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Chapter |

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 worldz &nergy 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 t he efficiency of an engine as reported byW. S. Jevong2 In detail, in the year 1860
the world consumed 5 g102kWh yrNhwith a global population of 1.2 billion .23 Nowadays,
7.1billion people live on earth and consume 156¢102kWh yrNM5 While the population
increased about six times, the energy demand grew by a factor of 3Q which can be
explained by higher energy efficiency leading to cheaper energy usage and an increase in
economic growth. 16

1.1Fossilfuels 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 fuds, which can be considered asa 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 combustiongives rise to the highest emission of carbon
dioxide and other pollutants within fossil fuels. 72 Carbon dioxide accounts for 9%t 26 %
of the greenhouse effect and is mainly responsible for global warming. 1 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 €.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 seens to solve energy and environmental problems as no carbon
dioxide is produced, while at the same timeit is a very efficient energy source.” Seveaal
grave nuclear power plant accidents including the Three Mile Islandaccident in 1979, the
Chernobyldisaster in 1986 or the latestFukushima Daiichnuclear disaster in 2011, as well as
concerns about the final waste disposal are the reasols 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 + 7z~ O1 w O a @HdwntbBIdwYalfirms that already in the 19 century
people worried about running out of fossil fuels. This emphasizesthat 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 stillavailable.!

fiOne day all the coal will be used up. What will they burn in the place oféccoal?

fiWater,0 replied Cyrus Smithfibut decomposed into its basic elementateMwill be em
ployed as a fuehydrogenand oxygen will furnishan inexhaustible source of heat and light
As long as this earth is inhabited, it will provide for the needs of its inhabitérdter is the
coal of the futur@

+7° Ol wOaU.WVermesir4) Ul

Renewable energy comes from infinite resources such as rain, wind, tides, waves, gee
thermal heat and sunlight , and contributes currently 19 % of our global energy generation
based onREN21"s 2014eport. 1122 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 storagan the form of synthetic
energy carriers such as hydrogen or hydrocarbons is needed which also makes thdr
transport to consumers easier.

1.2.1Hydrogen

Hydrogen is an ideal alternative energy carrier due to its high specific energy of 142MJ
kgNhcompared to coal: 15MJ kgVh 33 MJ kgV)3 which originates from its low molecular
weight and its strong covalent binding (bond dissociation energy: 436kJ molN).1415 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 .16 However, safety issues and
storage problems still cast ashadow over hydrogen as the future fuel .X

Exemplary routes for hydrogen generation :

1

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 tomolecular and atomic hydrogen, oxygen and hydroxyl ions (thermal
decomposition).t® This route is considered dangerous for large scale production,
since at such extreme temperatures hydrogen and oxygen cannot be separated
quickly enough .116

In industry, hydrogen is commonly generated by stream reforming in a two -step
process(see reaction below). In the presence of a metatbased 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

CHa+ H20 £ CO + 3H, | H = +206.2%J mol\ v
CO+H0 £ COz2+ Hz, 1 HA& wN KIwdoKn

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. 1¢2t
In the 1980s the Norwegian company Kvaernerdeveloped a way to dissociate
hydro carbons to hydrogen and pure carbon (rather than carbon dioxide) within a
plasma oven at 1600°C.2224 Waste heat-induced hydrogen formation is efficient for
industrial application s. However, this method seems dangerous and disadvanta-
geous when applied on a small scale (e.g.hydrogen car) due to the necessary high
temperatures.t16
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 eéctrocatalystin the stoichiometric ra-
tio of 2:1 (I ' 2= +571.8kJ molVrat T = 25°C, p = 1.013 x 10Pa).25?’ Currently , yield
efficiencies of over 80% are reached in industry (basic 25%¢ 30% KOH solution,
T=70°C+4 90°C, 1.90V, 0.15A cm™{ 0.5A cm"®).2527

The standard electrode potentials (E°) presented here are given in reference to
the normal hydrogen electrode (NHE), where the potential of the H*/H:2 redox
couple (pH 0) is defined as the zero-point.
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Cathode: 2H0*+2é& A H2+2HO E°= 0.000 WSNHE (pH 0)
2H0+2¢ A Hz2+20HN E°A wN Y 8 UWNHEw®H14)
Anode: 6 H-0 A  O2+4HO*+4¢é E°= 1.229 WSNHE (pH 0)
4 OHN A O2+2HO0+4¢é E°= 0.401 WSNHE (pH 14)
Total: 2 H20 A 2H2+ O 1 $= 1.229V

In detail, the reference cathode is a platinum electrode flushed with hydrogen
gas at atmospheric pressure and at a temperature of 298.1K. 1 mol LNHCI 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 equatio®# (equation 1). Here,
R denotes the molar gas constant R = 8.31447Jmol™ KN, T the absolute tempera
ture in K (298.15K), zethe number of transferred electrons, F the Faraday constant
(F = 96385.34C mol'), athe activity of the redox -couple and c (and d) the prefactor
of the oxidation (reduction) site.

8

E= E°+ —In = Eo+ B l0g10 E°+ lg——

8

=0+ lg—— =0+0.0596 QqHLOE)= 0.059VpH (1)

The presented list above shows that nowadays, hydrogen can be successfully produced
on alarge scale.However, hydrogen can only be considered as a renewablesnergy carrier
when it is produced either directly or indirectly from a renewable source such as solar,
hydro or wind power. 116 The next chapter explains the light -driven formation of hydrogen
by water reduction.

1.2.2Photocatalytic water splitting

The necessity ofheat or electricity points out that energy is required for water splitting .28
In 1972, Hondo and Hjishima?® demonstrated on a single-crystal rutile TiO2 photo anode
and a platinum cathode that electrochemical water splitting can be catalyzed by the illu -
mination with UV-light (Figure 1.1). TiOz as a typical semiconductor exhibits a valence
and a conduction band which are separated by an energy gap of3.0eV| 3.2eV (anatase:
3.2eV, brookite: 3.1 eV and rutile: 3.0 eV).3%3¢ When TiO: is illuminated by light with ener -
gies a 3.0 eV, electrons of the valence band can be promoted to the conduction band level
while leaving fholeso 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 ex cited
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 TiO2 is more negative (anatase:
N Y $M vs NHE at pH 0)3 than the reduction energy level of water (0.00V 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 TiO2 photo-
electrode since the valence band is more positive(anatase:2.91V vs NHE at pH 0) than the
oxidation energy level of wate r (1.23V vs NHE at pH 0) 28293538

Water Oxidation Water Reduction
V/NHE T
B Relaxation H' B A I_I2
0sof= e Y @: ¢ :
0.00 }— - CB Pt
¥, O :
HO : 2%:
1.23 p— \Aj - S
h' v VB
3.00 peesrnnnnnnns Hannans R
Sessssssnsnnnsnnnnnnnnn h'
\ 4 atpHO
TiO, (Anatase)

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

TiO2 particulates by themselves cannot photocatalyticall y evolve hydrogen due to the
large overpotential on their surface. To solve this problem, the TiOz surface can beloaded
with co-catalysts of noble metals such as platinum3s Noble metals are preferably used as
co-catalysts due to their high exchange current densities io (in A m2) and low Tafelslope
values A (in V) which results in low overpotentials (1 5 (see Tafelequation(2); i: current
density in A m-2).3° The exchange current density can be considered as the gontaneous
reaction rate between H*/H:2 at equilibrium and, thus, represents the inherent activity of
the catalyst. The Tafelslopedisplays the voltage increase needed to increase the current by
an order of magnitude. 3°

Yo & 11— )

Platinum requires the lowest overpotential, which is the reason why it is the most
widely used hydrogen evolution co -catalyst.3> A co-catalyst can thus serve as active site
for the hydrog en production on the photocatalyst’s surface (Figure 1.2).3% Additionally, co -
catalysts can also trap excited electrons due to a larger driving force caused by their larger
work functions (e.g.Pt: 1.21V vs NHE at pH 0) 35 compared to the semiconductor (TiOz:
NY M Vi NHE at pH 0).35 Often, this phenomenon is described by the formation of a
Schottky barrier at the metal/TiO2 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 2 to the noble metal where
they react with water. The photoinduced hole is t hen free to diffuse to the TiO2 surface
and the electron-hole-recombination is suppressed.®> However, this holds true only for
large platinum particles or films. If the diameters of the m etal 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.4° In
addition, t he surface plasmon resonances of the nanop#iculate noble metals can further
excite electrons which are located either at the metal or semiconductor (CB) site and
contribute to the photocatalytic activity. 443 Nevertheless, noble metalsare expersive 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 ectogically
benign, efficient, durable and costeffective co-catalysts such as NiQ*24+48 M0,
RuOx42445054 or molecular metal complexes which allow better charge transfer. 5562

Water Oxidation Water Reduction
V/NHE """""xni ........
: o
)\ AT v_ o
0.00 |— CB Q
¥ H,
c
H,O
1.23 |~ > VB
1,0,4" 4
h': —
v ....................... l.l+ pH 0
Photocatalyst

Figure 1.2 Schematicshowing the photocatalytic splitting of water into hydrogen and oxygen wi th
the help of co-catalysts and sacrificial agents The violet tinted region presents the water oxidation
mechanism. Theright side shows the water reduction process.

Charge recombination can befurther suppressed by the addition of suitable sacrificial
agents. In the case of water reduction/oxidation, electron donors/acceptorswhich 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, adirect 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. 3 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 ratelimiting 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 S2and SOV 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 hydro gen 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 fiholeo on the
photoexcited catalyst is enhanced® Note, however, that since the oxidation potentials of
commonly used electron donors such as TEoOA are higher than the potential for H*/H 2, the
occurring reactions are not of endothermic nature anymore. The sacrificial agent has
further an influence on the pH conditions of the photocatalytic sys tem 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; 10vol% aqueous TEOA
solution) while MeOH leads to a neutral or slightly acidic condi tions (pH 6; 10vol%).

v
S0.> -
3 TEA ':—1.8
-«
S _.__1'4 %
-3.0eV .& I 2
4 |--1.2:8
¢ EDTA (A5E
-3.4eV 10
I &
~-0.8

MeOH |

¢ 06
€ L w
H,/H* -4.0eV !! [0

42ev [02
L 0.0

REDOX

Figure 1.3 Redox potentials of some commonly used electron donors. Adapted with permission
from the references4 Copyright 2012, AIP Publishing LLC.

For high water oxidation efficiencies, suitable electron acceptors are necessarysuch as
silver nitrate (AgNO 3) and sodium persulfate (Na2505).65%7 In the best case, environmental
pollutants are chosen as sacrificial agents which are deomposed 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 complexeswith some photocatalysts constructed on nitrogen-containing
heterocycles (which are usedas photocatalystsin this work, see Chapter 2).6870 In addition ,
the oxidation of triethanolam ine or other alcohols leads to the formation of radicals
(Figure 1.4). When these radicals @ 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
Hc\/\{\/gh ""_""" HO~jm OH  reeesesseesees pa°00000 V /NH E
OH oH - ;
oA v H
CB
- 0.00 |—
T HO_~ o~ OH
e . 1, H
ot O N 2
o H _
HOL_~ 2 o OH Oy OH e
OH OH
l-H: 1O 1.23 [~
HO~ oot A
h' : I \/ B
OH . +
EEEEEsEEEEsEEEEEEEEEEEEEEEEEEEEEE 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 2 (mostly in the form of anatase or anataset rutile mixtures , e.g.the com-
mercially available P257 is widely used as a photocatalyst due to its abundance, long
term stability, sustainability and low-cost production 3335447375 |ts large band gap of
3.0eV| 3.2eVv33834 demands that TiO2 must be illuminated with UV -light, which
contributesonly 3%+t 6 % to the solar spectrum at sea level(Figure 1.3).2876

Electromagnetic spectrum

Solar spectrum

i
)

2000

1800

Outside atmosphere
1500 /

1200

Sea level

900

600

Spectral irradiance / Wm?”um”

