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Abstract

Increasing global energy demand drives the development of clean energy sources that will help
reduce the consumption of fossil fuels. Solar energy can be converted to chemical energy via
artificial photosynthesis but this requires photocatalytic material with low cost and high
efficiency. Carbon nanomaterials that can be used either as photocatalysts or as photoabsorbers,
have attracted attention as cheap and stable nonmetal nanomaterials with tunable electronic
properties. In this dissertation, two typies of carbon nanomaterials, carbon dots and polymeric
carbon nitride have been studied with a strong focus on the influences of surface chemistry and
heteroatom dopants on their electronic and chemical properties. To this aim, a variety of
spectroscopic techniques, with incident energies ranging from soft X-ray, ultraviolet to infrared,

have been employed.

The first experimental report on electronic structure of carbon dots studied by synchrotron-
based X-ray absorption and emission spectroscopies is presented in this work. The charge-
transfer between carbon dots and water has been further studied using #n-situ X-ray
spectroscopy. The modification on the surface chemistry induced by water and the hydrogen
bonding environment of carbon dots dispersion have been also probed by zz-sitn infrared
spectroscopy. The influence on their fluorescence and photocatalytic applications are then
analyzed on the basis of experimental results. For polymeric carbon nitride photocatalyst,
particular attention was given to the influence of heteroatoms doping on their electronic
structure. Using advanced characterization techniques, the dopant species, and changes of
band-gap structure are revealed. Finally, an example of the structure-performance relationship

study was presented on highly efficient polymeric carbon nitride photocatalysts.

This research highlights how advanced spectroscopy techniques may open new perspective for
deeper understanding of carbon nanomaterials, especially carbon dots and polymeric carbon
nitride. Furthermore, promising pathways to achieve more effective carbon nanomaterials for

energy applications are also provided.






Zusammenfassung

Der steigende weltweite Energieverbrauch fordert die Entwicklung von sauberen
Energiequellen, wodurch der Verbrauch an fossilen Brennstoffen reduziert wird. Durch
kiinstliche Photosynthese kann Sonnenenergie in chemische Energie umgewandelt werden,
aber dafir werden preiswerte Photokatalysatoren mit hoher Effizienz bendtigt.
Kohlenstoffnanomaterialien sind preiswerte, stabile und Metall-freie Nanomaterialien mit
durchstimmbaren elektronischen Eigenschaften, die entweder als Photokatalysatoren oder als
Photoabsorber genutzt werden konnen. Fir diese Dissertation wurden zwei Familien von
Kohlenstoffnanomaterialien untersucht, nimlich sogenannte ,,carbon dots* und polymerisches
Carbonitrid, wobei ein grofle Aufmerksamkeit darauf gerichtet wurde, inwiefern die
elektronischen und chemischen FEigenschaften durch die Oberflichenchemie und die
Dotierung mit Heteroatomen beeinflusst werden. Dafliir wurde eine Vielzahl an
spektroskopischen Methoden angewendet, bei der die Anregungsenergie des einfallenden

Lichts vom weichen Rontgenbereich tiber ultraviolett bis hin zu infrarot variierte.

Diese Arbeit stellt den ersten experimentellen Bericht tber die elektronische Struktur von
,,carbon dots®, die mittels Synchrotron-basierter Rontgenabsorptions- und Réntgenemissions-
spektroskopie untersucht wurde. Weiterhin wurde der Ladungstransfer zwischen ,,carbon
dots* und Wasser mit Hilfe von /n-situ Rontgenspektroskopie untersucht. Auch die
Verinderungen an der Oberfliche von ,carbon dots“, die durch Wasser und
Wasserstoffbriickenbindungen hervorgerufen werden, wurden mittels 7z-sizu IR-Spektroskopie
untersucht. Der FEinfluss auf ihre Fluoreszenzeigenschaften und photokatalytische
Anwendungen wurden auf Basis dieser experimentellen Ergebnisse analysiert. Bei
polymerischem Carbonitrid wurde der Finfluss von Dotierung mit Heteroatomen auf die
elektronische Struktur genauer untersucht. Mit Hilfe fortschrittlicher
Charakterisierungstechniken werden die Dotierungsspezies und Verinderungen in der Struktur
der Bandlicke aufgedeckt. Anhand von hocheffizienten Photokatalysatoren aus polymerischem

Carbonitrid wurde die Struktur-Performance-Beziehung untersucht.

Diese Doktorarbeit zeigt auf, wie fortgeschrittene Spektroskopiemethoden neue Perspektiven
fir ein tieferes Verstindnis von Kohlenstoffmaterialien er6ffnen kénnen, insbesondere von
,carbon dots* und polymerischem Carbonitrid. Dartiber hinaus beleuchtet sie deren

vielversprechendes Potential fiir Energieanwendungen.
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Introduction

From primitive society, agricultural society, industrial society to the current information age,
graphite, carbon black, diamond, carbon fiber, and many other natural or synthetic carbon
materials have played important roles in promoting social progress. The continuous
advancement of the science and technology has also expanded the family of carbon materials.
In the past three decades, fullerenes, carbon nanotubes, and graphene have been consecutively
discovered. These carbon nanomaterials and their derivatives have offered new possibilities for
the development of materials science and nanotechnology. The outstanding electrical,
mechanical and thermal properties, together with the rich abundance in the earth make these
carbon nanomaterials become promising candidates for high-performance energy conversion

and storage applications.

1.1 Carbon Nanomaterials for Artificial Photosynthesis

1.1.1 General Concept of Semiconductor-based Photocatalysis

With the dramatic increase in fossil energy consumption, the exploration of alternative energy
sources and the development of efficient materials for energy conversion and storage are
pressing issues. [1] Mimicking the process of natural photosynthesis—capturing the energy
from light to convert CO, and water into hydrocarbon fuels by photocatalysis or
photoelectrocatalysis, artificial photosynthesis has attracted tremendous attention in recent
years. [2—4]

Depending on the chemical nature of catalyst, artificial photosynthesis can be classified
into different types, such as homogeneous metal complex catalysis, heterogeneous
semiconductor catalysis, and enzymatic biocatalysis. [5,6] Among these various types of
artificial photosynthesis, the one based on semiconductor photocatalysts shows great potential
for practical applications due to the high stability and the recyclability of catalysts, and easy
separation of catalysts from substrates. [7-10] In addition, the semiconductor-based
photocatalysis is superior to other types of artificial photosynthesis in the efficient absorption
of incident light. The light absorption of a semiconductor catalyst is decided by the bandgap
between the valence band (VB) and conduction band (CB), which can be flexibly adjusted by
modifying the semiconductor. [11]

In general, a semiconductor-based photocatalytic process (Figure 1.1) involves the
following steps: electrons are excited from VB to CB by absorbing the light with higher energy
than the bandgap, then the electrons in the CB and the holes remained in the VB transfer to
the catalyst surface, and participate in the redox reactions of the adsorbed species on the

surface. [4,12]
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Figure 1.1 Schematic illustration of a typical semiconductor-based photocatalytic process. VB, valence
band; CB, conduction band; AV, light energy. Reproduced with permission from ref. [12], copyright
2012 Wiley-VCH.

Table 1.1 Some typical reactions involved in photocatalytic water splitting and CO; reduction. [13]

Potential
Reaction Equation
[V, v.s. SHE]?

2H* + 2e~ — H; —0.41 1.1

2H,O + 2h* — H,O, + 2H* +1.76 1.2
H:0 + 2h* — 0, + 2H" +0.82 1.3
H:O; + h* — O, + 2H* +1.30 1.4

0, + 1 — O, ~0.08 1.5

CO, + e —>-COé —1.90 1.6

CO, + H* + 2¢- — HCO, —0.49 1.7
CO; + 2H* + 2¢e- —» HCOOH —0.61 1.8
CO;, + 2H* + 2~ — CO + H;O —0.53 1.9
CO;, + 4H* + 4¢e- — HCHO + H,O —0.48 1.10
CO;, + 6H* + 6e- — CH3;OH + H,O —0.38 1.11
CO; + 8H* + 8¢~ — CH4 + 2H,0O —0.24 1.12

a) V, volts; SHE, standard hydrogen electrode.

For photocatalytic water splitting and CO, reduction, the main difference is the peculiar

surface reactions among the four steps described above. Some possible reactions related to
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photocatalytic water splitting and CO, reduction are summarized in Table 1.1. [13]
Thermodynamically, the alignment between the band edges position of semiconductor
and the electrochemical potentials is a prerequisite for determining whether a specific redox
reaction can occur. Figure 1.2 displays the band-edge positions of some typical
semiconductors. The semiconductor, which is capable for water splitting, should possess the
CB edge more negative than the reduction potential of H,O (Equation 1.1), and the VB edge
more positive than the potential for the H,O oxidation to O, (Equation 1.2—1.5). Similarly, to
achieve photocatalytic CO, reduction, the CB edge should be more negative than the reduction
potential of CO, (Equation 1.6-1.12) and the VB edge should also be more positive than the
oxidation potential of H,O. In the case of CO, photoreduction, multiple electron transfer
reaction involves up to eight electrons and protons to form formic acid, formaldehyde,
methanol, and methane. A photocatalytic reaction can be accomplished by using a single
catalyst or by a combination of materials such as composites or heterojunctions. In the hybrid
photocatalyst consisting of more than one component, the redox potential should be aligned
with the individual material’s band-edge position. Over the past several years, the materials
applied in the field of artificial photosynthesis has also been greatly enriched, not solely
confined to the conventional semiconductors (examples shown in Figure 1.2), but also

extended to novel abundant, metal-free nanomaterials.

20 _A A_ E vs. SHE (pH=7)
i~ N
" Cu,0 CO,/HCOOH
- -1.04 TaNO Si - /,c0,/ICO
= Bi,WO, Bivo, Ti0z Zn0 &8 =" == | _——/ CO,/HCHO
w '——————————————————,\———A——ax—— — =S5 " =_H,0H,
T  JCdseFe0: M0 mm = 1.1]ev ~\\"CO,/CH,OH
(/5] == A A 3
. 2.4leV 2.4leV == COZICH4
g -_ ______ __2;8e\i_________E4_.el/_ —_—— _OIHO
> +1.0-1.7 eV 2.6|eV 3.3lev = 2772
3 - — -
o 120+ - A 7 -
11 : v =
— == Y 4 B
=1
+3.0- - .

Figure 1.2 Band-edge positions of semiconductor photocatalysts relative to the energy levels of various

redox couples. Reproduced from ref. [14] with permission from the Royal Society of Chemistry.
1.1.2 Novel Photocatalysts Based on Carbon Nanomaterials

Carbon nanomaterials are predominantly composed of abundant element carbon and have

richly diverse electronic properties. Various carbon nanomaterials, covering a wide range from
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0D to 3D nanostructures, have been regarded to have significant roles for artificial
photosynthesis. Owing to the superior conductivity and ultrahigh electron mobility, fullerene
carbon nanotubes and graphene are always used to form a Schottky barrier junction with
semiconductor photocatalysts, where electrons can flow from the semiconductor into the
carbon nanomaterials to adjust the Fermi levels. [15] In this case, the carbon nanomaterials play
the similar role as the metal cocatalysts loaded on the semiconductor photocatalysts,
accumulating the photogenerated electrons, promoting the separation of electrons and holes,
and meanwhile enhancing multi-electron reactions. [16—18] Nanodiamond on the other hand,
although also a member of carbon nanomaterials family, has a large bandgap that make it
possible to utilize deep ultraviolet and induce the photocatalytic reduction. [19]

Among them, with the rise of graphene, the preparation of graphene-based composites
for photocatalysis has attracted special attention. In the addition to the advantage mentioned
above, its unique two dimensional (2D) conjugated structure and a large theoretical specific
surface area (~2630 m® g ), [20,21] make graphene an important building block for the
construction of hybrid photocatalysts.

A typical example is TiO,/graphene heterostructured composite, which have shown in
both photocatalytic hydrogen evolution and CO, reduction. The first report of TiO,/graphene
hybrid photocatalyst was applied as an efficient photocatalyst for H, production, which showed
1.9 times enhancement in the photocatalytic H, evolution over TiO, by graphene. [22] The
high and selective activity for CO, photoreduction was realized using the 2D sandwich-like
TiO,/graphene hybrid nanosheets due to the promoted electron transfer from TiO, to
graphene via Ti—O—C bonds. [23] However, it shows no improvement in the photocatalytic
activity of a simple mechanical mixture of TiO, and graphene because the photogenerated
charge transfer between TiO, and graphene is suppressed by the poor contact between
graphene and TiO,. [24] These results suggest that the interfacial interaction between graphene
and semiconductor plays an important role for the charge-transfer property in the graphene-
based photocatalytic materials.

Nevertheless, graphene’s potential application as a semiconductor photocatalyst has
been limited because of its metal-like conduction. This problem has stimulated growing interest
in synthesizing various derivatives or analogues of graphene that might exhibit desirable
physical and electronic properties, including a tunable band structure. Manipulation of the
electronic properties can be achieved by tuning the size and dimension, or incorporating
dopants.

When 2D nanosheets shrink to 0D nanodots, some different properties starts to

emerge, and therefore, the carbon dots (CDs) have added a new perspective to graphene-based
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photocatalytic materials. [25,26] For example, the CDs are fluorescent and have an extended
visible absorption band, unlike the pristine graphene (can only absotb UV light, 4 < 330
nm). [27,28] The unique optical properties endow the CDs’ applicability mostly as a

photosensitiser to photocatalyst, which will be presented in detail in Section 1.1.3

Zigzag edge

& Pyridinic N
| ~398.6 eV

3838

| -<—— Pyridinic N*-O-
W ~402-405 eV

Armchair edge

GraphiticN ~401.4 eV

Pyrrolic N ~400.5 eV

N ® 0ie:H

Figure 1.3 Scheme illustration of nitrogen species in nitrogen-containing graphitic carbons. The
numbers shown in the figure are the corresponding reported XPS binding energies. Reproduced with

permission from ref. [29], copyright from 2015 American Association for the Advancement of Science.

Heteroatom doping strategy actually represents another effective approach to modulate
the band-gap of carbon nanomaterials. As a neighboring atom in the Periodic Table, nitrogen is
one of the most common dopants applied in carbon nanomaterials, leading to various types of
nitrogen species (Figure 1.3). In addition to amino and nitro groups, three types of carbon-
nitrogen bonds can also be formed upon nitrogen doping, Graphitic N (or quaternary N) is the
nitrogen atom bonded with three carbon atoms like the substitution of one carbon atom for
nitrogen in the graphene structure. Both pyridinic N and pyrrolic N are bonded with two
carbon atoms in a heterocyclic ring, but sit respectively within a hexagon and a pentagon
structure. As shown in Figure 1.3, graphitic and pyridinic N are sp” hybridized and pyrrolic N
is sp’ hybridized. Different types of hybridization of nitrogen atoms would affect the spin
charge density and electron configuration of adjacent carbon. Generally, the introduction of
nitrogen into carbon nanomaterials leads to improved electrical conductivity and enhanced
electrochemical activity.

Polymeric carbon nitride (PCN) has become the most typical representative of metal-
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free photocatalyst, which can be considered as an organic graphene analogue possessing a very
high nitrogen content dominated by graphitic- and pyridinic-nitrogen. In the section 1.1.4, the
study of PCN’s application in photocatalysis will be briefly reviewed.

Despite the pristine graphene shows outstanding electronic properties, the fabrication
of graphene-based nanocomposites is necessary for most applications. In order to promote the
integration with other materials, various chemical functionalities or molecules must be
introduced to the graphene’s surface. However its low dispersibility in both aqueous and
organic solutions restricts the manufacture and processing of graphene-based functional
materials. [30] Moreover, the strong van der Waals interactions between pristine graphene
nanosheets drive them to form bulk-like agglomerates. [31] Thus, the proper surface
modification and passivation of graphene without destroying its electronic structure is crucial,
which provides a potential approach to maximize its application, and is also considered

definitely feasible for graphene derivatives.

1.1.3 Carbon Dots

Carbon Dots (CDs) commonly refer to a type of 0D carbon nanomaterials with a size less than
10 nm, consisting of a carbogenic core stabilized with ligands and/or surface groups. [32,33]
The graphitic, amorphous or polymeric core determines the type of CDs, and the surface
chemistry control the colloidal stability and enables subsequent functionalization required for
many applications. [34,35] Figure 1.4 shows four different types of CDs. Polymer nanodots
can be regarded as aggregated or crosslinked polymer fragments. [36] Carbon nanodots are
always spherical without a crystal lattice, but carbon quantum dots possess obvious crystal
lattices. Graphene quantum dots consist of few-layered graphene sheets with a lateral
dimension much larger than the height. [26,34] In order to simplify the discussion, the above-
mentioned four different kinds of nanosized carbon materials are hereafter collectively referred

to as the “CDs”.

L. Graphene layer
3 changes

Polymer nanodots Carbon nanodots Carbon quantum dots Graphene quantum dots

Figure 1.4 Scheme of different CDs. Reproduced with permission from ref. [36], copyright 2015 Wiley-
VCH.

Since the first preparation of CDs in 2004, [37] various efforts have been made on

1
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synthesizing high-quality CDs. Generally, CDs can be obtained via two different synthesis
routes, “top—down” or “bottom—up”. The top—down approach uses electrochemical etching,
laser ablation, or arc-discharge to cut bulk carbon nanomaterials into nanosized CDs. [26] This
approach can provide CDs with clean surface and high crystallinity and is mainly used to
prepare graphene quantum dots. The bottom—up approach uses organic molecules (glucose,
citric acid, and ascorbic acid, etc.) or polymers as a precursor to prepare CDs through
hydrothermal treatment, alkali/acid assisted ultrasonic treatment ot pyrolysis thermal
oxidation. [26,33] These “bottom—up” methods usually endow CDs with a rich assortment of
surface functional groups, such as oxygen-containing groups, amino-based groups or polymer
chains. The physicochemical properties of CDs can be tuned by these surface functionalities,
which provides CDs a wide range of applications in biological imaging, [38—40] lighting [41-43]
and energy harvesting, [26,44,45] etc. A study focuses on the role of surface chemistry in CDs
properties is first shown in Chapter 3.

The first report on CDs in photocatalytic application was reported in 2010. [46] In the
beginning, the research about CDs for photocatalytic process mainly focused on using CDs to
modify the semiconductor, especially making use of their special fluorescence emission. [46—48]
CDs with size-dependent photoluminescence and excellent upconversion photoluminescent
behavior were prepared using a facile ultrasonic method. [46] The TiO,/CDs hybrid material
was subsequently constructed via sol-gel method. Under visible light (4 > 420 nm) irradiation,
the upconversion photoluminescent emission of CDs can excite TiO,, which provided the
materials with significant visible light activity.

The surface-functionalized CDs are also capable of playing the role as a catalyst to
realize the photocatalytic CO, conversion under visible light irradiation. [49] Similar with
conventional semiconductor-based photocatalytic process, when loading noble metal
nanocrystal on the surface of carbon dots to concentrate the photogenerated electrons, the
CO, photoreduction efficiency could be enhanced. In addition to CO, photoreduction, this
material can also be applied in photocatalytic H, generation.

As introduced previously, nitrogen doping is an effective way to modulate the bandgap
between the conduction band and the valence band of graphene derivatives. N-doped CDs are
thus capable of being a semiconductor and absorbing visible light. Teng and co-workers
realized the N-doped CDs for visible-light driven photocatalytic overall water splitting. [50]
The photocatalyst with both n- and p-type conductivities has a bandgap of 2.2 eV, which meets

the energy levels requirement for water reduction and oxidation. Under visible light irradiation
(420 nm < A < 800 nm), hydrogen and oxygen evolved steadily and stoichiometrically over a

period of 72 hours.
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The group led by Prof. Erwin Reisner in University of Cambridge recently reported a
facile method to prepare graphitic CDs, with (¢-N-CD) and without (¢-CD) core nitrogen
doping for photogenerated charge accumulation and facilitating photocatalytic hydrogen
evolution reaction. [51] A significant improvement of the photocatalytic performance has been
realized using ¢N-CD compared to undoped CDs due to the enhanced extraction of
photogenerated charges. In addition, the graphitized CDs are capable of absorbing more light
compared to amorphous CDs (a-CD). The physicochemical properties of three CDs were
compared using different characterization methods and demonstrated that nitrogen doping in
the graphitic carbon core ensures ¢-N-CD to translate the strong absorption of visible light into
the enhanced charge separation for efficient photocatalysis. The investigation on their charge-
transfer properties to water will be presented in Chapter 4.

The research of CDs-based materials is still very young, and offers great promise in
various applications. However, further development of these materials requires giving attention
to fundamental questions concerning the structure—performance relationship so that they can
be designed and optimized for current and future applications. Therefore, CD is chosen as one

object of intense research in this thesis.

1.1.4 Polymeric Carbon Nitride (PCN)

Since the pioneering work reported in 2009 on the metal-free photocatalyst, polymeric carbon
nitride with visible-light activity by Wang and co-workers, [52—54] it has become a very popular
research topic. At first, this yellow-orange powder was named “graphitic carbon nitride” or “g-
C,N,” because a n—n stacking feature (20 = 27.4°) was observed in the X-ray diffraction pattern.
However, with the development in this field, samples with morphological changes from 2D
layered structure have been obtained, which shows no observed graphite features. The
crystallinity and chemical composition are also not always fixed but variable due to the
different syntheses. (Figure 1.5) Therefore, in this thesis, the term “PCN” (an abbreviation for
polymeric carbon nitride) is used to describe the polymer photocatalysts containing carbon and
nitrogen which are synthesized using cyanamide, dicyandiamide, melamine and urea as
precursors. [55]

The appropriate bandgap (~2.7 eV) endows PCN with visible light absorption and
promising photocatalytic performance, which has been demonstrated in various photocatalytic
applications. In the beginning, Wang reported the hydrogen evolution from water in the
presence of a sacrificial agent using bulk PCN. [52,53] Then, the PCN has been employed in
the field of photocatalytic organic synthesis, for instance, the selective oxidation of alcohols [50]

and the aerobic oxidative coupling of amines [57]. As mentioned earlier, the CO,
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Figure 1.5 Scheme of structural motifs and conversion process for polymeric carbon nitride materials.

photoreduction has gained significant interest as it provides a promising pathway for solar fuel
generation. It has also been demonstrated that PCN-based nanomaterials are promising for
CO, photocatalytic reduction. [58—60] Besides, PCN has also been applied in photocatalytic
overall water spitting. [61-63] The incorporation of CDs into the PCN matrix can lead to an
increase in the ultraviolet-visible absorption, and thus composite catalyst exhibits impressive
stability and performance for photocatalytic water splitting, with quantum efficiencies of over
16% under visible light irradiation, as well as an overall solar energy conversion efficiency of
2%. [44]

Optical, electronic and chemical properties of PCN materials can be influenced by its
size, composition and morphology. [64] Thus, the development of various synthetic methods

and modification techniques is highly desirable to obtain the optimized PCN photocatalysts.
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Among them, modification of the texture and electronic structure by incorporating
heteroatoms into the PCN molecules represents an effective approach considering the
polymeric nature of PCN and a wide choice of monomers and dopants.

Various anions (e.g. B, I, O, P, S and I) and cations (e.g. K, Fe, Co, Ni, Cu and Zn)
have been introduced into the frameworks of PCN via cither interstitial or substitutional
doping. [55,64] For instance, Fe—N bonds were formed when introducing iron atoms into the
PCN molecules. An improvement of photooxidation activity was shown in the Fe doped PCN
materials, due to the lowering of the bandgap and broadening of light absorption. [65]

Considering the polymeric nature, the 7m conjugation, as well as optical and
photocatalytic properties of PCN can be modified by polymerizing with structure-matching
organic co-monomers. This also provides another way to introduce heteroatoms into PCN
matrix. For example, trithiocyanuric acid has a very similar structure with melamine that is a
common precursor for PCN preparation and can be used to incorporate sulfur atoms into
carbon nitrides. [66] The sulfur doped PCN synthesized through the co-polymerization strategy
possesses an extended optical absorption edge and a promoted water oxidation activity. A
study on the influence of heteroatoms on the electronic structure of PCN materials will be
shown in Chapter 5.

