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1 Summary

This cumulative dissertation is divided into two main topics: 1) preparation of porous
graphene and revealing the mechanism of pore formation; 2) investigation of solvent
effects on the optical properties of graphene quantum dots (GQDs). The research was
conducted in collaboration with the groups of 1) Dr. Ute Resch-Genger from the
Federal Institute for Materials Research and Testing; 2) Prof. Dr. Andrey Turchanin
from the Institute of Physical Chemistry and Abbe Center of Photonics at Friedrich
Schiller University Jena; 3) Prof. Dr. Ute Kaiser from the Central Facility of Electron
Microscopy at Ulm University. The complete results and experimental details are

included in the attached publications in section 5 and section 6.
1) Porous graphene via chemical etching by hydroxyl radicals

Porous graphene is a new class of graphene materials that has received favorable
attention from researchers due to its unique properties, such as large specific surface
area. However, current synthetic methods like laser lithography and catalyst activation
have some problems, such as tedious operation or poor controllability. Therefore, a
controlled wet chemical method for preparing porous graphene in large quantities is
urgently needed. To achieve scalable preparation with easier manipulation, specific
chemical etching would be one of the available choices. Here, a simple and
controllable method is developed for producing solution-processable porous graphene
derivatives. We identifie oxo-functionalized graphene (oxo-G) with its regulated, low
density of in-plane vacancy defects as a suitable precursor. Hydroxyl radicals are
generated by the photolysis of hydrogen peroxide under ultraviolet (UV)-irradiation,
which etch pores on the basal plane of oxo-G, initiating the pore formation
preferentially at defect sites. Correspondingly, oxo-G flakes with lateral dimensions of
Mm-size and pores with tunable sizes between 5 nm and 500 nm are accessible.
Based on results from atomic force microscopy (AFM), transmission electron
microscopy (TEM), ultraviolet/visible (UV/Vis) spectroscopy, Fourier-transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), solid-state
nuclear magnetic resonance (NMR) spectroscopy, and statistical Raman
spectroscopy (SRS), a possible mechanism for pore formation is proposed. The

electrophilic addition and oxidation reaction between hydroxyl radicals and oxo-G



close to defect sites is the basis for etching. The porous graphene materials can serve

as membranes and provide ideas for the tunability of two-dimensional materials.
2) Solvent effects on the optical properties of GQDs

Due to their special optical features, GQDs have gained a growing amount of interest
and have found widespread use, for instance, in the biomedical, chemical, and
environmental fields as sensors and markers. However, the structure-related features
of GQDs resulting in solvent-dependent optical properties are currently unclear. Using
oxo-functionalized graphene and p-phenylenediamine as precursors, we synthesized
long-wavelength emitting GQDs with a size of approximately 3.6 nm by a solvothermal
approach. The structure and surface characteristics of as-synthesized GQDs were
analyzed by TEM, AFM, FTIR, Raman, and XPS. Subsequently, the effect of solvent
polarity and proticity on the optical characteristics of GQDs containing -OH, -NHz, -
COOH, and pyridine surface groups was studied. A plausible luminescence
mechanism is presented based on the absorption and fluorescence (FL) results of
GQDs. The observed alterations in FL with respect to the position of the maximum,
quantum vyield, and decay kinetics in protic and aprotic solvents, are attributed to
polarity effects, intramolecular charge transfer processes, and hydrogen bonding.
Additionally, the optical sensing potential of GQDs for trace amounts of water was
evaluated. Our systematic spectroscopic analysis will facilitate the rational design of
GQDs and provide more information on the fluorescence process of carbon-based

fluorescent nanomaterials.

2 Zusammenfassung

Diese kumulative Dissertation gliedert sich in zwei Hauptteile: 1) Darstellung von
porosem Graphen und Aufklarung des Mechanismus der Porenbildung; 2)
Untersuchung der Auswirkungen von verschiedenen Lésungsmitteln auf die optischen
Eigenschaften von Graphen-Quantenpunkten (GQDs). Die Experimente wurden
teilweise in Zusammenarbeit mit den Gruppen von 1) Dr. Ute Resch-Genger von der
Bundesanstalt fur Materialforschung und -prufung, 2) Prof. Dr. Andrey Turchanin vom
Institut fir Physikalische Chemie und Abbe Center of Photonics der Friedrich-Schiller-
Universitat Jena und 3) Prof. Dr. Ute Kaiser von der Zentrale Einrichtung

Elektronenmikroskopie der Universitat Ulm durchgefihrt. Die vollstandigen



Ergebnisse und experimentellen Details sind in den beigefugten Veroffentlichungen in
Abschnitt 5 und Abschnitt 6 enthalten.

1) Poréses Graphen durch chemisches Atzen mit Hydroxylradikalen

Porbses Graphen stellt eine neue Klasse innerhalb der Graphen-basierten Materialien
dar, welche aufgrund ihrer einzigartigen Eigenschaften wie beispielweise einer grofl3en
spezifischen Oberflache, vermehrt auf wisseschaftliches Interesse stol3en. Etablierte
synthetische Methoden wie Laser-Lithographie und Katalysatoraktivierung zeigen
jedoch einige Schwachen, wie langwierige Operation und schlechte Kontrollierbarkeit.
Das chemische Atzen von Poren in intaktes Graphen ist hier eine vielversprechende
Madglichkeit, welche sich unter anderem durch leichte Manipulation und Skalierbarkeit
auszeichnet. In dieser Arbeit wird ein einfaches und kontrollierbares Verfahren zur
Herstellung von pordsen Graphenderivaten in Losung entwickelt. Als geeignetes
Ausgangsmaterial wird oxo-funktionalisiertes Graphen (oxo-G) mit seiner regulierten,
geringen Dichte an Defekten in der Ebene ausgewahlt. Durch die katalytische
Photolyse von Wasserstoffperoxid unter UV-Bestrahlung werden Hydroxylradikale
erzeugt, die Poren in der Basalebene von oxo-G atzen und die Porenbildung
bevorzugt an Defektstellen initiieren. Auf diese Weise sind oxo-G-Flocken mit lateralen
Abmessungen von mm-GréRe und Poren mit kontrolliert variierbaren Grofden
zwischen 5 nm und 500 nm zuganglich. Auf der Grundlage von Ergebnissen der
Rasterkraftmikroskopie (AFM), der Transmissionselektronenmikroskopie (TEM), der
UV/Vis-Spektroskopie, der Fourier-Transformations-Infrarotspektroskopie (FTIR), der
Roéntgen-Photoelektronenspektroskopie (XPS), der Festkorper
Kernresonanzspektroskopie (NMR) und der statistischen Raman-Spektroskopie (SRS)
wird ein moglicher Mechanismus der Porenbildung vorgeschlagen. Die elektrophile
Additions- und Oxidationsreaktion zwischen Hydroxylradikalen und oxo-G in der Nahe
von Defektstellen ist die Grundlage fir das Atzen der Poren. Die porésen Graphen-
Materialien kénnten zukulnftig beispielsweise als Membranen zum Einsatz kommen.
Ihr Herstellungs- und Anylaseprozess bietet auch generell Ansatzpunkte zur

Optimierung zweidimensionaler Materialien.