300

0 i 3
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). Theregion of visible light is highlighted .
Adapted with permission from Nate Christopher / Fondriest Environmental .77
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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. 2844 At the same time, the band gap should be wider than 1.23eV 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. 4 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 TiO 2.4 However, band gap tuning of TiO 2 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#, Zr4+
and Nb5+, dio In3*, Ga3* and Ge*;, fo metal oxides: Ce**; non-oxides: InP, GaN and ¢-GesN4;
(oxy)sulfides: ZnS and CdS)2844 and organic compounds (which will be discussed in the
followi ng).67.7&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 photocatalystitself.8 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 ealy investigations on semiconducting polymers such as
poly(pyridine -2,5diyl) (PPD),22 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 3680umol H 2 per hour per gram recently.8® Also, co-polymers
of benzene and pyrene building -blocks have recently been identified as attractive photo -
catalysts.80848687 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 covdent organic frameworks
(COFs)(Chapter 2.2).
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Table 1.1 Photocatalytic results for hydrog en 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 ~250pumol H 2 hNhgN b
}\J / n triethylamine 0.21% (450nm)
PPD, ref.82
- - [Pt(bpy) 2](NO 3)2¢ MeOH - >320 nm TON/Pt: 490
\ [\{ }\1 / n H20 triethylamine
PBPD, ref8t
@ I diethylamine >290 nm ~104 pmol Hz h¥ gt
n
PPP, ref.83
fluorene-type possibly Pd-traces;no MeOH - >420 nm A3680umol H 2 hv g i
polymers, ref.89 additional co -catalyst  triethylamine
2.3% (420nm)
pyrene-type possibly Pd-traces;no  diethylamine  visible light >170 pmol Hz2 hNhgN
co-polymers, additional co -catalyst
ref.8s
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Chapter Il

2 Background

2.1 Carbon nitrides
2.1.1History

Carbon nitrides (systematically nhamed as ammonocarbonic acids) are known since the
discovery of fimelono by the Swedish chemist J J Berzeliusin 1830t who has synthesized
amorphous melon by the pyrolysis of mercury thiocyanate Hg(SCN) 2 (back then known as
the Pharaoh’s serpent3.2 J Liebigrepeated several of J. J. Berzeliugxperiments, yet started
from NH 4(SCN), which yielded products of higher purity. Next to melon, he identified
and named? various triazine- and heptazine-based molecular compounds such asmela-
mine (1,3,5triazine-2,4,6triamine), melam (N2-(4,6-diamino -1,3,5triazine -2-yl)-1,3,5
triazine-2,4,6triamine ), melem (2,5,8triamino -tri -s-triazine), ammeline (4,6-diamino -2-
hydroxy -1,3,5triazine) and ammelide (6-amino-2,4-dihydroxy -I,3,5-triazine) (see Fig-
ure 2.1for the general formula), some of which are tent intermediates (and derivatives) of
the thermal polycondensation of melon (seeScheme2.1).t

. H
N)z\Nu\N N*\N
HJ\\NJ\\NU\H )\IN’)\

H 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
structur es. In the cases of the highercondensed phases, he low solubility and the low
crystallinity hindered the elucidation of their structures.®® Melamine ® and cyanuric acid 011
(2,4,6trihydroxy -1,3,5triazine ) 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 CsN4 gy NH 3) in 1922 and
many of the fioldd compounds were reinvestigated. L. Pauling and J. H Sturdivant'2 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 ceworkers® with the help of electron diffraction in combination with advanced solid
state nuclear magnetic resonance (ssSNMR) spectroscopy on crystallinemelon 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
tightl y linked by hydrogen bonds (seeScheme2.1).23 Melon (CsN4 ¢ w MHskand not CsN4
is the final product of the (simple) thermal polycondensation process. However, it had
often been attempted to synthesize the hydrogen-free, purely sp2bonded binary carbon
nitride C sN4which has firstly beendescribed by R. Frankiin in 1922413

H,N——N
Cyanamide
% \X3 NH, .
H N /N\ N)\\N N,
Y A _— [ /)\ C,N, * 2NH,
NH, H,N” N7 NH, *-NH
Dicyandiamide Melamine \
x:’N -NH, Az —
)N\HZ )N\Hz L Eag L ha . X
Y S e STnER NS g
- - ¥ B! - v Y P - ‘
H,N” N7 NH N7 “NH, A dAaE oy d sk Ny
Melam AL ] ,,.:‘,».. Iy A}
. Lo i i A 1 e S
-NH ;‘.{V,,. i L YAA LR
3 . " .‘.~,.v “."'-,__ ~. .‘.“, o‘.~._\ ,. i1
il ' “ot y v 1 : L : o Y
NH, i )¢ g LYy AN &
N S M ‘. : Y
N|N -NH, {1 AR LA L
C.N, * NH, )NL )N\\)N\ y 3 , £ ,
7, 7 . ‘
H,N N N NH,
Melem Melon

Scheme 2.1 Simplified t hermal condensation path of cyanamide, resulting in melon as the final
deammonation product. 1315 The structure of melon is reproduced with permission from 20 07
WILEY -VCH Verlag GmbH & Co. KGaA, Weinheim (licence number: 3 8002908147703

Still, the polymerization process is not yet fully understood in detail. However, it is
possible to mention some important reaction steps (seeScheme2.1).1316 As suitable carbon
nitride precursors, different nitrogen -rich compounds and mixtures thereof such as cyan
amide, dicyanamide, melamine and (thio)urea can benamed 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 3 50 °C)*%18 and, hence,constitutes
a thermodynamic sink favorable over a wide range of conditions. 71 Melam can be consid
ered ascomposed 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 beenelucidated in 2007 by Lotsch et at® 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 phase& and melem®2223 gand finally , when the condensation process
has further advanced into 1D chains of fused melem units, i.e, the already mentioned
melon.t13 As a side phase a holey heptazinebased 2D network containing embedded
melamine molecules, known as poly(heptazine imide) (PHI), has been synthesized in
small yields and characterized.* Above 500°C melon decomposesand starts degrading
into volatiles (NH s, C2N2and HCN ).25

After the prediction by Liu and Cohe##28 of extremely high bulk modul i (B) for the
dense sp-bonded hydrogen-free CsN4 phases especially ¢-CsNa4: B =4.27Mbar; Bdiamona =
4.43Mbar), a fiharder-than-diamond o fever, followed by a resurrection of carbon nitride
chemistry, occurred in the 1990s293 The interest in these compounds blossomed and moti-
vated scientists to synthesizethe binary CsNa4 which turned out to be very difficult , if not
impossible. In analogy to diamond, further theoretic al calculations indicated that the gra-
phitic (g) phase of GNa4, which should be thermodynamically more stable, could be trans -
formed to the dense 3D structure by high pressure and high temperature (HP -HT) synthe-
sis3! In many experimental attempts, several groups tried to obtain g- and dense GNa4
through HP -HT ,3236 solid state3™#! and solvothermal synthesis,*245 chemical*¢ and physical
vapor deposition4” (CVD and PVD) and through thermal polycondensa -
tion/decomposition paths.4#51 With one exception (see below)32 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 examgdes show high crystallinity but
still contain residues of hydrogen and partly oxygen. 1324323436405255 For 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 laserheated diamond-anvil cell, a three-dimensional (3D) carbon ni-
tride network has been synthesized starting with dicyandiamide und er HP-HT conditions
by Boehlerand ceworkersin 200734 The obtained carbon nitride imide C 2N2(NH) crystal-
lizes in a defect Wurtzite-type structure.

The first purely triazine -based carbon nitride, CsNeHs gHCI (hereinafter also referred to
asfiPTI/HCI ¢) has been synthesizedin 2001 by Wolf and ceworkersin a piston cylinder ap -
paratus using a mixture of melamine and cyanuric chloride as precursors.32 The compres
sion of this layered compound above 40GParesults in a pillared -layered carbon nitride
material composed of a backbone of sp? andsp? hybridiz ed carbon and nitrogen atoms.>?
A similar compound is poly(triazine imide) (PTI) , CeNgo(HxLinw)s €LICI (PTI/LICI), which
has beeninitially synthesized under ionothermal conditions by Thomas and cworkerss but
was fully characteriz ed by Wirnhier et al3®
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Figure 2.2 Idealized crystal structure of two stacked layers of (a) Li/H containing PTI intercalated
with chlori de (ICSD 4220883 and bromide (CCDC 902173j¢ ions and (b) CeNeHs¢HCI (PTI/HCI) 32
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).3657 Bojdys and co-workers have also
reported on PTI/LiF which has been synthesized by treating PTI/LiBr with NH 4F. PTI/LiF
occurred as a sidephase next to PTI/LiBr and seems to crystallize in the PTI/HCI form. 56
Depending on which ions are intercalated, a change in the stacking distance appears
(PTI/HCI: 3.22A 32 PTI/LIF: 3.32A 5 PTI/LICI: 3.36A 353 PTI/LiBr: 3.52A:; bigger ions lead
to larger stacking distances)s® which has a significant influen ce on its electronic and
absorption properties. PTI has also been synthesized in ZnCk-based salt melts which re-
sulted in PTI/ZnO cluster composites. 58

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: 3755350729712

In 2014, Bojdys and cavorkers?z 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 sp2-hybridized carbon and nitrogen
atoms (Figure 2.3). The elemental analysis data show residues of 0.5Wt% of hydrogen
which has been assignedto 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
1.6eV{ 2.0eV has been extracted, the opticalappearance of the TGCN flakes isof metallic
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character. Due to its narrow band gap, TGCN could be applied as a novel metal-free semr
conductor in electronic devices (e.g in transistors or solar cells), but not for full photo-
catalytic water splitting .525°

2.1.2 Melon asphotocatalyst for water splitting

While monomeric carbon nitrides (e.g.melamine and melem) are wide band gap semicon-
ductors p8.5eV) giving rise to their whit e color, yellow -colored melon exhibits a band
gap of 2.7eV.% |ts narrow band gap and the calculated band potentials render melon a
suitable candidate for overall photocatalytic water splitting. In 2009, Antonietti, Domenand
coworkers® 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 gp*420nm).
Its moderate and fluctuating hydrogen evolution rate of 0.1 pmol hNfte 4 umol hNhcould
be increased and sabilized 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% ag. MeOH solution. Adapted with permission from Macmillan Publishers Ltd: Nature
Materials, 8° copyright 2008 (licence number: 3755370969507).

Then, 770umol H 2 after 72 h of illumination were accumulated resulting in a hydrogen
evolution rate of 107pumol hNhgNtv [t was also reported that RuO2-modified melon is
capable of oxidizing water, albeit just 8 umol O:2 were detected after 9 h of ¥ 420nm)
illumination (9 pmol hNhgNY proving the oxidation of water bei ng the problematic reac-
tion .2 As explained in Chapter 1.3, the oxidation of water is a four -electron-four -proton
process and is hence, kinetically limited. In additi on, the valence band potential is not
offering enough overpotential (600 mV) for the water oxidation process. 6061

This pioneering work indicated that for high photocatalytic activities it is necessary to
optimize four factors such ascatalyst- and co-catalyst-loading, the choice of suitable sacri
ficial agent, pH conditions as well asthe choice of wavelength s 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 incr ease with increasing concentration
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until they start to saturate and then to decline due to scattering effectsand thus, disturbed
light absorption .5263 Henceforth, the hydrogen evolution rates will be given normalized to
mass (per gram) to facilitate a comparison between the different presented photocatalysts.

2.1.3Photocatalytic mechanismin 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 onfully condensed structure model s of melon. To be more precise,melon
has often beenmodelled asa 2D system while actually being a 1D polymer. 8473 This fallacy
may result from the fact that melon-type carbon nitrides are often erroneously named ?g-
CsN4?, a term excessively usedin 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 ceworkers®® 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 function al 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.%V) to the
1D polymerized melon (2.6eV) (Figure 2.5(a), grey arrow).5° The theorized band gap is in
agreement with the one experimentally extracted. In a later publication, Cheng and co
workergs computed an even narrower (direct) band gap of 2.34eV for 1D melon (these
calculations were carried out using the Vienna simulation package).’®7” A large vacuum
space of 15A between two neighboring melon sheets was constructed to avoid stacking
interactions. The discrepancies ofthe 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 papers® showed further that melo n exhibits
a highly anisotropic band structure with low band dispersion (hence high charge carrier
effective masses) andwith a direct band gafe Uw U1 1 uFigure<23@)P liswafence 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 2.5c)). The carbon atoms (asp:
orbitals) create the LUMO levels and are hence assumed to bethe reduction sites carrying
the photogenerated electrons (Figure 2.5b)). 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 capableto completely split water . However , one should bear
in mind that these calculations are based onvacuum conditions, thus excluding real
solvation effects. Therefore, Antonietti and ceworkergs 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 ND.83V and 1.83V 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 (" + X direction) and per -
pendicular to the chain (Y{" direction). The position of the water reduction level H #/H: is indicated
by the dashed blue line and the oxidation potential O 2/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 per mission from Macmillan Publishers Ltd: Nature Materials, copyright 2008
(licence number: 37553709695076°

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 410nm,
while materials synthesized at 650°C exhibited a red-shifted absorption edge at
520nm.7#80 Hence, the optical band gap of melon can vary between 24eVit 3.1eV
depending on the polymerization degree. 8 Therefore, Butchosa et & studied the optical
properties of melon (or rather melem clusters; see Figure 26) in various condensation
states by computational methods (DFT/TD-DFT).
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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. 82 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 aks could verify
experimentally that the oligomeric forms of melon are act ually more photocatalytically
active than the extended polymer despite their low er absorption in the visible regime. This
point s out that besidesthe band potentials and energy gap as well as the light harvesting
properties of the photocatalyst, fifunctional defectsd (such as he 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,

