Mesch (University of Bayreuth, advisor:
Prof. Dr. ]. Senker) and will appear in her PhD thesis. She also interpreted the ssSNMR results with the help
of her supervisor and edited the ssNMR images. V. Duppel (Max Planck Institute for Solid State Research,
Stuttgart, advisor: Prof. Dr. B. Lotsch) performed all TEM measurements, simulations and edited the TEM
image. The AFM measurements and corresponding height profiles were performed by C. Ziegler (University
of Munich, advisor: Prof. Dr. B. Lotsch). Dr. M. Konuma (Max Planck Institute for Solid State Research,
Stuttgart, advisor: Prof. Dr. U. Starke) conducted the XPS measurements, C. Stefani (Max Planck Institute
for Solid State Research, Stuttgart, advisor: Prof. Dr. R. Dinnebier) measured the PXRD patterns and M.-L.
Schreiber (Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) performed
the elemental analysis and ICP measurements. R. Noack (Max Planck Institute for Solid State Research,
graphics service) helped design the table of content graphic. All authors revised the manuscript.

Cation and anion exchange of crystalline poly(triazine imide) and its effect on struc-
tural and optical properties

K. Schwinghammer, M. B. Mesch, V. Duppel, L. Schoop, E. J]. McDermott, T. de Boer, A.
Moewes, J. Senker, B. V. Lotsch

To be submitted.

K. Schwinghammer (Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch)
wrote the main part of the manuscript, synthesized the samples, screened the literature, did most of the image
editing, interpreted the analytical data and did/commissioned most of the analysis. The ssSNMR measure-
ments were carried out by M. B. Mesch (University of Bayreuth, advisor: Prof. Dr. |. Senker) and might
appear in her PhD thesis. M. B. Mesch also interpreted the ssNMR results with the help of her supervisor. V.
Duppel (Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) performed all
TEM measurements, simulations and edited the TEM image. The LeBail fits and structure elucidations were
performed by L. Schoop (Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B.
Lotsch). T. de Boer (University of Saskatchewan Saskatoon, SK, advisor: Prof. Dr. A. Moewes) conducted the
XES and XAS measurements which were interpreted by E. ]. McDermott (Vienna University of Technology,
Vienna, advisor: Prof. Dr. A. Moewes). The AFM measurements were performed by D. Weber (Max Planck
Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch). Dr. M. Konuma (Max Planck
Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. U. Starke) conducted the XPS measurements,
C. Stefani (Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. R. Dinnebier) meas-
ured the PXRD patterns and M.-L. Schreiber (Max Planck Institute for Solid State Research, Stuttgart,
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advisor: Prof. Dr. B. Lotsch) performed the elemental analysis and ICP measurements. All authors revised

the manuscript.

A hydrazone-based covalent organic framework for photocatalytic hydrogen produc-

tion
L. Stegbauer, K. Schwinghammer, B. V. Lotsch

Chem. Sci. 2014, 5, 2789—2793.

L. Stegbauer (University of Munich, advisor: Prof. Dr. B. Lotsch) synthesized and characterized all the nec-
essary materials, screened the literature, wrote the majority of the manuscript, edited the images, inter-
preted/commissioned the analytical data. This work also appeared in his PhD thesis. K. Schwinghammer
(Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) conducted and inter-
preted the photocatalytic measurements and the photocatalysis section. Dr. S. Hug (University of Munich,
advisor: Prof. Dr. B. Lotsch) carried out the sorption measurements, C. Stefani (Max Planck Institute for
Solid State Research, Stuttgart, advisor: Prof. Dr. R. Dinnebier) performed powder diffraction measurements
and V. Duppel (Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) con-
ducted TEM measurements. D. Weber (Max Planck Institute for Solid State Research, Stuttgart, advisor:
Prof. Dr. B. Lotsch) supported this work. Solid-state NMR measurements were performed by C. Minke (Uni-
versity of Munich, advisor: Prof. Dr. W. Schnick) and M.-L. Schreiber (Max Planck Institute for Solid State
Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) carried out part of the syntheses. C. Hohmann (NIM) de-

signed the table of content graphic. All authors revised the manuscript.