2) Auswirkungen von verschiedenen Lésungsmitteln auf die optischen Eigenschaften
von GQDs

Aufgrund ihrer besonderen optischen Eigenschaften stoflen GQDs auf wachsendes
Interesse und werden beispielsweise in der Biomedizin, der Chemie und im
Umweltbereich als Sensoren und Marker eingesetzt. Jedoch sind die
strukturbezogenen Merkmale von GQDs, die zu I0sungsmittelabhangigen optischen
Eigenschaften fuhren, derzeit noch wunklar. Unter Verwendung von oxo-
funktionalisiertem Graphen und p-Phenylendiamin als Startmaterial wurden
langwellig-emittierende GQDs mit einer GroRe von etwa 3,6 nm durch eine
solvothermische Methode synthetisiert. Die Struktur und die
Oberflacheneigenschaften der synthetisierten GQDs wurden mittels TEM, AFM, FTIR,
Raman und XPS analysiert. Anschlielfend wurde die Auswirkung der Polaritat und
Protizitat des Losungsmittels auf die optischen Eigenschaften von GQDs mit -OH-, -
NHz-, -COOH- und Pyridin-Oberflachengruppen untersucht. Auf der Grundlage der
Ergebnisse der Absorptions und Fluoreszenz (FL) der GQDs wird ein plausibler
Lumineszenzmechanismus vorgestellt. Die beobachteten Veranderungen der FL in
Bezug auf die Position des Maximums, die Quantenausbeute und die Abklingkinetik
in protischen und aprotischen Ldsungsmitteln werden auf Polaritatseffekte,
intramolekulare  Ladungstransferprozesse und  Wasserstoffbrickenbindungen
zuruckgefuhrt. Dartber hinaus wurde das optische Erfassungspotenzial von GQDs fur
Spuren von Wasser untersucht. Die hier vorgestellte systematische Analyse wird das
rationale Design von GQDs erleichtern und weitere Informationen Uber den
Fluoreszenzprozess von fluoreszierenden Nanomaterialien auf Kohlenstoffbasis

liefern.
3 Introduction

3.1 History of Graphene Materials

Carbon is the fourth most abundant element in the universe after hydrogen, helium,
and oxygen. On Earth, its abundance in the crust is only exceeded by iron, silicon, and
titanium. Carbon atoms' capacity to create powerful covalent bonds with other carbon
atoms in different hybridization states (sp, sp?, and sp?) or with nonmetallic elements

enables them to build a wide variety of structures, from small molecules to



macromolecular chains.l'l This feature demonstrates the great significance of organic
chemistry and biochemistry to living organisms as a highly dynamic structural
backbone. Two centuries ago, carbon was first proved to be present in all organic
molecules, like proteins and carbohydrates, else inorganic molecules like graphite,
diamond, etc. Graphite is one part of carbon matter, and it is a soft, opaque, black
substance with exceptional electrical conductivity. In addition, graphite consists of
layers of graphene that are layered and held together through van der Waals

interactions.

International Union of Pure and Applied Chemistry (IUPAC) defines graphene as “a
single carbon layer of graphite structure, explaining its nature by analogy to a
polycyclic aromatic hydrocarbon of essentially limitless size.”?l However, this concept
has rarely been used accurately in the literature recently. The word graphene has been
used informally in the scientific literature to refer to graphene in its purest form and
numerous other materials with comparable properties, all of which we classify better
as graphene-based materials. These materials can differ from the IUPAC definition of
graphene in many ways: 1) the number of layers of some so-called graphene is
sometimes more than one;B! 2) chemically processed graphene materials commonly
contain a large number of heteroatoms, such as oxygen-containing groups;* and 3)
some so-called graphene sheets have a large number of sp3-hybridized carbon

defects and holes/pores on the basal plane.P!

Graphene has become a research hotspot since Geim and Novoselov won the Nobel
Prize in Physics in 2010 “for groundbreaking experiments regarding the two-
dimensional material graphene.”®®! Two-dimensional materials have attracted growing
attention due to their remarkable properties, like high strength, carrier mobility, and
thermal conductivity compared to the existing materials.[’l However, the study of
graphene-related materials has a long and rich history (>180 years).®l As shown in
Figure 3.1, there are several pivotal moments/periods in the history of graphene
materials, including the discovery/preparation of graphite intercalation compounds,
graphite oxide, graphene oxide (GO), porous graphene, graphene quantum dots
(GQDs), and oxo-functionalized graphene (oxo-G). The story starts in 1840 when
Schafhaeutl first described the preparation of graphite intercalation compounds.-°! In
1855, Brodie first reported the formation of graphite oxide in a short note and showed

more details for the synthetic information in 1859. In that paper, he tried to use KCIOs,
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sulfuric acid, and nitric acid as oxidants to react with graphite, which is known as
“Brodie’s method” now.!" Over the next century, several groups tried to synthesize
graphite oxide by following or improving the Brodie method and further characterize it.
For instance, in 1865, Gottschalk synthesized graphite oxide using Brodie’s method
and named it “Graphitsaure” (graphitic acid).[''l In 1898, Staudenmaier reviewed the
existing techniques and proposed a less dangerous strategy for synthesizing graphite
oxide.l'? In 1928 and the subsequent years, Hofmann and co-workers investigated the
structure of graphite oxide and gave the first structural model of graphite oxide.l'3! In
1958, Hummers and co-workers ushered in a new era of graphene materials research
by providing a safer and more effective approach for preparing graphite oxide using
permanganate as an oxidant in sulfuric acid, known as “Hummers’ method,” and has
been widely used in recent decades.!'l Later, Boehm et al. prepared thin, lamellar
carbon sheets four years later by chemically reducing the graphite oxide dispersion.['"]
In addition, Boehm et al. also coined the term graphene in 1986, deriving it from the
combination of the word graphite and the suffix referring to polycyclic aromatic
hydrocarbons.!'®! More than a decade later, groundbreaking experiments were carried
out by Geim and Novoselov in 2004, where monolayer graphene was obtained using
mechanical exfoliation.%? They found that the monolayer graphene film exhibited high
room-temperature mobility (~10,000 cm?/V-s). This work was awarded the 2010 Nobel
Prize in Physics and led to numerous fascinating investigations of graphene and other
two-dimensional materials. Since the isolation of graphene, its properties and
applications have been intensively investigated and exploited. However, researchers
have found some limits when treating graphene in specific cases, like its zero bandgap
for semiconductor devices, stacking behavior in graphene-reinforced composite
formation, etc. To overcome the drawbacks, structural modification of graphene was
subsequently explored, leading to bandgap opening or activation of the carbon lattice.
One possible way to open bandgap is by introducing lattice defects; as shown by
Fischbein and Drndi¢ in 2008, graphene was sculpted with nanometer-scale pores,
slits, and gaps.['] In the same year, Ponomarenko and Geim fabricated graphene
quantum dots (GQDs).['"1 The GQDs have several innovative qualities, such as
distinctive photoluminescence due to their quantum confinement effect. In addition,
Eigler proposed oxo-G, which has oxo-functionalities on the basal plane of graphene
and a nearly intact hexagonal carbon framework in contrast to graphene oxide bearing

a higher density of disorder traditionally in its carbon lattice.'” Low-temperature-
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controlled oxidation of graphite is employed to produce oxo-G, which prevents the
formation of extensive structural defects compared with Hummers’ method. Thus, the
low-temperature procedure minimizes carbon loss as CO2. In another way,
overoxidation is suppressed in terms of oxo-G and its derivatives. Furthermore, the
defect density can be more precisely quantified, altered, and visualized for oxo-G and
its derivatives, making them an ideal precursor for manufacturing surface-

functionalized graphene materials.
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Figure 3.1 History of graphene materials.
3.2 Porous Graphene