® ® ® ©)
each of them canbe attributed to the time constant:

- — — @

PT 1 Ud Eu® Eouare the radiative and non-radiative recombination times, respectively. 8
Responsble 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).8* Non-
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radiative recombination processes can occur due tee.g.carrier capture by defects or Auger
recombination s and are detrimental for photocatalysis .8 Charge transfer can either lead to
radiative or non -radiative processes.In the case of a dominant radiative recombination
process, a fst decayrate 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 re combination process plays only a minor role in carbon nitrides, hence, light
absorption leads mostly to non-radiative processes8s

Merschjann et al8’ investigated the photoluminescence behavior of melon (and
mesoporous melon) which shows relatively strong emission at 440nm + 520nm, 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 480nm)
compared to low condensed samples (synthesized at 490 °C; maximum at 460nm).8¢ The
high reaction temperature seems tocorrelate with a decreased layer stackng of melon and
an increasing O Y 1 U O E x uofbitals perpendiaylar to the aromatic systems. 2 The mean
lifetimes of the photoluminescen ce emission is in the range of a few nanoseconds, which
suggests theinitial formation of singlet excitons directly after excitation (seeFigure 27).86
Further, a transport mechanism has been suggested. First, thesinglet excitons dissociate
into singlet polaron pairs (Coulomb bound pair of a negative and a positive polaron,
situated on different molecules) &4 on neighboring sheets and further dissociate into free
polarons (a charge | electron or hole | plus a distortion of the charge’s
surroundings) .8487 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 >1eV and presumably an even
higher energy barrier with regards to intraplanar hopping. Still, an additional transport
within the sheets might be possible.8” In general, the highly non-linear decrease of the PL
lifetimes points to a fairly complex relaxation behavior and probably a n interaction
between radiative and non-radiative relaxation processes?¢ The low radiative effi ciency of
the melon samples arise from non-radiative relaxation formed triplet excitons.®” The
hopping rates declined with increasing layer stacking (Fig ure 2.7(c,d)) and measured to be
in the range of 1® sV’ leading to low combined electronic mobilities (of electron and hole
polarons) of about 10Vtcm2VNhsVh 10NV kcm2 VN hsVivwhich are common for conducting
organic polymers.®’
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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 a” 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 areacould be measured, the absorption coefficient could not be determined
due to light scattering. Therefore, adefinite answer about the correlation between mobility
and activity could not be given .

To summarize the results of Merschjannet al.8¢ 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 poly mer 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 excitonsdissociate into free polar-
ons which travel perpendicular to th e aromatic systemsvia diffuse hopping and the rate
decreases with increasing layer stacking distance. To conclude, melon behaves effectively
as a monomer in contrast to classical semiconductorsystems?s



" 7 3$(1 (O * & 1. 4 - # ULIULN LI W0 00 00 0 L LT LU L LT L LT U LU W W U W w 2 By

a 10 b 10_ T T T T T 5
9
(2]
g 8 E 8l 4
~ i o -
£ £e
e s 2
= 4 : 4} o
c
g o i 1
= 2 - 2 . &
#fi—v—*
s l LT ]
0 A n " o L A 1 A A 1 A
500 550 600 326 327 328 329 330 331
Reaction temperature / °C Stacking distance / A
10
c10 d

[o=c— ==
be
—é—?k##: LJ,_—+I

il
o
<o

@

Hopping rate / s™
S

HER rate / mmol g h™'

10 . -
3.24 3.26 3.28 3.30 00 05 10 15 20 25 30

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®s (c) Correlation of the stacking distances of various melon samples
with the hopping rates. (d) No reliable correlation between the photocatalytic activ ity 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)

Lessinformation on the electronic structure can be found for the 2D triazine -based carbon
nitride PTI. Initially, 88 an optical band gap of 2.6eV has beenextracted for crystalline
PTI/LICI from the UV/Vis d iffuse reflectance spectrum which is narrower than the one of
polymeric melon (2.7 eV).5° Moewes Scheu, Schnicknd ceworker$?® 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 spectroscopyin a transmission electron
microscope (TEM). A band gap of 2.2eV has beenestimated 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 statesof PTI are responsible for photoab-
sorption, as N 2p sites also contribute to the conduction band minimum .2° In contrast to
melon, the N 2p states of PTI can split due to the lithium -coordination to t he nitrogen-
bridge which introduce s 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 0.4eV). The chlorine loading does not affect the
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valence band maximum. However, the splitting of the N 2p states at the valenceband
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 o f PTI might be con-
trollable by ion loading , especially with regard sto the lithium content.
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Figure 2.9 (a) Fully Li loaded PTI/LiClI 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 density3 Adapted with permission from the refer-
ence?® Copyright 2016, American Chemical Society.

Deifallah et aP® performed further calculations on a single-layer PTI and PTI/HCI sheet
(flat geometry) . A large electronic band gap of 5.16eV has been calculated for PTI between
the valence band maximum (unshielded electron pairs on the nitrogens) and the bottom of
UT 1T wEOOEUEUPOOWEEJQE wopwd wbdn YohdédwitrtOHCL(frdtonatictd UD E 4 B O1 wU
of the triazine nitrogen), the band gap decreases to 4.12V due to the presence of addr
tional bands just above the valence band due to chlorine loading.

Two dimensional graphitic carbon nitride

The electronic structure of g-CsN4 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 thermodyramic 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 tored-shift the absorp-
tion edge. The effect of stacking appears larger for the triazine-based modelss2

While a heptazine-based graphitic CsN4 has not been synthesized without doubts so far,
no experimental values can be given. However, Bojdys and cavorkers? could experimen-
tally estimate a band gap d roughly 1.6 eVt 2.0eV for (almost hydrogen -free) triazine -
basedg-CsN4. The following table lists several band gap values for hypothetical heptazine -
and triazine based g-CsN4 found in the literature (calculated with different methods and
based on different stacking behaviors).



/ 38(1o" * &1 .

4~ L)L L 0 00 00000 L L L L LU UL L L LU WU WU LU o w2 diu

T3G

H3G

T6G

T10G

A
:'0‘.‘ .

Figure 2.10 Model clusters of triazine - (top) and heptazine-based (bottom) g-CsNa. Adapted with
permission from the reference.82 Copyright 2014, American Chemical Society.

Table 2.1 Various band gap
ences.

values of heptazine- and triazine -based g-CsN4 taken from the refer-

reference

heptazine-based

triazine-based band gap (eV) method

60 infinite sheet

67 X
67

91

90

90

68

71

73

2.1(direct) CASTEP™

2.7 (indirect) PAW, GGA-PBE,

VASP,"s HSEO§,
3.3 (direct)

3.0 (AB-stack) WIEN2K package, LDA -
CA, GGA-PBE EV-

2.6 (AA-stack) GGA, mBJ

X 2.9%4.1 CRYSTALO6 code
hybrid B3LYP
3.003.8 functional, LDA

1.2 1.5 (indirect) VASP, PAW, PBE,
CASTEP, PWUSPW091,

GGA, LDA -CAPZ
1 VASP (GGA-LDA)

2.9 3.1 (dependng on
the stacking order)

VASP, PAW, vdW -DF,
GW, Hartree-Fock
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2.1.4 Methods toimprove the photocatalytic activity of carbon nitrides

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, 79809293 regction time,® applied pressure,® syn-

Reaction temperature: thetic atmosphere®> and choice of precursor.®5%" For
550 °C — 600 °C

Precursor: Urea

Preorganization of
precursors

instance, conventionally synthesized (brown) crystal-

Additional heating . . . . .
line melon is photocatalytically inactive (measure-

step in air & H,
Self- & ments performed within our research group) while ill -
heteroatom-doping defined carbon nitrides show a reasonable photocata-
lytic activ ity .88% From classical photocatalysis it is
known that high crystallinity is beneficial for charge

Nitrile & carbamide
termini

c
o
]
£
)
2
il
3]
©
>
=
o)
I

Oligomers

transport since defect states might operate as scatter-
ing sites and recombination centers.?®¢1%4 On the other
hand, the so-called Adefectsd, including carbon-nitro -
gen substitutions, incorporation of oxygen-impurities
or dangling terminal sites can dramatically chan ge the

High surface areas

Texturization

Scheme2.2 Several methods _ o _
discussed in the literature, which density of states by adjusting the redox potentials or

benefit the synthesis of highly by introducing additional energy levels. % They might

active melon. also bethe 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 (seeChapter 4.2). In detail, Lau et ak> 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.
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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. 151t has also been
shown that ultra-long calcination times (>500h) can result in very active samples which
display surprisingly high crystallinity. 19 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 bya 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 ofthe precursor is crucial. Urea-derived melon sam-
ples are more active comparedto the melamine- and dicyandiamide -based ones probably
owing to the carbamide terminal sites and higher surface areas?°6197 In contrast, it has
been reported that amine and imino groups have a negative influence on the photocata-
Iytic activity of melon. @8

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.108109

The activity of the carbon nitrides has been enhancednot only through reaction control
but also by a series of specific modifications. For instance,an increase of thesurface area
by porosity engineering through soft 110112 and hard templating methods, 113116 by changing
the condensation process e.g. by sulfuric acid treated melamine,'1?118 and by exfolia-
tion/delamination of the carbon nitride layers results in a larger number of accessible ae
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 spheresi0124125 gnd 1D nanostruc-
turest26130 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)813+140 gnd non-metallic
elements (B, S,F, O, |, P, H, C, N and CI)866883141-151 gr [yy co-polymerization 88108152156 wjth 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, St, Bt, Ot and Ctdoped 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%.

Another method to enhancethe activity of carbon nitrides is the formation of hybrid s
and heterojunction systems to either improve light harvesting or charge transfer.?> Carbon
nitride -based composites with several carbon materials €.g.graphene 57159 reduced gra-
phene oxide, fullerene, ! carbon nanotubes42 carbon black!2 and carbon nanodots) 63
inorganic semiconductors (e.g. TiO2,164169 \WW(Q3,170171 FexQ3172 and ZnO172174 and organic
semiconductors (e.g.poly(3-hexylthiophene 175 and poly -pyrrole), 176 dyes,177 Y-sulfur, 178 red
phosphor7 and carbon nitrides (thiourea -derived CsN4urea-derived CsN 4)180181 hgve been
created!82 In Table 2.1, the best carbon nitride-based systems for photocatalytic water
reduction so far are listed along with some essential experimental details. Unfortuna tely, a
fair comparison between different laboratories is practically impossible. Th erefore, the
activity is typically given related to a reference sample (usually norrmodified melon)
measured under identical conditions. The next chapter (Chapter 2.2) will give further
insights into challenges in photocatalysis and presents a swygested 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 umol H 2 h-1 g1 or are over 10 times
more active compared to their reference. Note that since these catalysts were measured under dif
ferent conditi ons, they cannot be compared directly.