As a layered material, the electronic structure and surface performance of exfoliated
PCN nanosheets is different from the bulk. Encouraged by exfoliating graphite to graphene, it
is expected to obtain PCN nanosheets from delaminating bulk layered PCN. It should be noted
that not only the n—= interactions but hydrogen bonds are also disrupted during the exfoliation
of PCN.

In 2012, Niu et al. reported a type of PCN nanosheets prepared by oxidation etching
of bulk PCN under high temperature. [67] The obtained PCN nanosheets have an ultrathin
structure with a thickness of about 2 nm, which is favorable for the electron transfer along the
in-plane direction and thus prolongs the lifetime of the photogenerated charge carriers. As a
result, the photocatalytic performance of PCN nanosheets is improved greatly. Except for
exfoliating from bulk samples, PCN nanosheets can also be prepared by bottom-up approach.
Inspired by the roles of phosphates and phospholipids played in the natural photosynthesis,
Liu et al introduced K,HPO, into the artificial photosynthesis system and achieved the
apparent quantum efficiency of photocatalytic hydrogen evolution over PCN to be 26.1% at
the wavelength of 420 nm. [68§]

Recently, the group led by Prof. Bin Zhang in Tianjin University reported a new record
of visible-light driven photocatalytic hydrogen evolution rate, 20.95 mmol h™' g, achieved by

the modified atomically-thin porous PCN sheets. [69] The ultrathin PCN nanosheets were
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synthesized by a facile one-pot two-step thermal treatment strategy. More details will be shown
in Chapter 6.

Since PCN was first reported as a photocatalyst with visible-light-activity, it has been
almost 10 years. The research of PCN-based materials is still accelerating, and holds a great
potential for being robust materials for various photocatalytic reactions. Through the better
understanding on the structure and composition, the applications of PCN-based photocatalysts
for photochemical energy conversion will be significantly enriched in the near future. Therefore,

PCN is taken as the other research object in this thesis.

1.2 Characterization of Carbon Nanomaterials

To further improve the performance of these carbon nanomaterials for the artificial
photosynthesis, the understanding of their structural, morphological, and chemical information,
the correlation between these characteristics and the activity are both needed. In order to
achieve this goal, a wide variety of characterization techniques have been employed to
investigate carbon nanomaterials under different conditions.

As introduced above, the carbon nanomaterial is a big family including nanodiamond,
fullerenes, carbon nanotubes, graphene, and so forth. It is impossible to review the
characterization methods and results that have been obtained to date of carbon nanomaterials
in such one short section. In this section, I focus only on carbon dots and polymeric carbon
nitride. A brief overview of the basic characterization techniques on these two materials will be
first given. Then the drawbacks of these conventional in-house techniques and the demand for

advanced techniques are highlighted.

1.2.1 Basic Characterizations of Carbon Nanomaterials

Morphology of carbon nanomaterials, such as the particle size of CDs, the number of
exfoliated PCN layers, provides the rich information about the active sites and shows
significant impact on the catalytic performance. The most straightforward and commonly
employed methods to visualize the morphology of carbon nanomaterials are electron
microscopies. Scanning electron microscopy (SEM) focuses on the information of sample’s
surface and topography. Transmission electron microscopy (TEM) provides more details not
only the morphology but also the composition, crystallization with an atomic resolution.
Atomic force microscopy (AFM) allows the investigation of materials at nanoscale. For carbon
nanomaterials, it is a powerful method to assess their surface topography and estimate the
number of graphene or other exfoliated structure due to the ultrahigh sensitivity to the vertical

scale.
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Ultraviolet—visible (UV—Vis) absorption spectroscopy can be used to measure the
transitions in a molecule from its occupied bonding (o and m) orbitals and non-bonding (n)
orbitals to unoccupied (n* and o*) orbitals. Especially, molecules with conjugated double bonds
(like CDs) will have n—n* transitions that fall into the UV—-Vis range. In addition, the optical
bandgap and light absorption edge of semiconductor photocatalysts can also be measured by
UV-Vis absorption spectroscopy, which is of vital importance for the photocatalytic process.
Photoluminescence (PL) emission examines the decay from the excited state to the ground
state, which is a complimentary technique to UV-Vis absorption spectroscopy. For the
photocatalytic process, the electron transfer kinetics and the recombination of electrons with
holes can be probed by the PL spectroscopy.

Infrared (IR) spectroscopy and Raman scattering are two types of vibrational
spectroscopies and complement each other in identifying the chemical bonding information of
carbon nanomaterials. Raman spectroscopy is sensitive to the materials consisting of highly
symmetric covalent bonds, and thus is suitable for the characterization on the elemental carbon
nanomaterials with uniformed structure, like diamond and graphene. On the other hand, for
those carbon nanomaterials with large amount heteroatoms doped (e.g., PCN materials in this
dissertation), IR spectroscopy becomes more sensitive. The assignment of some common
chemical bonds in CDs and PCN materials are summarized in Table Al in Appendix.

Another technique to characterize the chemical composition of carbon nanomaterials is
X-ray photoelectron spectroscopy (XPS). The high sensitivity to the chemical environment
allows it possible to qualitatively compare the atom in different binding sites and quantitatively
measure its abundance from XPS measurement. For example, three kinds of C—IN species
bonds have different bonding energy (Figure 1.3) but are not easily distinguished in IR
spectrum. Similarly, ultraviolet photoelectron spectroscopy (UPS) uses ultraviolet light to ionize
valence electrons, and thus determines the valence band structure of materials. Combination of
UV-Vis absorption spectroscopy and UPS results allows estimating the edge position of the

electronic bands of photocatalytic materials.

1.2.2 Demand for Advanced Characterization Techniques

As introduced above, conventional in-house characterization tools are well positioned to study
carbon nanomaterials for artificial photosynthesis. However, owing to the rich and complex
chemical nature, some fundamental technique is not suitable for CDs and PCN materials. An
example is the structural characterization of carbon nanomaterials. Powder X-ray diffraction
(XRD) is widely available in the laboratory for phase identification, but become powerless for

the nanosized structures and the polymeric materials with poor periodicity, like CDs and PCN
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studied in this dissertation. It therefore requires other methods for the investigation of such
materials. X-ray absorption and emission spectroscopies (XAS and XES) do not, unlike XRD,
require long-range order of its objects but are highly sensitive to the local structure. In another
word, XAS and XES are capable of providing element-specific probe of amorphous samples in
addition to ordered phases. XAS and XES can measure both electronic structure and chemical
environment of the absorbing atom.

Similarly, in addition to the above-mentioned XAS and XES, another synchrotron-
based soft X-ray spectroscopies, Resonant Inelastic X-ray Scattering (RIXS), can also be used
to investigate the electronic and crystal structure, nature of chemical bonds and dynamic
transfer processes of charge carriers in photocatalytic materials, especially consisted of light
elements such as carbon, nitrogen, oxygen, titanium and iron. [70] The major limitation of the
soft X-ray spectroscopies is actually related to the access to the synchrotron sources required to
conduct these experiments. The availability of a large range of photon energies (from IR to X-
rays) at the synchrotron radiation BESSY II light source is ideal to characterize materials,
determining their static and dynamical properties, and exploring their behavior upon light-
induced electronic excitation, and the following chemical reactions involving transient reactive
species.

Additionally, zn-situ and operando characterizations have attracted increasing attentions.
The term “in-situ” refers the sample is characterized in the same state as in its application but
without exposure to an external condition, while “gperands” can be considered as a special case
of “in-situ’, where all conditions including the sample state are consistent with the actual
operating condition. [71-73] The zn-situ and operando characterization techniques can enrich the
understanding of carbon nanomaterials at different scale and time domains, leading to
significant insights into the principles of development and functionalization. A typical example
of in-sitn and operando characterization of carbon nanomaterials is the employment of attenuated
total reflection (ATR) environmental cell in IR measurement that leads to the vatious
approaches for the determination of surface changes under various condition. [74-76] In
addition, the recent developments in the flow-cell technique have also offered /n-situ and
operando applications to soft X-ray spectroscopy. (see details in Section 2.2.3 and Section 2.4.2)
It should be emphasized that the zz-situ and operando characterization is beneficial for
investigating a real-world sample, but the data acquisition and interpretation of #n-situ and
operando experiments are far more complex, especially in soft X-ray spectroscopy under
ultrahigh vacuum conditions. Therefore, ex-sitn spectroscopic methods will still play a
significant role in materials characterization and not be substituted by zz-sitn and operando

detections.
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1.3 Brief Introduction of the Dissertation Structure

As introduced above, carbon nanomaterials are ideal candidates in the field of semiconductot-
based artificial photosynthesis, as either photosensitizers or photocatalysts. However, many
challenges remain and need to be addressed by a multidisciplinary research force. A challenge
of great interest for materials scientists is the design and preparation of optimal photocatalysts
with high efficiency. One for chemists is the construction and improvement of a proper reactor
for photocatalytic performance evaluation. Another challenge taken up by physicists is the task
of providing the microscopic understanding of both materials and reaction process and
clucidating the structure—performance relationship of carbon nano-photocatalysts.

In this thesis, we focus on two families of carbon nanomaterials which are of particular
interest for semiconductor-based photocatalysis: CDs and PCN. The role of surface chemistry
and heteroatoms in their electronic and chemical properties are focused. To this aim, different
spectroscopic techniques have been used. And, for each type of sample, the study begins with a
general investigation on this material and then shifts to the specific samples that have been
used in a photocatalytic process. The general-to-specific pattern can provide more information
of CD and PCN materials, not only for photocatalysis but also involving their other
applications.

First, in Chapter 2, the fundamental principles behind the spectroscopy measurements
and the kind of information that can be obtained from the different techniques are introduced
at the beginning, followed by a brief description of the experimental methodologies.

Chapter 3 presents a comprehensive study on the surface influence on the chemical,
electronic and optical of CDs. This work for the first time shows the experimental results on
the electronic structure of CDs materials by utilizing X-ray spectroscopic methods. An n-situ
study on the hydrogen bonding behavior of different functionalized CDs is also compared by
infrared spectroscopy using the environmental cell.

Chapter 4 focuses on the electron transfer between CDs with their surrounding water
molecules. Different carbon dots were provided by Prof. Erwin Reisner in University of
Cambridge (UK) and their catalytic performance has also been evaluated. The charge-transfer
between these samples with water and the structure of the interfacial water around CDs are
measured via zz-sitn soft XAS applying a new detection scheme demonstrated here for the first
time on nanoparticles.

In Chapter 5 the effect of various dopants on the electronic structure of PCN materials
are studied using XPS, UPS, XAS and RIXS. The bonds formed with dopant and the changes

of electronic structure in vicinity of the band-gap are described. Two types of doped PCN
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materials, with iron and sulfur, were synthesized by Xinchen Wang’s group in Fuzhou
University (China).

Chapter 6 presents a study of modified PCN photocatalysts synthesized from a
continuous thermal treatment. Prof. Bin Zhang and his colleague in Tianjin University (China)
evaluated the photocatalytic activity of these as-synthesized PCN materials and found that the
sample with poor light absorption showed the best performance, which seemed
counterintuitive and drove us to seek an explanation from spectroscopic study.

In Chapter 7, conclusions are summarized, and a brief outlook on possible future

studies is given.
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As introduced in the previous chapter, the advancement of carbon nanomaterials has been
facilitated by novel characterization methods that are capable of investigating materials on
various length and time scales. Characterization techniques based on synchrotron X-ray source
have played an important role in providing new insights into the materials’ electronic and
chemical structures with element- and site-sensitivities. In addition, many conventional
characterization techniques also exhibit powerful capabilities of studying carbon nanomaterials,
such as photoemission spectroscopy and infrared spectroscopy. In this chapter, the theoretical
background of these different spectroscopic methods is first briefly described, and then the

details of experimental techniques employed in this thesis are highlighted.

2.1 Interaction of Radiation with Matter
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Figure 2.1 Electromagnetic spectrum. The top numbers are the approximate wavelength boundaties of
the regions, and the approximate frequency boundaries are listed on the bottom. The visible portion of

the spectrum, shown expanded. Adapted from [77], and the permission to use is acknowledged.

Isaac Newton (1643—1727) discovered in 1666 that sunlight could be split into seven colors by
a prism and these colors were arranged in a spectrum with a constant order, which opened up
the research of light. More than 100 years later, the light was demonstrated as a form of
electromagnetic wave propagating at a constant speed by James Clerk Maxwell (1831—1879).
The arrangement of different types of electromagnetic radiation in the spectrum was found to
be determined by its wavelength A or its frequency v, which vary more than ten orders of
magnitude from Gamma rays to radio waves as illustrated in Figure 2.1. Later, the particle-like
properties of the light was also be uncovered. The light can also be regarded as photons. The
photon energy £ is also a characteristic of electromagnetic radiation, and related to its
frequency 1
E= hv

where £ is Planck’s constant (6.626x107** J+s). In addition, the wavenumber ¥ indicating the
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number of light waves per centimeter, is defined as:

1 4
2 v_(c/n)

where cis the speed of light in a vacuum, and (c/n) is the speed of light in a2 medium with a
refractive index n, in which the wave propagate. The wave number represents a unit of
radiation energy, as does wavelength. Table 2.1 shows the characteristics of X-ray, ultraviolet,

visible and infrared regions of the electromagnetic spectrum.

Table 2.1 Some electromagnetic radiation mentioned in this dissertation.”

) Wavelength Energy Wavenumber Frequency
Reglon [% nm] [E, eV] [V, cm] [v, THz]
X-ray 0.01-10 1.24x10°—124 1x10°=1x10°  3x10"-3x10*
Vacuum Ultraviolet 10—200 124-6.20 1x10°~50000 3x10*=1500
Near Ultraviolet 200—380 6.20—3.26 50000—26315 1500—=790
Visible 380—780 3.26—1.59 26315—-12820 790—380
Near Infrared 780—2500 1.59-0.50 12820—4000 380—120
Middle Infrared 2500—50000 0.50—-0.025 4000—200 120—6
Far Infrared 50000—1x10° 0.025-0.001 200—-10 6—0.3

9 Because the limits on the ranges are inexact, some of the boundaries may overlap.

These interactions of radiation with matter define spectroscopy and provide us various
methods to study matter. The spectroscope, first invented by Robert Wilhelm Bunsen
(1811—-1899) and Gustav Robert Kirchhoff (1824—1887) in 1860, [78,79] inaugurated a new era
in exploring the microcosm. Depending on the type of interaction with matter, vatrious
spectroscopic techniques have been developed. Next, the interaction of X-ray, ultraviolet and

infrared radiation with matter will be briefly described.

2.1.1 X-ray Interaction with Matter

In 1895 Wilhelm Conrad Rontgen (1845-1923) reported the discovery of a new kind of
radiation generated in a high voltage discharge tube, [80,81] and named it as “X-ray”, because
of its unknown nature. Today this radiation is well-studied as an electromagnetic radiation with
a wavelength ranging from 0.01 to 10 nanometers, and has become an important and powerful
basis for various techniques covering a wide application from medical to material science. For
the applications in material science, X-ray techniques are widely used for disclosing the
electronic and geometric structure of matters owing to the rich interaction between incident X-
ray and electrons in matters. The most relevant interaction mechanisms are scattering and

absorption.
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Compton scattering is an inelastic scattering process resulting in the decrease in energy
of the incident X-ray photons. [82] In the scattering process the energy difference of the
incident photon and the emitted photon is transferred to the material for excitation of
electrons. This effect was first observed by Arthur Holly Compton (1892-1962) in 1923 and
further verified by Yui Hsun Woo (1897-1977). [82-84] Compton scattering confirms the
particle-like property of light. When the energy of the incident photon decreases, Thomson
scattering (also known as Rayleigh scattering) can be observed. Here, a free electron oscillates
in response to the electric vector of X-ray and emits a radiation with the same frequency as the
incident X-ray. Only the angle of deflection is changed in the process without changing the
energy. This phenomenon was first explained by Joseph John Thomson (1856—1940) using
classical electromagnetism. Quantum mechanics proves Thomson scattering is the low-energy
limit of Compton scattering. This interaction has great significance in the area of X-ray

crystallography. [84]

Vacuum ...x ........ ...* ................ 2...

FermiLevel «--:s preseresesarnnnnnp

XAS XPS XES Auger

Figure 2.2 Schematic of X-ray absorption process (XAS), photoexcitation of an electron into the
continuum (XPS), emission of an X-ray photon upon decay of a valence electron into the core hole
(XES) and non-radiative relaxation of the core hole via Auger emission (Auger). Solid and hollow circles
respectively present electrons and holes, and only final states are shown. Violet arrows represent X-rays,

dashed arrows represent electron excitation and decay.

In addition to scattering, another type of radiation—matter interaction that occurs when
the incident photon energy continues decreasing is photoelectric absorption. In this process, an
X-ray photon is absorbed by an atom in which the photon may excite the electron from a core
level to a valence level or above. If the electron is excited to an unoccupied state in the vicinity
of the Fermi level by the incident X-ray, it represents the prototype for X-ray Absorption
Spectroscopy (XAS). If the incident photon energy is higher than the ionization energy of the

atom, an electron will be ejected with a defined kinetic energy, which is the underlying process
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in X-ray photoelectron spectroscopy (XPS). Two competitive processes occur after the X-ray
absorption: X-ray fluorescence and Auger electron emission. In the former radiative process,
the excited electron releases its excess energy upon relaxation which is carried away by an X-ray
photon that can be detected in a typical X-ray Emission Spectroscopy (XES) measurement. In
the other non-radiative process, the excess energy is transferred to a secondary electron. The
above-mentioned processes are described in Figure 2.2. The application of these processes for

spectroscopy will be introduced later.

2.1.2 Ultraviolet Interaction with Matter

The early studies that indicated the interaction of ultraviolet (UV) light with matter were
performed by Heinrich Rudolf Hertz (1857-1894) and Wilhelm Ludwig Franz Hallwachs
(1859-1922) in 1887.[85,80] These experiments demonstrated that negative charge can be
removed when a solid is irradiated with UV light. In the following years, these experiments
were repeated and finally explained as the “photoelectric effect” by Albert Einstein (1879-1955)
in 1905 by introducing the nature of light.

@
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Figure 2.3 Scheme of the three step model descriptions of the photoemission process. Reproduced

with permission from ref. [87], copyright 2003 Springer-Verlag Berlin Heidelberg.

When a UV photon is absorbed by matter, photoelectrons and secondary electrons are

generated by ionization, similar to the interaction of X-rays with matter described above. When
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the energy of the incident UV light Avis higher than a certain energy, electrons can be emitted.

The minimum certain energy was referred as the work function of the matter, ®. Therefore,

the maximum kinetic energy of the photoelectrons Ekmax ideally equals to the energy difference

between the photon energy of incident UV and the work function of the work function, [87] i.e.
Eimax = hv— @

The photoemission process can be broken down into the following three steps (Figure

2.3): the excitation of a photoelectron, its transportation to the surface and its penetration

through the surface into the vacuum. [87]
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Figure 2.4 Energy dependence of the inelastic mean free path for electrons in a solid. Adapted with

permission from [88], copyright 1979 John Wiley & Sons, Inc.

When they transport to the surface, the excited electrons can undergo inelastic
scattering, which causes their kinetic energy to decrease. The intensity of primary electrons [o
decays exponentially with distance and can be described by the Beer—Lambert law,
(d)=Iloe=4/XE) where A(E) is the travelled distance after which the intensity of an electron
beam is decayed to 1/ e, which is called inelastic mean free path IMFP). [87] It only changes
with the kinetic energy, regardless of material. For most kinetic energies, the value of the IMFP
is in the range of several nanometers (Figure 2.4). [8§]

When the kinetic energy of the electron is large enough to overcome the work function

of the sample, then it can successfully escape the solid. If the photon energy of radiation is not
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enough to excite the electron out of the matter, it will excite the electron to higher energy level,
which normally occurs with the UV and visible light irradiation. The relevant experimental
techniques include ultraviolet photoelectron spectroscopy (UPS), UV-visible absorption

spectroscopy and fluorescence spectroscopy, which will be introduced below.

2.1.3 Infrared Interaction with Matter

Infrared (IR) light was discovered by Friedrich Wilhelm Herschel (1738—1822) in 1800 as the
first type of invisible light, which has been already well studied and utilized in various fields.
The photon energy of infrared is less than 1.6 eV (see Table 2.1), which coincides with the
transitions between the molecular vibrational levels.

Similar with the previous discussion on the atomic interaction with photons, when a
molecule is exposed to an electromagnetic radiation, whose energy exactly matches the
difference between two energy levels of the molecule, the molecule can absorb the photons,
causing the transition to a higher energy level. However, the coincidence of energy is not
sufficient to decide whether the molecular can interact with the absorbed photon but it is also
governed by “selection rules” that are based on quantum mechanics and group theory. [89]
Therefore, when a molecule interacts with infrared photons, transitions in the molecule can be
either allowed or forbidden due to the selection rules, and only allowed transitions give rise to
the infrared absorption.

The distribution of charge across the molecule can be changed due to the oscillating
electric field generated by the infrared radiation. That the charge differential is multiplied by the
distance between the charges defines the dipole moment of a molecule. The molecular
vibration must be accompanied by a change in the instantaneous dipole moment. This is
because when the dipole moment of the molecular vibration changes, an electric field from the
oscillating dipoles is generated and can couple with the external oscillating electromagnetic field
at the matching frequency, leading to the energy transfer from the infrared radiation to the
molecule. In addition, the greater the dipole moment changes during a vibration, the more
easily the photon energy transfer to molecules. The selection rule for the interaction of infrared
with molecule is based on the change in the dipole moment of the molecule during the
molecular vibration. [89]

According to the selection rule, homonuclear diatomic molecules do not interact with
infrared radiation because there is neither permanent dipole moment nor varying dipole
moment as the two atoms vibrate. But this does not imply that only asymmetry molecules with
permanent dipole moment can interact with infrared radiation. CH,, a type of tetrahedral

molecule, has no permanent dipole moment. But its instantaneous dipole moments are present
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when its bonds undergo an asymmetric stretch. Similarly, the dipole moment of CO, molecule
changes during the asymmetrical stretching vibration and deformation vibration. Therefore,
CH, and CO, are capable of absorbing the infrared radiation due to the molecular vibrations,
which makes them significant greenhouse gases.

As discussed above, the interaction of infrared radiation with molecules results in the
transition between certain vibrational levels, reflecting the characteristic information of the
molecule, which can be utilized as a spectroscopic method for studying molecules. More details

can be found in Section 2.4.

2.1.4 Synchrotron Radiation

To control the interaction of radiation with matter and further explore the world invisible to a
naked eye, technological developments in advanced light source are required. The synchrotron
radiation facility, in particular, is capable of providing electromagnetic waves comprising
infrared light, visible light, ultraviolet light, and X-rays. Synchrotron radiation was first
predicted theoretically in 1945 by Julian Seymour Schwinger (1818—-1994) and then accidentally
discovered at a magnetic-induction electron accelerator of General Electric Research
Laboratory in the U.S. in 1947.[90] This was the prototype of the first generation of
synchrotron radiation sources, which is parasitic on the high-energy collider. The advantages of
synchrotron radiation, like great brilliance, high collimation and wide tunability in photon
energy, enable it a powerful technique for cutting-edge research in diverse fields. [90] In the
field of materials science, synchrotron radiation has been used heavily in the precise
characterization of electronic, chemical and geometric properties since the second-generation
source became available in the late 1970s.[90] In the past several decades, many novel
synchrotron-based characterization techniques have been developed due to the advancement in
light source.

When the charged particles move at almost the speed of light in a magnetic field, the
charged particles will travel in a curved path and emit synchrotron radiation in the tangential
direction of the motion. [90] Synchrotron radiation can be generated at different types of
magnetic structures in electron storage rings (Figure 2.5). [91] As shown in Figure 2.5a,
synchrotron radiation covering a broad energy range is emitted at a bending magnet. As novel
synchrotron-based techniques emerge, the requirements for the quality of synchrotron
radiation are increasing. Various insertion devices have been installed in modern synchrotron
facilities, which are comprised of rows of magnets with alternating polarity. The undulator and
the wiggler are two commonly used insertion devices. [90] As shown in Figure 2.5b, the

electron beam wiggles with a small angular divergence through the undulator. As a result, quasi-
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monochromatic light with enhanced brilliance can be obtained by the interference effect. [90,91]

a

Photon Flu

Photon Energy

Photon Energy

Figure 2.5 Schematic diagrams of the generation of synchrotron radiation by injecting electron bunches
into (a) one group of bending magnets or (b) an undulator with a parodic magnetic structure. The
corresponding photon energy distribution is shown on the right side of each figure. Reproduced with

permission from ref. [91], copyright 2017 American Chemical Society.