Porous graphene, also known as holey graphene, is a form of graphene with pores in
the plane.?®) Compared with other porous carbon materials, porous graphene has
several significant features.?!l First, the high mechanical strength of graphene can
promote the stability of porous frameworks and prevent the structures from shrinking
or collapsing.l??! Second, the pores in porous graphene are conducive to the rapid
diffusion of electrolytes, which makes porous graphene a perfect current collector for
the rapid transit of charge carriers inside the frameworks.l?®l Third, some porous
graphene is created from GO or oxo-G containing oxygen functional groups, making
them attractive platforms for further functionalization, enabling the development of
graphene-based porous structures.?’l These unique characteristics allow porous
graphene to serve as an essential component in many fields, including energy storage
and conversion devices. Figure 3.2 shows the annual histogram of publication items

of porous/holey graphene with a rapid increase since 2008.
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Figure 3.2 Publications item on topic of ‘porous graphene’ and ‘holey graphene’ since 2008; search
results obtained by Web of Science, May 2022.

3.2.1 Properties of porous graphene

Structure properties: Porous graphene is a modified graphene sheet in which the lack
of carbon atoms in the plane results in the formation of some pores/holes.l?! The
structure of porous graphene differs in terms of pore size and distribution based on
the fabrication method. For example, as shown in Figure 3.3A, Zhou et al. prepared
porous graphene via a carbothermal reaction between the metal oxide and graphene
materials.[?®] The as-generated pores are uniform and nearly circular, with a size of 1-
10 nm. In another work, Wang and co-workers reported the scalable synthesis of
porous graphene via refluxing reduced GO in concentrated nitric acid. The porous
graphene is not that regular, and the average size of pores is about 50 nm, which is

much larger than the pores in Zhou’s work (Figure 3.3B).1?7]



Figure 3.3 Structure of porous graphene. A) TEM images of porous graphene prepared from
carbothermal reactions. Reproduced from ref.?8l with copyright permission of Springer Nature 2014. B)
TEM image of porous graphene from acid treatment. Reproduced from ref.?”] with copyright permission
of Springer Nature 2013.

Mechanical properties: The presence of the pores is disruptive to the integrity of the
graphene lamellae; however, it was found that these pore structures did not negatively
affect the mechanical properties of graphene, and some tests even showed that the
mechanical strength of the porous graphene material was comparable to that of
graphene.?’-281 Wang and co-workers reported that the presence of the pores does
not damage the lattice structure of other layers of graphene, thus maintaining the
mechanical strength and stability of the material.?”! In addition, the density of porous
graphene is generally lower than that of graphene, so the volume ratio of porous
graphene is larger at the same mass, resulting in an increase in its strength-to-weight
ratio (Figure 3.4).1281
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Figure 3.4 Comparisons of the A) ultimate strengths and B) Young's moduli of neat Ultem™ 1000
(Ultem), 1 wt% graphene-filled Ultem composite (1% G-Ultem), and 1 wt% hG10-filled Ultem composite
(1% hG10-Ultem), respectively. Reproduced from ref.[?8 with the copyright permission of the Royal
Society of Chemistry 2015.



Electronic properties: The bandgap is the defining characteristic of semiconductor
materials and is vital for controlling conductivity electronically.?®! One of the most
significant advantages of porous graphene is that it possesses bandgap due to edge
effects, which is not present in pure graphene.l*! However, the theoretical bandgap
values vary widely in different computations. For instance, Du and co-workers first
demonstrated that the bandgap of porous graphene is 3.2 eV according to density
functional calculations.®l Pierre and co-workers found that the bandgap of
hydrogenated porous graphene was 3.95 eV by using hybrid HF-DFT functionals and
all-electron Gaussian-type basis sets.?? In 2016, Zhang et al. prepared porous
graphene with different sizes by using Fenton reaction, and the bandgap of porous
graphene after 5 h etching is 3.878 eV, which is very close to the value of the
theoretical calculation above.?3 In addition, various porous graphene with a wide
range of pore sizes from 4 nm to 2 ym with electron mobility ranging from 100 to 500

cm?/V-s at various temperatures were reported by some research groups.34

3.2.2 Preparation of porous graphene

Electron or ion-beam lithography: To create pores in a thin layer of material,
mechanical force is an effective route. Lithography refers to using high-energy electron
beams, ion beams, or photon beams to etch graphene materials to induce the removal,
oxidation, or degradation of carbon atoms on the surface.®® The whole process only
takes a few seconds to tens of seconds. For instance, Fischbein and Drndi¢ reported
the high-resolution manipulation of suspended multilayer graphene sheets by
exposing them to the focused electron beam of a transmission electron microscope
under specified conditions, thus creating nanometer-scale features that are stable and
do not develop over time, including nanometer-scale pores, slits, and gaps.['’l The
advantage of this method is that it is fast, while the disadvantage is that it is

cumbersome and costly to operate.

Thermal treatment. Annealing is a relatively simple and clean method for the
preparation of porous graphene as no additional reagents are mostly needed.8!In this
technique, the starting material (graphene, graphite oxide, GO, or reduced GO) is
heated to achieve the oxidation, exfoliation, and reduction reactions requisite for
porous graphene synthesis. For example, Yang and co-workers obtained porous

graphene via annealing treatment of graphite oxide nanosheets with a high heating
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rate.?”] The generation of pores in graphene is shown in Figure 3.5. During the thermal
decomposition of GO, the generated carbon-containing gases increase the pressure
between graphite oxide layers. When the heating rate is high enough, the
accumulating gases punch pores in graphite oxide sheets. The graphite oxide
synthesized using Staudenmaier’s or Hummers’ method has many defective regions,
which are chemically active and thus preferentially reacted involved in decomposition

reactions, resulting in the porous structure.

Graphene oxide

Rapid thermal reduction
& Holey graphene

Figure 3.5 Schematic of formation mechanism for porous graphene through annealing treatment.
Reproduced from ref.57l with copyright permission of Wiley-VCH 2015.

Catalytic oxidation: Due to the periodic arrangement of carbon atoms, the surface of
graphene is inert, and it is difficult to react with other compounds under normal
conditions. However, at a given temperature and with the assistance of catalysts,
carbon atoms at specific places can be removed to generate gas, resulting in pores in
the plane of graphene. For instance, Lin et al. reported a facile and controllable method
to synthesize porous graphene using catalytic oxidation of graphite carbon with the
assistance of silver (Ag) nanoparticles.[?®l The entire synthesis steps are shown in
Figure 3.6. First, Ag nanoparticles were deposited on the surface of graphene to
produce graphene-decorated Ag nanoparticles (Ag-graphene). Second, the Ag-
graphene was heated in a tube furnace to induce controlled air oxidation. Third, the
partially oxidized Ag-graphene was refluxed in nitric acid to remove the Ag

nanoparticles.
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Figure 3.6 The 3-step process to prepare porous graphene. Reprinted from ref.[?8 with the copyright

permission of the Royal Society of Chemistry 2013.