precursor* co-catalyst sacrificial donor irradiation activity in Hz/ activity in Hz/ pmol enhancement in
-derived photocatalyst , (wavelength) pmol hNhgh b hi g rof a activity relative
synthesis conditions, AQE / % referencecatalyst, to reference
literature (wavelength) synthesis conditions
(if different from the
photocatalyst)
Melon
D*-melon®® 3.0wt% Pt 10 vol% TEoA >420 nm, 107, - -
300W Xe lamp 0.1(420t 460nm)
U*-melon, 3.0wt% Pt 13 vol% TEoA a395 nm, 3300 300 (D*-melon) 11
600°C, airee 300W Xe lamp 500 (thiourea- 7
melon) 23
142.3 (C-melon)
oligomeric M*-melon, ~0.9wt% Pt 10vol% MeOH >420 nm, 270 45 (polymeric M *- 6
450°C, 12h, air (pH70.1M 300W Xe lamp 0.1(400nm) melon, 550°C, 12h,
PBS) Ar)
melon nanosheets 3.0wt% Pt 10 vol% TEoA >420 nm, 186Q 200 9
liquid sonication 119 300W Xe lamp 3.75(420nm)
melon nanosheets 3.0wt% Pt 10 vol% TEoA >420 nm, 1300 200 7
thermal oxidation 300W Xe lamp
D*-melon nanosheets 3wt% Pt 10 vol% TEoA >420 nm, 230 90 (D*-melon) 3
550°C, 4h, chemical 500W Xe lamp,
exfoliation 118 40.0mW cm®
U*-melon nanosheets 0.5wt% Pt 15vol% TEoOA >420 nm, 1400 450 (U-melon 3
500°C, 8h, Ar183 300W Xe lamp 2.6(420nm) nanosheets 1 h)
D*-melon, 3wt% Pt 10 vol% TEoA >420 nm, 960 92 (D*-melon ,air) 10
550°C, 4h, N treated for 350W Hg arc lamp, 90 (D*-melon) 11
2 h with H 2 at 550°C184 15°C
U*-melon, 3wt% Pt 10 vol% TEoA >420 nm, 2433 1100 (W-melon) 2
550°C, 4 h, treated with 300W Xe lamp
0.001M NaOH 165
N-doped M*-melon, 3.0wt% Pt 10 vol% TEoA >400nm, 554 98 (M*-melon) 6
550°C, 4h, airts 300 W Xe lamp
N-deficient M *-melon, 1wt% Pt 10 vol% TEQA >420 nm, 316 105 (M*-melon) 3
520°C, 4h, Ar1ee 300W Xe lamp
S-doped D*-melon, 6.0wt% Pt 10% TEOA >420 nm, ~340 ~60 (D*-melon) 6
550°C, 4hss 300W Xe lamp.
TA9°C
10% Zn-doped melon, 0.5wt% Pt 19vol% MeOH a420 nm, 2% 28 (D*-melon) 11
550°C, 4he7 200W Xe lamp
mesoporous-C*-melon, Pt 10vol% TEOA >420 nm, 1490 - -
550°C, 4h, 500W HBO
from hard -templating 188
mesoporous-C*-melon, Pt 10vol% TEoA >420 nm, 850 - -
550°C, 4h, 500W HBO
from soft -templating
(SBA-15)16
N -doped tantalic acid Pt 19vol% MeOH a410nm, 71, 20 (U*-melon) 4
sensitized U*-melon, 300 W Xe lamp, 4.8(420nm) at
400°C, 2 h, air1ee 27 mW cmn! 940uW cmV!
F-doped D*-melon, 3.0wt% Pt 10 vol% TEoA >420 nm, 120+130 50t 60 (D*-melon) 2
550°C, 4h, through NH 4F 500 W HBO
treatment143
0.03quinoline - 3.0wt% Pt 10 vol% TEoA >420nm, <780nm, 4360 1110 (W-melon) 4
incorporated U *-melon, 300W Xe lamp
550°C, 2h10
ABN -doped melon153 Pt >420 nm, 1470 - -
300W Xe lamp
barbituric acid -doped D*- Pt 10 vol% TEoA >420 nm, 294 65 (D*-melon) 5
melon, 500W HBO
550°C, 4 h1s2
C*-melon nanorods, 3.0wt% Pt 10vol% TEOA >420 nm, ~1680 560 (C-melon) 3
600°C, 4h, N2 300W Xe lamp
U*-melon, 4.8x 10'tconc. without >420 nm, 575 - -
550°C, 3h, aire3 C- nanodots 300W Xe lamp 16 (420nm)
M*-melon, 1.5 wt% Pt, 25vol% MeOH >400 nm, 451 147 (M-melon) 3
550°C, 4h, N2ts7 1wt% Xe arc lamp
graphene
C*-melon, 1.0wt% Pt, 25vol% MeOH >400 nm, 76 20 (C*-melon) 4
550°C, 4h, N2t 2 wWt% Xe arc lamp
MWCNTs
U*-melon, 3.0wt% Pt, pure water >400 nm, 154 3 (U*-melon) 50
550°C, 3h, airt7 1.5Wt% 300W Xe lamp
polypyrrole

nanoparticles
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mesoporous-U*-melon, 1.0wt% Pt 15 vol% TEoA 4420 nm, 385Q - -
600°C, 43h, air + 0.4mM pH 7 250W HP Hg lamp 24.0(a420nm)
Eosin Y192
U*-melon nanosheets 1.25wt% Pt 5vol% TEOA, >420 nm, 6525 451 (U*-melon 15
550°C,4 h + erythrosin B pH 9 300W Xe lamp nanosheets 1 wt%
({=2)0 Pt)
U*-melon + 0.5wt% Pt 50mM ascorbic a500 nm, 1252Q = =
Zn-tri -PcNcto3 acid 300W Xe lamp, 1.85(700nm)
328.4mW cmV!
U*-melon, 0.5wt% Pt 0.1M, pH 4.0, >420 nm, 1000 340(U*-melon) 3
550°C, 4h, Ar + L-ascorbic acd 300W Xe lamp
70wt% red P10
D*-melon, Pt 10vol% TEoOA >420 nm, ~6500 ~250 (D*-melon) 26
550°C, 4h, N2+ 300W Xe lamp
S-doped D*-melon?s!
melone¢ 0.5 mol% 10 vol% TEoA >400 nm, 152, - -
Ni(OH) 2 350 W Xe lamp 1.1
180 mW cmiV!
mesoporous-C*-melon, 0.2wt% MoS:2 10vol% lactic >420 nm, 103Q 240 (mesoporous 4
550°C, 4h1s acid 300W Xe lamp 2.1(420nm) C*-melon, 0.5 wt%
Pt)
mesoporous-U*-melon, 1.1wi% NiS 15 vol% TEOA, >420 nm, 482, 2 (mesoporous-U*- 241
550°C, 4hs pH 11.0 300W Xe lamp 1.9(440nm) melon)
melon?97 (2.0wt% Ni) 10 vol% TEoA >400 nm, 2435 (melon, 2 wt% Pt); no
[Ni(TEOA) 2|CI 500 W Xe lamp 1.51(400nm) (AQE: 1.83%
2 (400nm)
M*-melon, 0.5wt% Pt 20vol% MeOH >415 nm, 2233 107 (M*-melon) 21
600°C, 4h, Ar + 300W Xe lamp 5.5(410nm)
SrTiOs:Rho.amoi (20:80
Wt9%6) 198
U*-melon, 2 wt% Pt 10 vol% TEoA >420 nm, 66, 27 (U*-melon); 2
500520°C, 4h, air + 300W Xe lamp 0.90(405nm) AQE: 0.34%
10Wt% WOs1e® (405nm)
M*-melon, 3.0wt% Pt 10 vol% TEoA >420 nm, 241 142 (M*-melon) 2
520°C, 4h, air + 300W Xe lamp
0.05wt% Cu20200
M*-melon, 0.5wt% Pt 0.1ML- >420 nm, 198 38 (M*-melon) 5
500t520°C, 4h, air + ascorbic acid 300W Xe lamp
10 Wt9% In 203201 (pH = 4.0) 200mW cmi!
PTI
D*-PTI, 2.3wt% Pt 10 vol% TEoA a420 nm, 864 722 (D*-melon, >1
LICI/KCI, 12 hin Ar at 300W Xe lamp 600°C, 4h, air)
400°C, 24hin NH sat
600°Cs8
amorphous D*-PTI, 2.3wt% Pt 10 vol% TEoA a420 nm, 1080 722 (D*-melon, >1
LIiCI/KCI, 12 h, 500°C, 300W Xe lamp 600°C, 4h, air)
Arlair 88
4AP-doped amorphous 2.3wt% Pt 10 vol% TEoA a420 nm, 4907 864 (D*-PTI) 6
D*-PTI, 300W Xe lamp 722 (D*-melon, 6
LiCI/KCI, 12 h, 500°C, 600°C, 4h, air) 5
Arlair 88 1080 (amorphous
D*-PTI)
D*-PTI nanosheets 2.3wt% Pt 10 vol% TEoA a420 nm, 1750 430 (D-PTI) 4
LiCI/KCI, 12 hiin Ar at 300W Xe lamp 1.3(400nm)
400°C, 24hin NH sat
600°C?22
C*-PTI, 5wt% Pt 10 vol% TEoA >420 nm, ~46 ~76 (C-melon, no
500°C, air, 0.2 Li/lC 300W Xe lamp 500°C, air)
mol%202
PTI, 3wt% Pt 10 vol% TEoA a420 nm, 346Q 100 (D*-melon, 35
@+ D "@HLCINaCI 300W Xe lamp 21.2(420nm) 550°C, 4h)
(1:1:1): (15:1), 500°C, 1
h139
TAP-doped M*-PTI (0.13:1 3wt% Pt 10vol% TEOA >420 nm, 8160 600 (melon) 14
mol%)108 300W Xe lamp 880 (M*-PTI) 9
3-Amino -1,2,4triazole -5- 3wt% Pt 10vol% TEOA 50W LED 1220 660 (mesoporous 2
thiol , pH =10.8 melon) total
LiCI/KCI, 600 °C, 4h, N2203 0 (D*-PTI, LiCI/KCI, 9
550°C)
132 @uanazole,
LiCI/KCI, 550 °C)
M*-PTI, 3wt% Pt, 25vol% MeOH >420 nm 689 163 (M*-PTI) 4
NaCl/KCI/LiCl, 500 °C, 0.5wt% C
2 hie? black
PTI/HCI, HP,HT & Pt 10 vol% MeOH >400 nm, 0 115
300W Xe lamp (D*-M-melon,
550°C,15h, N2)
0

(D*-PTI, LiCI/KClI,
400°C for 6 hin N2,
600°C for 12 h,
NH 3)

*Precursors: Melamine (M), dicyandiamide (D) , urea (U) and cyanamide (C).
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2.2 Challengesin 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 todiscuss
these problems with the goal to improv e the quality of the research work and scientific
papers in the field of photocatalysis. Here, | want to refer to the personal commentary of
B. Ohtariz®and J-M. Herrmann®s on the preparation of articles and misconceptions occur-
ring in photocatalysis and the problem of normalization and comparing rates or photonic
efficiencies from T. Maschmeye& M. Che® and H. Kisch2¢ A fibest practiced recommenda-
tion (published by others and based on the research performed herein)is given below in
order to provide a guid eline for future researchers in this field :

A Photo- and co-catalyst loading should be optimized, which also depends on the
design of the photoreactor (see Figure 213).62 The amount of catalysts and
concentration should be presented in the manuscript, as well as the illuminated
surface area andthe reactor design.s3 Continuous stirring to provide stability of the

suspensionsis absolutely necessary for heterogeneous photocatalytic systems?

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

B-C: Constant and optimal light absorption

— ¢

B
'D

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, 201§licence number 3825421251768%¢

A Over-powered lamps should be avoided, especially with small photoreactors since
the head space might get oversdurated with hydrogen .53 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 .204

A 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, theLe Chateli€is 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 siteswith 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.63

A purchasable reference sample should be used for comparing the results.2* Ta-
ble 2.1 (Chapter 2.1.4) shows that the photocatalytic activity of finon-modified 0
amorphous melon varies drastically depending on the reaction conditions used
during synthesis. It has been suggested to use purchasable P2%and purchasable
melon (Nicanite .6t

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 dyescan even lead to dye sensiization. An action spec-
trum is therefore needed.204208 Continuous gas detection by a well calibrated chro-
matograph and correct product identification should be the method of choice. 204
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.2° Further, any alcohol containing elec-
tron don or (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-
sis24 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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A Surface area values of samples should be given sincehigher activities can often
solely be traced back to higher surface areas(and thus, more accessible active
sites).204

A 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 .22t 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 systemsand
show interesting absorption propertie s for photocatalysis, which allows a comparison
with the already presented photocatalytic ally 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 theassembly of molecular building
units which are linked by reversible bond -forming reactions (dynamic covalent chemistry)
to yield periodic and porous framework s. By combining several of these building blocks
(Figure 2.14), an inexhaustible number of COFs can bebuilt, which differ in their material
properties and applications. 212213 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 ceworkerg2 presented the first COFs which have been synthesized
through the condensation of phenyl diboronic acid s (termed COF-1) or phenyl diboronic
acid and hexahydroxytri phenylene (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 arhydrides and borazine), nitrogen
nucleophile-based (hydrazone, imine, squarine, azine, pherazine and imide) as well as
triazine/h eptazine-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. 224 The extensive studies on carbon nitrides clearly emphasizesthe 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 besynthesized 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 nitr ile-termined building block , then the COF is
referred to as covalent triazine framework (CTF) (for an exemplary synthesis see Chapter
4.2).215221

Building Lattice Pore size
blocks
c, 5
Triangular / \ /\' . L3
lattice \ / \ / )
C; v
L
& 1] r
Tetragonal —— | ‘ L
lattice [ | ‘ L =
C, —_— |
k™
G / \ 7 X
Hexagonal \ / \’;_,_ t,./ /3L
lattice / \ oA
’ vl
N

Figure 2.14 Possible assembly of planar COFs out ofCz, Cs, C4 and Cs symmetric building blocks .222

To conclude, in this chapter the synthesis and structure of melon, its intermediates and
PTI has been presented. 1 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).1t 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 . Thesetwo triazine -based material classes form the basisof 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 Projectaims

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 ( Aig-CsN40). After int ro-
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ducing crystalline PTI/LICl as a new class of figreeno 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-
cessof dicyandiamide (PTI -precursor) with pyrimidine -based molecules: 4amino-
2,6-dihydroxypyrimidine, barbitu ric acid, triamino pyrimidine 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 andinterface with the electrolyte by aqueous
exfoliation (Chapter 3.2).
3 Cationic and anionic exchange of PTI/LICI,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 idenifying the triazine -building block in the
ill -defined products and to preventing photocorrosion during the photocatalytic

experiment.
Discussed
photocatalysts
Carbon nitrides COFs
Chapter 2.1 Chapter 2.3

Heptazine-based Triazine-based TFPT-COF CTF
melon PTI Chapter 4.1 Chapter 2.3
(nactive et crys?;::‘r:z PTI amo?pct::ci)vues PTI CTF-1 derived PTOs
crystalline melon amorphous melon Chapter 3.1 Chapter 3.1 Chapter 4.2

Polymerization degree
Terminal sites

Exfoliation of PTI Li/H-exchange
Chapter 3.2 Chapter 3.3

Surface engineering Active sites

Polymerization degree
Terminal sites

Co-polymerization
Chapter 3.1

Band gap tuning
Scheme 2.30verview 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 1,3,5tris-
(4-formyl -phenyl)triazine ( TFPT)-COF and CTF1 (Chapter 4). The scheme shown above
serves asan orientation for the projects that were conducted.
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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 *CIY 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 lightdriven 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.2 Recently, atten
tion has been attracted to a new class of metalfree photocatalysts, comprising polymeric
melon-type carbon nitrides (CNs) based on imide-bridged heptazine units (see
Figure 3.1(a)).3 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. 4 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. 5¢ The chemical modification of CNs by molecular fido-
pantso has resulted in a number of CN materials with improved photocatalytic activity. 7
Although the evidence is largely empirical, the property enhancement presumably or igi-
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.