Taking the accelerator of the BESSY 11, a third-generation synchrotron radiation source,
as an example, electrons produced by an electron source are accelerated in a linear accelerator
to possess the energy of 50 MeV. Electrons are then injected into a booster ring and are
accelerated further to the final energy of 1.7 GeV, reaching near speed of light in vacuum.
Electrons enter the storage ring of circumference 240 meters and travel through different
insertion devices. As a result, a variety of synchrotron lights with different photon energies are
generated and released into different beamlines for experiment using different experimental
end station. Currently, 46 beamlines and various experimental stations are available to user
operation at BESSY II. The measurements presented in this dissertation were carried out at
different beamlines with different end stations, which will be introduced in the following

sections.

2.2 X-ray Absorption and Emission Spectroscopy

As introduced in the previous chapter, X-ray absorption and emission spectroscopies

investigate both the electronic and atomic structure in the vicinity of a specific atom by
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measuring the unoccupied state and occupied states, respectively. These measurements are
usually performed at a synchrotron facility due to the requirement of an intense and tunable
source of monochromatic X-ray to excite the core electron of the atom. In this section, after an
overview of the basic principle of X-ray absorption and emission processes, the major
experimental aspects for the understanding of solid materials and liquid samples will be

illustrated.

2.2.1 General Principles

As shown in the previous section, the absorption of an X-ray photon of a matter leads to
various phenomena depending on the incident energy. In the soft X-ray portion, electrons in

the core level can absorb the energy from X-ray photon and be excited to unoccupied states.
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Figure 2.6 Illustration of the principle of X-ray absorption spectroscopy for a diatomic molecule. Upon
the X-ray irradiation, a 1s electron is excited to an unoccupied molecular orbital. By measuring this

absorption process, the X-ray absorption spectrum (shown on the left) can be thus obtained.

When the X-ray energy scans equal to the ionization energy of a core electron,
resonance absorption occurs, leading to a sharp increase of the absorption coefficient. This
jump is called an absorption edge, which can be utilized for the element-specific analysis on the
materials. Figure 2.6 depicts the basic principle of XAS with a diatomic molecule as the
example. A soft X-ray photon gets absorbed and excites an electron from core level to an
unoccupied state. The photon energy of the incident X-ray matches the energy difference
between the final and the initial state.

Experimentally, the above process can be visualized by measuring the X-ray absorption
coefficient as a function of incident photon energy. The absorption coefficient p describes the

extent to which the intensity of an incident X-ray beam is reduced as it passes through a
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material. As indicated by Beer—Lambert law, the X-ray intensity /rafter the beam go through a
thickness of sample £is:

I=Ilpe—1t
where /o is the incident intensity.

This represents the most direct method of measuring the XA spectrum. However,
considering the limited penetration depth, transmission measurements are extremely
challenging in the soft X-ray regime. In case of carbon nanomaterials studied in this thesis, the
attenuation length of soft X-ray is indeed in the submicron range, as shown in Figure 2.7,
which restricts its application for very thin samples. This requires other methods that directly

measure the probability of the generation of a core hole upon X-ray absorption.
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Figure 2.7 X-ray attenuation length for carbon (density is 2.2 g'cm™3) as a function of photon energy at

fixed angle, 90°. Plotted using the date from [92].

The final state in the X-ray absorption process is an excited state and will relax by
emitting either a photon (radiative decay) or an electron (non-radiative decay). [93] The
generated core hole is subsequently filled by an outer shell electron, thus producing X-ray
fluorescence. The energy of this outgoing photon equals to the energy difference between the
outer shell and the core shell. The fluorescence intensity is directly related to the number of
created core hole and is therefore proportional to the absorption coefficient. This detection
mode based on the radiative decay is known as the Fluorescence Yield (FY) detection of XAS.

Non-radiative (Auger) decay represents as the other major decay channel that an electron from
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a higher energy level fills the core hole followed by the emission of a second electron releasing
the energy. Electrons emitted from Auger decay can be detected as a function of excitation
energy, which is referred as Electron Yield (EY) XAS. The typical depth sensitivity in case of
electron yield measurement is given by the escape depth of electrons lying within the range of
2-20 nm, which makes the method strongly surface sensitive. On the other hand FY mode is
more sensitive to the bulk structure since the typical depth can be about 100 nm in the soft X-
ray region. [93] These two decay processes compete with each other. The relative yields depend
on the atomic number Z The Auger decay dominants for light elements over X-ray

fluorescence, as shown in Figure 2.8.
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Figure 2.8 Auger clectron and X-ray fluorescence yields as a function of atomic number Z. In general,
the Auger yield is higher for elements with lower atomic numbers while the fluorescence yield increases
for elements with higher atomic numbers. Downloaded from [94], and the permission to use is

acknowledged.

In both modes, when the emitted photons or electrons of all energies are detected and
added up to obtain the X-ray absorption measurement, they are known as Total Fluorescence
Yield (TFY) or Total Electron Yield (TEY). When electrons and photons of specific energies
are discriminated, the detection mode is called “partial yield”. When recording the photons
generated upon decaying from occupied states at a fixed excitation, X-ray emission
spectroscopy (XES) can be measured and information on occupied electron orbitals of a

material is provided.
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When there is only one intermediate state in the X-ray emission process, it can be
succinctly described by a two-step model, where absorption and emission are considered as two
separated processes. It is a good approximation when the electron is excited to a state with
sufficiently long lifetime. Practically this can be the case for states significantly above the
threshold, leading to the ionization of the molecule, which is shown in the non-resonant X-ray
emission process. If several intermediate states exist, the various possible channels would
interfere, and then the two-step model is no longer applicable. The emission process cannot be
decoupled from the absorption, but has to be treated as a one-step process, which always
occurs in resonant X-ray emission process. The intermediate state of non-resonant X-ray
emission is the same as the final state of X-ray photoemission, whereas that of resonant X-ray
emission is the same as the final state of X-ray absorption. Both non-resonant and resonant X-

ray emission processes are second-order optical processes. [70] When the emitted-photon
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Figure 2.9 Schematic of the electronic energy levels and corresponding notations for X-ray absorption

and emission processes. For clarity only three electronic shells (K, L and M) are shown.



2| Experimental Methods

energy differs from the incident-photon energy, the resonant X-ray emission spectroscopy is
called “resonant inelastic X-ray scattering (RIXS)”. [95]

To name the X-ray absorption edges and emission lines used in X-ray spectroscopy,
different notations have been proposed. X-ray absorption and emission spectroscopies are
core-level spectroscopies; therefore, they can be described using the core electrons involved in
the process. In quantum mechanics, the core electrons exist in discrete orbitals, which are
classified using the principal quantum number (symbolized n). The sets of orbitals with the
same principal quantum number are defined as energy levels, which are labelled alphabetically
as Kn=1),L 1n=2),M (@ =3), ... according to their distances from the nucleus. X-ray
absorption edges are named based on the energy state of the excited electron, for example, the
K edge absorption arises from the 1s electrons. This notation, named as X-ray notation, was
proposed by International Union of Pure and Applied Chemistry in 1991 to replace the
Siegbahn notation. [96] However, the Siegbahn notation is still widely used in X-ray emission
process. A scheme of the atomic energy levels and the notions for the X-ray absorption edges
and emission lines are shown in Figure 2.9.

The more detailed explanations of these soft X-ray spectroscopies are offered by J.

Stéhr [93], F. de Groot and A. Kotani [70].

2.2.2 Experimental Solid-state XAS Measurement

Total electron yield (TEY) mode XAS is widely used for solid sample measurement in the soft
X-ray range. As discussed previously, after the X-ray absorption, the excited electrons may
decay by transferring its energy to nearby electrons. The electrons near the surface can be
ejected from the material by gaining energy; consequently net positive charges become available
on the sample. The drain current of the sample to ground is measured as the TEY detection.

To obtain a correct spectrum, energy calibration and intensity normalization become
very important. For TEY measurements performed at BESSY II, the photocurrent of the last
refocusing mirror of the beamline is recorded during each experiment, and is denoted as /.
Therefore, the presented XA spectra are calculated by: I = £/ h, where the pure sample drain
current is assigned to k. In addition, the carbon K-edge spectra of the beamline (carbon
contamination) was measured using a GaAs photodiode, installed downstream of the
monochromator, which can be used for the calibration of the sample carbon K-edge spectra
(see Appendix II).

The solid samples measured in this dissertation were always dispersed to form aqueous
solution and then drop-casted on a conductive silicon wafer. Then the samples would be

introduced onto a copper plate with electrical connections to the Keithley electrometers (Model
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6514) that would enable recording the photocurrent for the electron yield measurement. All
TEY mode XAS measurements presented in this work were performed using LiXEdrom end
station at the beamline U49-2 PGM-1 or UE56-2_ PGM-2 at BESSY II. The detailed
description of beamlines can be found in references [97,98] and Appendix.

As indicated in the name of this setup, “LiXEdrom”, was initially developed for liquid

samples, which will be detailed in the following sections.

2.2.3 Experimental Liquid-state XAS Measurement

XAS has been successfully applied ex stz on solid materials and can provide detailed
information on the local chemical and electronic structures of the excited atom. On the other
hand, the electronic structure of materials can be influenced and modified by surrounding
solvent environment. Studying the electronic structure of liquid environment and, especially
aqueous dispersion of nanomaterials under /z-sizu condition, by soft X-rays has attracted
substantial attention in recent years, and is still a great challenge, due to the contradiction
between the typically high vapor pressure of the liquid and the strict vacuum requirement for
signal detection. [99—101] The liquid flow cell, using membranes to isolate the liquid phase
from the vacuum, provides the possibility to investigate liquid samples and nanoparticle
dispersions in vacuum with soft X-ray.

In this thesis, two different types of flow cell were employed. One is the flow cell
connected with two electrodes connecting to an ammeter enables the ionic yield detection
which is applicable in the LiXEdrom station. The cell is made of polyether ether ketone
(PEEK) and could be attached to a sample holder with screws and O-ring for vacuum sealing.
The membrane that is made of silicon wafer with silicon nitride (Si;N,, Silson Ltd., United
Kingdom) window was screwed and pressed mechanically against the cell body during
operation. Liquid samples flow through the tubes behind the membrane. The membrane
(typically 75-100 nm) is coated with Au (10 nm) and Cr (5 nm) was served as the front
electrode. The counter electrode is a platinum rod of 1.6 mm diameter. A syringe pump was
used to push the liquid during the experiments. The volume of liquid sample are decided by the
loop, normally a minimum of 3 mL sample is enough for the measurements. Figure 2.10
presents the schematic drawing of the liquid flow cell.

Originally, this flow cell was designed for the TFY- and PFY-mode XAS measurements.
However, for carbon materials, the fluorescence yield is extremely low (as shown in Figure
2.8), moreover most soft X-rays are absorbed by the membrane (or adsorbed carbon
contamination) therefore no signal from the samples can be detected. Recently, the new

detection scheme by detecting ionic yield for XAS measurement was proposed by Dr. Jie Xiao
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et al in HZB, termed as “total ion yield” (TTY), and demonstrated to be bulk-sensitive. [102,103]
This provides an opportunity to characterize carbon nanomaterials in liquid state. Further

details will be given in Chapter 4.
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Figure 2.10 Schematic of the flow cell for ionic-current detection for XAS measurement. Adapted with

permission from ref. [104], copyright 2019 Wiley-VCH.

The other type flow cell for the liquid measurement applied in this thesis is the
transmission cell by detecting the incoming and transmitted X-ray through the liquid sample.
At the UVSOR-III synchrotron facility, Dr. Masanari Nagasaka et al. developed such a
detection scheme. [105] UVSOR-III, the ultraviolet synchrotron orbital radiation facility, is
located in Okazaki, Japan, which is a third-generation light source with a storage ring of 53
meters long and 15 consequent beamlines. [106] The transmission mode XAS were measured
at BL3U beamline. More details about the beamline BLL3U can be found in the literatures [107]
and Appendix.

The transmission-type liquid flow cell is schemed in Figure 2.11. The liquid sample is
pumped in the tube and flows behind two 100 nm thick Si;N, membranes, which ensures X-
ray penetration. The thickness of liquid sample layer can be adjusted from 2000 to 20 nm by
changing the helium pressure outside two membranes to optimize the sampling signal. [108] A
photodiode detector is applied to measure the transmitted X-ray after the absorption. The
calibration of the photon energies at the C and O K-edges made use of gas molecules. [109]
The photon energy of the polymer film at the C K-edge is calibrated by the first peak (287.96
eV) of methanol vapors, and that at the O K-edge is calibrated by the O 1s ©* peak (530.80 eV)
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for free oxygen molecules, respectively. [108] For the result at C K-edge, the background signal
of the membrane recorded with pure water was subtracted from the sample spectra. Under the
optimized condition, the energy resolutions at the C and O K-edge are 0.14 and 0.4 eV,

respectively.
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Figure 2.11 Schematic of the transmission cell setup. The transmission-type flow cell is separated into
four regions. Incident X-ray is introduced from region I under vacuum and reaches the sample cell after
passing through a membrane. By changing the pressure of Helium in region II can adjust the thickness
of liquid sample in region III. To measure the transmitted X-ray after the absorption by the sample, a
photodiode detector is installed in the region IV filled by helium. Reproduced with permission from

ref. [105], copyright 2010 Elsevier.

2.2.4 X-ray Emission Spectroscopy

As stated in the previous section, the X-ray emission was presented as one decay channel after
the X-ray absorption process. Since the energy of the emitted photons equals to the energy
difference between the occupied states and core holes, the X-ray emission process carries the
information about the occupied states. X-ray Emission Spectroscopy (XES) measuring the
energy-dependence of the emitted X-ray photons is a technique complementary to XAS and
provides information about the local electronic and chemical properties of the occupied
states. [70] It is also possible to combine XAS and XES in one spectroscopic technique that is
RIXS containing the information of both the incident and emitted photons. In addition, the
high-resolution RIXS can also be successfully applied to probe molecular bond vibrations in
the ground states. [110—112] In general, the spectral resolution of RIXS is not as high as that of

the IR spectroscopy, but is drastically improving due to the advances in instrumentation. [113]
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Meanwhile, RIXS is capable of selectively probing a specific subensemble of molecules when
measuring at the resonant excitation, which is an advantage over IR spectroscopy. [110]
Therefore, RIXS can act as an effective complementary spectroscopic method to IR
spectroscopy on investigating the molecular vibrations.

In this thesis, all non-resonant XES experiments were performed using the LiXEdrom
end station. The setup consists of a main experimental chamber, a grating chamber and a
detector chamber. Different sample holders placed in the main experimental chamber ensure
both XAS and XES measurements on liquid or solid samples. The sample manipulator can be
moved in three dimensions with micrometer precision to align with the X-ray beam and the
detector. In the grating chamber, four different gratings together covering the energy range
from 20 eV up to 1000 eV are mounted on a revolver shaped grating holder. [114,115] The
detector equipped in the LiXEdrom station consists of a deflection plate, two dimensional
multichannel plates (MCP), a phosphorous screen and a charge-coupled device (CCD)
camera. [115] For the XES measurements, the sample, the grating holder and the detector lie
on the Rowland circle. [115]

The RIXS results presented in this thesis were measured using the PEAXIS end station
at the BESSY II which enables Photoemission Spectroscopic (PES), XAS and RIXS studies on
materials within the same experimental setup. The PEAXIS experimental station has a sample
chamber which is connected to the interaction chamber with a load lock which is used to
transport the samples. The sample chamber, the load lock as well as the interaction chamber
are kept under ultrahigh vacuum of 10°~10" mbar. [116] A commercial hemispherical electron
analyzer from SPECS Surface Nano Analysis GmbH is used for electron detection during the
PES measurements. The RIXS spectrometer comprises of a grating chamber, a five-meter-long
moveable rotating arm for angle dependent RIXS and a CCD detector. [117]

Further details on LiXEdrom and PEAXIS experimental end stations are published
elsewhere [114-117] and summarized in Appendix.

2.3 Photoelectron Spectroscopy

Photoelectron spectroscopy (PES) measures the kinetic energies of electrons ejected from
materials based on the photoelectric effect. Therefore, the average sampling depth of PES
roughly coincides with the IMFP of the electrons in the material. In other words, PES is a
surface-sensitive technique. Depending on the different types of excitation sources, PES
experiments can be divided into X-ray photoelectron spectroscopy (XPS) and ultraviolet

photoelectron spectroscopy (UPS).
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2.3.1 X-ray Photoelectron Spectroscopy

In XPS, the absorption of an X-ray photon drives the emission of a photoelectron. The X-ray
photons are generated by high-energy electron bombardment of a metallic anode. Aluminum
(Al Ko: 1486.6 ¢V) and magnesium (Mg Ka: 1253.6 eV) are the two most commonly used

anode materials.
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Figure 2.12 Schematic illustration of the photoemission process. Electrons with binding energy £ can

be excited above the vacuum level by photons with energy AV. Reproduced with permission from

ref. [118], copyright 2005 IOP Publishing.

The photoemission process in a sample upon X-ray irradiation is illustrated in Figure
2.12. The photon energy of the incident X-ray (AV) is decided by the soutce employed in the
spectrometer. The kinetic energies of emitted electrons (£k) can be measured by the analyzer.
In addition, the work function @ of the sample remains consistent with the Fermi level (£F) of
the analyzer if the sample has an electrically conductive contact with the analyzer. Consequently,
the binding energies of the emitted electrons (£B) are determined by using the equation
mentioned in Section 2.1.2:

EBB=hv—E—®

The above discussion also confirms that a sufficient electrical conductivity of the
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sample is necessary for PES measurements. Otherwise, a charge-up of the sample will occur,
which can induce artifacts in the observed spectra when studying semiconductors and
insulators with poor conductivity.

For a XPS spectrum, the position and the intensity of a peak contain the main
information. Because the position of a peak, i.e., the exact binding energy of a core level is very
sensitive to the chemical environment and the oxidation state of the emitting atom, the
identification of an XPS peak and the quantification of its intensity can be used to determine
the species with their relative abundances in the material. [118] For this purpose usually a survey
scan is recorded first, then high resolution scans are performed at the different core levels.

In addition to the laboratory-based light source, the use of synchrotron radiation for
XPS makes it possible for depth profiling and resonance photoemission with tuning the X-ray

excitation energy.

2.3.2 Ultraviolet Photoelectron Spectroscopy

As described above, XPS is a type of core-level spectroscopy, detecting the core electrons due
to the high photon energy of incident X-ray. To obtain the complete electron configuration,
the description of valence electrons in the outermost energy level is also indispensable. The
binding energies of valence electrons are generally between 0 and 15 eV, which can be excited
by ultraviolet photons. UPS is a simple tool for investigating the electronic structure of the
valence electrons of a material.

A helium gas-discharge lamp is the most commonly available laboratory-based source
for UPS measurement, where emitted photons possess energies of 21.2 ¢V (He I) and 40.8 eV
(He II) with a good energy resolution and a high flux. [119] Therefore very fine features in the
valence band (or the highest occupied molecular orbital, the HOMO) can be resolved. The
primary electrons contain the information about their initial state and thus produce distinct
spectral features, where the binding energies of electronic states can be extracted. The binding
energy of the valence band maximum (or the HOMO onset) is of interest for semiconductor
photocatalysts, which can be used to determine the bandgap structure and decide their
photooxidation ability. [119] It should be noted that, UPS probes the total density of occupied
states of the molecule, whereas the above-mentioned XES probes the partial density of
occupied states of different atoms in the molecule.

Moreover, the onset of the signal stemming from the secondary electrons gives direct
information about the work function of the material. If the work function of the detector has
been corrected by measuring the kinetic energy of electrons originating from the Fermi-level of

a metal, the energy of the secondary electron cut-off (SECO) onset represents the work



Experimental Methods 2

function of the sample.
Similar to that in XPS, the synchrotron light (less than 100 eV) can also be employed in

the UPS measurement.

2.3.3 CISSY Experimental Station

XPS and UPS experiments in this work were performed using the CISSY setup using the lab-
based source. The CISSY consists of three main chambers: load-lock, preparation and analysis
chambers, which are kept under ultrahigh vacuum in the order of 10 mbar or below (Figure
2.13). [120] The samples are first placed on a load-lock manipulator, then introduced to the
preparation chamber and the analytic chamber. In addition, a sputter chamber and N,-filled
glove box are attached to the setup, allowing the deposition and ambient pressure preparation
of chalcopyrite Cu(In; Ga)(S,Se), (CIS) thin film solar cells. This unique design makes CISSY
to be a combination of spectroscopic studies with in-system preparation. The setup can also be
used as a mobile end station for the experiments at BESSY II synchrotron. The name of this

setup, CISSY, was derived from “CIS” and “synchrotron”. [120]
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Figure 2.13 Schematic drawing of the CISSY setup. Downloaded from [121], and the permission to use

is acknowledged.

To realize the spectroscopic characterization of materials, two radiation sources, an XR
50 X-ray source and a UVS 10/35 UV source from SPECS Surface Nano Analysis GmbH and
a CLAM 4 photoelectron analyzer from VG Scienta GmbH are equipped with the CISSY. [120]
The XR 50 X-ray source is equipped with two different anodes (Mg Ko at 1253.6 eV and Al
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Ko 1486.6 eV) for XPS experiments. For UPS measurement, photons with two different
energies can be emitted from the UVS 10/35 UV source: He I 21.2 eV and He II 40.8 eV
depending on the gas pressure inside the lamp.

All XPS and UPS shown in this thesis were respectively measured using Mg Ko
radiation and He I as excitation source. The analyzer of the spectrometer was calibrated using
pure gold. All samples were thin film on Si wafer drop-casted from aqueous dispersion. The
pass energies of XPS and UPS measurement were set to be 20 eV and 5 eV, respectively. C, N
and O 1s XPS spectra were fit to a Gaussian—Lorentzian peak (30% Gaussian) after a Shirley-

type background subtraction to determine their exact binding energies.

2.4 Infrared Spectroscopy

As discussed in Section 2.1.3, the vibrations corresponding to a variation in the dipole moment
in the molecule will lead to an absorption band in the Infrared (IR) region. Observed IR
absorption bands in samples can allow access to information on the nature of present
vibrational modes, chemical composition, bonding lengths and strengths, as well as the angles
of chemical groups, existing hydrogen bonding networks, and the conformation of the
molecule. IR spectroscopy is therefore useful for the studies of molecule. The /n-situ IR
measurements can be applied in the qualification and quantification of different species due to

the chemical environment changes.

2.4.1 Vibration Transition and Infrared Absorption

Atoms in a molecule above the temperature of absolute zero are in motion around their
equilibrium positions, which lead to the molecular vibration. The vibration in a diatomic
molecule represents the simplest type of molecular vibration. Such vibration occurs when the
bond between two nuclei stretches or compresses, which can be simplified using the harmonic
oscillator model. The potential energy £ of an ideal harmonic oscillator is described in classical

mechanics as:
1 2
E=-k(r-re)

where kis the force constant measuring the strength of the bond between two nuclei, and ris
the distance between two nuclei after deviating from the equilibrium bond distance 7.

However, real molecular vibrations are more complicated. To accurately understand the
molecular vibration of real molecules, quantum mechanics are required. When applying the
quantum mechanics to the ideal harmonic vibration, the vibrational potential energy £ can also

be expressed with the vibrational quantum number v:
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E=hw(v+2),v=0,1,2,..
where /1is the Planck’s constant, and W is the fundamental frequency of the particular mode.