Phenyl-triazine oligomers for light-driven hydrogen evolution

K. Schwinghammer, S. Hug, M. B. Mesch, J. Senker, B. V. Lotsch

Energy Environ. Sci. 2015, 8, 3345—3353.

Dr. S. Hug (University of Munich, advisor: Prof. Dr. B. Lotsch) and K. Schwinghammer (Max Planck Insti-
tute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) are equally contributing authors for this
manuscript, since both of the authors performed literature screening, interpretation of the analytical data,
commissioned the analysis, synthesized the materials (except for “the trimer” which has been synthesized by
Dr. V. Vjas (Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch)), and
wrote the most part. Therefore, part of this manuscript is published in Dr. S. Hug's PhD thesis. Dr. S. Hug
was further in charge of the sorption measurements and interpretation, which were performed in Munich.
The photocatalytic experiments were conducted exclusively by K. Schwinghammer who also did the image
editing. M. B. Mesch (University of Bayreuth, Bayreuth, advisor: Prof. Dr. ]. Senker) and C. Minke (Univer-
sity of Munich, Munich; advisor: Prof. Dr. W. Schnick) performed the solid-state NMR measurements which
will appear in M. B. Mesch’s PhD thesis. C. Stefani (Max Planck Institute for Solid State Research,
Stuttgart, advisor: Prof. Dr. R. Dinnebier) performed the powder diffraction measurements, V. Duppel (Max
Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) the TEM measurements, C.
Sondermann (Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) the
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MALDI-TOF measurements, Dr. M. Konuma (Max Planck Institute for Solid State Research, Stuttgart,
advisor: Prof. Dr. U. Starke) the XPS measurements, and M.-L. Schreiber (Max Planck Institute for Solid
State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) the elemental and ICP analyses. Dr. V. W. Lau, F.
Haase (Max Planck Institute for Solid State Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) and L. Steg-
bauer (University of Munich, Munich, advisor: Prof. Dr. B. Lotsch) contributed through helpful discussion.
All authors revised the manuscript. R. Noack (Max Planck Institute for Solid State Research, graphics ser-
vice) helped designing the table of content.

Publications published as not part of this thesis

Towards rational photocatalyst design: Structure-property-activity relationships in

graphitic carbon nitrides

V. W. Lau, K. Schwinghammer, B. V. Lotsch

to be submitted.

Laser ablation of molecular carbon nitride compounds

D. Fischer, K. Schwinghammer, C. Sondermann, V. W. Lau, J. Mannhart, B. V. Lotsch

Appl. Surf. Sci. 2015, 349, 353 —360.

Lithium charge storage mechanisms of cross-linked triazine networks and their porous

carbon derivatives

K. See, S. Hug, K. Schwinghammer, M. Lumley, Y. Zheng, J. Nolt, G. Stucky, F. Wud], B.
V. Lotsch, R. Seshadri

Chem. Mater. 2015, 27, 3821 —3829.

Publications published prior to this thesis
Towards mesostructured zinc imidazolate frameworks

S. C. Junggeburth, K. Schwinghammer, K. S. Virdi, C. Scheu, B. V Lotsch

Chem. Eur. |. 2012, 18, 2143 —2152.
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7.4 Contributions to conferences

Triazine-based systems for solar energy to hydrogen fuel conversion (poster presentation)
K. Schwinghammer, S. Hug, B. V. Lotsch
Workshop on polymer photocatalysts for solar fuels synthesis, 2016.

Triazine-based frameworks for visible-driven hydrogen evolution (oral presentation and poster
presentation)

K. Schwinghammer, L. Stegbauer, S. Hug, B. V. Lotsch

1¢t international solar fuels conference (ISF-1 and ISF-1 Young), Uppsala (Sweden), 2015.

Travel award from CeNS.

Triazine-based carbon nitrides for improved visible-light hydrogen evolution (poster presenta-
tion)

K. Schwinghammer, B. Tuffy, M. B. Mesch, E. Wirnhier, C. Martineau, F. Taulelle, W.
Schnick, J. Senker, V. Duppel, C. Ziegler, B. V. Lotsch

IPS-20: 20" international conference on photochemical conversion and storage of solar

energy, Berlin (Germany), 2014.