W e X = NH, O or OH
/T:JN\ HN N N )N\"N . - .
A A B | ST, BN
H/Nk N7 NN, N\fN H)N\ NN TN, Y /Nt\/N or N /N N /N
)N\’jl\ HAN NN NH )N\"N HNTTNT |:| EJ\H H,NL N” "X" "N jl:! )—5»1\ NTTNTINTTX OH
vy LT ey SIS s T e N o TS »
HNT NN NHOOR N RN JN\H NN )N\H H/NL NN NN )N\H HJN\ N u N f X7 ONTON HNT N TOH
Y o 1y I8 » oy
NENTN N NN NN H NN T Ve Ve VR N N
HN)\\N)\\NANH N‘;,\I; HN/L\N NN, H H
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NH
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Figure 3.1 Chemical structures of (a) melon, (b) PTI/LICl (idealized structure), (c) aPTIlt 4AP1s%
(proposed structure), and (d) the dopant 4AP.

In contrast to all known CN photocatalysts, which are composed of heptazine building
blocks, poly(triazine imide) (P TI/LICl) is the only structurally characterized 2D CN net -
work featuring imide -linked triazine units (see Figure 3.1(b)).2° Owing to its high level of
crystallinity, PTI/LICI lends itself as an excellent model system to study photocatalytic
activity towar ds 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 anddiscussion

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
al8® To study the effect of crystallinity on the photocatalytic activity, we also synthesized
an amorphous variant of PTI (aPTlI), through a one-step ionothermal synthesis involving a
LiCI/KCI 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 aPTIl samples confirm their amorphous character by the ab
sence of sharp reflections Figure S1,7.1Supporting 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 3.2d) and Figure S23, 7.1
Supporting information ), as they contan a band at 810cmN™ring sextant out of plane
bending) and a fingerprint region between 1200 cmMhand 1620 cmi 'that is dominated by
JCtNH ¢ C) and FC=N) stretching vibrations. 510 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 crii"that can be assigned to ar
omatic CtH bending vibrations of the dopant ( Figure S3 7.1 Supporting information ).
Interestingly, the bands at 2160cmNt*1730cmNvand around 1200 cni*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=0 and G O.

Elemental analysis (EA) indicates the molar ratio C/N =0.68 for PTI/LiCl, whereas the
CIN ratios of the aPTIl samples are slightly increased for those synthesized at elevated
temperatures, indicating either a higher d egree 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. 1* 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 3.213C CPt MAS NMR spectrum (10 kHz) (a), N CPPIt MAS NMR spectrum (6 kHz, inver -
sion time = 400ms) (b) and 5N CP{ MAS NMR spectrum (10 kHz) of aPTIt4AP1s% (c). FTIR spectra
of aPTlt 4AP1e% synthesized at 550°C before and after 15 h illumination, compared to crystalline
PTI/LICl, aPTlsoo-c, and melon (d). A typical image of 2.3 wt% Pt-loaded PTIt 4APs% after illumina -
OUPOOwWI OUwt wi wU OF4Rothm)Y &) &4hd & fighen dayhificdlion @iiset).

The 13C and N cross-polarization magic -angle spinning (CPt MAS) NMR spectra (Fig-
ure 3.1(a,c)) for aPTI doped with 16 % 4AP and syntheszed at 550°C (aPTH 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/LICI ( Figure S4 7.1
Supporting information ),2® 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 CPt+MAS spectrum
Ul OPUWUPOWEUOEEWUDT OEOwWT ppUE OHIENOKKk Wk E Q& WA U O Eili X
group is typical for tertiary ring nitrogen atoms (N r; from the outer ring nitrogen atoms
of heptazine or triazine rings), whereas the latter is characteristic of bridging NH groups.

wYl Uawbpi EOwUDT OEOQWEUOUOEWNI WYwx x OwbOEDPEEUI UwlT E|
groups is present, hence a melontype structure seems very unlikely. However, to further
corroborate this hypothesis and identify the type of heterocycle formed under the condi -
tions used| triazine versusheptazine| we recorded a 5N cross polarization polarization
inversion (CPPI1)12 NMR spectrum of aPTIt4AP1e% (Figure 3.2(b)) with an inversion time of
400ms. Under such conditions, resonances of the NH groups are reduced to zero intensity
whereas signals of NHz 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

quivocally be identified. > The absence of any signals in the™N CPPI spectrum (Fig-

ure 3.20)A wP OwUT T wUIl T Dip@ EBOIE WNE Y uuXixPyw Ui 1 Ul 1 OUl wUUOU
absence of heptazine units within the detection limit of roughly 10 % ¢ 15%. The mark-

edly different intensity ratios in the 133C CPtMAS spectrum of aPTIt 4AP1e% (Figure 3.2(a))

compared to those in the 3C CPt MAS spectrum of PTI/LICI, and the broad asymmetr ic

high-l D1 OEwi OEOOwWOI wUi ppm EDIEQENGuA B Twiisn GRIBUEBISHESY W

trum (Figure 3.2(c)) may indicate partial incorporation of pyrimidine into the PTI frame -

work during copolymerization, which is not observed for PTI/LIiCI .89

The brown color of crystalline PTI/LICI 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 400C ¢ 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 (400C) to yellow (500 °C), sug-
gesting enhanced absorpion in the visible region. The absorption of aPTlsow-c, which is
synthesized at a reaction temperature of 500°C, is strongly red-shifted compared to that of
crystalline PTI/LICI, 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 ).

a -_ 5000 b
Melon
4000 PTI/LICI
aPTI

500°C
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400 500 600 700 800
16% Wavelength / nm

0

Melon PTILICl aPTl, . aPTI_4AP

Figure 3.3Photocatalytic activity towards visible-light induced hydrogen production using 2.3 wt%
Pt and 10 mg of photocatalyst dispersed in 10mL of 10 vol% TEOA (a). UVt Vis spectra and color of
the water/TEOA suspensions (inset in a) of aPTh4AP1e% 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 welec
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 hNhgNh(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 ; 722umol hN"gNY and is comparable to fig-CsN40 synthesized at 600°C
(synthesis according to Zhang et al’@ 844umol hNhgV) 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 umol hNhgNy this activity corresponds to an approximately 50 %
enhancement compared to that of raw melon (see Table 3.1).

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

catalyst surface area / C/N molar ratio hydrogen evolu tion rate / apparent quantum
mz2 g\t umol h NN efficiency / %
PTI/LICI 37 0.68 864 0.60
melon 18 0.62 722 0.50
aPTlsoo°c 122 0.69 1080 0.75
aPTK 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 pmol hNhgNN(3.4% [420nm ¢ 460nm] apparent
guantum efficiency) was detected for 16% doped aPTI, synthesized at 550°C (aPTH
4AP1e%) (Figure S9, 7.1 Supporting information and Table3.1). In essence, the
photocatalytic activity of PTI/LICl can be enhanced by 516 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 2 evolution was measured, carried out in the presence of
a Ca0s4 co-catalyst, did not yield substantial amounts of oxygen, thus suggesting that
either water oxidation is thermodynamically un feasible or that the reaction conditions
need to be further optimized.

A typical TEM micrograph shows that the surface morphology of doped aPTl 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.

N2 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 specfic Brunauert
Emmettt 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 aPTH4AP1s% 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 H 2 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 ¢ 500nm, thus indicating that the major -
ity of photons contributing to the hydrogen pr oduction are at 1 <500 nm. It is suggested
that the active absorption follows the band edge observed between 430nm and 440nm.
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 eledronic states
at various energies, which could

—'CI'.I
=
3
E
= o
. . < 100 8
arise from the incorporated 4AP £ £
4 2
(Figure S3, 7.1 Supporting infor - ;3 2
mation). However, as Figure 3.4 55 50 <
infers, not all electronic states | §
. : , £
especially those associted with <
. . 0 0.2
absorption at higher wavelengths 350 400 450 500 550 600 650 700 750 800
| contribute to the hydrogen Wavelength / nm

Figure 3.4 Overlay of UV tVis F(R) spectrum and
wavelength -specific hydrogen production (black
bars) of aPTh 4AP1e%in 10 vol% TEOA and 2.3 wt% Pi
citons. using 40 nm FWHM band -pass filters.

evolution but may rather act as
traps and quenching sites for ex-

We therefore envision that through active control of the num ber and position of defects
in the material, phot ocatalysts with fur ther enhanced activity can rationally be designed.
Nevertheless, the increased visible-light activity up to approximately 500 nm in doped PTI
results in a signifi cant improvement over its undoped or crystalline counterparts and is a
contributing factor to its high photo activity.
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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 3.46, 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 ca t-
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.

3.1.4Further co-polymerization experiments

Since theionothermal 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 wascarried out at the optimal conditions described before, us
ing an argon atmosphere and a reactiontemperature 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 (see7.1 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
/J\ | \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° 2g. This reflection might be attributed to part ial potassium
intercalation within the C,N -plane.’s All doped amorphous samples show a larger
potassium (up to 11wt%) than lith ium (0.4 wt%) content in contrast to crystalline
PTI/LICI .
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Figure 3.6 PXRD patterns (a) and IR spectra (b) of the aPTI samples cgolymerized with mela -
mine, 2AP, 4AP, TAP and BA, compared to crystalline PTI.

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 [wit%)] 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 24 18.8 0.62
4AP 29.6 443 2.7 23.4 0.67
2AP 29.0 44.4 1.9 24.7 0.65
TAP 30.0 441 24 235 0.68
BA 29.9 42.7 25 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 do pants varies or partial carbonization
might take place as a sidereaction. 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,16 TAP: 249°C ¢ 251°C,""
2AP: > 300°C®# E O E w K 360%Cuf & 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 4ARP-doped amorphous PTI, doping with 2AP, BA and TAP re -
sults in an increase of the photocatalytic activity compared to non-doped amorphous PTI
(10.8umol hNy (Figure 3.7). The copolymerization with melamine does not have a large
impact on the photocatalyti ¢ 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 er ror 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 thehydroxyl -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 dopant s and degree of degradation of PTI itself as well asits
dopants. However, this should be analyzed in the future. Note that meanwhile, TAP- (Hz
evolution) and BA-doping (dye degradation) of PTI have been shown to increase the
photocatalytic activity of PTI. 20
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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. Mea s-
urement was performed in a 10 vol% aqueous TEOA solution, with 6 uL of H2PtCls (2.3wt% Pt)
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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 as2AP,
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. Thesepreliminary experiments and results presented herein are repeated, vig-
orously developed, and discussed in L. Mosefs 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 Surfaceengineering through exfoliation

Crystalline carbon nitride nanosheets forimproved visible-light
hydrogen evolution
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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), PTI, followed by one -step liquid exfoliation
in water. Triazine -based nanosheets are him ¢+ 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 counte rpart, 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. 2 Recently, we?® and others* independently d iscov-
ered a new type of carbon nitride photocatalyst, poly(triazine imide) (PTI/LiCl), %&b which
rivals the benchmark carbon nitride based on heptazine building blocks, known as melon®
and often loosely called graphitic carbon nitride, g-CsN4.27 In contrast to melon (fig-CsN 40),
PTI is a crystalline species and represents the only structurally characterized two-dimen -
sional (2D) carbon nitride network known to date. 5 The layers are composed of imide-
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linked triazine units ( Figure 3.8@)) and are stacked inan 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)).5* In the past, various strategies, such asdoping
with heteroatom 8 or organic molecules,?? interfacing with other semiconductors or dyes to
create heterojunctions? and morphology -tuning 81t have been used to increase the phote
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 graphenel? it has been
well -established that delamination of 2D layered materials such as MoS* and WS:> 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.' ENHANEontrast to melon-type carbon nitrides which have been exfoliated
recently,’22 PTI is highly crystalline and a true 2D material, 512¢ which le nds itself as an
excellent model system to explore both structural effects and photocatalytic activity as a
function of the exfoliation state.