Therefore, the vibrational energy of ground state (V=0) is %hvo, that of first excited level (v=1)

1s %]11/0, and so on. The vibrational energy levels in this case are distributed evenly. [122]
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Figure 2.14 Vibrational potential energy curves of an ideal harmonic oscillator model (dashed line) and

a real molecule (solid line). Adapted from ref. [122] with permission from Elsevier.

Figure 2.14 shows the potential energy curves for the ideal harmonic vibration and real
molecular vibration. At low vibrational energies two curves are very similar, but at higher
vibrational energies the curve for the real molecule becomes much wider. Additionally, the
space of two adjacent vibrational energy levels for a real molecular vibration become smaller
and smaller as the vibrational quantum number increases. In such a case, the motion becomes
anharmonic. A more accurate description of vibrational modes in real molecules is given by the
anharmonic approximation of the vibrational potential. The empirical description of the
potential energy in a diatomic molecule is given by the Morse function [122]:

(r) = De(1e=a(r=Te))2
where De is the molecular dissociation energy measured to the bottom of the potential energy

. . . k . .
curve in Figure 2.14, and ais a constant equal to (5)1/ 2. The energy between the vibrational
e

modes is then no longer equidistant, and with raising vibrational quantum number it becomes

smaller. The vibrational energy levels £'are given by
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E=hve[(v+ g) -Xe(v+ %)2]

where Ve is the harmonic vibrational frequency and Xe is anharmonicity constant, Xe= [122]

e
4Dy’
The selection rules obtained for allowed vibrational transitions, previously mentioned in the
Section 2.1.3, now can be described as Ayv=*1, +2 £3 ...

Molecules containing more than two atoms have more than one bond, and various
vibrational modes can be coupled. For such complex molecules, all vibrational modes can be
simplified as several independent motions, which are called normal modes. In addition, some
of the vibration modes of large molecules can be classified when considering the symmetry of
the molecule. The number of normal modes therefore depends on the total number of atoms

and the molecule symmetry.
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Figure 2.15 Vibrational modes of a methylene group (~CH>—). Adapted from ref. [122] with permission

from Elseviet.

As introduced in Section 2.1.3, there is a “selection rule” that decides whether
molecular vibrations can be interacted with infrared photons. The normal modes of vibration
that fulfill the above-mentioned selection rules are infrared-active, and be measured using
infrared spectroscopy. For example, atoms in the methylene group that are ubiquitous in
organic compounds have six different vibrational modes: asymmetrical and symmetrical
stretching, scissoring, rocking, twisting and wagging, as shown in Figure 2.15. [122] All of
these vibrations are capable of absorbing infrared light at characteristic frequencies.

In theory, a normal vibration involves vibrational motions of all atoms in a molecule.
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However, a normal vibration is generally dominated by the contribution of a vibration localized
within a particular group of atoms in a molecule. If an absorption due to such a group vibration
has a high intensity, it is called a characteristic absorption band. [122] Some representative
group vibrations studied in this thesis and the approximate wavenumbers of the infrared
absorption bands arising from them are listed in Table Al in the Appendix. The characteristic
absorption bands provide clues for identifying compounds or their substructures by infrared

spectroscopy.

2.4.2 Attenuated Total Reflection Environmental Cell

It took a long time from the discovery of IR light in 1800 to the emergence of the commercial
IR spectrometers in laboratories. Although methodologies and techniques advanced rapidly
during 1940s, IR spectroscopy became the most widely used vibrational spectroscopic
technique after Fourier transform instruments were introduced in the 1970s. [89] Today, an
infrared spectrum in the entire wavenumber range can be simultaneously recorded by using the
Fourier transform method, however, it was obtained from the dispersive method by measuring
at each wavenumber separately before the development of Fourier transform infrared
spectroscopy (FTIR). [123]

The Fourier transform technique enables IR spectrum to be acquired in few
milliseconds or even faster, which is essential for the i-sit# measurements. Vatious
intermolecular interactions and bond variation are widely present in different physical and
chemical processes, such as the breaking and formation of hydrogen bonds, van der Waals
forces and chemical bonds. These variations of chemical environment give rise to the changes
in molecular vibration, which can be studied with infrared spectroscopy. Many new
experimental techniques, like diffuse reflectance, reflection-absorption and attenuated total
reflection infrared spectroscopy, have been developed. [75] Aqueous environment necessitates
particular attention since its influence on nanomaterial properties is poorly understood while
most of their applications take in such media. Therefore, in this thesis, understanding the
interaction of carbon nanomaterials with aqueous environment is taken as an important part.
Due to the high sensitivity and the facile operation, attenuated total reflection (ATR) infrared
spectroscopy were employed in this study to investigate the molecular vibrations at the solid-
liquid interface. [74]

Now ATR-FTIR measurements can be realized by mounting the commercial ATR
accessory (Figure 2.16) in an infrared spectrometer. The core component of ATR accessory is
an optically dense crystal made of IR transparent material. When the incident infrared beam is

introduced onto the ATR crystal at a certain angle, a total internal reflection will occur, which is
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the precondition for ATR measurements. However, the incident light is not entirely reflected
back due to its wave-like properties. An evanescent wave that can penetrate a few micrometers
(0.5=5 pm) into the sample is generated. The evanescent wave attenuates exponentially with
increasing the penetration depth. [75, 122] Consequently, the energy of IR radiation is
transferred to the sample, and the difference between the incident beam and the reflected beam
shows the characteristic information of sample. When scanning over the wavenumber of the
incident IR beam, the sample selectively absorbs incident light at specific wavenumbers,
resulting in a decrease in reflectance. Accordingly, the attenuated reflected beam is recorded by

the detector and a spectrum containing the information of the sample can be thus obtained.

| samgle

N
7/ N

L
IR-light out Internal reflection element IR-light in

Figure 2.16 Schematic illustration of the multiple reflection in an ATR crystal. Adopted from ref. [75]

with permission from the Royal Society of Chemistry.

In order to ensure multiple reflections of incident IR light in the ATR crystal, the
refractive index of the ATR crystal must be greater than that of the sample. [75] Since the
refractive indices of most solid and liquid materials are lower than 1.8, crystals with a refractive
index between 2.4 to 4.0, such as diamond, Ge, Si, ZnSe, AgCl etc., are usually employed in the
commercial ATR accessory. [123]

The FTIR spectra shown in this thesis were measured in the ATR mode using a Bruker
Vertex 70v spectrometer equipped with a KBr beamsplitter and a MCT (mercury cadmium
telluride) detector. Spectra were recorded in the mid-infrared region between 800 and 4000
cm” ' with a spectral resolution of 4 cm™'. A ZnSe ATR crystal was used using a custom-made
single path ATR accessory designed by Dr. Ulrich Schade in HZB. The #n-situ surface chemistry

investigations were realized using an environmental cell that is capable of introducing dry air,
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humid air and liquid water to the sample surface. During the measurements the sample
chamber and optical paths were maintained in vacuum. The humid air was prepared by
bubbling dry air through deionized water, and the liquid water was directly injected through the
inlet using a syringe. For all samples, a reference spectrum was measured on the clean ATR
crystal following which the spectra were first collected for the dry sample and then
subsequently for the sample exposed to humid air and liquid water. A spectral resolution of 4
cm ' was set. 1024 scans for reference spectrum, 128 scans on dry CDs samples and 32 scans

for in-situ measurements were collected.

2.5 Summary

In this chapter, a particular attention has been paid to X-ray, UV and IR spectroscopies, which
are used in this dissertation for determining the electronic structure and chemical composition.
The theoretical background and the development of these spectroscopic techniques are
described. Fach technique described here provides specific information on materials. Thus, the
coupling of several techniques to investigate the same sample is of crucial importance for the
better understanding of carbon nanomaterials.

XAS and XES can characterize the local structure of unoccupied and occupied states,
which offers information on both the electron configuration and chemical composition. XPS is
widely used for determining the chemical state of the element. For the UPS, it is always used to
study the valence band structure of the sample at the molecular scale and it is sensitive to the
heteroatoms doping. IR spectroscopy probes the chemical bonds in the materials. X-ray
spectroscopies are core-level techniques, and characterize the sample in an element-specific
manner, whereas the UPS and IR spectroscopy are molecular spectroscopy techniques. For the
two samples studied in this dissertation, CDs and PCN, the carbon atoms are of most interest.
The nitrogen atoms are also widely existed not only in polymeric carbon nitride, but the CDs
with amino groups functionalized and core nitrogen doping. Additionally, oxygen are also
appears in the surface functional groups of modified CDs and PCN. Therefore, the local
structure at carbon, nitrogen and oxygen K-edges have been identified by XAS and XES. And
their core levels are also probed using XPS. The samples of interest are characterized using
UPS and IR if necessary. Thus this combination of various techniques is favorable to reveal the
relationship of the performance of carbon nanomaterials and their electronic and chemical
structures.

Apart from the ex-situ characterizations, particularly important also is the 7z-sztu analysis

of the carbon nanomaterials in aqueous environment. Environmental cell equipped with ATR-
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FTIR allows the measurement of the hydrogen bonding network around the sample surface.
XAS applied to liquid using flow-cell strategy offers the opportunity to study the charge
transfer between CDs and water. In the following chapters, examples on the investigation of

CDs and PCN materials will be illustrated using these spectroscopic techniques.
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The unique physicochemical properties of carbon dots (CDs) can be effectively adjusted
through modifying their chemical composition. However, a major challenge remains in
understanding the core and surface contributions to optical and electronic transitions. In this
chapter, three blue luminescent carbon dots with carboxyl, amino and hydroxyl groups were
characterized by UV—vis absorption and emission spectroscopies, synchrotron-based X-ray
spectroscopies, and infrared spectroscopy. The influence of the surface functionality on their
fluorescence was probed by pH-dependent photoluminescence measurement. Moreover, the
hydrogen bonding interactions between water and the carbon dots’ surface groups were
characterized by infrared spectroscopy. This comprehensive spectroscopic study demonstrates
that the surface chemistry has a profound influence on the electronic configuration and

surface-water interaction of carbon dots, and thus affecting their photoluminescence properties.

3.1 Motivation

As discussed in Chapter 1, the surface functionalization of CDs is of vital importance for many
applications. Depending on the surface moieties, the surface-related electronic acceptor
levels, [124-126] as well as hydrogen bond interaction with solvent molecules can be
modulated, [127-129] affecting the photoluminescence (PL) properties of CDs. Extensive
studies of surface-related optical transitions based on UV—vis absorption and emission
spectroscopies have been conducted to elucidate fluorescence mechanisms. PL with pH
dependence can be monitored to assess the effect of surface groups on optical properties,
which is a widely reported phenomenon for CDs. [130-132] On the other hand, no direct
measurement of electronic transitions on surface-modified CDs has been conducted so far to
our knowledge. No spectroscopic evidence of hydrogen bonding between CDs and solvent
molecules beyond indirect PL. measurements are either available.

Extending the characterization of CDs with complementary spectroscopy techniques is
strongly needed for a deeper understanding of the structure—performance relationship of CDs.
As introduced in previous chapters, synchrotron-based soft X-ray spectroscopies are powerful
tools for exploring element-specific electronic states and chemical structures of carbon
nanomaterials. XAS and XES can respectively provide information about the partial
unoccupied and occupied electronic states. [133] In combination with XPS, which has been
frequently used to probe the core levels of carbon, oxygen and nitrogen in CDs, [131,134,135]
these methods can present a complete picture of electronic states in CDs. No reports of
XAS/XES on carbon dots ate though available at the moment to our knowledge. In addition,

FTIR using an attenuated total reflectance (ATR) environmental cell enable the direct detection
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of the hydrogen bonding environment around carbon nanomaterials. [136] Only surface groups
are expected to interact with water molecules therefore exposure to humid air could also be
used to identify surface-related chemical groups and the hydrogen bonds acceptor/donor
nature.

In this chapter, three commercial blue luminescent CDs functionalized with carboxyl
(CDs-COOH), amino (CDs-NH,) and hydroxyl (CDs-OH) groups are studied. The three types
of carbon dots were purchased from ACS Materials (USA), and used without further
purification or treatment except when mentioned specifically. The technical data of three
samples are listed in Table 3.1. After the preliminary characterizations on these CDs samples,
the electronic structures of three CDs were investigated by XAS and XES on solid samples at
the U49-2_PGM-1 beamline of the BESSY II synchrotron radiation source using the
LiXEdrom end station. The interpretation of XA spectra is discussed based on density
functional theory calculations. Moreover, XPS was applied to align the XA and XE spectra at C,
N and O K-edges to the Fermi level to estimate the contribution of each atom to the valence
and conduction bands. In addition, the hydrogen bonding interaction of the CDs with water
molecules were characterized by ATR-FTIR spectroscopy. Finally, we attempt to correlate
these results with the PL properties of differently functionalized CDs which were measured at
Bundesanstalt fir Materialforschung und -prifung (BAM), Berlin, Germany in collaboration

with Resch-Genger and Weigert.

Table 3.1 Technical data of three carbon dots. Reproduced from ref. [137] with permission from the

Royal Society of Chemistry.

Concentration Size
Sample Product Synthesis

[mg/mL] [nm]

GNQDO0301
CD s-COOH Precursor pyrolysis 5 <10

Carboxylated GQDs

GNQDO0201

CDs-NH» Hydrothermal method 5 <5
Aminated GQDs
GNQD0101 Polymerization of

CDs-OH 5 <15

Blue Luminescent GQDs  organic small molecule

3.2 Optical Properties and Chemical Compositions of Carbon Dots

The optical properties are the most straightforward way to recognize these carbon dots samples
by measuring UV —vis absorption and PL spectroscopy. The broad absorption spectra and the

much more structured emission spectra of the three CDs are shown in Figure 3.1. The closely
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resembling absorption spectra of the three CDs samples reveal a well-resolved peak at around
340 nm, which originates from the C=O bonds of the carbonyl and/or carboxyl groups in
carbogenic core or from COOH groups. The higher energy absorption features in the region
220—-250 nm (Figure 3.1a) is associated with the optical transition in the carbon core. [42] The
PL spectra in Figure 3.1b obtained upon UV excitation exhibit three distinct emission peaks at
around 385 (I), 420—433 (II), and 463 nm (III). According to previous studies, these emissions
I, IT and III can be attributed to n—o* (such as C—-O-C, C-OH or C-N), n—=* (in C=0), and
n—n* transitions in the graphitic core, respectively. [125,132] A more profound assignment of
the origin of CDs’ optical properties is hampered by the different synthetic routes used to
prepare the commercial CDs, which also complicates the evaluation of the exact role played by
the different surface groups. These challenges are addressed in the following by the detailed

characterization of the samples using different analytical techniques, particularly X-ray

spectroscopies.
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Figure 3.1 UV-Vis absorption and emission spectra of blue luminescence carbon dots. Excitation was

at 338 nm. Reproduced from ref. [137] with permission from the Royal Society of Chemistry.

The chemical composition of the three CDs can be characterized by ATR-FTIR
spectroscopy. As shown in Figure 3.2, ATR-FTIR spectra of the CDs with different surface
termination, characterized under dry air flow, have different vibrational signatures, coming
presumably from both surface groups and carbogenic core. Peaks at 1122 cm™ and 1174 cm™
in CDs-COOH sample and at 1260 cm™ in CDs-OH are recognized as C—-O stretching
vibrations in different bonding environment. [135] The peak at 1226 cm™ in CDs-NH, is most
likely related to C-N stretching. [138] The features around 1390 cm™ are attributed to the
bending modes of O—H and/or C-H in CDs-COOH and CDs-OH. [139] The feature at 1400—
1450 cm™ in CDs-NH, is assigned to CH, bending. [45,140]
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Figure 3.2 ATR-FTIR spectra of CDs with different surface chemistries measured under dry air flow.

The second derivative of FTIR spectra are shown in short dots. Note that the contribution from

strongly adsorbed water molecules at 1650 cm! is observed on CDs-COOH. Reproduced from

ref. [137] with permission from the Royal Society of Chemistry.

All CDs contain a significant amount of C=0O bonds based on X-ray spectroscopy
results; however FTIR shows that they are in different chemical environment. A strong band
for C=0 vibrations is observed at 1556 and 1560 cm™ in CDs-NH, and CDs-OH, respectively,
associated to carbonyl groups in their carbogenic core. [141] In this region, the IR spectrum of
CDs-NH, has two clear features at 1556 and 1670 cm™, where the former arise primarily from
the C=O stretching vibration in the carbon core and the latter is attributed to the bending
vibration mode of NH, group. [140] A sharp feature at 1700 cm™' for CDs-COOH was
associated with C=0 stretching vibrations from surface carboxyl groups. [45] For CDs-NH,,
the overtone bands of amino group at 1900 cm™ can be detected.

Broad bands observed in the region of 2800-3000 cm™ for all CDs samples, are most

likely associated with C—H stretching vibrations. In the higher frequency region around 3000—
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3600 cm™, stretching modes of hydroxyl or amino groups and residual adsorbed water are
expected. It should be noted that, unlike the band observed in hydroxyl group of CDs-OH, the
O-H stretch in carboxyl groups of CDs-COOH appears as a very broad absorbance in the
region 2400-3200 cm™, which is attributed to the formation of intramolecular hydrogen bonds
among carboxylic groups. [139] The band at 3460 cm™ could result from O-H stretching of
strongly adsorbed water on CDs-COOH. In addition, the low C=O stretching frequency (1700
cm ') of COOH groups also corroborates the strong water adsorption on CDs-COOH since
C=0 stretching frequency is known to decrease by hydrogen bonding with carboxyl
groups. [142] The asymmetrical broadening of the C=O band peak toward lower frequency is
due to O—H bending mode to these strongly adsorbed water molecules, which is observed at
1650 cm™' on the second derivative of the IR spectrum (Figure 3.2). These results clearly
indicate that water could be adsorbed on the CDs-COOH surface even under dry air flow at

room temperature.

3.3 Electronic Structure of Carbon Dots

X-ray spectroscopies are employed to determine the local electronic configuration and chemical
structure of different blue luminescent CDs. Note that X-ray spectroscopies are sensitive to
both core and surface contributions of the CDs due to their small size. The XA spectra of the
three CDs samples at C K-edge are compared in Figure 3.3. Four main features at 285.2 (A),
287.5 (B), 288.9 (C) and 294-297 (D) eV are observed. In addition, DFT calculations using an
individual-atom decomposition method were performed by Mr. F. Weber in HZB, [143] to
enable the assignment of the different features of the C K-edge XA spectra (see Table 3.2).
According to the calculation and previous experimental studies on carbon
nanomaterials, feature A at 285.2 eV can be assigned univocally to the excitation of core
electrons into m¥._. orbitals. [144] Depending on the chemical environment of the core orbitals,
i.e., the functionalization of the carbon atom, one finds shifts with respect to the exact position
of the expected signal. The feature B is typical of the transition to m* orbital of C—O—C in an
epoxide structure [144,145] but contribution from n* of C—COH bonds in hydroxyl group is
also possible. [146,147] The sharp peak at 288.9 eV (C) is mainly attributed to both m*._
excitations in carboxyl and/or carbonyl groups and o*g, ; transitions in OH group. [147,148]
Signal C1 at 288.4 eV can be attributed to additional n*._. transitions in sp” bridge and edge
positioned carbon atoms [149] as well as n*._, transitions. [144] At 290.6 eV, one can find the
feature C2 in the CDs-COOH sample, which is best assigned to o*. transitions in

carboxylated carbon atoms, based on the theoretical calculations. In different
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publications [145,146,149] this signal is described as ©*,__, transition, which can be supported
by the calculations. It shall be mentioned that both features C and C2 lie also in the typical
range for various o*_; transitions, which leads to the increase in the background intensity.

Finally, feature D in the range of 294-297 eV is related to all kinds of o*_ and o*_, transition.

- o, D
-0 ‘,:
(U. ..‘". ! T —
= ...CDs:COOH
w
c
()] :
& — ..Jq,
c -
— ..\_, ———\
O :_..'
.g L. O N o8 ROURURUN N CDs-NH,
‘© .
= e
o <N
= e - E1
censaneene® * __....:.':..:--n-%/ ........................ CD s-OH
265 275 285 295 305

Photon Energy (eV)

Figure 3.3 XA/XE spectra at the C K-edge of catbon dots with different surface chemistries.

Reproduced from ref. [137] with permission from the Royal Society of Chemistry.

XES is complementary to XAS as the observed spectral shape reflects the partial
density of occupied states. Figure 3.3 presents the non-resonant C Ko XE spectra of CDs
samples. The general profiles in the C Ka XE spectra are similar for the CDs-COOH and
CDs-NH,. All spectra exhibit a broad feature, which is associated with the o state and centered
at approximately 277.2 eV, as well as a high-energy shoulder, which is associated with the n
state and centered close to 280.8 eV. For CDs-OH, the o and n features locate respectively
around 278.4 eV and 280.3 eV. [144,147]

The O K-edge XA/XE spectra of the three CDs samples (Figure 3.4) and N K-edge
XA/XE spectra of CDs-NH, (Figure 3.5) provide supplementary information regarding the
chemical bonding of oxygen and nitrogen atoms. In the O K-edge XA spectra, the sharp peaks
at 533.8 eV (CDs-NH, and CDs-OH) or 534 eV (CDs-COOH), together with the feature
shown at the left shoulder (532.9 eV), are ©* resonances from C=O bonds. [150,151] Besides, a
shoulder at 535.1 eV for the O 1s — 1*._; of the carboxyl groups is clearly observed for CDs-



Luminescent Surface Modified Carbon Dots

COOH. The feature at 537 eV can be ascribed to transitions from O 1s core levels to n* states
in epoxy configurations. The o* feature, which appears at the higher energy region (539-550
eV) consists of C-O, O—H, C=0 and epoxide groups. [152,153] The distinguishable feature at
545.3 eV for 1s — o*_, in carboxyl groups is only shown in CDs-COOH (Figure 3.4). [150]
In the N K-edge XA spectrum of CDs-NH,, the contribution of nitrogen to the electronic
configuration and local structure in CDs-NH, is evidenced by two sharp features at 399.7 eV
and 402.2 eV, which arise from transitions of N 1s to unoccupied n* states of pyridinic (or
pyrrodic) nitrogen and quaternary nitrogen. The broad feature above 406 eV is attributed to the

transitions to o* states of different nitrogen bonds. [153,154]

Table 3.2 Interpretation of C K edge XA spectra of carbon dots based on local time-dependent DFT

calculations. Reproduced from ref. [137,143] with permission from the Royal Society of Chemistry.

Feature Energy (exp.) Energy (theo) Group* Assignment
V) )
2855 C=C (all sp?) (C=C)
A 285.2 285.3 C-COOH (edge) k¥ (C=C)
284.7 / 286.3 Epoxy (basal sp?/ edge sp? *(C-C)
287.6 / 2871/ 287.7 Epoxy (basal / bridge / edge) T(C-0—C)
b 207 286.9 / 286.8 / 288.6  C—OH (basal / bridge / edge) w*(C—COH)
o resa 288.6 C=C (bridge), C-OH (edge) (C=C)
288.6 COOH ¥ (C=0)
288.5 C-C=0 (basal / edge) *(C=0) and n*(C-C)
2802/ 289.1 / 290.1  C—OH (basal / bridge / edge) n*(C—COH) and o*(O—H)
¢ 2089 289.7 C—COOH (edge) 7+(C=0) and 7*(C=C)
280.1 / 280.4 / 289.1 C—H (basal / edge) o*(C-H)
290.7 COOH o*(O—H)
289.7 / 2913 C—COOH (edge) (C=0) / o*(C-0)
C2 290.6 2012 Epoxy(edge) o*(C—C)
291.5/291.2 /2911  C—OH (basal / bridge / edge) oHC=0) / *(O-H) and
o*(C—C)
295.0 / 294.7 C-H (basal sp3/ edge sp?) o*(C-C)
2945 / 295.9 C—C (edge / bridge) o*(C—C)
b 204.907 295.6 / 295.8 / 294.7  Epoxy (basal / bridge / edge) o*(C-C)

293.0 / 294.0-296.0

C-OH (bridge / edge)

o*(C—0) and o*(C—C)

292.8 / 293.5

C-COOH (edge)

o*(C—C) / o*(O—H)

296.4

COOH

o*(C-0)

*Group refers to the type of carbon atom that is excited in a localized, single-electron excitation calculation. When

there are more than one carbon atoms in a group label, the one highlighted with bold font was excited
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Figure 3.4 XA/XE spectra at the O K-edge of carbon dots with different surface chemistries.
Reproduced from ref. [137] with permission from the Royal Society of Chemistry.
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Figure 3.5 XA/XE spectra at the N K-edge of CDs-NH,. Reproduced from ref. [137] with permission
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from the Royal Society of Chemistry.
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Figure 3.6 shows the XPS results measured for three CDs samples. In C 1s XPS, three
peaks at 284.7, 286.4, and 288.4 eV can be assigned to C—C, C-O and C=0O respectively. [155]
C=C component can be remarkably distinguished at 284 ¢V in CDs-COOH sample, suggesting
that CDs-COOH consist of large n-conjugated domains in the carbogenic cores. [156] There is
a pronounced feature for the adsorbed residual water at 535.8 ¢V in the O 1s spectra, which
was also observed on FTIR (Figure 3.2). The peak at 289.9 eV shown in CDs-OH
corresponds to carboxylate-like structure [157] formed with the C=O in the core. The presence
of C-N bonds was also confirmed in the C 1 s spectra of CDs-NH, with the peak at 285.3 eV.
O 1s spectra can be deconvoluted into three peaks of C—O at 531.5 eV, C=0 at 532.7 eV, and
C—OH around 534.2 eV. [155] There is one more constituent peak at higher binding energy
(5358 eV) in CDs-COOH sample, which can be attributed to adsorbed H,O
molecules. [158,159] The N 1s XPS spectrum of CDs-NH, contains three peaks at 398.6, 399.8
and 401.4 eV, for pyridinic C-N-C, pyrrolic C,-N—H, and NH,, respectively. [160]

b

Table 3.3 Atomic percentage of each element in three samples, calculated from XPS. Reproduced from

ref. [137] with permission from the Royal Society of Chemistry.