Pyrolysis: It refers to the high-temperature decomposition of organic substances in an
inert atmosphere (usually almost oxygen-free).*8l It was utilized decades ago to
extract valuable fractions from petroleum. In recent years, this approach has gained
increased interest for its application in transforming chemical molecules into carbon
nanomaterials. For example, Neumann and co-workers developed a technique for the
bottom-up fabrication of atomically thin graphene with controllable crystallinity and
porosity utilizing aromatic self-assembled monolayers as precursors.? In addition,
the as-prepared porous graphene has high charge carrier mobility, making it desirable

for electronic field-effect devices.

Wet etching: There are many kinds of chemicals that can be used for wet chemical
etching, including acids, bases, radicals, etc.[*? For instance, Fan and co-workers
designed a simple approach for manufacturing a binder-free and free-standing N-
doped porous graphene//polyaniline (PANI) slice that not only has a high packing
density but also retains a highly linked pore connection channel for effective ion
transport without compromising electrochemical energy storage (Figure 3.7).147]
Furthermore, the N-doped porous graphene/PANI electrode could provide ultrahigh

volumetric capacitance, excellent rate performance, and long-term cycle stability.
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Figure 3.7 Schematic illustration of the high-density freestanding HNHG—PANI slice fabrication
technique. Adopted from ref.*!l with the copyright permission of the Royal Society of Chemistry 2017.

3.3 Graphene Quantum Dots

Graphene quantum dots (GQDs), a new type of carbon nanomaterial, are usually
composed of single or few-layer graphene sheets with lateral dimensions of less than
100 nm.®2 GQDs could be obtained by decreasing the graphene size in two-
dimensional directions, which can be regarded as unique small graphene fragments.
Compared with pure graphene, GQDs have a smaller size, a larger specific surface
area, and exhibit a more obvious edge effect and quantum confinement effect, which
makes them different from graphene in terms of photoelectric transmission
properties.[*3 In addition, the quantum confinement effect primarily influences the
electronic bandgap of GQDs.*4 GQDs have been widely used in the research of
chemistry, biology, physics, environmental science, and other fields because of their
simple preparation, good stability, low toxicity, and good biocompatibility.[*° The
popularity of this area and the number of published items have increased at a

phenomenal rate (Figure 3.8).
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Figure 3.8 Publications item on topic of ‘graphene quantun dots’, ‘GQDs’, and ‘nanographene’ since
2008; search results obtained by Web of Science, May 2022.

3.3.1 Properties of graphene quantum dots

Structures: GQDs are generally composed of carbon, hydrogen, and oxygen elements,
and recently, nitrogen atom doping has been commonly used to modulate the
photoluminescence behavior of GQDs.! Its lateral size is defined as less than 100
nm, and its thickness is around several nanometers (a few layers of graphene). In
addition, unlike pure graphene, which is composed of sp? carbon, most graphene
quantum dots have some sp® carbon atoms. Most synthesized GQDs are nearly
spherical or ellipsoidal, although triangular, quadrilateral, and hexagonal GQDs have
also been synthesized.*”! In addition, GQDs possess in-plane graphite lattice spacing
of 0.20 - 0.24 nm (corresponding to different diffraction planes) and graphite layer
spacing of 0.334 nm (or larger due to the presence of functional groups), as revealed
by high-resolution transmission electron microscopy (HRTEM) and XRD

characterizations (Figure 3.9).[4]
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Figure 3.9 TEM and HRTEM images of GQDspurple-biue (a, d), GQDsbie (b, €), and GQDsgreen (C, f),
respectively. Reproduced from ref.8! with the copyright permission of the Royal Society of Chemistry
2015.

Optical Properties: GQDs have strong optical absorption in the UV region and a long
tail extending up to the absorption edges of 700 nm.*9 Specifically in the UV region,
as shown in Figure 3.10A, the 1-11* transition at around 230 - 270 nm originates from
C=C in the core, and the n-11* transition at about 320 - 450 nm originates from C=0,
C=N, and other functional groups in the edge.% In addition, the absorption peaks of
GQDs obtained by different preparation methods are different due to their varying
sizes and various surface functional groups. GQDs differ from graphene in their unique
fluorescence properties, as pure graphene is non-fluorescent. The origin of the
photoluminescence of GQDs can be attributed to two types: one is the intrinsic state
emission related to size, edge type, and local electron-hole pair recombination; the
other one is the defect state emission related to defects in GQDs.5"! So far, numerous
kinds of GQDs have been prepared, with emission wavelengths ranging from visible
to near-infrared regions. As shown in Figure 3.10B, the GQDs exhibit excitation-

dependent and nearly white emission.
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Figure 3.10 UV/Vis absorption and fluorescence spectra of two kinds of GQDs. Reproduced from ref.5%

with copyright permission of Wiley-VCH 2014.
3.3.2 Solvent effects on optical properties

Solvatochromism: Researchers discovered that the UV/Vis and near-infrared
absorption and emission spectra of the fluorophore are largely affected by the
surrounding solvent molecules. The position, intensity, and sometimes even the shape
of the absorption bands and emission peaks change with the solvent, which is called
solvatochromism (Figure 3.11).52 If the spectral peak shows red-shift (bathochromic
shift) with increasing solvent polarity, it is called positive solvatochromism, and
conversely, if blue-shift (hypsochromic shift) occurs, it is called negative
solvatochromism. The factors that affect solvatochromism are complex, including
hydrogen bonding, charge transfer, solvent polarity, proton transfer, probe-probe
interactions, conformational changes, etc.5%! It is difficult to determine which effect is

dominant in a given system, and in many cases, multiple effects act simultaneously.4
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Figure 3.11 Fluorescence images and quantum yields of Prodan among different solvents. Reprinted

from ref.52 with copyright permission of Wiley-VCH 2013.
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Solvent effects on GQDs: In 2011, Zhu and co-workers prepared fluorescent GQDs
via a one-step solvothermal method, and the GQDs possessed bright fluorescence,
low toxicity, and good biocompatibility.°® In addition, they found that the GQDs could
be dissolved in water and many other polar solvents, and the FL emission peak of
GQDs shifts from 475 nm to 515 nm when the solvent changes from THF to water.
The authors assigned the solvent effect to different emissive traps or solvent
attachments. In 2016, Niu and colleagues demonstrated the solvent-dependent
absorption and emission behaviors of GQDs via time-dependent density functional
theory (Figure 3.12).561 They found that compared with that in the gas phase, the
absorption peak of GQDs shows a red-shift in low polarity solvent (toluene) and even
stronger in higher polarity solvent (THF). They proposed that the higher polarity

induced a larger surface charge external potential.
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Figure 3.12 Absorption (A) and emission (B) spectra of a: the pristine GQDs and c: the pyridazine N-
doped GQDs in gas phase, toluene, and THF, respectively. Reproduced from ref.[5¢! with the copyright
permission of the Royal Society of Chemistry 2016.