-

C
Centrifugation Centrifugation Centrifugation
Sonication ~ at 3000 rpm at 5000 rpm at 25 000 rpm
— —> —> — —> —
£2) s — -
Bulk PTI PTI Supernatant 1 Supernatant 2
in H,0 Suspension PTI Nanosheet
Suspension
s f——
Precipitate | Precipitate Il Precipitate Ill
Agglomerated PTI PTI Nanosheets PTI Nanosheets

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). Schemeof 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 ener gies of the
nanosheet and solvent match” Zhang et af?* calculated the surface energy of g-CsN4 as
115mJ mN! which matches well with the surface energy of water (D102mJm~).27¢ 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 reported2d that bromide intercalated PTI can be
exfoliated by intercalation of potassium and su bjecting 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 crystall ine
nanosheets of 1nm ¢ 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 wate r (2 mg mLN and sonicated for 15h at room
temperature (Figure 3.8(c)). The dispersion was centrifuged at 3000rpm to remove aggre-
gates (Precipitatel), giving rise to a homogeneous dispersion of PTI nanosheets. To fur
ther separate the suspension accoding to the degree of exfoliation, a fraction of the aque-
ous suspension was further centrifuged at 5000rpm (Precipitate Il) to yield a nanosheet
suspension with a higher degree of exfoliation compared to Precipitate |. The supernatant
remaining after thi s centrifugation step, showing the maximum degree of exfoliation, was

kept for analysis of the suspended nanosheets (Supernatant 2, 0.2 mgnLN¥ Finally, the
nanosheets were precipitated by centrifugation at 25000 rpm and subjected to analysis in
order to compare the suspended nanosheets (Supernatant 2)s their restacked form (Pre-
cipitate I11). The labeling scheme of the different nanosheet fractions is outlined in Figure

3.8(c).

The well-dispersed PTI nanosheets (Supernatant 2) in water are negatively charged,
PPUT wEwal UEwxOUI OUPEOQwWOI wNkKSdYwO5 wEOEWEwWx"' woil |
fact that deprotonated, bridging imide m oieties are present which are chargecompen-
sated by Li ions, 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 amphoteri ¢ 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 asprepared PTI nanosheets (Supernatant 2) was investigated by atomic force mit
croscopy (AFM). According to Wirnhier et al.bulk PTI is built up from hollow microtubes
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whose walls are composed of an oriented assembly of hexagonal prismatic crystallites
with lateral sizes of about 60 nm.s®* AFM images of the nanosheet suspension (Supernatat
2) and the corresponding height profile display exfoliated crystallites with lateral sizes of
less than 100 nm and a height of 1nm ¢+ 2 nm, indicating the exfoliated nanosheets are
composed of only a few carbon nitride layers, taking into account a wate r shell likely sur -
rounding the nanosheets (Figure 3.9(a) and discussion below).

b sBukem

4000 3500 3000 2500 2000 1500 1000

Wavenumber / cm”

Figure 3.9 AFM image of exfoliated PTI nanosheets deposited on a Si/SiQ wafer (a) and the corre-

sponding height image (inset). IR spectrum of bulk PTI (black) compared to Precipitate Il (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;
I=®50 nm,t = 2.70nm; 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 (Figure3.9(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) andFigure S12(a), 7.1 Supporting
information ).5°

X-ray diffraction patterns ( Figure S12(b), 7.1 Supporting information ) confirm that both
the restacked PTI nanosheets (Precipitatdll) and the precipit ates from the previous steps
(Precipitate | and 1l) show reflections which are consistent with bulk PTI, 52t confirming
that the structure of the parent bulk PTI is retained in the nanosheets. Interestingly, the
presence of @kl) 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 Il is largely remi
niscent of that of the bulk material, 52> both having a band at 810 cni¥(triazine ring sextant
out of plane bending) and a fingerprint region 1200 cm~NM 1620 cn¥ "which is dominated
by the same FC| NH| C) and FC=N) stretching vibrations. Nevertheless, Precipitate |l
shows a more highly resolved band at 1440 cni*hand the intensity ratio of the JC| NH |
C) vibrations at 1260 cmVvand 1210 cnitis 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 1000cmNhand 1200 cni'tv
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 1ll) 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 € 6 pasic € 6 #nide groups through
reaction with water. The atomic C/N ratio of Precipitate Il (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 Ill), 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 lll) are the same as in bulk PTI (Supporting Information). Two oxygen peaks are
observed for Precipitate Ill, which are due to air (O1 at 530.8eV) and water (532.1eV),
respectively (Figure S14, 7.1 Supporting information ).28 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 15N isotope-enriched samples
of Precipitates INII and bulk PTI in comparison ( Figure 3.10. While being overall similar,
both 13C and 15N spectra reveal subtle differences in the relative signal intensities on going
from the bulk to the restacked nanosheets. These changes are predominantly attributedto
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 dete rmined 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 6.2ppm
and 4.6 ppm), tremendously increases from Precipitate | to Ill. Polarization exchange be-
tween the PTI protons and the ones of the water molecules as ascertained by*HH proton
driven spin diffusion spectroscopy ( Figure 3.10d) and Figure S16, 7.1 Supporting
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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 staks, 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) 24 corresponds well to that measured by AFM (1 nm

t 2 nm). Therefore, NMR presents a viable "bulk method" to indirectly determine t he

thickness of nanosheet stacks.
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Precipitates I 1l and bulk PTI, respectively. *HH proton driven spin diffusion spectrum (d) for

Precipitate IlI.

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 hanosheet suspension, the broad band around
450nm 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 eworkers who extracted a band
gap of 2.2eV for the LiCl -intercalated material. 20

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 1) and partially exfoliated nanosheet fractions (Pre-
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cipitate Il) was measured in a water/triethanolamine (TEoA) solution (for details see 7.1
Supporting information ) under visible light illu mination (Figure 3.11). Under the condk
tions applied, bulk PTI evolves 4.3 4 O O G 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 3000rpm, redispersed and tested with regard to their photoc atalytic activ -
ity, confirming the same low activity of Precipitate | compared to sonicated PTI. Precipi -
tate Il, containing partially exfoliated PTI, shows an improvement in hydrogen evolution
by 28 % (6.44 O O Q per hour).

a Precipitate b SL'E)EQ?E;:;;‘ 2
Il 6|
= 6 =
© | o 5¢ Supernatant 2
g_ 3 Bulk PTI :EI. b) 1.8 mg
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Figure 3.11 Photocatalytic activity toward H 2 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 10vol% TEoA/water solution for 3 h illumination with visible light
(>420nm). Cyclic stability tests of the nanosheet suspension: Supernatant 1 with methanol as elee
tron donor (c). The reactor was purged several times (marked with an asterisk) and methanol was
reinjected twice. UVt 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), 2ng of
bulk PTI was tested and compared to three different suspensions (2a, 2band 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 4 O O Guer hour (Figure 3.11(b)), 2mg of the PTI nanosheets (Supernatant 2a)
exhibits a much higher hydrogen evolution rate, corresponding to an improvement by a
factor of 18 (3.54 O O G 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 limite d 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 & O OHO per hour) could almost be recov-
ered (5.44 O OHQ 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 Inm ¢+ 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" 2212219 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-CaN4" (calculated for 2 mg).22 Our study draws on highly defined, stru cturally
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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3.3Investigations on the catalytically relevant sites of PTI

Cation and anion exchange of crystalline poly(triazine imide) and its
effect on structur al and optical properties

Katharina Schwinghammer, Maria B. Mesch, Viola Duppel, Leslie Schoop, Eamon
J. McDermott, Tristan de Boer, Alexander Moewes, Jirgen Senker and Bettina V.
Lotsch

To be submitted.

Abstract

The relationship between the structure and the optical and photocatalytic properties of

highly crystalli ne PTI are investigated with respect to cation (Li*/ H*) and anion (CIN/ BrY
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 LICI/KCI leads to the insertion of chlori de
ions into the C,N-network , while synthesis in a LiBr/KBr salt melt leads to bromide inter-
calation. In both cases PTI (P6:xcm, 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 stackedon top of each other in an ABA fashion
such that every triazine unit is fisandwiched 0 by two inverted ones (see Figure 3.12(a,b))
The voids can form channels along the c-direction. Stirring the products (PTI/Li *CIN or
PTI/Li*BrN in concentrated acids such as HCI, HBr or HF gradually induces the removal of
lithium ions, accompanied by lithium -proton exchange (PTI/HCIN or PTI/H*BrY. 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 acontraction 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 P6s/m (no
176). The assynthesized PTI/HCI shows a great similarity with CsNeHsgHCI reported in
2001t which can be synthesized by a high-pressure solid-state reaction of melamine and
cyanuric chloride. Although PTI/LiBr does not show photo catalytic activity, its chlori de
intercalated counterpart remains as a promising visible-light photocatalyst due to the
stronger interplanar ujorbital 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 emphasizethe 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
al2 in 2009. Even though melon is only moderately active compared to most inorganic
photocatalysts? its abundance, low-cost scalability, light weight and sustainability ma ke 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 a s 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/LICI, which has shown to be as active as amorphous melon
(when TEOA is used asthe electron donor),* may be the better choice to study structure
property -activity relationships due to its superior long-range order. PTI (CsN9H3) is a two-
dimensional polymer of imide -bridged triazine units forming six -membered ring motifs.
TheseC,N-layers are stacked in an ABA fashion forming continuous channels along the ¢-
axis.t>7 It has been shown that these channels can be filled withlithium cations along with

anions such as chloride (PTI/LICI)56 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 (336 A
for chloride and 3.52A for bromi de, respectively) (Figure3.12a,b)).5” For charge-
compensaion, 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 ecworker$
determined a band gap of 2.2eV for PTI fully loaded with Li/Cl , and of 2.8eV when no
ions are intercalated. Further, it was suggested that the hydrogen evolution performance
of PTI/LICI may be further maximized by remov ing the lithium ions while maintaining
full chlori de loading.8 This assumption serves as the basis foithe work discussed here. We
further show that i n 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.

Y s 13 s Y o P ‘pn’nn-
g' ﬁ’ . 33 .

Figure 3.12ldealized crystal structure (without protons) of fully loaded (a) PTI/LiCI (ICSD 422088)5
(b) PTI/LiBr (CCDC 9021737 and (c) GsNeHs¢ ' wv@wed 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 200 8,° Wolf and ceworkers already reported on a
PTI-based compound of composition CeNeHsg ' " O6 w( OUI Ul U0UDPOT adowUlUl pUwUa
fill the criteria of Moewes and eworkersfor a lithium -free but chloride -containing sample.8
More precisely, Wolf and ceworker$ synthesized this PTI-like compound by means of a
high-pressure route (1.0 GPat 1.5 GPa, at 500°C ¢ 550°C). CeNoHzg ' " OwD U ragr D O U w U x w
ABA -stacked imide -bridged triazine units. ° In contrast to PTI/LiCI (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/LiCI (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 GNoHs¢ ' " OWEOQE wE w E |
creased interlayer distance of 3.22A. The different stacking leads to a change in symmetry
as the c glide plane is lost (P6&/m, no 176) compared toP6scm (no 185)in PTI/LiCI (LiBr)
(Figure 3.12(c)).The protons are chargecompensating 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 cworkers? McMillan
and coeworkers® reported that CeNeHs¢ ' " Ow P UwxT OUOEEUEOaUPEEOOawbOEE
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 yetalthough 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 fme influences the layer stacking and accessility 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 (A36% HCI, A47% HBr and 40% HF). Treating
PTI/LICI (Li Br) with highly concentrated acids leads to an almost lithium -free (<0.1wt%)
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 centerswhich 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 PTI related to its photocatalytic activity sheds light on catalytically relevant sites
of PTI.