Sample Element Atomic percentage (%)
carbon 49.3
CDs-COOH

oxygen 50.7
carbon 50.9
CDs-NH:> oxygen 41.5
nitrogen 7.6
carbon 58.7

CDs-OH
oxygen 41.3

XPS measurements of the C 1s, N 1s and O 1s core levels of the three differently
functionalized CDs (Figure 3.6) confirm the differences in the chemical and electronic states.
The atomic percentage of each element was estimated by comparing the relative area of each
core levels (Table 3.3) and all three CDs materials have a high oxygen content, which is most
likely widely distributed between the carbogenic core (carbonyl and epoxide groups) and
surface (hydroxyl and carboxyl groups). [33,161] Using XPS results, C, N and O XA/XE
spectra could be aligned to a common energy axis by offsetting XA/XE spectra using their
corresponding XPS core-hole binding energies referenced to the Fermi level (Figure
3.7). [162-164] The Fermi level is estimated for each edge by measuring the lowest binding
energy peak of the respective core levels (Figure 3.6). In the vicinity of the band gap,
electronic states contributing to valence and conduction bands can be identified. For all CDs,

the C K-edge XES onset occurs at higher energy than that of O K-edge, which means that the



3| Luminescent Surface Modified Carbon Dots

(a) g___ngu XES ; C K XAS
S *
=
% 276 278 280 282 284 286 288 290 292 294
o [ OKkaxes : O K XAS
I :
©
L
(®]
Z
524 526 528 530 532 534 536 538 540
Photon Energy (eV)
(b) [ ckexes : jkwj
32?6 278 280 282 284 286 288 290 292 294
g N Ko XES N K XAS
‘n
c
2
; A/\f
©
@
N
2390 392 394 396 398 400 402 404 406 408
S [.oKaxes : O K XAS
Z M .

523 525 527 529 531 533 535 537 539
Photon Energy (eV)

—_
O
—

C Kg XES C K XAS

T

276 278 280 282 284 286 288 290 292 294
OKu XES O K XAS

by
W
.\ /\/
W
e,

523 525 527 529 531 533 535 537 539
Photon Energy (eV)

Normalized Intensity (a.u.)

Figure 3.7 C, N and O K-edges XA/XE spectra in the vicinity of the band gap of (a) CDs-COOH, (b)
CDs-NHy, and (¢) CDs-OH. The dotted line shows the estimated Fermi level based on XPS

measurements. Reproduced from ref. [137] with permission from the Royal Society of Chemistry.



Luminescent Surface Modified Carbon Dots |3

carbon atoms contribute more to the density of states (DOS) in the valence band. For CDs-
NH,, the N K-edge XES onset is sharper with more spectral weight 4 eV below the Fermi level,
therefore N atoms may also contribute significantly to occupied states. Previous studies have
already confirmed that introducing nitrogen atoms, as an electron-donating element, into
CDs, [165] graphene [166] and other carbon nanomaterials [147] could modulate the valence
band edge or create midgap states, leading to a narrower band gap.

The n* transition from sp” carbon at the C K-edge XAS is located at lower energy than
first unoccupied states of the O K-edge XAS, indicating that carbon atoms in the graphitic core
dominate the DOS in conduction bands, in particular for CDs-COOH, for which the n*
feature is more visible. The unoccupied states from nitrogen atoms are located closer to the
edge than those from carbon and oxygen atoms in CDs-NH,. For CDs-OH, both carbon and
oxygen atoms may contribute to the conduction band minimum since the first unoccupied

states have similar relative energy with respect to the Fermi level.

3.4 Hydrogen Bonding Network and Its Influence on Fluorescence

In order to estimate the ability of surface groups to form hydrogen bonds with water molecules,
the CDs were characterized by n-sitn infrared spectroscopy by recording FTIR spectra during
exposure to humid air. Figure 3.8a-c present the ATR-FTIR spectra of CDs-COOH, CDs-
NH, and CDs-OH plotted with respected to increasing the relative humidity (RH). To
compensate the overall signal decrease, the IR spectra recorded under dry air (RH = 0%) and
humid air (RH = 80%) on each sample are normalized using the peak around 1390 cm ™' as a
reference (Figure 3.8d-f). The lower panel shows the difference spectra between these extreme
RH values to illustrate the modifications induced by water exposure only. Note that the
comparison between the samples based on difference spectra should be treated with caution
since their respective references had different amount of initial adsorbed water.

Upon water vapor exposure, increase on O—H bending (1620-1650 cm™") and stretching
(3000—3600 cm™') modes of water molecules are cleatly observed. The O—H bending modes
maximum on difference spectra is at 1624, 1630 and 1650 cm ™', for CDs-COOH, CDs-NH,
and CDs-OH, respectively. The O-H bending band of water molecules is known to shift
toward higher frequency in the case of stronger hydrogen bonding. [167] Associated with the
increase in O-H bending are the generations of water overtone feature in the region
2000—2200 cm™" for CDs-COOH and CDs-OH. For CDs-NH,, this water overtone band is
located nearly to that of amino group (around 1900 cm ™), and thus leads to a band broadening.

The O—H stretching region is also sensitive to the hydrogen bonding environment of
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between the two extreme frequencies lies a

third component (3420 cm™") which is associated with the hydrogen bonds stronger than that
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of water clusters but weaker than network water. [169-171] For CDs-COOH and CDs-NH,,
the weakly-bonded components (3420 and 3540 cm™') are enhanced significantly after humid
air exposure. For CDs-OH, the middle feature shows a red-shift of =36 cm™' down to 3380
cm together with a strong increase of the component at 3250 cm, indicating the appearance
of strongly hydrogen bonded water molecules as compared to CDs-COOH and CDs-NH,.
However, it should be noted that for CDs-COOH sample, the different spectra most probably
related to intermolecular bonding between H,O molecules since the reference spectrum already
contained a strong contribution from adsorbed water molecules.

In addition to the increase of water OH vibrational modes, surface-related modes are
influenced by hydrogen bonds formation with water. After exposure to water, the C=O peak
maximum of the CDs-COOH and CDs-OH is found to shift of +8 and —6 cm ™', respectively,
while the band for CDs-NH, is not shifting. In particular, C=O bonds are known to shift to
lower frequency when accepting hydrogen bonds, [142] which could be used to explain the red-
shift of C=0 stretching in CDs-OH. While they are related to carbonyl groups in CDs-OH,
most C=0O bonds in CDs-COOH are part of carboxyl groups connecting with OH groups,
which supply more sites for hydrogen bonds formation upon water vapor exposure. While the
hydroxyl oxygen and hydrogen can each forms one hydrogen bond, it may change the angle
and/or the length of the hydrogen bonds with C=0O bond. These deformed hydrogen bonds
induce a higher frequency for the C=O stretching than those of corresponding hydrogen
bonds interaction with few water molecules (RH = 0%). [142,172] In addition, the C-O
stretching band (1174 cm™) of carboxyl group in CDs-COOH is also enhanced with the
exposure to water vapor due to hydrogen bonding, and shows a blue-shift of 22 cm™. [173]

Based on the previous discussion, CDs-COOH forms the strongest hydrogen bonds
with water molecules, which cannot be fully removed from the CDs surface even under dry air
flow or vacuum at room temperature. After exposure to humid air, a stronger hydrogen
bonding network is observed on CDs-OH, therefore the following ordering, from the strongest
to weakest hydrogen bonds with water, is proposed:

CDs-COOH > CDs-OH > CDs-NH,

In order to further clarify the correlation between the PL behavior and the surface
groups of blue luminescent CDs, the influence of pH on the fluorescence spectra of three CDs
was also investigated (Figure 3.9). This reveals distinct differences among the three CDs
samples. While the PL of CDs-COOH is quenched at increasing pH value, the PL of CDs-OH
and CDs-NH, diminishes both in acidic and alkaline conditions. This pH effect correlates well
with the protonation and deprotonation of the different functional groups. The carboxyl

groups of CDs-COOH are deprotonated at pH 14, leading to a reduction in fluorescence. The
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PL intensity of CDs-NH, is stronger in the initial pH 8. Under both acidic and alkaline
conditions, the PL is quenched uniformly throughout the whole emission range reflecting the
amphoteric nature of amino groups. Since the electrostatic attraction between negatively
charged hydroxyl groups and positive charged protons under acidic conditions leads to the
formation of non-radiative complexes, the peak II (427 nm) in CDs-OH was significantly
reduced under acidic conditions in contrast to the alkaline condition. It can be concluded that
charged surface groups, either positively or negatively, tend to quench the luminescence
compared to neutral groups. Note that the emission peak II at 420 nm also slightly shifts with
varying the pH, which could be related to different hydrogen bonds strength with C=O groups.

Comparing X-ray and z-sitn IR spectroscopic results with the fluorescence emission
spectra helps to interpret the differences in PL behaviors among the three CDs samples. All
CDs have three clear emission peaks shown in Figure 3.1b. CDs-COOH has the largest
percentage of conjugated system, identified from XAS. Consequently, the major emission
component in CDs-COOH is the peak III at 463 nm, assigned to the contribution from the
conjugated carbon core. The n—n* emission peak (II) centered at lower wavelength (433 nm) is
also strong on CDs-COOH sample, which is mainly associated to carboxyl groups. These
results confirm that the blue fluorescence of the CDs-COOH mainly originates from the
graphitic core and the C=O bonds, which is in good agreement with previous
reports. [134,138,174] The surface-related emission (II) plays the predominant role in CDs-
NH, (420 nm) and CDs-OH (427 nm) but appears shifted compared to CDs-COOH because
C=0 groups have a different bonding configuration. Note that the amino groups and hydroxyl
groups grafted onto the carbogenic core can also enhance the integrity of the conjugated
system as the electron donators, and thus induce a clear emission at 463 nm in CDs-NH, and
CDs-OH as well. [125,175] The feature I at around 385 nm originates from an n—o* transition.
This peak is more intense in CDs-NH, and CDs-OH which agrees with the XPS and XAS
results. In O K-edge XAS o* intensity of CDs-OH is much stronger than other two samples;
C—0 also dominates O 1s XPS in CDs-OH. Similar results are shown in CDs-NH,.

The spectral shift of the PL. emission II in three CDs may be related to the C=0 in
different hydrogen bonding environments modified with the neighboring surface
groups. [135,170] Sciortino et al showed that excited states are sensitive to solvent environment,
leading to an emission shift. [176] Different local hydrogen bonding networks formed by
surrounding water molecules with the surface groups may also influence the fluorescence
behavior. The stronger hydrogen bond formed between CDs samples and water, the narrower
emission energy level is generated, resulting in larger red shifts. Thus, the spectral shifts of the

peak II, of which emission maximum is located at 433 nm in CDs-COOH, 427 nm in CDs-OH
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and 420 nm in CDs-NH,, could be related to hydrogen bonding with water molecules as it

follow the same order as the hydrogen bond strength.

3.5 Summary

In summary, this chapter investigates three types of CDs samples modified with carboxyl,
amino and hydroxyl groups, and suggesting that the surface chemistry plays an essential role on
CDs’ optical, chemical and electronic properties. A detailed study on electronic structure of
CDs is presented based on X-ray spectroscopies, and contributions from core and surface
groups were described. The PL of three CDs was discussed based on the nature of electronic
states in the bandgap region. Hydrogen bonds between CDs and water and pH-dependent PL
spectra illustrate surface-dependent properties of CDs. While all exhibiting a blue luminescence,
which could be related to the clear C=0O signature in the core of all CDs, the results presented
herein also demonstrate that surface chemistry could be used to finely tune CDs’

acceptor/donor electronic states and hydrogen bonds behavior.
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In the last chapter the electronic structure of carbon dots (CDs) has been characterized ex situ
by synchrotron X-ray spectroscopies. However, most promising applications of CDs take place
in aqueous environment. Therefore, the understanding of the modification on electronic
structure of CDs by surrounding water molecules is of vital importance. In this chapter, three
types of carbon dots with different core structures (amorphous vs. graphitic) and compositions
(with vs. without nitrogen doping) were investigated by #n-situ X-ray absorption spectroscopy
(XAS) in water. The charge transfer between CDs and water molecules are uncovered. In
addition, the hydrogen bonding interactions between water and the CDs’ surface groups has
been characterized previously by infrared spectroscopy. The structure of interfacial water
around CDs dispersion also shows a significant impact on the charge transfer, which can be
studied by probing water molecules using zz-sitzn XAS. These investigations reveal the nature of
the solid-liquid interface between CDs and water, and may provide guidance for developing

efficient CDs for light harvesting and fluorescence imaging.

4.1 Motivation

As introduced in previous chapters, carbon dots (CDs) that are cheap, stable and efficient, have
recently shown a great potential for artificial photosynthesis. Significant progress has been
made in the development of CDs-based photocatalytic materials and heterogeneous systems in
the last several years. [26,27,33] Reisner et al reported a facile method to prepare graphitic CDs,
with (¢-N-CD) and without (¢-CD) core nitrogen doping as light harvester for photocatalytic
hydrogen evolution reaction. [51] A significant improvement of the photocatalytic performance
has been realized using ¢-N-CD thanks to the enhanced light absorption compared to
amorphous CDs (¢-CD) and higher extraction of photogenerated charges compared to
undoped ¢-CDs. [51] Similar to conventional semiconductor photocatalytic materials, an
essential feature influencing the activity of CDs-based photocatalysts is the nature of its
sutface/interface chemistry phenomena, especially the solid-liquid interface where transfer of
electrons driving the target chemical reactions occurs. The electronic and chemical properties
of this interface also govern the selectivity, rate, and overpotential of redox reactions on the
material surface. [177] Identifying active sites that enable efficient charge transfer at the CDs
surface is fundamental to benefit at most from their electron accumulation properties in the
photocatalytic reaction. However, a direct spectroscopic characterization of the CDs-water
interface under zx-situ condition is still missing.

Although X-ray absorption spectroscopy (XAS) has been successfully applied ex itz on

CDs and can provide detailed information on the local chemical and electronic structures of
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the excited atoms, [137] the znz-sitn XAS measurement of CDs aqueous dispersion is still a great
challenge in the soft X-ray range. This, as mentioned in Section 2.2.3, is restricted by the
contradiction between the high vapor pressure of the liquid and the strict vacuum requirement
for signal detection. [99—101] To surmount this technical obstacle, various innovative flow cell
technologies, [102,105,178,179] using membranes to isolate the liquid phase from the vacuum,
have been devised to realize the XAS measurement on liquid samples and nanoparticle

dispersions.
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Figure 4.1 Schematic illustration of different XAS detection schemes: (a) TEY detection on solid

materials in vacuum; (b) pure transmission and (c) TIY detection in CDs aqueous dispersion.

Reproduced with permission from ref. [180], copyright 2019 American Chemical Society.

Experimentally, the true absorption cross-section of liquid samples can be measured in
the transmission mode by detecting the incoming and transmitted light through the liquid
sample. [105] On the other hand, the decays of core holes created in the X-ray absorption
process enable the detection of fluorescence yield (FY) and electron yield (EY) to record XA
spectra. As introduced in Chapter 2, the FY mode XAS measurement always suffers from very
low emission probabilities (< 1%) compared to the EY detection for light elements such as
carbon, nitrogen and oxygen. However, the short inelastic mean-free path of emitted

photoelectrons (several nanometers) makes them impossible penetrate the conventional Si;N,
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(or SiC) membranes of liquid cells and restricts the EY detection mainly on solid sample
measurement. Recently, Xiao et al in HZB proposed another detection scheme for XAS
measurement, total ion yield (TTY), in which the current induced by ionic species generated
upon X-ray irradiation was detected. [102,103] The TIY measurement has been demonstrated
to be bulk-sensitive and is currently in development to characterize pure solvent and
ions. [102,103,181,182]

In this chapter, the first study of TIY-XAS application on dispersed nanomaterials is
realized. The electronic structure of three CDs samples (a-CD, g-CD and g-N-CD) was
characterized by XAS measured in total electron yield (TEY) on dry CDs in vacuum as well as
transmission and TIY on dispersed CDs in water at the carbon K-edge. (Figure 4.1). The
comparison between TEY, transmission and TIY measurements demonstrates that TIY
measurement can be used for uncovering the charge transfer at the CDs-water interface and
further provides new insights on the role that CDs played in the photocatalytic process.
Furthermore, the hydrogen bonding environment of water molecules can be probed by
transmission-XAS at the oxygen K-edge and has already been extensively applied on pure
water, [183,184] aqueous solution [108,185] and colloidal dispersion [136,186]. The O K-edge
XA spectra of the CDs dispersions at various concentrations were compared to characterize
the hydrogen bonding network around CDs. By correlating these spectroscopic results to the
photocatalytic performance of these CDs, we propose that in-situ XAS could be used to

investigate charge transfer properties of photocatalytic materials directly in solution.

4.2 Electronic Structure of Solid Carbon Dots

First, the three CDs samples were drop-casted on a conductive silicon substrate and
characterized by TEY mode XAS. The data were collected at the U49-2_PGM-1 beamline of
the BESSY II synchrotron radiation source using the LiXEdrom end station. As shown in
Figure 4.2, there are two sharp peaks (around 285 eV and 288.5 eV) with small features in
between. The C K-edge TEY mode XA spectra were deconvoluted with Gaussian peaks to
better estimate the energy of the various features observed. An inverse tangent background was
used to take into account the photoionization potential at the carbon K-edge. The fitting details
can be found in Table 4.1.

The feature A around 285 eV can be assigned univocally to the excitation of core
electrons into m*._. orbitals. [137] The intensity of this feature is used to estimate the
percentage of the C=C contribution in #-CD, which is lower than that of the other two

graphitic CDs samples (Table 4.1). Since the C=C feature at 285 eV is often considered as the
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Figure 4.2 Deconvolution of the C K edge TEY-XA spectra of a-CD (red), &-CD (blue) and ¢-N-CD

(violet). The second derivatives (oliver), different Gaussian peaks (solid), the resulting fit (dash dot) and

the background (dot) are shown below the experimental spectra. The spectra are offset for clarity.

Reproduced with permission from ref. [180], copyright 2019 American Chemical Society.

Table 4.1 Fitting details of the C K edge TEY-XA spectra of CDs samples. Reproduced with

permission from ref. [180], copyright 2019 American Chemical Society.

a-CD £CD 2-N-CD
Peak  preray FWHM Energy FWHM Energy FWHM

[eV] [eV]V [eV] [eV] [eV] [eV]
A 285.24 0.87 285.14 1.02 285.28 0.98
B 286.55 0.96 286.48 1.33 286.43 0.79
C 287.78 1.33 287.20 1.33 287.25 1.00
D / / / / 288.10 1.00
E 288.69 0.72 288.38 1.37 288.50 1.00
F 289.80 1.00 289.70 1.33 289.78 1.32
G 290.61 1.46 290.60 1.14 290.57 1.45
H / / 291.57 1.77 / /

9 Full Width at Half Maximum (FWHM) of Gaussian peaks.
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graphitization degree of carbon nanomaterials, [187] this is in line with the previous
observation from Raman spectroscopy. [51] The features B and C in the range of 286-288 eV
can be assigned to the n*. ., transitions in oxygen-containing groups. [137,143] The sharp
peak E at 288.5 eV is mainly assigned to the C 1s to n*._, transitions of the carboxyl
groups, [137,187] which is confirmed by the previous infrared measurement. [51] A shoulder,
feature F, observed at the right side of the main peak, originates from the C(O)=0O moieties in
carboxyl groups. [137] The features G and H are attributed to the electron transition from C 1s
to o* states in C—O and C—C bonds, respectively. [143] The broad features above the ionization
potentials represents a large number of molecular orbital states. Strictly speaking, the two broad
Gaussian components hold little physical significance but mainly for the mathematical

visualization.
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Figure 4.3 O K-edge TEY-XA spectra of of ¢-CD (red), g-CD (blue) and g-N-CD (violet). Reproduced

with permission from ref. [180], copyright 2019 American Chemical Society.

The features shown in C K-edge TEY XA spectra can be supported by the XA spectra
measured at O and N K-edges. In Figure 4.3, a sharp peak is shown at 532.1 eV, and can be
attributed to the C=O bonds. It should be noted that this C=0O feature appears at a lower
energy position compared to that shown in Chapter 3, which indicates that these C=0O feature
have two different chemical environment. The CDs samples introduced in previous chapter

possess an oxygen-rich carbogenic core, whereas the core of three CDs samples shown herein
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are predominantly composed of carbon, and the C=O bonds mainly appear on the surface. In
other words, the peak at 532.1 eV and the shoulder at 535.5 eV for the O 1s — n*_;; confirm
the rich existence of surface carboxyl groups of three CDs.

The shift and broadening of the peak at 288.5 eV observed in g-N-CD (Figure 4.2) was
attributed to the additional contribution of C-N bonds (288.1 eV, Feature D) close to the
C=0 feature (288.5 eV, Feature E). In agreement, a predominant pyridinic contribution was
detected at 399.7 eV in the nitrogen K-edge XAS spectrum (Figure 4.4). [137] Another
contribution in the N K-edge spectra centered at 401.7 ¢V may correspond to the quaternary N
incorporated in six-fold aromatic cycles, including pyrimidine. These results confirmed the
success of nitrogen incorporation occurs in the core of ¢-IN-CD. As introduced in Chapter 1,
nitrogen doping has a great influence on the electronic structure of carbon nanomaterials.
Numerous studies have confirmed that a localized density of states appears in the occupied
region near the Fermi level of the carbon atoms adjacent to pyridinic nitrogen atoms, and thus
suggests that carbon nanostructures containing pyridinic N possess Lewis basicity, [188—190]

which is beneficial for the photoreduction of water to hydrogen. [69]
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Figure 4.4 N K-edge TEY-XA spectrum of g¢N-CD. Reproduced with permission from ref. [180],
copyright 2019 American Chemical Society.

Now, by comparing all TEY-XA spectra showed above and in Chapter 3, the general

characteristics shown in the absorption spectra of CDs can be briefly summarized. First, rich
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features can be observed from carbon K-edge, which generally contains the transition related
to ¥ at 285 eV, ¥ ._, at 288.5 eV and oxygen-containing groups in the range of 286—288
eV. Secondly, the same group may appear at different peak positions due to the presence of
different chemical environments, just like the above-mentioned C=O feature. Thirdly, the
features appear at a similar position should be carefully analyzed, such as the n*.  and 7*._

present around 288.5 eV in the C K-edge XA spectra.