3.4 Purpose and Significance of the Study

By imparting the advantages of pores into graphene, porous graphene has attracted
extensive attention from researchers for its high specific surface area with a unique
porous structure, and chemical diversity while maintaining excellent electronic

conductivity.?'. 571 These extraordinary properties enable porous graphene materials
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to be used in many applications, including energy storage and conversion, gas
sensors, water desalination, etc.[?°¢ %81 In recent years, numerous strategies, such as
annealing, activation by metal catalysts, focused electron beam etching, bottom-up
synthesis employing aromatic molecules, and chemical etching, have been devised to
generate pores in graphene.['7:37.3%.411 Among them, chemical etching provides a low-
cost and easily-operated route. Hence, for my first project, a solution-processible
method based on chemical etching is proposed to synthesize porous graphene.
Compared with previous research, oxo-G with a controlled defect density herein is
used as a precursor to prevent the flake disintegration, and hydroxyl radicals
generated from ferrous catalyzed H202 photolyzed under UV light photolysis are used
as etching agents to produce pores in oxo-G. Moreover, the chemical composition of
oxo-G has been taken into consideration, and the plausible mechanism for how
hydroxyl radicals initiate the reactions around the defects is further proposed. We hope
this work will open up new strategies for the rational design of porous graphene

materials and develop controlled chemistry at the rims of pores.

During the last project of synthesizing porous graphene, we found a kind of side
product was generated when we expanded the etching time. The side product was
blue-fluorescent, which was confirmed to be graphene quantum dots (GQDs). GQDs
are a top-rated new class of graphene-based nanomaterial in recent years, and one
of the most valuable properties of GQDs is their photoluminescence.% 5% However,
the mechanism of the photoluminescence of GQDs is still under discussion. It has
been shown that the photoluminescence of GQDs is mainly controlled by its core
structure and the surface or edge groups.'?l In addition, the researchers found that
the solvent has an important influence on the optical properties of GQDs, but the
influencing factors are very complex.’®! The researchers generally agree that it is
related to solvent polarity, but the exact reason remains to be investigated. Hence, for
my second project, solvent-sensitive GQDs are prepared, which makes it much easier
to study the solvent effect of GQDs on their optical properties. A series of protic or
aprotic solvents with varying polarity and proticity have been used to unravel a
possible mechanism for fluorescent behavior. Furthermore, their potential to detect the
water in organic solvents has been tentatively figured out. We hope the work will pave
the way for the rational design and fabrication of GQDs with precise control over their

functional properties.
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4 Characterization and Testing Techniques

Characterization and testing techniques are fundamental to identifying nanomaterials,
recognizing their diverse structures, and evaluating their unique properties.[®® The
main purpose of the characterization of nanomaterials is to determine physicochemical
properties such as morphology, size, chemical composition, and optical properties of
nanomaterials.8'l The characterization and testing techniques of graphene-related
nanomaterials in my research can be divided into the following parts: 1) morphological
characterization; 2) compositional and structural analysis; 3) optical property

characterization; 4) Langmuir Blodgett (LB) technique.

4.1 Morphological Characterization

Among the morphological characterizations of graphene-related nanomaterials,
atomic force microscopy (AFM) and transmission electron microscopy (TEM) are

widely used.6?

4.1.1 Atomic force microscopy

The basic setup of the AFM is shown in Figure 4.1A, which mainly consists of
cantilever, tip, scanner, laser source, photodetector, feedback system, and imaging
system.[63 A feedback reference is pre-set when the scanner drives the probe close
to the sample surface. The laser detector collects the changed signal generated by
the interaction between the probe and the sample and then transmits it into the
feedback system. The difference between the two signals is called the error signal.
When the error signal occurs, the feedback system controls the scanner to move or
change the voltage to maintain the measured value in agreement with the reference
value so that the imaging system can record the surface information of the sample.[64
Depending on the physical quantities fed back to the feedback system, the operation
of AFM can be divided into the following modes: contact mode, non-contact mode,
and tapping mode.[®%! Figure 4.1B shows the AFM image of porous graphene, which
was collected in the tapping mode. From the figure, we can see that there are many
pores on the surface of graphene, and these pores are nearly-circular. The
advantages of AFM are the simplicity of sample preparation, high resolution, and the
ability to image in three dimensions. The disadvantage of AFM is that the scanning
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range is small and limited by sample factors, and tiny artifacts generated by

background noise can be detected.
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Figure 4.1 A) The basic working principle of AFM. B) AFM image of porous graphene.
4.1.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is often used for the morphological analysis
of nanomaterials.®¢! The components and optical path of the TEM are shown in Figure
4.2 A. The TEM is composed of the following components: electron source, condenser
lenses, condenser aperture, objective aperture, select area aperture, intermediate
lenses, project lens, and screen. These components can be classified into two main
systems: the condenser system and the objective system. The condenser system is
located in front of the sample and serves to obtain the ideal light source; the objective
system is located behind the sample and serves to amplify and optimize the imaging.
The principle of the imaging system in TEM is the Abbe theory of imaging.[*’1 A parallel
electron beam is incident on the periodic structure of the sample resulting in diffraction.
After the objective lens is focused on the focal plane to reach diffraction extremes, a
magnified phase of the sample is produced in the image plane. Figure 4.2B shows
the TEM image of a flake of porous graphene, from which we can see that even small
holes of a few nanometers are apparent, with a level of resolution that cannot be

achieved by optical microscopy and AFM.
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Figure 4.2 A) The components and optical path of the TEM. B) TEM image of porous graphene.
4.2 Compositional and Structural Analysis

The physicochemical properties of nanomaterials are closely related to the chemical
composition and structure of the constituent nanomaterials.[®® Therefore, it is vital to
determine the elemental composition and structure of nanomaterials. Relevant
characterization and analysis methods include Fourier-transform infrared (FTIR)
spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), nuclear

magnetic resonance (NMR) spectroscopy, and CHNS elemental analysis (EA).