Functional frameworks as scaffolds for solar energy conversion (poster presentation)
L. Stegbauer, K. Schwinghammer, B. Tuff, B. V. Lotsch

Young ideas in nanosience, NIM workshop, Munich (Germany), 2013.

Triazine-based carbon nitrides for light-driven hydrogen evolution (oral and poster presenta-
tion)

K. Schwinghammer, B. V. Lotsch

Forum on materials for sustainable energy, Cambridge (USA), 2013 (together with the

Faculty of Material Science of the Massachusetts Institute of Technology).

Triazine-based carbon nitrides for light-driven hydrogen production (oral presentation with
presentation prize)

K. Schwinghammer, B. V. Lotsch

Joint workshop on materials chemistry, Max Planck Institute for Solid State Research,
Stuttgart (Germany), 2012.

Photocatalysis on triazine-based carbon nitrides (poster presentation)

K. Schwinghammer, B. Tuffy, M. B. Mesch, E. Wirnhier, C. Martineau, F. Taulelle, W.
Schnick, J. Senker, B. V. Lotsch

CeNS Workshop, Nanosciences: From molecular systems to functional materials, Venice
International University (VIU), San Servolo (Italy), 2011.




7.5 List of abbreviations

1D
2D
3D

4AP

AFM
aPTI
AM
Anal.
a.u.
AQE
ATR
BA

BET

caled.
CCD
CCDC
CN
COF
CpP
CPPI
CTF
CVD

Cw

one-dimension

two-dimensional
three-dimensional
4-amino-2,6-dihydroxypyrimidine
Angstrém

atomic force microscopy
amorphous PTI

air mass (e.g. AM1.5 filter)
Analytical

arbitrary units

appearent quantum efficiency
attenuated total reflection
barbituric acid
Brunauer-Emmett-Teller
cyanamide

calculated

charge coupled device

Cambridge Crystallographic Data Centre
carbon nitride

covalent organic framework

cross polarization

cross polarization with polarization inversion
covalent triazine framework
chemical vapor deposition
continuous wave

dicyandiamide



DCM
DFT
EA
EDX
eV

DB
DETH
DLS
EDTA
eq

FB

FID

FT
FWHM
g-C3Ns
G/L
HER
HOMO
HP-HT
ICP-AES
P

IR
JEMS
M
MALDI-TOF
MAS
MeOH

MD

dichlormethane

density functional theory

elemental analysis

energy dispersive X-ray spectroscopy
electron volt

1,4-dicyanobenzene
2,5-diethoxy-terephthalohydrazide

dynamic light scattering
ethylenediaminetetraacetic acid

equivalent

flip-back

flame ionization detector

Fourier transformed

full width half maximum

graphitic carbon nitride

Gaussian/Lorentzian

hydrogen evolution reaction/ rate

highest occupied molecule orbital

high pressure high temperature

inductively coupled plasma — atomic emission spectroscopy
isoelectrical point

infrared

Journal of the European Mathematical Society
melamine

Matrix Assisted Laser Desorption Ionization — Time of Flight
magic angle spinning

methanol

molecular dynamics



MS
msp
NIR
NLDFT
NMR
NOESY
PHI
ppm
PRC
PSD
PTFE
PTI/XY
PTO
PVD
PXRD
RAMP
ref.

RF

SA
SAED
SBU
SEM

ss
TEM
TEoA
TFPT
THEF

™S

Material Studio

mesoporous

near infrared

non-local density functional theory
nuclear magnetic resonance
Nuclear Overhauser effect spectroscopy
poly(heptazine imide)

parts per million

proton reduction catalyst

pore size distribution
polytetrafluorethene

poly(triazine imide) with XY intercalation
phenyl-triazine oligomer

physical vapor deposition

powder X-ray diffraction

ramped amplitue

reference

radio frequency

surface area

selected area electron diffraction
secondary building units

scanning electron microscopy
solid-state

transmission electron microscope
triethanolamine
1,3,5-tris-(4-formyl-phenyl)triazine
tetrahydrofurane

tetramethylsilane



uv
Vis
vs
XPS

(P)XRD

urea

ultra violet

visible

versus

X-ray photoelectron spectroscopy

(powder) X-ray diffraction