4.3 Charge Transfer at Solid-Liquid Interface

After analyzing the TEY-XA spectra on solid CDs samples, the 7#-situ XA spectra at C K-edge
will be discussed. The transmission- and TIY-XA spectra were respectively measured at
UVSOR-III Synchrotron and BESSY II Synchrotron with different liquid cells as previously

described in Section 2.2.3.

Figure 4.5 Schematic illustrations of the proposed mechanisms. 1: X-ray excitation, 2: electron transfer
to the surface, 3: charge transfer to water, 4: diffusion of ions to the electrode. Scales are not

reproduced for clarity.

For the transmission-XAS measurement, the detection mechanism, which measures the
true absorption cross-section of liquid samples, is simple and clear. However, the measurement
on the nanomaterials in liquid phase using the TTY mode XAS is reported for the first time,
and thus it is necessary to introduce the new detection scheme before going into the
experimental results. Figure 4.5 shows the proposed mechanism of TTY-XAS. Upon scanning
the absorption edges of the targeted element, the core electrons will be excited into the
unoccupied states, then excited electrons and secondary electrons from the core-hole relaxation
transfer to the sample surface, and some of them leave the surface. Charge carriers are thus

formed in the liquid, and then diffuse to the electrode. The TIY-XA spectra can thus be
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obtained by directly measuring the drain current between the two electrodes (gold-coated Si;N,
membrane and platinum rod). Therefore, the detected TIY signal carries rich information on
both unoccupied states of specific absorber atom species and the charge transfer between the
solid sample and water.

In the TTY detection, there is no external potential applied to the liquid cell. However,
with incident X-ray irradiation, the incoming photons lead to an ejection of photoelectrons
from the Si;N, membrane to the vacuum. [182] A background signal can be observed due to
the potential difference between the charged Si;N, membrane and the counter electrode, which
also offers the driving force for the detected ionic current.

Considering their isotropic and spherical feature, the origin of the detected ionic current
is straightforward for the previous TIY-XAS measurement on ions. When the sample varies
from ions to dispersed nanoparticles, the surface-sensitivity of the TIY detection due to the
short mean free path of electrons will play a role in the photoelectron-transfer process. For
CDs samples, their sizes (3-8 nm) are equal to or even larger than the mean free path of
electrons (about 3 nm). As a result, some electrons generated in the carbon core upon X-ray
irradiation would be difficult to emit out. Additionally, there are more than one species existing
in CDs samples as shown in the TEY-XA spectra. Take the carbon atoms as an example, some
chemical bonding are mostly present in the core, while others are probably found on the
surface. This means that the spectral features of the TIY-XAS are not only influenced by the
local environment but also by the electron-transfer process. As a consequence, one can expect
that the higher intensity a feature appears, the more electrons escape through it. This can help
to identify the charge transfer channel from the TTY-XA spectra. When the electrons emit out
from the sample, it may be hydrated by a few water clusters and transport through the bulk
liquid, and the ionic current is thus generated. Note that, the identification of the possible
charge carriers remains currently an open question and calls for further investigations to
determine the ionic species.

It should be pointed out that, the TTY detection is very sensitive to small disturbances.
Unsteady current fluctuation can be observed when the liquid is flowing inside the cell, which
indicates that the detected current is originated from the ion transport through the bulk liquid.
Therefore, the flow of liquid sample is stopped for at least 30 minutes before the experiment,
and the sample is kept static during the experiment.

The comparison of different detection schemes on three CDs samples are shown in
Figure 4.6. Since it detects photons, the transmission-XA spectra of liquid samples present the
information of CDs samples with both carbon core and surface groups. TEY and TIY are

electron yield measurement and surface-sensitive, where the core features would not be as



4| Charge Transfer between Carbon Dots and Water

Normalized Intensity (a.u.) ©

~
(@]

1l
(@)

282 286

290 204

Photon Energy (eV)

~~
(o)
N

g-CD

Normalized Intensity (a.u.)

282 ) 286

290 ) 294

Photon Energy (eV)

—~
(@)
N

C-N
g-N-CD 288.2

Normalized Intensity (a.u.)

282 286

290 294

Photon Energy (eV)
Figure 4.6 TEY-XA spectra (line) on dry CDs in vacuum, TIY- (line+solid circle) and transmission-XA

spectra (line+hollow circle) in aqueous CDs dispersions at the C K-edge of (a) a-CD, (b) ¢-CD and (c) ¢

N-CD. The deconvoluted peaks of the TEY-XA spectra are also plotted. Reproduced with permission

from ref. [180], copyright 2019 American Chemical Society.
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pronounced as those in transmission-XAS. However, it should also be note that the detected
ionic current in TTY-XAS stems from the bulk solution in the liquid cell and thus carries the
information of the bulk solution, especially the interaction between CDs and surrounding water
molecules.

A clear distortion of the C=C peak is observed in the TIY-XA spectra compared to
TEY- and transmission-XA spectra. In #-CD, the C=C signal is very weak and might be
obscured by the tail of the C-O feature. Unlike 4-CD, however, the C=C feature is clearly
distinguishable on TTY-XA spectra of graphitized samples. We interpret the different signature
of 4-CD as a result of the nature of the detected signal in TITY-XAS. In the amorphous core of
a-CD, sp’-hybridized carbon atoms are mainly found in small islands isolated into an
amorphous carbon matrix. The sensitivity of transmission mode XAS to short-range ordering
in the material (a few atoms), [93] makes the C=C signature of 4-CD clearly visible as of
graphitic samples. For TEY-XAS, the detected signal also depends on the photoelectron
emission yield of the material, and is in most cases close to the real transmission-XAS, [93] as
observed here. On the other hand, for TIY-XAS, the formation of stable ionized specied is
needed to induce an ionic current between the two electrodes of the flow cell (Figure 4.1).

Since the energy needed to excite carbon atoms (>284 eV) is below the energy required
to excite oxygen in water molecules (>534 eV), the selective X-ray excitation of CDs is possible
and the solvent is not directly ionized. When the CDs in the aqueous dispersion are excited by
the incident X-ray at the carbon edge, an efficient charge separation in the CDs and a charge
transfer to water molecules is required to induce an ionic current that can be detected. TTY-
XAS therefore acts as an energy-dependent probe of charge transfer from CDs to solvent

which enables site-selectivity across the carbon K edge.

amorphous CDs graphitic CDs

Figure 4.7 Schematic illustration of the transport of photoelectrons in amorphous and graphitic CDs.

From our results, it seems that photoelectrons emitted from C=C bonds in #-CD are

not able to be efficiently transferred to surrounding water molecules. This is different from
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C=C bonds in g¢-CD and ¢-N-CD, which are mostly found in ordered graphitic planes, as
previously demonstrated by XRD and HRTEM. [51] As illustrated in Figure 4.7, electrons
move faster in graphitic planes than in amorphous matrix due to the high degree of n—n
stacking in graphitic carbon core. In contrast, the random orientation in amorphous carbon
cores hinders connectivity between conjugated backbones; and thus hinders the electron
transfer. The charge transfer process occurring in TIY-XAS is of a similar nature with that in
the photocatalytic process. As introduced in Chapter 1, in the photocatalytic process electrons
(in valence states) are excited upon UV or visible light irradiation, and then transfer to the
surface (or surrounding catalyst) and participate in the reaction. The rapid electron-transfer of
graphitized CDs underlies the high photocatalytic performance previously reported in

combination with a molecular catalyst. [51,141]
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Figure 4.8 O K-edge TEY-XA spectra of three CDs samples (below) and O K-edge TIY-XA spectra
of a-CD, g-N-CD and water. Reproduced with permission from ref. [180], copyright 2019 American
Chemical Society.
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The peak intensity in the range of 286-288 eV increases in the zx-sitn measurements
compared with the TEY-XA spectra, especially in the TTY-XA spectra. Meanwhile, the sharp
feature of C=0 group exhibits a decrease in C K-edge TIY-XA spectra. These results confirm
the deprotonation of carboxyl groups in water. Together with its emergence below the water
edge in the TTY-XA spectra at the O K-edge (Figure 4.8), it indicates that the surface carboxyl
groups act as the channel for electrons transfer between CDs and water molecules.

The features shown at O K-edge also vary among three XAS detection schemes.
Different from the TTY-XA spectra, the contribution from C=0O bonds in CDs appears to be
negligible on transmission-XA spectra of #-CD below the water edge (Figure 4.8), which
suggests that the transmission-XAS is not a suitable method to analyze the charge transfer
between colloidal with surrounding solvent molecules.

The probing depth of the X-ray is about 10 pm below the water edge, and shows a
dramatic decrease (less than 1 um) at the resonant excitations. In TTY-XAS, the probing depth
is much smaller than the cell size in both cases. But in transmission cell, to ensure the detection
of water, the sample thickness is only a few hundred nanometers. Thus, the amount of CDs
detected in transmission cell is much smaller than that in TIY cell. When scanning the
incoming photon energy across the water O K-edge, the water molecules detected in both cells
are almost the same. As a result, the intensity of the pre-edge in TIY-XA spectrum is so high
relative to the water, compared to transmission-XAS.

However, the transmission-XAS is sensitive to the change in the sample concentration
and moreover, the measurement at O K-edge can be used to identify the structure of interfacial

water around CDs.

4.4 Interfacial Water Structure around Carbon Dots

The oxygen K-edge of three different CDs dispersions were then compared to pure water
using transmission mode XAS, as shown in Figure 4.9. Typical water XA spectra consist of a
pre-edge at 534.7 eV, a main edge around 537 eV and a post-edge at 540 eV. [183] The overall
X-ray absorption is higher for CDs dispersions than pure water but also differs with the
samples. The intensity of the pre-edge feature of a-CD is as strong as that of ¢-N-CD, whereas
the intensities of the main- and post-edges of #-CD are stronger. For g¢-CD, these three features
are weaker than those of the other two CDs samples.

The differences shown in the O K-edge XA spectra between CDs dispersions with
water can be interpreted in terms of modification of the hydrogen bonding network of water

molecules surrounding CDs. As investigated in previous XAS studies of bulk water, [191,192]
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the pre-edge feature originates from unsaturated or dangling hydrogen bonds observed in
liquid phase, the main edge is also related to the population of molecules with unsaturated
hydrogen bonds, while the post-edge region is associated with the fully saturated hydrogen
bonding network. In bulk ice, the pre- and main-edges are weaker compared to liquid water
since all hydrogen atoms in ice participate in hydrogen bonds, while the post-edge is stronger
than that of water. The interfacial water layers around nanoparticles dispersed in an aqueous
environment forms a partially saturated hydrogen bonding network, which can be considered

as the mixture of liquid water and ice.
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Figure 4.9 Deconvolution of the O-K edge transmission mode XA spectra of 2-CD (red), &-CD (blue),

&N-CD (red) aqueous dispersions at 8 wt% and pure water (turquoise). The different Gaussian peaks

(solid), the resulting fit (dash dot) and the background (dot) are shown below the experimental spectra.

The experimental spectra are offset for clarity. Reproduced with permission from ref. [180], copyright

2019 American Chemical Society.

To compare the influence on the hydrogen bonding network of water molecules from
the CDs samples, the pre/main-edge ratios were calculated from the fitted oxygen XA spectra
(Figure 4.9). The pre/main-edge ratio of pure water spectra remains constant as 19.5%. The
pre/main-edge ratios at 8 wt% concentration of a-CD, g-N-CD and g-CD represent 37%, 28%

and 22% decreases compared to the same ratio calculated for pure water (Table 4.2) which
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confirms the contributions of both bulk water and the interfacial water around CDs in the
oxygen K-edge spectra. The distinctive results of the pre/main-edge ratio represent the
different hydrogen bonding networks around CDs, which can be influenced by the

concentration, the nanoparticles size, and the surface termination of the CDs.

Table 4.2 Fitting details of the O K edge transmission mode XA spectra of CDs samples at 8 wt%.

Enetgy FWHM Area
Peak v v

[eV] [eV] a-CD 2-CD 2-N-CD water

A 532.16 1.14 0.0160 / 0.0318 /
B 534.51 0.87 0.0982 0.1524 0.2156 0.1366
C 536.98 3.28 0.7982 1.0030 1.5294 0.7007
D 540.49 4.95 1.1271 1.5256 2.2405 1.0723
Pre/Main edge [%]" 12.3 15.2 14.1 19.5

3) This is calculated from the area ratio of Peak B and Peak C.

To confirm the strong impact of three CDs on the water structure, the evolution of
oxygen K-edge XA spectra at various concentrations was probed. The deconvolutions of
experimental spectra are presented in Appendix, the pre-/main-edge ratio of each spectrum
were calculated from the deconvolution and displayed in Figure 4.10, and the normalized

spectra are shown in Figure 4.11.
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Figure 4.10 The Pre/Main-edge ratios for each spectrum.

The absorptions in the pre-, main- and post-edge regions increase with «-CD

concentrations from 2 wt% to 8 wt% (Figure 4.11a). The larger spectral change shown in the
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a-CD dispersion can be partially attributed to its larger sizes (6.8£2.3 nm) compared to the other
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Figure 4.11 Transmission mode XA spectra at oxygen K-edge from (a) 2-CD, (b) ¢-CD and (c) ¢N-CD
at different concentrations. The spectra are normalized to their integrated area. Reproduced with

permission from ref. [180], copyright 2019 American Chemical Society.
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CDs samples (3.1-3.6 nm). [51] The hydrogen bonding networks induced by nanodiamonds of
similar size as @-CD have been previously determined to extended over several solvation
shells. [186] Similarly, -CD molecules are large enough to distort the hydrogen bonds beyond
the first solvation shell. In the same time, the original donor, C—O groups of #-CD, would
interact with the new acceptor water molecule from the second coordination shell to form an
enhanced hydrogen bond. [193] Due to this arrangement, more bulk water molecules are
involved in the formation of hydrogen bonds, leading to the increased absorption of the pre-
edge feature. This strong interaction between the #-CD and water molecules can also be
confirmed by the pronounced C-O features shown in the z-situ XA spectra at carbon edge
(Figure 4.6a).

For g-CD, XA spectra exhibit a prominent increase at the main- and post-edges with
increasing concentration, while the pre-edge feature is only slightly changed (Figure 4.11b).
The quenching of the pre-edge feature may result from the small size of g-CD (3.6 + 1.0 nm),
resulting in a higher amount of interfacial water, pootly contributing to the pre-edge. It should
be noted that the g-CD samples were synthesized using the same precursor as «-CD, but at a
higher calcination temperature to induce graphitization. The amorphous structures generally
possess larger sizes with a non-uniform distribution than well-graphitized samples. For g-N-CD,
the presence of nitrogen doping facilitates the emission of electrons and thus induces strong
polarization of the CDs surface. Because the water molecule has a strong dipole moment, the
surface polarization orients water molecules with oxygen sites pointing toward the CDs surface,
leaving two hydrogen atoms available for the dual hydrogen bond motif. As such, our results
suggest that a more structured long-range change of water organization (resembling amorphous
ice) is formed around CDs with nitrogen doping. The changes of the hydrogen bonding
network of the water molecules around the CDs induced by hydration may also be important
for the effective charge transfer shown in ¢N-CD as compared to g¢-CD. From these
spectroscopic studies, it appears that Lewis basic carbon sites and structured interfacial water
layer are generated by the graphitization and nitrogen doping of the CDs core. Together with
the enhanced light absorption and the facilitated electrons transfer, ¢-IN-CD exhibits superiority
to enhance photocatalytic hydrogen evolution by acting as conductive channels, efficiently

separating the photogenerated charge carriers.

4.5 Summary

This chapter shows a direct spectroscopic evidence of the impact of carbon core structure on

the charge transfer properties of CDs dispersed in water. In particular, we evidenced that
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efficient charge transfer to water occurs upon excitation of C=C bonds from CDs with
graphitized core but not from CDs with amorphous core. To this aim, we performed z-situ
XAS measurements at the carbon K-edge by detecting the ionic current in aqueous CDs
dispersion generated upon X-ray irradiation. Distinctive electronic structures of CDs originated
from their different structural and chemical natures were confirmed by comparing XAS
measured with ionic yield to transmission and electron yield detections. Furthermore, change of
water hydrogen bonding network around CDs, probed at the oxygen K-edge, was also found to
depend on the CDs core structure. Ionic yield detection of XAS is a promising new method to
probe photoactive sites on dispersed nanoparticles with element- and site-selectivities that may

facilitate the design of new photosensitizers and photocatalysts.
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The previous chapter exhibited an example on the electronic structure modulation by
introducing heteroatoms into carbon dots. Herein, the roles of dopant in polymeric carbon
nitride (PCN) materials will be uncovered using various spectroscopies. The polymeric carbon
nitride consists solely of an assembly of C—N bonds with a small amount of hydrogen on the
terminating edges. The simple chemical composition and bonding mode in pristine PCN
characterize it as a wide-band semiconductor. As introduced in Chapter 1, doping has been a
widely applied method to tune band gap of PCN materials in order to facilitate light absorption
that could result in enhanced photocatalytic activity. In this chapter two types of PCN materials
with different dopants (sulfur and iron) are first introduced. The investigation of their influence

on the electronic structure would be then presented and discussed.

5.1 Motivation

As introduced in Chapter 1, PCN has attracted much attention as a promising metal-free
photocatalyst in the past decade. However, the photocatalytic activities of pristine PCN
materials remain moderate because of the large optical bandgap, low electric conductivity and
rapid rate of charge-carrier recombination. [194] Introducing heteroatoms in to PCN molecules
can effectively modulate the electronic structure of PCN materials and enhance their activity.
So far, there have been plenty of studies on the introduction of various anions and cations into
the frameworks of carbon nitrides. Previous studies on the doped PCN materials focused on
their enhanced photocatalytic performance but the underlying information of electronic
structure were ignored. Ultraviolet and X-ray-based spectroscopic techniques can be helpful to
provide such information. The investigations would thus offer us new insight on the roles of
dopants on the electronic structure of PCN materials for designing more effective visible-light-
driven photocatalysts.

Sulfur-doped PCN is first prepared via the thermal treatment of pure PCN powder in
gaseous H,S atmosphere. [195] The resulting S-doped PCN exhibits an extended light
absorption and enhanced H, evolution performance. Another way to prepare the S-doped
PCN material is to make use of the polymeric nature of PCN materials by co-polymerizing
melamine with a sulfur-containing precursor (e.g., trithiocyanuric acid). [66,196] The similar
electronegativity of sulfur (2.58) and carbon (2.55) makes it practically favorable to substitute
carbon atoms rather than nitrogen atoms in the PCN structure, resulting in the formation of S—
N bonds via thermal polycondensation of thiourea. [197]

Iron-doped PCN was reported right after the emergence of PCN photocatalyst as a

typical example for the heteroatom modification. [65,198,199] Fe-doped PCN was synthesized
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using dicyandiamide (C,H,N,) and ferric chloride (FeCly) as precursors in a polycondensation
reaction. [65] The Fe—N bonds are homogeneously formed in the PCN matrix and result in an
enhanced visible-light-absorption of the obtained Fe-doped PCN materials.

The photocatalytic performance of doped PCN materials is always enhanced with a
proper amount of dopant. Take the S-doped PCN that synthesized by using trithiocyanuric acid
as the precursor as an example. The S-doped PCN samples exhibited an improved activity in
H, evolution reaction over pristine PCN, and the photocatalytic activity varied with changing
the condensation temperature. The maximum of the H, evolution rate was 140.5 pmol h™'
realized at 650 °C, and then slightly decreased to 138.6 umol h™" at 700 °C. [66] The Fe-doped
PCN sample has demonstrated superior photocatalytic reactivity for the oxidative degradation
of various organic dyes. [65]

In the present study, four samples are discussed in two different groups. In each group,
there is one PCN with S or Fe doping, the other one is the pristine PCN sample synthesized
under the same condition as the doped samples. The samples were synthesized by the group
led by Prof. Xinchen Wang in Fuzhou University (China) using the method described in
references [65,196]. The doped samples are named as X-PCN, and the reference samples are

referred to as PCN(X), where the X represents the heteroatom, i.e., S or Fe.

5.2 Identification of Dopant Species
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Figure 5.1 XPS survey of PCN(X) and X-PCN, X=S (a), Fe (b).

The chemical and electronic properties of doped PCN are first studied by XPS. A tiny spectral
shift can also be observed in the XPS survey (Figure 5.1) between the doped and pristine PCN
samples. From the XPS survey spectra of doped PCN samples and the corresponding
references, it clearly shows that the oxygen contents are negligible except for the Fe-PCN
sample. Therefore, the high-resolution XPS spectra were only measured for C and N 1s

electrons. (Figure 5.2 and 5.3) For the undoped PCN, all C 1s core-level XPS spectra possess
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one strong and two weak features which are attributed to C=C at ~284.6eV, C-O at
~286.3 ¢V and C-N bonds at ~288.4¢eV. In N 1s spectra of the undoped sample, the fitting
also yields three features, which are the N in the triazine ring (C-N=C) centered at ~398.2 eV,
the N—C; structure at ~399.8 eV, and pyrrolic N structure at 401.4 eV.

Figure 5.2 shows the C 1s and N 1s XPS spectra of S-PCN and its reference sample
PCN(S). In C 1s spectra, a C-S feature can be clearly observed for S-PCN. The identification
of C-S bond is maintained since this structure is inherited from the precursor, trithiocyanuric
acid. Additionally, the -SH groups in trithiocyanuric acid can act as the leaving groups just like
—NH, in melamine during the polycondensation, and thus the sulfur atoms involve in the
polycyclization joining the heterocyclic rings or the tri-s-triazine moieties and partially take the
place of nitrogen atoms. As a result, the percentage of N—C, feature is accordingly decreased in

the N 1s spectrum of S-PCN.
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Figure 5.2 (a) Cls and (b) N1s XPS of PCN and S-doped PCN. The dotted line and dash-doted line
indicate the fitted result and the Shitley-type background, respectively. The dashed curve is fitted using

Voigt-shaped (30% Gaussian) function after background subtraction.

Figure 5.3 shows the high resolution XPS spectra of Fe-PCN and PCN(Fe). The
precursors are different for the preparation of PCN(Fe) and PCN(S), but the XPS results are
quite similar, especially in C 1s spectra. These results indicate that, the obtained PCN are also

very similar in their molecular structures. One extra feature is shown in both C 1s and N 1s
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XPS spectra of Fe-PCN compared with pristine PCN materials. The one shown in N 1s XPS

can be attributed to Fe—N, thus leading to the destruction of the existing C—N bonds.

Therefore, one more C—N configuration is generated in PCN(Fe). In addition, the cleaved ring

forms energetically unfavorable dangling bonds that easily interacts with oxygen. In the C 1s

XPS of Fe-PCN, the feature around 286 ¢V becomes more intense in Fe-PCN, which is the
overlain of C-NH, (286.3 ¢V) and C-O (286.2 V). This result coincides with the high oxygen

content shown in the XPS survey spectrum.
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Figure 5.3 (a) Cls and (b) N1s XPS of PCN and Fe-doped PCN. The line types in the spectra are same

as that shown in Figure 5.2.
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Due to the low photon flux, it is difficult to measure the high resolution XPS for sulfur,
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especially with a low concentration in the doped PCN materials. Iron, however, can be easily
detected by XPS on Fe-PCN sample (Figure 5.42). The XPS spectra of Fe*" and Fe’" are very
similar, but the Fe L-edge XA spectra show highly distinctive features for Fe’* and Fe’". The
oxidation state of Fe species was determined as +3 by measuring the XAS at Fe L-edge
(Figure 5.4b). Fe’" ions can trap the photogenerated electrons, which can reduce O, to -O,".
Meanwhile, Fe’* ion can serve as a mediator to facilitate the oxidation of OH™ and H,O
molecules to ‘OH by valence holes. [198] However, it should be noted that excessive doping in
polymeric carbon nitride molecules can promote the photogenerated -electron-hole

recombination and is therefore not favorable for their photocatalytic activities.
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Figure 5.5 High-resolution UPS measurement at valence band of X-PCN and the corresponding
reference PCN (X), X = § and Fe. The valence band maximum of each sample was estimated using the

intercept on the abscissa obtained by extrapolating the slope of the spectrum to the baseline.