4.2.1 Fourier-transform infrared spectroscopy

Infrared (IR) spectroscopy is essentially an analytical method for determining the
molecular structure and identifying compounds based on information such as relative
vibrations and molecular rotations between atoms within a molecule.[® Infrared
absorption spectroscopy records the vibration and rotation of molecules, and the
atoms of chemical bonds or functional groups are in a state of constant vibration (or
rotation), whose vibration frequency is comparable to that of infrared light.[’® Therefore,
when a molecule is irradiated with infrared lights, the chemical bonds or functional
groups in the molecule can absorb and vibrate, and chemical bonds or functional
groups have their corresponding absorption frequencies and will be in specific
positions on the infrared spectrum, so that information about what kind of chemical
bonds or functional groups are contained in the molecule can be obtained. The energy
difference between rotational levels of molecules is relatively small, the absorbed light

frequency is low, and the wavelength is long, so the pure rotational spectrum of
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molecules appears in the far-infrared region. The energy difference between
vibrational energy levels is much larger than that in rotational energy levels, and the
light frequency related to vibrational energy level transition of molecules is higher, so
the pure vibrational energy spectrum of molecules generally appears in the mid-
infrared region. In the mid-infrared region, there are two main vibrational modes of the
groups in the molecule, namely stretching vibration and bending vibration.[’l The
stretching vibration refers to the movement of the atoms in the moiety back and forth
along the valence bond direction (both symmetric and asymmetric), while the bending
vibration refers to the movement perpendicular to the valence bond direction (for
example, rocking, twisting, wagging). The most commonly used infrared spectrometer
is Fourier-transform infrared (FTIR) spectroscopy, which has the components shown
in Figure 4.3A and consists mainly of an infrared light source, laser, movable mirror,
fixed mirror, detectors, and Fourier transformation part.’2 Figure 4.3B shows the
FTIR spectrum of oxo-functionalized graphene (oxo-G), from which the following
functional groups are present: stretching vibrations of O-H and adsorbed water at
about 3400 cm™, stretching vibrations of C-H at around 2900 cm-, stretching
vibrations of C=0 at 1730 cm', deformation vibrations of the O-H at 1400 cm™,
stretching vibrations of C-O-C at 1225 cm™, and C-O stretching mode at 1050 cm™.[73]
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Figure 4.3 A) The components of FTIR spectroscopy. B) FTIR spectrum of oxo-G.
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4.2.2 Raman spectroscopy

Raman spectroscopy is a powerful technique for the characterization of graphene-
related materials. It's a kind of scattering spectra based on the interaction of light and
material.[’*! For light scattering, when high-intensity incident light from a laser source
is scattered by molecules, most of the scattered light has the same wavelength as the
incident laser, which is called Rayleigh scattering (Figure 4.4A).I’”>l However, a tiny
fraction of the scattered light has a different wavelength (color) than the incident light.
The change in wavelength is determined by the chemical structure of the test sample,
which is called Raman scattering and was discovered by Indian scientist
Chandrasekhara Venkata Raman.[’8l Raman scattering has two different energy
differences of transition and thus produces two different spectral, as shown in Figure
4.4A. The scattering whose frequency is less than the incident light frequency is called
Stokes Raman scattering, and the other one whose frequency is larger than the
incident light frequency is called anti-Stokes Raman scattering.l’”l In general, the
Stokes Raman scattering is more intense than the anti-Stokes Raman scattering, due
to the Boltzmann distribution, where the number of particles in the vibrational ground
state is much larger than the number of particles in the vibrational excited state.
Figures 4.4B and C show the Raman spectrum and statistical Raman spectra of
reduced oxo-G (r-oxo-G), respectively. In Figure 4.4B, the D mode appears at around
1350 cm-', which is attributed to the breathing mode of six-membered in graphene;
The peaks located at around 1580 cm™' and 2700 cm™ are assigned to the G mode
and 2D mode of graphene, which originate in a first-order Raman scattering and two-
photon process, respectively.[’8 In a simplified model, the D, G, and 2D modes can be
correlated in order to extract the density of defects in graphene-based samples.[® As
shown in Figure 4.4C, with the increase in density of defects (decreasing with the
average distance between the defects, Lb), the Io/lc ratio first reaches a maximum of
around 4, then decreases. In Figure 4.4D, it can be seen that the Io/lc ratio is 3.3, and
the full width at half maximum (FWHM, I") of the 2D peak of r-oxo-G is about 83 cm™,

indicating that the Lb is around 2.2 nm, and the density of defect is about 0.5%.
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Figure 4.4 A) The energy level diagram shows the different scattering. B) Raman spectrum of r-oxo-G.
C) Relation between Ip/lc and Lo fitted by Cangado and Lucchese’s approach.® D) Statistical Raman

spectroscopy applied on r-oxo-G. I™: full-width at half-maximum.
4.2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a method that uses an electron
spectrometer to measure the energy distribution of photoelectrons and Auger
electrons emitting from the surface of a sample when irradiated with X-ray photons.[8%
XPS can be used for qualitative as well as semi-quantitative analysis. The basic
principle of XPS is photoionization: when a photon is radiated on the sample surface,
the photon can be absorbed by an electron in the atomic orbit of an element in the
sample, causing the electron to release from the nucleus and emit with specific kinetic
energy from inside the atom to become a free photoelectron, while the atom itself
becomes an excited ion.B For a particular monochromatic excitation source and a

specific atomic orbital, the energy of the photoelectron is characteristic. When the
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energy of the excitation source is fixed, the energy of its photoelectrons is only related
to the type of element and the atomic orbitals ionized for excitation. Therefore, we can
qualitatively analyze the elemental species of a substance based on the binding
energy of the photoelectrons. In addition, the electron binding energy of the inner shell
layer of an atom changes depending on the chemical environment in which it is located,
and this change is recorded as a shift of the spectral peak (binding energy) to form the
spectrum. This difference in the chemical environment results from the type or number
of elements bound to the atom, or it can be regarded that the atom has different
chemical valence states. Figure 4.5A shows the basic structure of the XPS instrument,
including the light source, electron lens, electron energy analyzer, and detector.
Figure 4.5B shows the high-resolution C 1s XPS spectrum of oxo-G. The C 1s
spectrum can be split into three peaks. The one located at 284.6 eV is assigned to the
graphitic C-C bonds; another two peaks are contributed to the C-O/C-OH and
C=0/COOH, respectively.[®?l The shortcoming of XPS is that it is limited to surface
analysis; however, XPS is quite reliable for graphene-related nanomaterials as they

have layered structures.
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Figure 4.5 A) The components of XPS. B) High-resolution C 1s spectrum of oxo-G.
4.2.4 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a method of determining the
molecular structure and chemical composition of a sample.®3 It works by studying how
spinning nuclei interact in a strong magnetic field. A steady external magnetic field
causes specific nuclei in a molecule to absorb their corresponding radio frequencies
in NMR spectroscopy. Nuclear spins undergo a transition due to the energy absorbed,

which may be visualized on an NMR spectrum. For graphene-related materials, they
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are materials rather than small molecules. In this situation, solid-state NMR (ssNMR)
is developed to collect NMR spectra.i4 At the same time, new problems appear. One
problem is that the natural abundance of '3C is only 1.1%. On the other hand, '3C
nucleus has various orientations in the external magnetic field, resulting in broad
absorption lines. A new technique named magic angle spinning (MAS) is utilized for
ssNMR.[® Rotating the probe up to 70 kHz at the magic angle of 54.74° in relation to
the external magnetic field can significantly diminish the dipolar interaction and
anisotropy of the chemical shift. Figure 4.6 shows the '3C ssNMR spectrum using the
MAS technique. The following are observed in the spectrum, graphitic sp? domain at
133 ppm, lactol signal at 100 ppm, tertiary alcohols at about 70 ppm, and epoxides at
about 60 ppm.!8¢l

' 250 ' 2CI)0 ' 1é0 ' 1é0 ' 1;10 ' 1éO ' 160 . 8I0 . GIO ' 4lO ' 2IO ' CIJ
*C Chemical shift (ppm)
Figure 4.6 MAS '3C ssNMR spectrum of oxo-G.