3.3.2 Results anddiscussion

PTI/LICI,Br was successfully synthesized according to literature protocolss’ and then
stirred in several concentrated acids (12%t 36% HCI, 16%+¢ 47 % HBr and 40 % HF) or
pure water (0 % HCI and 0 % HBr) asdescribed in the Supporting Information (seeChap-
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 decreasein lithium content is
detected for PTI/LiCI (HBr) when increasing the acid strength. The lowest lithium content
is observed for the samples stirred in the strongest acids (36% HCI and 47 % HBr). How -
ever, even after stirring and washing the samples multiple times with concentrated acids
and water, traces of lithium ions qp&.04wt%) remain. Apparently, parts of the removed
lithium ions are exchanged by protons which are necessary for chargecompensation 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 (11.0wt%° and 3.3wt%).6 The anion content of assynthesized PTI/LiCI
(8.2wt%) is in the range of the literature but lower than that of CeNeHag ' "(13.5wt%).°
For PTI/LiBr a higher bromide content is detected (7.5wt%) compared to the literature
(3.8wt%).” The harsh acidic conditions do not lead to hydrolysis and frag mentation 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, t he C/N value for PTI/LICl
after acid treatment is slightly reduced compared to the parent compound and seems to
approach the value for CeNoHs¢ ' " Kddst likely the concentrated acidsreact with carbon-
rich speciesand 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/LICI,Br s amples before and after acid treatment meas
ured in combination with elemental analysis, ICP and XPS.

sample C N H Lia Lib Cl/Bre Cl/Br> rest wt.
[wt%]  [wt%] [wt%] [wit%]  [wit%] [wt%b] [wt%b] [wt%o] C/IN
PTI/LICI 30.7 514 1.7 2.3 21 8.2 4.9 9.0 0.60
PTI/LICI 0% HCI 30.7 51.4 1.7 2.3 2.0 - 4.3 9.6 0.60
PTI/LICI 12% HCI 30.9 53.0 19 1.7 21 - 5.7 7.2 0.58
PTI/LICI 18% HCI 30.4 52.3 2.2 1.4 1.5 - 5.6 8.1 0.58
PTI/LiCI 36% HCI 31.3 53.6 2.1 0.1 0.0 8.7 55 7.4 0.58
CsNoHsHCI 26.60 46.77 2.05 14.01 0.57
(CéN 9.08H5.51Cl1.07)°
CsNoHsgHCI 28.39 50.06 1.95 14.94 0.57
(CeN9.0H 4.91Cl1.07)°
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 11.4 0.67
PTI/LiBr 23.5% HBr 32.2 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. P 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 he acid treatment
leads to a removal of lithium ions as observed by the gradually vanishing lithium signal s
(1s) of PTI/LICI,Br at 54.8eV / 54.9 eV with increasing concentrations of acids used until
they completely disappear (PTI/LICl: 36%HCI and PTI/LiBr : 47% HBr) (Figure S22 and
Figure S24). The removal of lithium ions by HCI treat ment has also been stated byHam et
all2upon performing ion exchangein PTI/LiCl with [Pt(NH 3)4]2*. We further observed that
the chemical environment of the anions slightly changes (Figure S22 and Figure S24).
While the binding energies of Cl in PTI/LICl are 197.7 eV (2p2) and 199.3 eV (2p), the
signals shift to lower energies when treated with 36 % HCI: 197.0 eV (2p2) and 198.6eV
(2pz2), which indicat es slightly weakened bonding of the chloride s 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.@V, 286.2eV and 287.6eV can be deconvoluted
for PTI/LICI and PTI/LiBr . While the first weak signal can be attributed to typical C -C
bonds from adventitious carbon which is used for calibration, 1315 the two other carbon
peaks arise from sp C atoms.41617 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 sp2? C signals.The carbon signal at 287.6eV shifts about
0.3eV to higher binding energies (287.9%V) 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 284.6eV is more evident, suggesting a larger carbon impurity and lower cryst al order
compared to PTI/LICI. With regard to the high -resolution N (1s) spectra, two signals at
398.3eV and 399.9eV can be identified and attributed to the sp? N atoms of the triazine
ringst31819 and bridging nitrogen atoms 1314 in  N(H 2*,H,HLi +Li)(C3N3)2, respectively
(Figure 21 and Figure S23). Both signals slightly shift to higher binding energy (398 .5eV
and 400.0eV) 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
2 Theta/ ° 2 Theta/®

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

The IR spectra of PTI/LICI and PTI/LiBr are depicted in Figure 3.13a,b). Both spectra
are in agreement with the IR spectra of theliterature and are nearly identical .>” The bands
at 3300cmNhand 3180cmNhindicate the presence oft NH groups . The sharp feature at 805
cmV s attributed to the out -of-plane breathing mode of triazine un its and the region from
1200 cn'to 1600 cnihcan be assigned to theC=N stretching modes of C,N heterocycles.
When protonated with concentrated acids another feature appears in the region from
3100cmNto 2750cmNhdue to the protonation of the ¢ NH grou ps and the coordination to
the anions (chloride or bromide) as also observed by Wolf and ceworkerst Further, the
bands in the region from 1200 cmM¥hto 1600 cmihappear 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 GNoHs¢ ' ° (Bigure 3.14, left).
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a PTI/LiCl 36% HCI b PTI/LiCl 36% HCI

C,NH, * HCI

002

Intensity / a.u.

211, 112

Transmission / a.u.

3500 3000 2500 2000 1500 1000 500 10 2'0 ] 3I0 40
Wavenumber /cm™ 2 Theta/®

Figure 3.14 IR spectra @) and PXRD patterns (b) of PTI/LiCl 36% HCI ascompared to CeNoHag ' " O
from the literature .1

The powder X-ray diffraction patterns of PTI/LiCl (LiBr) are in agreement with the liter -
ature, though less crystalline.>? Acid treatment of PTI/LiCl (LiBr) leads to a gradual phase
transformation which seems to be brought to completion when concentrated acids are
used (PTI/LICI 36% HCI and PTI/LiBr 47% HBr). The removal of the lithium ions through
lithium -proton exchange leads to adecrease in layer distance of thePTI layers as indicated
by the shift of the 002 stacking reflection to higher angles (Figure 3.13c,d)). Further, loss
of the cglide plane and symmetry reduction to P6s/m (no 176) isobserved since a new re-
flection at 18.1°2g ¢ 18.3°2¢ appears which can be assigned to the previously absentand
forbidden 011 reflection. These changes in the PXRD pattern have already been observed
by Ham et alt2 and explained by partial delamination or decomposition of the framework
but have not been further analyzed.

Table 3.4 List of hkl and °2Theta values for PTI/LiClI 36% HCI compared to PTI/LiClI and
CeNoHzg ' " O

PTI/LICI (as-synthesized) PTI/LiCI 36% HCI CeNoHzg ' " O
hkl 2 Theta/° hkl 2 Theta/® hkl 2 Theta/°
010 12.1 010 12.1 010 12.1
011 18.3 011 18.4
Nhl Yy 21.1 110 21.1 110 21.1
020 24.4 200 24.4 200 24.3
Nhl hu 24.9 111 25.2 111 25.2
002 26.6 002 27.9 002 27.7
012 29.3
Nht Y 32.4 210 32.4 210 32.4

Interestingly, the PXRD pattern of PTI/LIClI 36% HCI is similar to the one of
CeNoHsg ' " O w 34, Irightand Table 3.4.t 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= 8.50A and c=6.44A
for PTI/LICI 36% HCI (Table 3.5), the intensity of the reflections of the protonated samples
(especially the 010 reflection)do not agreewith those reported for CsNoHs¢ ' " Afibofithe
protonated PTI/LiCl samples was only possible by contra cting the layer distance and more
importantly by the fAmigration 0 of the anions towards the C,N-layers as reported for
CsNoHs¢ ' "(Figure 3.12c)). A lateral shift of the C,N -layers, as suggested forCsNoH s¢ 'Cl
did not result in improved LeBail fits. The high intensity of the 010 reflection of PTI/LiCl
36%HCI 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 m ight arise from intercalat ed water within the voids.

Table 3.5 Lattice parameters from Le Bail fits for the various PTI/LICl (X% HCI) samples based on
PTI/LIClI 5 and CeNoHsg ' "1 O

samples lattice parameter from lattice parameters from
LeBail fit based on PTI/LICI (P6scm) LeBail fit based on CsNoHszg ' " O
(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/LICI

PTI/LICI 0% HCI 8.46 6.71 8.53 6.65
PTI/LICI 12% HCI 8.51 6.70 8.50 6.58
PTI/LICI 18% HCI 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 thatno fluorine has been intercalated and the bromine content
remained unaffected, which is in stark contrast to previous reports.”

a b [pTiLiBr 47% HB:
3
. 1+
5 < |PTULiBr 40% HF
o c
R S |pTiwier
2 PTILIBr 47% HBf| &
= 0
c =
Q 7]
- . c
E PTILIBr40% HF | &
| .
-
PTILIBr

10 20 30 40 50 60 3500 3000 2500 2000 1500 1000 500

2 Theta/"® Wavenumber / cm-
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/LiClI 36% HCI, we performed
MAS ssNMR measurements and compared the results with PTI/LICl and CeNoHsg ' " Ow
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(measured under identical conditions) (Figure 3.16). GNoHsg ' "w@susynthesized 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 180kHz and an asymmetry parameter of 0.8)2 can be detected, the residual
lithium ions of PTI/LICl 36% HCI show two different lithium environments (a mobile
lithium without spinning sidebands at Oppm and a non-mobile one at 2 ppm).

b

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

H
600 MHz
62.5 kHz

25 20 15 10 5 0 -5 -10 190 180 170 160 150 140 130

5/ ppm 5/ ppm
c d
N Li
300 MHz 400 MHz
10 kHz 5 kHz

10 5 0-5-10
&/ ppm

=100 =150 =200 =250 =300 =350 600 400 200 0 =200 -400 -600
&/ ppm &/ppm

Figure 3.16H (a), :3C (b), 5N (c) and “Li (d) CPt+ MAS solid -state NMR spectra of PTI/LiCl 36% HCI

compared to PTI/LiICl and CeNoHasg ' " Qwe/ 3 (¥' " OAwOl EUVUUUI EwUOE]I UwPhEI OUPEE
the Figure. While for PTI/LiCI 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 7ppm and 15ppm. The intensities below 6 ppm result most
likely from residual water a nd 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 CsNeHs¢ ' "h@s a broad signal at 12.5pm with a shoulder at the up -
field side of the signal. The *H spectrum of PTI/LICl 36% HCI also has a broad signal at
about 12.5ppm with a shoulder and an additional signal at about 10 ppm. Besides the
latter signal, the spectrum largely matches the one of CsNeHs¢ ' " TO gain deeper insights
into these additional features, a 2D 7Li-*H HMQC spectrum with a mixing time of 352 4 U w
(seeFigure S29, Supporting Information) was recorded. It reveals a correlation between
the lithiu m signals and the additional proton signals between 12.5ppm 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 3C CPtMAS ssNMR spectrum of PTI/LIClI 36% HCI reveals three signals at
163.5ppm, 156.3ppm and 152.9ppm. As expected for a protonated structure, all three
signals have protons nearby. This was confirmed by a 2D 13CttH heteronuclear multiple
bond correlation (HMQC) experiment ( see Figure 28, 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/LIiClI, the
13C CPtMAS ssNMR spectrum gives three overlapping signals between 153ppm and
170ppm. According to Wirnhier et al> they are assigned to three different CsNs-triazine
carbon signals which are non-protonated (168.0ppm) and protonated (162.6 ppm and
157.9ppm). Further details about the proton/lithium s tructure and the shift assignment
are given in the PhD thesis of Maria B. Mesch (University of Bayreuth).2 The spectrum of
CeNoHzg ' " OQw OO OO U w Y ithat 20iuPTIRICIEB6E H@, e(ealing three signals at
164.3ppm, 156.6ppm and 154.0ppm, although the latter two are less well-resolved. Ac-
cording to Wolf and ceworkerst the most prominent 33C signal of CeNeHsg ' " OOw E Uw
164.3ppm, is assigned to the non-protonated CsNs-triazine carbon which is in agreement
with the one of PTI/LICl 36% HCI. The signals at 156.6ppm and 154.0ppm arise due to
partial protonation. Whi le Wolf and ceworkerd 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 ceworkes! the protonation of the triazine -nitrogen would
lead to a 1:1:1 splitting in the 13C spectrum, while the protonation of the imide -nitrogen
would result in two different carbon signals (2:1 ).t 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 13C NMR spectral features reveals
that PTI/LiCl 36% HCl is similar to C éNeHsz¢ ' " O 8

This was further studied using 5N experiments. All spectra show signals in the area of
tertiary nitrogen atoms ( N200ppm to NL50ppm) and signals for NH groups ( N230ppm to
N260 ppm), as expected for these structures with the main difference being the resolution.
The 5N spectrum of PTI/LICl 36% HCI is highly interesting due to its exceptional ly well -
resolved SN resonances,which implies a high local order of the nitrogen sign als. The NH
signals (+230ppm to N253ppm) and the signals between NL60ppm and NL80ppm 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 qpN60ppm and NL80ppm) compared to PTI/LICI
N5 ppm and N | hopm) due to the approach of the chlorid ions, which is well in
agreement with the shifts observed for CeNeHz¢ ' " O w wx UOUOOEUPOOwWDOE
positive charges resulting in a lower core shielding.
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The split signals in the 3C as well as'*N CP{ MAS ssNMR spectra of PTI/LiCl 36% HCI
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 5N -enriched lithium -free samples.