As introduced in Chapter 1, the band edge potential of a semiconductor photocatalyst
is of vital importance, which decides the possible pathway of photoredox reactions. Upon the
doping, a small red-shift of valence band edge is evident in the UPS measurement (Figure 5.5).
The valence band maximum, which was originally located at approximately 1.4 eV below the
Fermi level, is shifted to 1.20 eV for S doped and 1.11 eV for Fe doped, i.e., the valence band
edge is raised. The higher the valence band edge is, the weaker oxidation power the
photocatalyst possesses. There is no doubt that the significance of the changes in the valence

band position is influenced by the doping concentration. However, in general, the dopant with
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a similar ionic radius would adjust the electronic band structure more gently than the dopant
that would lead to a local structural distortion. In this study, sulfur has a more similar atomic
radius with carbon and nitrogen than iron, which leads to a uniform incorporation in the PCN

molecules.

5.3 Electronic Structure Modified by Dopants

The new chemical bonds formed with the dopant incorporation leads to the modification in
the electronic structure of PCN materials, which can be characterized by X-ray spectroscopy.
First, the unoccupied states are detected by XAS at carbon and nitrogen K-edges. Then the

occupied states are measured using resonant inelastic X-ray scattering (RIXS).
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Figure 5.6 C 1 s XA spectra of X-PCN and the corresponding reference PCN (X), X = S and Fe. The
insert shows the simplified PCN structural unit indicating all the carbon species as observed in the XA

spectra, C1 is targeted to the bonding between two layers.

Figure 5.6 displays the normalized C K-edge XA spectra of doped PCN and reference
samples. The introduction of heteroatoms significantly changes the spectral features and line-
shapes of PCN. The main features are the transitions from C 1s electron to n*._. at ~285.6 eV
(C1), to Ty ez at ~287.9 eV (C2), to m¥ -y at ~288.6 eV (C3), and to m*._ at ~289.6 eV

(C4). The spectra have been normalized to the non-resonant region before and after the main



5 Heteroatoms Doped Polymeric Carbon Nitride

features, where the intensity is independent with the sample. The feature C1 is characteristic of
the interlayered C=C bonding configuration. The feature C2 represents the excitation to the
carbon atoms at the edge of the structure. The feature C3 and C4 are the contributions from
the carbon at the aromatic tri-s-triazine structure, which is the basic structural in PCN materials.
In case of sulfur doping, pronounced changes are the decrease in the intensity and the
broadening of C3 feature, which indicates the existence of C-S bonds, consistent with the
appearance in XPS (Figure 5.2). As same as shown in the above XPS results, the XA spectra
for PCN(S) and PCN(Fe) also exhibits very similar spectral features. Due to the introduction of
iron, the original N=C-N bonds break and new type of C-N is formed. The features C2 and
C3 vary upon the change in the tri-s-triazine structure. In addition, the oxygen content is
significantly increased and oxygen-containing groups are generated as shown in the XPS
(Figure 5.3). As a result, C2 and C3 features are broadened due to the formation of epoxy

group and C=0O bond, respectively.
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Figure 5.7 N 1s XA spectra of X-PCN and the corresponding reference PCN (X), X = S and Fe. The

insert shows the simplified PCN structural unit indicating all the nitrogen species as observed in the XA

spectra.

Figure 5.7 shows the normalized N K-edge XAS spectra providing local electronic
structures of nitrogen atoms in various PCN samples. There are three features shown in the

pre-edge region at 399.6 eV, 401.8 eV and 402.6 eV, which are assigned to the 1s — =n*
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transition in aromatic nitrogen atoms of heterocyclic rings (m*._\_¢, N1), graphitic three-fold
nitrogen atoms (1%, ., N2), and sp’ N—C bridging among tri-s-triazine moieties (n*y ., N3),
respectively. [200,201] Since the sulfur doping is realized by the copolymerization of melamine
and trithiocyanuric acid, the nitrogen concentration in S-PCN are lower than that in PCN(S),
and leading to the overall decrease in the N K-edge XA spectra. The intensity of the features in
Fe-PCN also changes compared with the pristine PCN, the intensity of N1 decreases, whereas
those of features in o* region (above 405 eV) significantly increases. The peaks of three pre-
edge features are also shifted to a lower energy. These results are consistent with the C K-edge

XA spectra, demonstrating the fractional damage of the tri-s-triazine moieties by the

incorporation of iron atoms into PCN.
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Figure 5.8 N Ko RIXS spectra of X-PCN and the corresponding reference PCN (X), X = S and Fe,
with the X-ray excitation energy of 399 eV, 399.6 ¢V, 401.8 eV, 402.6 ¢V, 405.2 ¢V and 415 eV.

To directly verify the change in the localized electronic states in PCN materials upon
doping, the density of the states in the occupied states of nitrogen atoms was probed using
RIXS. RIXS is powerful in the element-specific investigation of the incident coherent
excitation and emission-energy dependence, which is also capable of probing the symmetry
points of the Brillouin zone. [163,202,203] Figure 5.8 shows the N Ka RIXS spectra of the
doped and pristine PCN materials, obtained by X-ray excitation at various incident energies.

The excitations were selected from the absorption edge in XA spectra. All RIXS spectra were
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measured at a constant excitation time and were normalized to the intensity of the inelastic
emission peak.

As shown in Figure 5.8, there are several common features observed in the N Ku
RIXS spectra: a strong emission centered at 394.6 eV, two small features located around 392
and 395.2 eV and a broad feature centered at about 388 eV. The exact position of each feature
varies with different sample but is distributed in a narrow range of 0.3 eV. At the same
excitation, the dispersive features and their line shapes are very similar in four PCN samples.
The incorporation of heteroatoms only leads to the shift in the peak position. The features
below 396 eV primarily reflect the effect of core hole on the unoccupied states of nitrogen
atoms.

The emission line at 394.5 eV was assigned to the pyridinic N in the previous
research [204] on the carbon nitride thin films, and the emission pattern in Figure 5.8 is very
similar to the previous results observed in polypyridine samples. [205] In addition, this emission
is the dominating contributor at 399 eV and 399.6 eV excitations, where the N1 nitrogen atom
of PCN should be excited. All these discussion supports the assignment of the pyridinic N.
Note that the pyridinic N gives multiple peaks in the RIXS spectra, the broad feature below
389 eV is also originated from pyridinic N. [204] As the excitation energy is increased, the
emission at 395.2 eV becomes more and more pronounced. This feature can be attributed to
the graphitic nitrogen atoms according to the literatures [147,200]. The emission located at 392
eV is identical to the shown in the study on the amino acid film.

There is no extra emission peak shown in the RIXS spectra upon the incorporation of
sulfur and iron atoms. For the S-doped PCN sample, the vast majority of sulfur atoms are
bonded with carbon, which has little influence on the local structure of nitrogen, and thus
induces few changes in the N Ko RIXS spectra. For the Fe-doped PCN sample, the changes in
spectral feature are shows in XAS and XPS results, but not detected in RIXS. One possible
reason is the difference in the detected signal among the three techniques. RIXS measures
photon, whereas XAS and XPS detect electrons. The fluorescence yield is very low for N
compared to electron. However, the influence of heteroatoms doping can still be observed in
the RIXS spectra, where there is a small shift to the higher energy. This is also shown in the
UPS measurements (Figure 5.5) with the valence band edge uplift due to the sulfur and iron
doping.

Figure 5.9a shows Fe L;-edge RIXS spectra of Fe-PCN recorded at selected photon
energies. At the resonant excitations, 708-713.1 eV, pronounced energy-loss features below the
strong elastic peak can be observed. When the incident energy is detuned away from the

resonance at 715.4 eV, the Fe RIXS spectrum mainly reflects the characteristics of the Fe 3d
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orbitals near the Fermi level, which can be interpreted simply as revealing the density of the
occupied states. The occupied states at 707.4 eV can be assigned to Fe—N. [200] In Figure 5.9b,
RIXS spectra are plotted as a function of the energy loss, where constant energy-loss features
are recognized. In addition to the elastic peak, two energy loss features (I and II), attributed to
d—d excitations can be observed. [207,208] Peak I is very weak at 708 eV excitation, but can be
clearly observed with the other three incident excitation energies. Charge transfer excitation
results in a tail located at 5 eV lower the energy loss feature, whose intensity is much weaker

than that of d—d excitations.
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Figure 5.9 Fe L3 RIXS spectra of Fe-PCN, with the excitation energy of 708 eV, 708.5 eV, 710.1 eV,
713.1 eV and 715.4 eV.

5.4 Vibronic Structure in Carbon Nitride Molecules

Interestingly, as seen in Figure 5.10, the excitation into the unoccupied states of nitrogen
atoms yields well-separated vibrational excitations next to the elastic line, which can be used to
distinguish the vibronic structure. The profile of each vibrational peak is approximately
symmetric, and can be therefore fitted to a Gaussian curve. These fitted Gaussians possess a
fixed energy width that represents its vibrational energy. The RIXS spectra of S-PCN and
PCN(S) (Figure 5.10) show a progression of about 0.7 eV with a fundamental frequency of
190 meV. The vibrational progressions shown in the spectra of Fe-PCN and PCN(Fe) are

shorter, but the frequencies still remain 190 meV (Figure 5.10). Since these vibrational features
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were obtained as measuring the N Ko RIXS spectra, it becomes plausible that there is no
obvious difference among different PCN samples. It is noteworthy that this is the first time to

our knowledge that C-N vibrations are detected by RIXS.
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Figure 5.10 Energy loss feature detected from N Ko RIXS experiment. Zero energy loss (E=0 eV) is

found from elastic line, excitation at the resonance of N1 feature shown in N K-edge XAS.

By tuning the incident photon energy over the resonance, the core electron is excited
into the unoccupied states with the distribution of vibrational states. In this state the excited
electron remains localized in the resonantly excited unoccupied states with a longer lifetime
than that of the core hole (6 fs for the N 1s core level), [110,209] which increases the likelithood
of participating in its decay process. During the motion of the excited electron, the potential
energy surface of the core-excited state varies and may overlap with ground vibrational levels,
which leads to the vibrational progression observed in the RIXS spectrum, as described by
Franck—Condon Principle (Figure 5.11). [112] In general, the intensity and the number of
vibrational progression are decided by the overlap of the vibrational wave function in the
ground and excited state. The vibrational progression becomes visible in the spectrum only if
the overlap is large enough. And, the larger overlap leads to the more vibrational progressions
shown in the RIXS spectra. Using high-resolution RIXS, the vibrational features in the low-
energy tail of the elastic line at the pre-edge resonance can be well-isolated resolved, permitting

direct comparison to the result obtained from IR or Raman measurement.
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Figure 5.11 Schematic illustration of the vibrational excitation in a RIXS process. 1: excitation of the

core electron, 2: motion of the excited electron, 3: decay back to the original electronic ground state.

For PCN materials, the energy separation of the vibrational progressions shown in the
N Ko RIXS spectra is 190 meV corresponding to the peak at 15321540 cm™ of the vibrational
spectroscopy, where PCN is Raman inactive but IR active. [210] Figure 5.12 shows that there
is band at 1538 cm™' in the IR spectrum of PCN(S). Since the RIXS measurement is performed
at the resonant excitation of N1 feature (Figure 5.7), it is no doubt that the vibronic structure
is attributed to the C=N-C structure. Due to the symmetry selection rule for the RIXS
process [211,212], other C—N vibrations are not visible by RIXS. IR and Raman remain much

easier to access and operate, and possess better spectral resolution than RIXS, however the

Absorbance (a.u.)

1800 1600 1400 1200 1000
Wavenumber (cm'1)
Figure 5.12 ATR-FTIR spectrum of PCN(S).
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identification of the molecular vibronic structure is always not easy for such vibrational
spectroscopy without element-selectivity and site-selectivity, especially in this case, IR shows
many bands in the same region. Furthermore, the spectral resolution of RIXS is improving

through the technological development.

5.5 Summary

In this chapter, the influence of two different types of heteroatoms, sulfur and iron on the
PCN materials are investigated using various spectroscopic techniques. Despite the small
amount of dopants, slight modifications of the electronic structure are detected by combining
different spectroscopic techniques. The incorporation of the heteroatoms into PCN molecules
were first identified by XPS and UPS. The local structures of unoccupied and occupied states
were respectively compared using XAS and RIXS. Furthermore, the vibronic structure in PCN
materials was observed using high-resolution RIXS measurement for the first time, to the best
of our knowledge. This study suggests that RIXS scheme can also be successfully applied on
the solid materials with polymeric nature in advanced studies of vibrational levels of the

molecular electronic ground states.



Chapter 6

Highly Efficient Polymeric
Carbon Nitride photocatalyst

Content

6.1 Motivation 96
6.2 Bifunctionalized Polymeric Carbon Nitride Nanosheets 98
6.3 Influence of Chemical Bonding Configuration on Photocatalysis 101
6.4 Summary 104

Large part of this chapter is taken from the published work Meng and Ren et al. [69], edits have been
made to match the flow of the dissertation. Scientists from different institutes were involved in the
published paper. Meng, Ren, Petit and Zhang designed the experiments. Meng synthesized all samples,
performed TEM, SEM and AFM characterizations of the synthesized samples, and evaluated their
photocatalytic and photoelectrochemical performance. Ren performed XAS, UPS and IR measurements,
analyzed the data, and wrote the manuscript of the journal paper. Liu conducted the surface area and
pore analysis. Huang helped with the evaluation of the photocatalytic performance. Petit helped with

the XAS experiment in BESSY II and the data analysis. Zhang supervised the project.
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In Chapter 5, several types of doped polymeric carbon nitride (PCN) materials have been
investigated using various X-ray spectroscopic methods. However, for the practical application,
the doping strategy alone is not enough to obtain the optimized PCN photocatalysts. Chemists
continue to be interested in trying to develop highly efficient PCN-based materials for
photocatalytic H, evolution and CO, reduction. Here, a bifunctionalized PCN photocatalyst
with oxygen doping and amino groups grafting is presented. This photocatalyst is synthesized
from a facile two-step continuous thermal treatment and shows a superior efficiency for
photocatalytic hydrogen evolution reaction (HER). To understand the origin of the high
activity, the comprehensive spectroscopic analysis is feasible and reliable, as shown previously
in this dissertation. This chapter proposes an example for studying the structure—performance

relationship of a state-of-the-art PCN photocatalyst.

6.1 Motivation

In addition to the electronic structure modulation using co-polymerization and heteroatom
doping strategy that is showed in Chapter 5, the structure modification of PCN is another
method to optimize its photocatalytic performance. The nanostructure engineering of PCN,
including the surface functionalization, morphology and crystallinity changes, can increase the

solvent accessible surface area, improve the hydrophilicity and facilitate charge transfer. [64]

Oxygen-containing group  Amino group gygen-containing group
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Etching Exfoliation

Figure 6.1 Schematic illustration of the preparation process of CNPS-NH,. Reproduced from ref. [6§]

with permission from the Royal Society of Chemistry.

The group led by Prof. Bin Zhang in Tianjin University developed a continuous
thermal treatment process to prepare modified PCN nanosheets (Figure 6.1), which involves
the thermal treatment of bulk PCN in air and the subsequent exfoliation under NH;

atmosphere (see the Appendix for details). [69] The calcination in air can oxidize the pristine
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PCN, leading to the introduction of oxygen into the PCN frameworks. Meanwhile, a porous
structure can be formed by the thermal oxidation-etching. [213] Furthermore, the thermal
treatment in NH; atmosphere has been demonstrated to be an effective way to weaken the
interlayer bonding and exfoliate PCN bulk materials. [214]

Figure 6.2 is the photograph of three samples. The bulk PCN (CNB) is synthesized by
the thermal-polymerization of melamine, and the other two samples, CNPS-O and CNPS-NH,,
are the products obtained from the different stages of the two-step thermal treatment process.
As can be seen from the Figure 6.2, three samples of the same quality (80 mg) have different
volumes. CNPS-NH, sample is looser and lighter, indicating it has a larger surface area. From
the surface area analysis and microscopic characterization, it has confirmed that the CNPS-
NH, possesses a unique ultrathin morphology and rich pores. [69] Another obvious difference
of the three samples is their colors (Figure 6.2). The yellow CNB powder converts to
yellowish-white sample after the thermal treatment, which might be attributed to quantum

confinement effect in the (nano)domains of the ultrathin CNPS-NH, nanosheets. [215]
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Figure 6.2 The photographs of CNB, CNPS-O and CNPS-NH». Reproduced from ref. [69] with

permission from the Royal Society of Chemistry.

Normally, the white color of a photocatalyst is a reflection of the large bandgap
between its occupied valence band and empty conduction band and the fact that less visible
light can be absorbed than that with yellow color. However, the pale-colored CNPS-NH,
exhibits a much higher performance in photocatalytic reaction than the other two samples. It is
impressive that the H, evolution rate of CNPS-NH, is up to 20.9 mmol h"' g" under simulated
sunlight (AM 1.5 G) irradiation using Pt as a cocatalyst, which is one of the most robust
PCN/Pt systems. [69] To understand this unusual performance, spectroscopic investigations
are needed.

It should be pointed out that some results obtained from the collaborators in Tianjin
University, namely, the UV-Visible absorption spectra and the contact angle measurement, are

also introduced here for clarity and for discussion with our experiments.
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6.2 Bifunctionalized Polymeric Carbon Nitride Nanosheets

The optical absorption properties of the samples were first studied by UV-Vis absorption
spectra (Figure 6.3a). The light absorption edge of the CNPS-O is red-shifted relative to that
of CNB, mainly owning to the presence of oxygen-containing group. [216] The blue-shift in
the absorption edge of CNPS-NH,, compatible with its white color. From Kubelka-Munk
function versus the energy of exciting wavelength derived from UV-Vis spectra, [44,217] the
band gaps of these samples are calculated to be 2.75, 2.70, and 2.96 eV for CNB, CNPS-O, and
CNPS-NH,, respectively (Figure 6.3b). The result is in agreement with the variation of the

steady state photoluminescence emission peak. [69]
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Figure 6.3 (a) UV-Visible absorption spectra, (b) The plot of the transformed Kubelka—Munk function
versus the gap energy, (c) UPS spectra and (d) Schematic band structures of CNB (black), CNPS-O
(azure) and CNPS-NH: (orange). Reproduced from ref. [69] with permission from the Royal Society of
Chemistry.

As previously mentioned in this dissertation, the position of valence band edge can be
measured from UPS. Figure 6.3c shows the UPS results of the three samples. They have quite
similar electron density distributions in the vicinity of the Fermi level, but different positions
for the valence band edge, 1.37 eV for CNB, 1.81 eV for CNPS-O and 1.21 eV for CNPS-NH,,

As a result, the positions of the band edge of the three PCN samples can be consequently
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deduced (Figure 6.3d). [44,218] For all three samples, the thermodynamic requirement is
satisfied for both hydrogen and oxygen evolution. It should be noted that the potential of
conduction-band edge of CNPS-NH, is much higher than those of other sample, which can

provide a greater driving force for the H, evolution reaction.
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Figure 6.4 ATR-FTIR spectra of CNB (black), CNPS-O (azure) and CNPS-NH: (orange). Reproduced

from ref. [69] with permission from the Royal Society of Chemistry.

The difference in the chemical composition for three PCN samples can be
characterized by the attenuated total reflectance Fourier transform infrared spectra (ATR-
FTIR). Figure 6.4 presents the typical infrared absorption bands in the as-prepared PCN
samples. The increased intensity of the C—O stretching at 1062 and 1134 cm™ from CNB to
CNPS-NH, indicates the richer oxygen-containing groups in CNPS-NH,. The peaks between
1200 and 1700 cm’ are mostly from the stretching and bending modes of heptazine
heterocyclic ring, and the broad feature at 3000-3350 cm is assigned to stretching modes of
amine group, alcohol hydroxyl group and sp/sp” C—H. [219] There are distinct shapes for the
amine group, which is in agreement with the bending mode in the range of 1550—-1640 cm.
Primary amino groups with two N—H stretch absorptions (3252 and 3285 cm™) are observed in
CNPS-NH,, while the two other samples mostly present secondary amino groups (only one

peak around 3250 cm™). [220] The distinct change of Zeta potential from —14.0 to +19.1 mV
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Figure 6.5 FTIR spectra of three samples recorded from dry state (RH=0%, purple) and that from
humid atmosphere (RH=80%, red), (a) CNB, (b) CNPS-O and (c) CNPS-NHo; the lower panel shows
the corresponding difference spectrum. Reproduced from ref. [69] with permission from the Royal

Society of Chemistry.
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before and after NH; thermal treatment of CNPS-O further proves the introduction of primary
amino groups. [69] These results suggest that not only the ultrathin structure but primary
amino groups (-NH,) also formed during the NH;-assisted exfoliation treatment. The earlier
reports confirms that -NH, groups can act as hole-stabilizers and thus prolong the lifetime of
the excited states in photocatalysts. [221,222] In addition,~NH, group possesses a strong Lewis
basicity, which is also favorable for the photoreduction of water to hydrogen.

Both oxygen containing groups and amino groups have favorable interaction with water
molecules, therefore the bifunctionalized sample, CNPS-NH,, is supposed to have an enhanced
hydrophilicity. After measuring the infrared spectra in dry states, the equipped environmental
cell of infrared spectrometer endows the zz-sitn surface chemistry investigations on three PCN
samples. Figure 6.5 shows the ATR-FTIR spectra measured on each sample at different
relative humidities (RH). As expected, the changes of infrared signature induced by water
absorption can be clearly observed in CNPS-NH, sample. The ##-situ IR results demonstrate
that the hydrophilicity of the samples can be stepwise improved by the successive two-step
thermal treatment. In addition, the same conclusion can be reached from the contact angle
measurement. The water contact angles of CNB, CNPS-O and CNPS-NH, are 55.61°, 40.90°
and 28.45°, respectively (Figure 6.6). The smaller the contact angle is, the wetting tendency is
larger. [223] The improved hydrophilicity and increased solvent accessible surface area are

beneficial to the hydrogen evolution reaction over CNPS-NH, sample.

Figure 6.6 The contact angle measurements of (a) CNB, (b) CNPS-O and (c) CNPS-NHaz. Reproduced

from ref. [69] with permission from the Royal Society of Chemistry.

6.3 Influence of Chemical Bonding Configuration on Photocatalysis

Despite an increase in defects sites and functional groups, the atomic structure of the PCN
semiconductor has to remain stable for efficient photocatalytic activity. To further investigate
the local electronic configuration and chemical structure of PCN-based photocatalysts, X-ray

absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS) were adopted.
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Figure 6.7 (a) C K-edge XAS and (b) C 1s high-resolution XPS spectra of CNB (black), CNPS-O
(azure) and CNPS-NH; (orange). Reproduced from ref. [69] with permission from the Royal Society of
Chemistry.