4.2.5 CHNS elemental analysis

CHNS elemental analysis (EA) is often used to determine the elemental content of
carbon, hydrogen, nitrogen, and sulfur in graphene-related samples.’1EA is a reliable
and efficient technique for assessing the purity and chemical composition of graphene-
related materials. It works by the combustion of the sample by high-temperature
oxidation in the presence of a composite catalyst to produce N2, nitrogen oxides,
carbon oxides, sulfur oxides, and water, which are driven by a carrier gas into a
separation and detection unit. After the adsorption column retains the compounds of
non-nitrogen elements by adsorption, the nitrogen oxides are reduced to nitrogen gas
and then determined by the detector. Other oxides are then separated and determined
in the order of carbon, hydrogen, and sulfur by the adsorption resolution of the
adsorption-desorption column. The advantage of elemental analysis is that it is low-

cost and efficient, and it requires only a very small amount (~1 mg) of sample.

26



4.3 Optical Property Characterization

4.3.1 Ultraviolet/Visible absorption

Ultraviolet/Visible (UV/Vis) spectroscopy is a powerful tool for determining the
concentration of graphene-related materials and evaluating their functionalization
degree.®8 The transitions of valence electrons of molecules (or ions) need the
absorption of UV or visible light (usually 200-800 nm), which can be detected to export
UV/Vis absorption spectra. The UV/Visible spectrum shows a broad band because the
interelectronic energy transition is always accompanied by a vibrational and rotational
energy transition. In compounds, there are o-electrons forming single bonds, -
electrons forming unsaturated bonds, and lone pairs of n-electrons. When the
molecule absorbs UV or visible radiation, these outer electrons will jump from the
ground state (bonding orbitals) to the excited state (antibonding orbitals), and there
are four main ways of transition, with the order of energy required: 0 - 0*>n — o* >
m— 1" > n — 1*. Considering the unique chemical composition of every molecule, it
has its own fixed absorption spectrum, giving constant external conditions. The
quantitative analysis principle of UV/Vis is the Lambert-Beer law, which describes the
relationship between the intensity of light absorption by a substance at a certain
wavelength, the concentration of the substance, and optical path length.B% The
expression is A = gbc, where A is the absorbance, ¢ is the molar absorption coefficient,
b is the optical path length, and c is the concentration of the substance. Figure 4.7A
shows the composition of the UV/Vis instrument, which includes the light source,
monochromator, detector, and signal processing system. Figure 4.7B shows the
UV/Vis spectrum of oxo-G, where the absorption band located at 230 nm is attributed
to the TT—1r™* transition, while the one located at around 300 nm is attributed to the

n—1* with C=0 in oxo-G.[®
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Figure 4.7 A) The components of UV/Vis spectroscopy. B) UV/Vis spectrum of oxo-G aqueous solution.
4.3.2 Fluorescence

Fluorescence (FL) is a form of photoluminescence.®'l Figure 4.8A shows a common
type of energy level diagram, Jablonski diagram, in which So, S1, and S2 represent the
electronic ground state, the first and second electronic excited states of the molecule,
respectively.®?l Substances may absorb the energy of photons when they are
irradiated by light, and then their electrons may jump from the ground state (So) to the
excited state (S1, S2). While the excited state electrons are unstable, they will move
from the S1 or Sz state back to the So state and simultaneously emit light, called FL.
Besides FL, the excited electrons can also relax via generating heat or in other forms
of energy loss. If the electron is converted from the S1 state to the first triplet (T1)
excited state by intersystem crossing and then moves back to the So state,
phosphorescence is emitted. This is the fundamental difference between
phosphorescence and FL. The difference between the S1 excited state and the T+
excited state mainly lies in the orientation of electron spin (singlet and triplet state,

respectively).

In terms of measurement, FL spectra could be classified into FL excitation spectra
(FLex) and FL emission (FLem) spectra. Both excitation and emission FL spectra record
the variation of FL intensity with wavelength. The FLem spectrum of most substances
is red-shifted compared to the excitation spectrum, known as the Stokes shift. As
shown in Figure 4.8A, electrons in the excited state (S1 or S2) normally do not directly

radiatively move back to the ground state (So) for FL emission, but first undergo such
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non-radiative transmissions as vibrational relaxation, internal conversion, etc. Similarly,
the electrons that are in the ground state also have to undergo a series of vibrational
relaxation since there are a series of vibrational levels even in the ground state. All

these processes lead to energy loss, which is reflected in the spectra as red-shift.

FL quantum yield (QY) and lifetime are vital criteria for evaluating fluorescent
performance.®®l Quantum yield is the ratio of the number of photons emitted (Npnotons
emitted) Dy @ fluorescent substance to the number of photons absorbed (Nphotons absorbed);
the equation is QY = Nphotons emittea/ Nphotons absorved. Indeed, there are absolute and
relative QY values, which are obtained by two distinguished measurements. The
method to obtain absolute quantum yield does not require a standard as a reference,
and its error is relatively small. The other method is to calculate the quantum yield of
the substance by measuring the integrated FL intensity of the substance and another
substance with a known quantum yield under the same excitation conditions, then
making the comparison using the other substance as an internal reference. The FL
lifetime can be understood as the average residence time of all molecules in a
substance in the excited state. For the lifetime measurement, generally, the sample is
excited with a laser pulse signal of a specific wavelength. Then the decay of the signal
emitted from the sample is observed, and the resulting curve is called the lifetime

decay curve. The lifetime could be calculated with the slope of decay.

Pure graphene is a zero-bandgap material and is not expected to show FL. However,
the bandgap could be open via functionalization or shrinking to nanoscale lateral
dimensions. In this regard, oxo-G is fluorescent due to its functionalization with
oxygen-related functional groups. GQDs are also fluorescent due to the
functionalization and quantum confinement. Figure 4.8B shows the FLex and FlLem

spectra of GQDs, and the Stokes shift can also be observed.
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Figure 4.8 A) Jablonski diagram showing the process of absorption and multiple ways of relaxation. B)
FLex and FLem spectra of GQDs.

4.4 Langmuir-Blodgett Technique

Langmuir-Blodgett (LB) technique is a film-forming method that can be designed and
controlled from the molecular scale.®¥ The film thickness can be governed by the
number of molecule layers, so the molecules in the film have an ordered layer structure
and high anisotropy as designed, and the method can be used to obtain large-area
single-molecule films with almost no defects. For oxo-G, the LB technique allows
simple and fast preparation of monolayer film, which is further used for
characterization by Raman spectroscopy, AFM, efc. Figure 4.9A illustrates the
assembly of amphiphilic molecules in the LB device, where the sample is first
dissolved in a spreading solvent.[® The solute molecules form a neatly oriented
monomolecular film at the gas-liquid interface; under compression, a dense
monomolecular layer film is gradually formed at the interface; at a constant surface
pressure, the monomolecular layer film is transferred to the solid substrate. Figure