We further performed a series of 2D and pseudo 2D experiments (*Ht'H double-quan-
tum-single-quantum, *Ht13C CP build-up and H{"Li}REDOR) which are not discussed
here but added to the supplementary information for completeness (see Figure S27,28).
Clearly, PTI/LICI 36% HCI significantly differs from PTI/LICl according to the ssNMR
spectra. In general, better agreement can be observed for PTI/LICI 36% HCI and
CeNoHsg ' " O6 w

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% HCI demonstrate the for-
mation of regular crystallites with hexagonal symmetry ( Figure 3.17a) and Figure $42), as
also observedfor the parent compound. However, some of these crystallites form agglom-
eratesalong the c-axis after the acid treatment (Figure 3.171b)). In contrast to PTI/LiCl, the
PTI/LiBr crystallites seem to be corroded frayed edges) and agglomerated even before
acid treatment (Figure S31). Snce the bromine-containing eutectic salt melt is more
aggressive than LiCI/KCI , 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 n PTI/LiCl, as well as addi-
tionally the 0l11reflection which only existsin the acid treated sample.

By means of selected area diffraction (SAD) patterns and fast Fourier transforms (FFTSs),
the crystallites differed fro m 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/LiC[LiBr) indicat -
ing that both compounds are structurally closely related (see Figure S32t 34, Supporting
Information). Similar to the results of the PXRDs, the stacking distances of the acid treated



T 31l OB ( 9 (( $ v Auww W w W W W W W W W W W wwwwww w dQu

samples are smaller thanthose of their parent compounds and an additional reflection is
observed which can be assigned to the 011 reflection (Figure3.17(c) and seeFigure S30 of
the Supporting Information). According to SAD simulations (Figure S34), the acid treated
samples are structurally very similar to CeNeHsg ' " PBulngpno 176) and distinct from
PTI/LICI.

Stirring PTI/LICI ,Br in concentrated acids causes slightly optical whitening of the sam -
ples (Figure S35, Supporting Information) . The UV-Vis spectra of PTI/LICl 0%t 18% HCI
are identical to that of PTI/LiCl and the literature, * showing a dominant absorption in the
UV region between 300nm and 400 nm with a sharp absorption edge at 420nm and a
very broad feature at around 450nm (Figure 3.18a)). 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 800nm (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 LiCI/KCI. 2t Still, a small blue-shift (ca. 0.1eV) of the absorption edge can
also be observed here after acid treatment Figure S36). A band gap of 1.8(+0.2)eV can be
extracted for PTI/LIClI 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/LIClI 36% HCI. XES
analyses have not been performed for PTI/LiBr due to its lower crystallinity ascompared
to PTI/LICl and its broad and ill -defined UV -Vis absorption spectrum.

a b _
=3 4 E =1.80eV
m 1.0 E,=1.70eV
- E =1.92eV
.*? 0.84 E,=2.07eV
[71]
—_ c
[ 2 0.61
rag -
PTI/LiCI 18% HCI =
PTILICI 12% HCI e 0.4
PTI/LiClI 0% HCI =
PTILICI ® (.2-
PTI/LICI 36% HCI E
<)
Z 0.0

1 1 1 1 1 '
300 400 500 600 700 800 390 395
Wavelength / nm Emission Energy / eV

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, whi ch were formed in situ by
photoreduction of H2PtCls, and 10vol% of an electron donor (methanol or
triethanolamine) was added. The dispersed samples (10ng in 10mL) were illuminated
with simulated sunlight with a 420nm cuttoff 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/LIClI 36% HCI (Figure 3.19 and Figure S38). Similar to the results
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reported for CeNoHsg ' " O uviéMillam and coworkersl® the photocatalytic activity of
PTI/LICI 36% HCI was negligibl y low (even when illuminated with a 250 nm ¢ 2000nm
filter) , especially when MeOH was chosen as sacrificial agent. Even though Moewes and eo
workerg had predicted a high photocatalytic activity for lithium -free PTI/LiCI, actually the
opposite has been shownto be the case for PTI/HClhere.

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”

0.05 ~ PTI/LICI

36% HCI

0.00 -

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

The photocatalytic activity of PTI/LiBr is very low even before the acid treatment, but
also declines further when treated with acids (seeFigure S38 and Figure S39). The gradual
decrease in photocatalytic activity seenms to correlate with the extraction of the lithium
ions and the accompanied phase transformation from PTI/LiCI,Br to PTI/HCI,Br which
had not been considered by Moewes and cworkers?

For this reason, we tried to reinsert the lithium ions in PTI/LIiCl 36% HCI to re-form
photocatalytically active PTI/LICI,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 neutraliz ed. According to ICP, the lithium content of
PTI/LICI 36% HCI could be increased from 0.19wt% to 0.53(x0.01)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 2.1wt% (PTI/LIiCl) . 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 399%, which might be due to the irreversibly contracted layer
distance and less accessibleactive sites of PTI (Figure $40) in the more densified structure
of PTI/LICI 36% HCI. We also reheatedPTI/LiCl 36% HCI in a LiCI/KCI salt m elt (under
closed atmosphere) to reinsert lithium ions but the result ing 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/LiCIl (LiBr)>7 is accompanied
by a lithium -proton exchange and results in an irreversible phase transformation from
PTI/LICI (LiBr) to PTI/HCI (HBr). While PTI/LICI (LiBr) can easily be synthesized by a
ionothermal procedure, high-pressure was needed for the synthesis of PTI/HCI
(CeNoH 3HCI) so far.! The presence of residuallithium 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(H Br) 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/LICI(LiBr) ; Cl and Br now likely reside in the voids within the
PTI layers. A lateral shift of the C,N-layers as suggested forCeNoHs¢ ' "nm@y 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 increasesfor 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
triazine s) due to a possible lateral shift of the C,N-layers,1+12b) a reduced absorption in the
region of visible light due to an increased band gapand 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 anctor groups for the co-catalyst platinum . The insights obtained by
studying the ionic effects on the structure-property -activity relationships in PTI in patrtic -
ular and organic photocatalysts in general, will be helpful for unmasking of catalytic ally
relevant sites.
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Chapter IV

4 Covalent organic frameworks

4.1 TFPT-COF asphotocatalyst

A hydrazone -based covalent organic framework for photocatalytic
hydrogen production

Linus Stegbauer, Katharina Schwinghammer and Bettina V. Lotsch

Published in: Chem. Sci2014 5, 2789 2793 DOI: 10.1(B9YC4SCO00016A.

Abstract

Covalent organic frameworks (COFs) have recently emerged as a new generation of pe
rous polym ers 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 visiblelight 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 3.8nm 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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4.1.1Introduction

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, 4 however their performance can be significantly enhanced by
morphology tuning and structural modifications, including doping. 3¢ 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 limit ed chemical variety and they are not
very susceptible to systematic postmodification. 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. 711 Recently, unique 2D COFs with interesting
optoelectronic properties have emerged, representing ideal scaffolds for exciton separa
tion and charge percolation within self -sorted, nanoscale phaseseparated architectures.
Whereas most COFs rely on the formation of water-labile boronate ester linkages}? a few
other examples based on imine€#1” and hydrazine 8 linkages have been synthesized re
cently. For example, the imine-based COFLZU1 in combination with Pd has been used as
catalyst in Suzukicouplings.® 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. 2 This chemoselective type of bond
formation between a substituted acyl hydrazine and an aldehyde is highlighted by its use
in labeling modified proteins 2! and for drug delivery purposes. 2

Although big strides towards photoacti ve COFs with light -harvesting and charge sep
aration capabilities have already been madel52¢27 COFs have not yet been explored as
photosensitizers in photocatalytic systems for the production of solar fuels. A first indica -
tion of the underlying potenti al of COFs as a photoactive material was the lightinduced
activation of oxygen by a squaraine-based COF reported recently by Jiang and cavorkerst?

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 1,3,5tris-(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) Schemeshowing the condensation of the two monomers to
form the TFPT$COF. (b) TFP® 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).

4.1.2Results and Discussion

TFPT-COF: Synthesis and characterization

Triazine-based molecules offer high electron mobilities, electron withdrawing character 28
and are hence widely used in synthetic chemistry2® and optoelectronics.22 TFPT has a
much smaller dihedral angle between the phenyl and triazine unit (~7.7°) compared to its

benzene centered analogue (38.3°)Kigure $43, 7.1 Supporting information ).3° As a conse

guence, the use of TFPT should faciliate the formation of a planar COF with an extended

wrsystem compared to the monomers and enhanced crystallinity. Indeed, the TFPTt COF
turns out to be crystalline and at the same time stable in methanol and other solvents
(Figure S57, 7.1 Supporting information ).

TFPTY 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 (10N*mbar). It is worth
mentioning that TFPT4 COF could also be synthesized byin situ deprotection and subse-
guent condensation in a one-pot procedure (see SchemeSg, 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
TFPTt COF (Figure $44, 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 1670cmN 1660cmN ™
and 1201cmNY¥ 1210cmNtvwhich are characteristic of C=N moieties. The lack of the alde
hyde Fermi double resonance at 2824cmNtand 2721cmNivas well as the aldehyde carbonyl
stretching vibration at 1700 cmNhof the TFPT monomer clearly suggests the absence of any
starting material. Furthermore, the triazine moiety is still present in the TF PT¢ COF as
ascertained by the triazine semicircle stretch vibration at 806 cmNM(Figure $45, 7.1
Supporting information ).
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Figure 4.2 Characterization of the TFPTt 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 13C and *H NMR data. (d) 13C CPt 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 CH3:#CH240) and 3.29 ppm (CHst CHz4 O) (Figure 4.2e)). The aro
matic region is represented by a broadened signal at 6.5 ppm. Furthermore, the 13C CPt
MAS spectrum clearly supports the formation of a hydrazone bond corresponding to the
signal at 148.9ppm, 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)).18
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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 3! reveal a hexagond 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)).”1* 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 Heing32 Dichtel and ceworkers?? 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 favorabk, 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 = 41.90A (Figure 4.2a) and Figure $47, 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 2¢ = 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 aP* we have also simulated a parallel displaced structure (displace -
ment vector 1.4@A w b B U1 wy@ stacking sequence Figure S51 and Figure S52, 7.1
Supporting information ). As expected, the smulated PXRD is very similar to both the
experimental PXRD as well as the PXRD calculated for the perfectly eclipsed structure
(Figure $43, 7.1 Supporting information ).

Ar gon sorption measurements at 87K clearly show the formation of mesopores as indi-
cated by a typical type IV adsorption isotherm ( Figure 4.3@)). The Brunauert Emmettt
Teller (BET) surface area was calculated to be 1603 AgN {total pore volume is 1.03 cm3 gNtv
Figure S54, 7.1 Supporting information ), which is the highest measured surface area
among all hydrazone COFs reported to date.’*18% Comparing these values with those of
COF-43, derived from a benzene-centered trigonal building block with the same pore
size 8 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 3.8nm (Figure Sb5, 7.1 Supporting information ), which is the same pore size
found by Yaghi and ceworkersfor their benzene-centered COF28 Transmission electron
microscopy images confirm the data derived from PXRD and sorption measurements. The
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the layered nanomorphology ( Figure 4.3(b)).

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 triang les, desorption:
white triangles) gives a BET surface of 1603 ni gV v(b) TEM image showing the formation of hexag -
onal pores.

The diffuse reflectance UVt Vis spectrum of the yellow powder exhibits an absorption
edge around 400 nm (the spike at 0 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 Kubelkat Munk function
(Figure $56, 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 ceworkersfor several COF systems!32327 |n principle, the ob -
served HOMO{LUMO gap of the TFPTHCOF 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 vis ible 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 phe
tocatalytic system under visible light irradiation. While TFP T+ 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 amorphou s 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 hydro gen evolution

Hydrogen evolution was studied under standardized conditions and measured in the
presence of the PRC Pt, using sodium ascorbate as sacrificial electron donor (se€.1
Supporting information for details). In fact, TFPT® COF/Pt is a potent photocatalytic
system, showing continuous and stable hydrogen production of 230 4 O O OMugNiv











































































































































































































































































































































