The C K-edge XAS spectra of these samples are presented in Figure 6.7a. XAS probes
unoccupied electronic states, and is particularly sensitive to the local electronic configuration.
The C K-edge XAS spectra consist of contributions from transitions from 1s to ©* at 285.7,
287.5, 288.6, 289.9 eV and o* at 293-298 eV, which are similar to the spectra shown in Chapter
5. The n* feature at 285.7 eV is typical of the out-of-plane C=C bond, related to interlayer
bonding. [224] The intensity of this feature decreases from CNB to CNPS-NH, because the
delocalized m bonds existing in the interlayer of the stacked CNB are weakened after the
sequence of calcination treatments. Together with the decrease of a percentage of the feature at
288.6 eV that originate from the aromatic carbon atoms in the ring (N—C=N), it confirms that
CNB has been exfoliated and converted to ultrathin sheets, as determined by the above-
mentioned results. This phenomenon can be more cleatly seen from the C 1s XPS spectra
(Figure 6.7b). Moreover, the enhancement of the features at 287.5 and 289.9 ¢V in the C K-
edge XAS spectrum, which are attributed to the carbon species in different carbon—oxygen

functional groups, [151] appears after the thermal treatment in air.
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Figure 6.8 (a) N K-edge XAS and (b) N 1s high-resolution XPS spectra of CNB (black), CNPS-O
(azure) and CNPS-NH: (orange). Reproduced from ref. [69] with permission from the Royal Society of
Chemistry.
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At the nitrogen K-edge XA spectra (Figure 6.8a), four main characteristic resonances
are observed at 399.6, 401.7, 402.5, and 404—412 eV. The first three features are respectively
correspond to the 1s — ©* transition in the pyridinic nitrogen atoms of heterocyclic rings
(T*c—n_0), graphitic three-fold nitrogen atoms (m*_;-) and the bridge nitrogen atoms among tri-
s-triazine moieties (1 ), as discussed in the previous chapter. The broad features in the range
of 404-412 eV are originated from the 1s — o*\ . transition. [225] The large similarities among
three PCN samples imply that the electronic structure surrounding the nitrogen atom are only
little influenced by the changes in the surface chemistry. In other words, this nicely
demonstrates the local probing character of XAS. The spectral characters of the tri-s-triazine
moieties shown at both C K-edge and N K-edge, together with the N 1s XPS (Figure 6.8b),
reveal the preservation of the tri-s-triazine structures in CNPS-NH,. This microstructural
integrity is favorable for channeling photogenerated charge transfer in CNPS-NH, to

participate in the photocatalysis process.
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Figure 6.9 (a) O K-edge XA spectra and (b) O 1s high-resolution XPS spectra of CNB (black), CNPS-
O (azure) and CNPS-NH; (orange). Reproduced from ref. [69] with permission from the Royal Society
of Chemistry.

The O K-edge XAS and O 1s XPS spectra (Figure 6.9) further reveal the changes of
surface chemistry during successive thermal treatments. Significantly, new features appear in
the pre-edge region of O K-edge XAS for CNPS-O and CNPS-NH,. The feature at 533.6 eV
on CNPS-O is assigned to the 1s — 7* transition in epoxide structure, [145] which is weakened
after the treatment in NH; atmosphere, probably due to the replacement of related oxygen
atoms by nitrogen atoms. The feature at around 529 eV could refer to the electronic transition
from O 1s to O 2p holes. [226] During the successive thermal treatments, the characters
around 536 and 538 eV for 1s — o*_ y transition and 1s — o*_ gradually disappear from
CNB to CNPS-NH,. [227] In addition, some bonds involving oxygen atoms are broken due to
defect formation, thus leading to the appearance of O 2p holes. In fact, if photogenerated

charge carriers are efficiently trapped at these defective sites, the probability that they react with
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adsorbed species largely increases, with a parallel decrease of the undesired electron—hole
recombination, which have been confirmed by the photoelectrochemical measurement and
time-resolved photoluminescence spectra. These results reveal that the mobility of the photo-
generated charge carriers is promoted in CNPS-NH,, and thus a better photocatalytic

performance can be anticipated.

6.4 Summary

In this chapter, a structure—performance relationship of highly efficient PCN photocatalysts
have been comprehensively investigated using various spectroscopic methods. First, combining
UV-Vis spectroscopy and UPS, the band edges position of PCN samples were estimated,
which confirmed the feasibility and favorability for photocatalytic hydrogen evolution reaction
over CNPS-NH, from the thermodynamic aspect. Then the ATR-FTIR results showed the
Lewis basic -NH, groups were generated with the thermal treatment in NH; atmosphere.
Finally, the preservation of the tri-s-triazine moieties and the formation of oxygen holes were
detected by X-ray spectroscopies, which played an essential role in charge transfer and
separation. These findings suggest that the nanostructuring of PCN materials with oxygen
doping, surface functionalization and exfoliation endow the PCN nanosheets with atomically-
thin structure, hydrophilic surfaces, strong Lewis basic sites, and long lifetime of charge carrier,
the efficient charge utilization can be significantly improved from respects of its generation,
diffusion and reaction, and thus synergistically leading to highly efficient H, evolution.
Additionally, this research highlights the contribution of various spectroscopic techniques to

the characterization of PCN-based photocatalytic materials.



Chapter 7

Conclusions and Perspectives

This dissertation has been an effort to advance the fundamental knowledge about carbon
nanomaterials for energy applications. Carbon dots and polymeric carbon nitride represent two
typical carbon nanomaterials for artificial photosynthesis. A unique approach coupling various
spectroscopic techniques, including synchrotron soft X-ray spectroscopies, infrared
spectroscopy and photoelectron spectroscopy has been successfully applied to provide detailed
information about the electronic and chemical structures behind their photocatalytic
performance. From the results presented in this dissertation, it is becoming increasingly clear
that research on carbon nanomaterials requires not only rational design but also accurate

characterization.

7.1 Conclusions

In the beginning, many literatures were reviewed in Chapter 1 to find out the current
development of novel photocatalysts based on carbon nanomaterials and also the obstacle
which limits their performance in artificial photosynthesis. Advanced characterization
techniques were then introduced in Chapter 2 from both the fundamental and experimental
perspectives. Finally, studies on different carbon nanomaterials were then presented.

Carbon dots (CDs) possess abundant surface active centers and adjustable core
structures which can be effectively tuned by modulating elemental compositions and surface
functionalities. This modification-flexibility endows CDs versatile applications, such as
fluorescence bioimaging and energy harvesting. However, as a young member in the family of
carbon nanomaterials, some fundamental knowledge of CDs is still missing. The electronic
structures of CDs, the hydrogen bonding network of CDs aqueous dispersion and the charge
transfer properties between CDs and solvent molecules remain pootly investigated.

In Chapter 3, the role of the surface chemistry played on CDs’ optical, chemical and
electronic properties was investigated on three different CDs samples functionalized with
carboxyl, amino and hydroxyl groups. The first experimental result on electronic structure of

CDs studied by synchrotron-based XA and XE spectroscopies is shown. It suggested that
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CDs have an electronic signature which differ significantly from that of previously
investigated carbon nanomaterials (graphene, nanodiamonds...) due to the presence of a
strong C=0O bonds signature. Surface-dependent hydrogen bonding between CDs surface
and water molecules was also demonstrated using 7z-sit# FTIR spectroscopy measurements
on CDs for the first time, and particularly showed that the hydrogen bonding interaction
between water molecules and C=0O bond varied in different chemical environment. Based
on the X-ray and infrared spectroscopic results, the impact of the C=0O bonds environment
on the blue luminescence was further discussed. It demonstrated that that for CDs, the
stronger hydrogen bond is formed with water, the narrower emission energy level is
generated.

In Chapter 4, the charge transfer between CDs photosensitizer and water was
characterized by zn-situ ionic yield XAS for the first time. Due to the progress made in the
previous chapter, the features shown in the XA spectra can be interpreted. By comparing
with transmission XAS in liquid and electron yield XAS measured in vacuum, it was
demonstrated that ionic yield XAS could identify chemical sites inducing charge transfer in
solution. The dependence of the core properties of CDs on the charge transfer was also
observed among the CDs with amorphous, graphitic and nitrogen-doped graphitic cores.
The excitation of C=C bonds in CDs with graphitic core was found to be beneficial for the
charge transfer to water, which is not the case for amorphous CDs. This result is in full
agreement with the photocatalytic activity of these CDs previously reported. Additionally,
extended hydration shells around CDs were evidenced by the strong changes of the
transmission XA spectra of CDs dispersions at oxygen K edge.

In parallel, polymeric carbon nitride (PCN) was also shown to be a promising metal-
free photocatalyst with visible-light activity. Much effort on the novel synthetic methods and
modification techniques of PCN materials have been devoted by chemists and material
scientists since its discovery in 2009, yet few studies focus on how its chemical composition
influences on the electronic structure. In addition, many emerging photocatalytic
applications of PCN materials rely on the accessible surface functionalization.

In Chapter 5, the influence of heteroatoms incorporation in PCN materials was
studied. Two types of doped PCN materials with sulfur and iron were compared. The C-S
and Fe—N bonds were identified as the doping species in two doped materials by XPS. The
negative shifts of the valence band potential upon doping were observed by UPS and RIXS.
The slight modifications of the unoccupied states due to the small amount of dopants were
detected by XAS. Furthermore, the first observation of the vibronic structure in PCN

materials was realized using high-resolution RIXS measurement. It suggests that RIXS
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scheme can be successfully applied on the solid materials with polymeric nature in advanced
studies of vibrational levels of the molecular electronic ground states, which makes the RIXS
technique an efficacious complementary method to IR and Raman spectroscopies in studies of
molecular vibrations.

In Chapter 6, various spectroscopic techniques were applied to reveal how the
changes on chemical and electronic structure of PCN materials affect its photocatalytic
performance. The superior activity was reported on the modified PCN materials successively
treated by oxidation etching in air and exfoliating in NH; atmosphere. The generation of
strong Lewis basic -NH, groups during the thermal treatment was demonstrated by ATR-
FTIR. The enhanced hydrophilicity from surface oxygen groups was also observed in the 7#-
situ FTIR measurement. The preservation of the tri-s-triazine moieties and the formation of
oxygen holes were detected by X-ray spectroscopies, which plays an essential role in charge
transfer and separation. Moreover, the conduction-band edge was found to be more

negative after the thermal treatment by combining UV—Vis spectroscopy and UPS.

7.2 Perspectives

The main goals set out for this dissertation has been achieved, gaining new knowledge for
the carbon nanomaterials towards artificial photosynthesis. With these progresses presented
above, the studies presented in this dissertation could also be considered as providing a basis
for future research, and therefore inspires some possible follow-up experiments that could
be conducted in order to enrich our understanding on carbon nanomaterials and improve
their performance in corresponding application.

Combination with other novel spectroscopic techniques can be useful in providing
a complete picture of carbon nanomaterials. One example is the study of electron transfer in
carbon nanomaterials using time-resolved spectroscopy. Most applications of carbon
nanomaterials stem from their unique electron property and are realized upon the charge
transfer in the materials. Therefore, the studies on the electronic structure and the charge
transfer process are of importance. In this dissertation the efforts we devoted by using X-ray
spectroscopy were shown. The investigation using time-resolved spectroscopy in carbon
nanomaterials can however provide information on dynamic phenomena. Time-resolved
spectroscopic technique for charge-transfer investigation includes, but is not limit to, transient-
absorption  spectroscopy, time-resolved  fluorescence  spectroscopy,  time-resolved
photoemission spectroscopy and time-resolved X-ray absorption spectroscopy. In addition, the

development of ultrafast laser technology would facilitate the research of time-resolved
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spectroscopic technique. The recent progress of femtosecond spectroscopy make it possible to
probe all elementary reactions occurring in the photocatalytic process, which includes charge
generation at 107" seconds, charge separation at 107°—10"* seconds, recombination at
1077107 seconds, and the interfacial reactions at 107°—1 seconds.

In-situ and operando characterization are paramount to provide a precise picture of
carbon nanomaterials. Despite there is significance of their existence of ex-siz# spectroscopic
techniques, the developments of zz-sitn and operando characterizations lead the future direction
and advance our comprehension of carbon nanomaterials in energy applications. As shown in
this dissertation, CDs have already been studied by ##-situ FTIR and XAS. The charge transfer
at the interface between CDs and water has also been investigated using zz-situ XAS. However,
in a real photocatalytic process, CDs, the photosensitizer, are always incorporated with a
photocatalyst to realize the reaction. Although the photosensitizer and photocatalyst can be
studied independently, it is their interplay, in a realistic photocatalytic reaction, that decides the
overall performance. It should be emphasized that, sometime the possibilities for operando
characterizations, especially in the presence of gases or solvents, are limited by the operational

constraints which require the development of new experimental approaches.
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This part presented here helps clarify the research shown in the previous chapters. The common
infrared absorption frequencies in carbon nanomaterials shown in Appendix I are summarized based on
my experimental findings and the published literatures. The spectra and table shown in Appendix II and
V are obtained from my experiments. The descriptions on the experimental setup in Appendix III are
quoted from the various sources [98, 228-232]. And the details on the sample preparation in Appendix

IV are provided by the collaborators.



Appendix I Infrared Spectroscopy Absorption Table

Table Al Summary of common infrared absorption frequencies in carbon nanomaterials.

Functional groups Frfc(gelr)lcy
O—H stretch, free water 3600-3650
N-H stretch 3100-3500
O-H stretch, alcohols, phenols 3200-3640
O-H stretch, carboxylic acid 2400-3560
C—H stretch, aromatics 3050-3150
C—H stretch, alkanes 2850-3000
C—H stretch, anhydrides 2800-2900
C=0 stretch, aldehydes 1720-1740
C=0 stretch, ketones 1705-1725
C=0 stretch, carboxylic acids 17001725
C=0 stretch, conjugated 1680-1690
C=0 stretch, amides 1640-1670
N-H bend, amides 1550-1650
C=N stretch 1570-1700
C=C stretch, aromatics 1450-1650
—CH,— bend 1465
—CH, bend 1375, 1450
C—N stretch, 1 amides 1400-1420
C—N stretch, 2 amides 1200-1350
C—O-H bend (in-plane) 1390-1440
O-H bend (in-plane) 1310-1430
C—OH stretch, 3 alcohos 1150-1220
C—OH stretch, 2 alcohos 1090-1120
C—OH stretch, 1 alcohos 1040-1060
C—O stretch, carboxylic acids, ethers 1100-1300
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Appendix IT Background at Carbon K-edge

The carbon contamination of optics in the beamline results in a strong background appearing
in the raw XA spectrum collected at carbon K-edge. This background can be corrected using
the TEY-XA spectra at the C K-edge measured from the beamline (Figure Al). Since the
photocurrent measured from the carbon contamination at the beamline is usually higher than
that measured from the sample, all TEY-XA spectra from the sample are first scaled to the first
peak appearing at 280.2 eV. The background measured from the beamline is subsequently
subtracted from the scaled spectrum of the sample in order to remove any contribution from

the carbon contamination of the beamline.

— U49-2_PGM-1
— UES6-2_PGM-2

Normalized Intensity (a.u.)

275 280 285 290 295 300 305 310
Photon Energy (eV)

Figure Al TEY-XA spectrum at C K-edge measured from the GaAs photodiode, representing the

carbon contamination of optics in the beamline.
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Appendix ITII Beamlines and Experimental Stations

The U49-2 PGM-1 Beamline at BESSY II is connected to the U49-2 undulator and
equipped with a plane grating monochromator (PGM) that offers high-flux soft X-ray photons
with the energy range from 85 to 1600 eV. In this dissertation, LiXEdrom end station was
adopted. The TEY-XAS results presented in Chapter 3, 4 and 6, and the XES results in
Chapter 3 were collected at this beamline. [228]
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Figure A2 Optical layout of U49-2_PGM-1 beamline at BESSY 1l synchrotron facility. Downloaded
from [228].

The UE56-2_PGM-2 Beamline at BESSY II is one of two PGM beamlines situated at the
double undulator UE56-2, which provides soft X-ray with the photon energy ranging from 60
to 1300 eV. The XAS and XES data of doped PCN samples shown in Chapter 5 were collected

at this beamline using LiXEdrom station. [98]
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Figure A3 Optical layout of UE56-2_PGM-2 beamline at BESSY II synchrotron facility. Reproduced

from [98] with permission from Elsevier.
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The U41-PEAXIS beamline at BESSY II is a newly-built beamline specifically for the fixed
end station PEAXIS, which provides high-flux soft X-ray photons in the energy range between
180 and 1600 eV. The RIXS spectra of doped PCN samples shown in Chapter 5 were

measured at this beamline. [229]
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Figure A4 Optical layout of U41-PEAXIS beamline at BESSY II synchrotron facility. Downloaded
from [229].

The BL3U beamline at UVSOR III is an undulator beamline equipped with a varied-line-
spacing (VLS) PGM for various spectroscopic investigations in the soft X-ray range. Photon
energies range from 60 to 800 eV can be provided. The beamline has two experimental stations,

XES setup and multi-purpose setup. The transmission mode XAS of CDs aqueous dispersions

shown in Chapter 4 were measured at the experimental stage of the multi-purpose setup. [230]
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Figure A5 Optical layout of the BL3U beamline at UVSOR-III synchrotron facility. S1X and M2X can
be replaced with the other exit slit S1 so that experiments can be carried out at different end stations.

Downloaded from [230].
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LiXEdrom station at BESSY II"is designed to perform XAS, XES and RIXS on the
materials in both solid states and liquid environment. The solid measurements and liquid flow-
cell experiment using LiXEdrom have already been introduced in this dissertation.

“To preserve the ultra-high vacunm conditions required for soft X-ray experiments the 1.iXEdrom
Station is equipped with multi-stage pumping, liquid nitrogen cryo-traps and pinholes that reduce the effective
pressure by several orders of magnitude. In the main chamber the vacunm of 1X107°=5X10"" mbar is normally
maintained, in the detector chamber is 1X107°, while at the connection to the beamline the pressure is 5X 107
mbar.

The X-ray spectrometer operates at grazing incidence angle and Rowland circle geometry. 1t is equipped
with four gratings that cover the whole soft X-ray energy range from 30 to 1200 el”. To increase further the
energy resolution, the spectrometer is operated at higher diffraction orders. The detector consists of a stack of
micro-channel plates (MCP), a phosphorous screen, and a charge coupled device (CCD). The MCP plates have
a very small pore size of 5 um and a small bias angle in order to increase spatial/ energy resolution and detection
efficiency at the CCD. They are coated with a thin film of cesium iodide to increase the number of secondary

electrons and to enhance the overall detection efficiency.”

Figure A6 LiXEdrom station in BESSY II synchrotron facility for XAS and RIXS measurements on
solids as well as in liquids. Photo was taken by Ronny Golnak, and the permission to use is

acknowledged.

* The text in italics in the quotation marks is copied from HZB web page [231].
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PEAXIS station at BESSY II " is a new experimental station for XPS and RIXS
measurements on samples in both liquid and solid states. The RIXS results on solid PCN
materials has already discussed in this dissertation.

“The RIXS setup combines high energy resolution with a wide range of momentum transfers. A
continnons range of momentum transfers is made possible thanks to the continuons sweep of the five-meter
analyzer arm in a range of 106.5 degrees. Two precision spherical gratings (2400 lines/ mm) with variable line
separations allow measurement of photon energies over a range of 200—1200 el”. Two manipulators that
Sacilitate RIXS and ARPES over temperature ranges of 20—300 K or 300—1000 K are available.

Moreover, utilization of photonic and electronic microfluidic cells in the sample chamber of PEAXIS
permits advanced development of technologies mirroring actual applications. To increase the efficiency of
photocatalytic and electrocatalytic water splitting, it is necessary for example to study local chemical reactions at

the interfaces. To accomplish this, transient molecular states over different timescales must be identified and

Sfollowed.”

Figure A7 PEAXIS station in BESSY II synchrotron facility for RIXS and ARPES measurements on
solids as well as in liquids. Photo was taken by Christian Schulz, and the permission to use is

acknowledged.

* The text in italics in the quotation marks is copied from HZB web page [232].
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Appendix IV Materials Preparation

Samples studied in Chapter 4 were provided by Reisner’s group in University of Cambridge
and the synthesis has been performed according to ref. [51,141]. “Three CDs were synthesized by
pyrolysis of organic precursors. g-IN-CD were synthesized by the thermal decomposition of aspartic acid in air at
320°C for 100 h. Dissolution in water with addition of NaOH aqueons solution (5 mol/ L) produced a dark
brown solution. The solid product was isolated as a brown powder by freeze-drying”* “Citric acid was used to
synthesize the undoped CDs. Citric acid was pyrolyzed in air at 180°C for 40 b producing a-CD. If further
increased the temperature to 320°C and maintained for 100 h, g-CD would be synthesized. The purification
steps before freexe-drying were similar to that for g-IN-CD preparation.”

Samples studied in Chapter 5 were provided by Wang’s group in Fuzhou University
and the synthesis has been performed according to ref. [65,196]. “S-PCN were prepared via the co-
polymerization of melamine and trithiocyanuric acid. 0.75 g melamine and 1 g trithiocyanuric acid were added
in 10 mL. deionized water and then stirred for 10 min. The mixture was heated to 600°C at a rate of
6°C/ min, and maintained for 4 h under the flowing nitrogen atmosphere. The reference samples PCN(S) were
synthesized using melamine in the same condition.”” “To synthesis of Fe-PCN, 1 g dicyandiamide and 0.1 g
FeCl; mixed with 5 mL deionized water was heated and stirred at 80°C. The reddish mixctures were then
heated to 600°C at a rate of 6°C/min, and maintained at this temperature for 4 b in a flowing-nitrogen
atmosphere. This was followed by cooling the sample naturally to room temperature with nitrogen gas. The
corresponding reference PCIN(Fe) were synthesized from the thermal-polymerization of dicyandiamide with the
same calcining conditions.” ™

Samples studied in Chapter 6 were provided by Zhang’s group in Tianjin University
and the synthesis has been performed according to ref. [69]. “CINB was first synthesized by the
thermal-polymerization of melamine. 5 g of melamine powder was placed in a porcelain boat with a cover and
subsequently heated to 500°C for 2 b, then to 520°C for another 2 b at the heating rate of 2°C/min. The
obtained product was ground into powder using an agate mortar and then transfer transferred into a tube furnace.
The sample was first heated to 520°C at a rate of 2°C/min and held for 8 b under the flowing air (200
SCCM), and then flowed NH; (200 SCCM) for another 1 h. After cooling to the room temperature, the final
product was obtained and named as CNPS-NH,. The porous oxygen-rich carbon nitride nanosheets (CINPS-
O) were synthesized under the same procedure as CNPS-NH,, without the NH; treatment stage.”™

¥ The text in italics in the quotation marks is copied from the supporting information of ref. [51].
§ The text in italics in the quotation marks is copied from the supporting information of ref. [141].
“ The text in italics in the quotation marks is copied from the supporting information of ref. [196].
T The text in italics in the quotation marks is copied from the supporting information of ref. [65].

# The text in italics in the quotation marks is copied from the supporting information of ref. [69].
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Appendix V Fitting Details of Oxygen K-edge Transmission-XA Spectra
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Figure A8 Deconvolution of the O K-edge transmission mode XA spectra of a-CD dispersions at

different concentration. The different Gaussian peaks (solid), the resulting fit (dash dot) and the

background (dot) are shown below the experimental spectra.
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Figure A9 Deconvolution of the O K-edge transmission mode XA spectra of g-CD dispersions at

different concentration. The line types in the spectra are same as that shown in Figure A8.
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Table A2 Fitting details of the O K edge transmission mode XA spectra of CDs samples and water.?

Peak A Peak B Peak C Peak D
Pre/Main
Sample Energy FWHM Energy FWHM Energy FWHM Energy FWHM cgoe [4»
[eV]  [eV] [V]  [eV] [eV]  [eV] [V]  [eV]

§wt% «CD 53216 114 00160 53450 087 00982 53696 328 07982 54048 495 11271 12.3
6wt%a-CD 53215 115 00183 53450 087 01130 53696 328  0.8612 54048 495  1.2471 13.1
4wi%aCD 53211 121 00156 53450 087 01213 53696 328 08381 54049 494 12156 14.5
2wit% aCD 53216 117 00159 53451 088 01183 53696 327 07030 54049 497  1.0217 16.8
8 wt%o ¢-CD / 534.51 086 01524 53699 328 10030 540.50 495 15256 15.2
6 wt%o ¢-CD / 53450  0.87 01621 53699 329 10153 54049 496 13988 15.9
4 wt% g-CD / 53450 087 02132 53696 330 12699 54051 495 16776 16.8
2 wt% g-CD / 53451  0.87 02284 53696 329 12685 54049 495  1.6976 18.0
§wt% ¢N-CD 53215 114 00318 53451 087 02156 53698 326 15294 540.51 495  2.2405 14.1
6wt% ¢N-CD 53216 115 00311 53451 087 01440 53698 327 09756 540.50 495  1.4360 14.8
4wt% ¢N-CD 53215 114 00303 53451 087 01426 53696 327 09036 54049 495  1.2879 15.8
2wit% ¢N-CD 53215 114 00304 53451 087 01473 53697 328 08636 54049 495 11898 17.1
water / 534.51 087 01366 53698 328 07007 54049 494 10723 19.5

3 This table contains all samples shown in Chapter 4.

b) This is calculated from the area ratio of Peak B and Peak C.

xipuaddy
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