4.9B shows the oxo-G flakes are successfully deposited onto the wafer.
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Figure 4.9 A) Schematic illustration of LB device. B) Optical image of oxo-G deposited by LB.
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Influence of SiO, or h-BN substrate on the room-
temperature electronic transport in chemically
derived single layer graphenet
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The substrate effect on the electronic transport of graphene with a density of defects of about 0.5% (©5%G)is
studied. Devices composed of monolayer 08%g, partially deposited on SiO, and h-BN were used for
transport measurements. We find that the %G on h-BN exhibits ambipolar transfer behaviours under
ambient conditions, in comparison to unipolar p-type characters on SiO, for the same flake. While
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Wet-chemically prepared graphene from graphite can be
stabilized in solution by covalently bound oxo-groups using
established oxidation protocols.'” In general, the materials
obtained are termed graphene oxide (GO). However, the
chemical structure varies and the carbon lattice may even be
amorphous due to the evolution of CO, during synthesis.*
Thus, in this study we use oxo-functionalized graphene (oxo-
G), a type of GO with a more defined structure, as proven in
our previous work.® The oxygen-containing groups on the
graphene basal plane and rims of flakes and holes make GO
a p-type semiconductor with a typical resistance of 10'°-10"*
Q sq ' ** and a band gap of about 2.2 eV.”® The reductive
defunctionalization of GO leads to a certain type of graphene
(G), often named reduced GO (r-GO).** Removal of oxo-groups
from the surface can be achieved by chemical reduction,®*
electrochemical methods,'"** electron beam treatment'® and
was observed in situ by transmission electron microscopy.*
Thermal processing of GO instead leads to a disproportion-
ation reaction forming carbon with additional vacancy defects
and CO,." In general, the reduction of GO turns r-GO from
a semi-conductive material to a semi-metal. Mobility values
were determined in field effect transistor (FET) devices.***®
Generally, the quality of graphene strongly depends on the
integrity of the hexagonal carbon lattice. Thus, mobility
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intrinsic defects in graphene cause scattering, the use of h-BN as a substrate reduces p-doping.

values of 10~° and up to 10* em® V™' s™" were reported,***®
with the resistance fluctuating between 10° and 10° Q
sq .1*?* We reported on the highest mobility values of
chemically reduced oxo-G (with about 0.02% of lattice defects)
of 1000 cm? V™! s7';* determined by Hall-bar measurements
at 1.6 K.

Hexagonal boron nitride (h-BN) has been proved to be an
excellent substrate for matching graphene-based materials
owing to its atomic flatness, chemical inertness and elec-
tronic insulation due to a bandgap of ~5.5 eV.?> Up to now,
most studies with graphene deposited on h-BN were
restricted to measurements with virtually defect-free gra-
phene.” To the best of the authors knowledge, no studies
reported transport measurements based on single layers of
GO or oxo-G on h-BN substrates. No studies are reported
with graphene derived from GO or oxo-G on single-layer
level. Recently, we found that chemical reactions can be
selectively conducted close to the rims of defects.** However,
before functionalized devices can be studied, the lack of
knowledge on the ambient environment device perfor-
mances of graphene with defects and the influence of
substrates must be addressed. Therefore, we fabricated the
devices composed of ®°”G, partially deposited on SiO,
(8i0,/°*%G) and h-BN (h-BN/°%G) (Fig. 1). Areas of the
same flake on both materials are used to ensure reliable
measurements and to prove that the results stem from the
influence of the substrate rather than from the difference
between devices. Thereby, the °**G exhibits an Ip/Ig ratio of
about 3-4, corresponding to 0.5% of defects, according to
the model introduced by Lucchese and Cancado.**** Our
results demonstrate that the h-BN layer is responsible for
a downshift of the Dirac point and a more narrow hysteresis,
resulting in ambipolar transfer behaviours in h-BN/%**G.

RSC Adv., 2019, 9, 3801138016 | 38011
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Fig.1 (a) Optical image of the fabricated h-BN/%**G heterostructure
on SiO,. (b) The h-BN/%°%*G heterostructure device. Electrodes 1 and 2
define the SiO,/%*G FET device. Electrodes 1 and 3 define the %%*G
on overlapped SiO,/h-BN hetero-substrate device. Electrodes 3 and 4
define the h-BN/%*G FET device. Distance between the electrodes 1-
2 and 3-4is 1.5 pm and 3 pm, respectively. (c) 3D illustration of the h-
BN/5%G transistor device.
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Results and discussion

To gain structural information of ®**G, flakes of ***G were
deposited on HOPG surface and examined by scanning
tunnelling microscopy (STM) under an ultra-high vacuum
(10" mbar). The average height of a single ***G flake was
determined as 0.9 nm (Fig. 2a). At higher resolution, two
different morphologies are detected in the “**G flake, as
depicted in Fig. 2b. The atomically resolved structure is
assigned for the dark region while the resolution fades away in
the bright region. The diffraction spots marked in dashed red
indicate the hexagonal lattice of graphene in the dark regions,
shown in Fig. 2c. The bright regions are caused by the oxygen-
containing groups attached to the carbon lattice, which
breaks the lattice periodicity of graphene and subsequently lead
to no apparent diffraction feature in the reciprocal space
(Fig. 2d).

Atomic scale electronic properties of “**G were explored
using scanning tunnelling spectroscopy (STS). Fig. 2e displays
the I (V) spectrum of the ®**G surface. Compared to the
tunnelling current at the dark region, there exists an apparent
suppression of current at the bright region owing to a lower
conductivity in the distorted graphene lattices. For the averaged
I (V) spectra of the whole area, the metallic behaviour of the

— DarkArea
— Whole Area
— Bright Area

g Current/nA‘

'
o
N}

Tunnellin

04 02 00 02 04
Bias Voltage / V

— DarkArea i

\ — Whole Area i

\— Bright Area

-0.4 -0.2 00 02 04

Bias Voltage / V

Fig.2 (a) Overview STM topographic image of the °°*G on highly oriented pyrolytic graphite (HOPG) substrate (200 nm x 200 nm; /; = 0.6 nA,
Vs = —0.5V). The inset is the height profile of the ®**G flake. (b) STM topographic image of the °**G (12 nm x 12 nm; l,= 0.4 nA, Vs = —0.3 V). (c)
and (d) Fast Fourier transform (FFT) images of the dark region and bright region in (b), respectively. (e) and (f) / (V) spectrum (averaged over >100
single spectra) and corresponding d//dV curves recorded at the dark area (red curve), bright area (blue curve) and whole area (black curve),

respectively.
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05%G flake is found. This phenomenon is also confirmed by the
differential conductivity (d7/dV) curves in Fig. 2f. The Dirac
point is determined from the minimum value in d//dV curves.
The Dirac point in dark region is located at 0.0 V, suggesting low
impurity-related doping level. In contrast, the bright regions
exhibit a positive shift of the Dirac point of about 50 mV, likely
due to the presence of oxygen groups. For the entire scanned
areas, the **”G flake exhibits a p-type electronic doping feature
with the average Dirac point at about 20 mV.

For the fabrication of the heterostructure of h-BN/***G or
$i0,/°°%G, flakes of oxo-G were first deposited on SiO,
substrate by Langmuir-Blodgett technique,” as shown in
Fig. 3a. Then °*”G flakes were prepared by reduction using
vapor of HI/TFA (in inset of Fig. 3b).* The h-BN flakes used in
this study were exfoliated from h-BN single crystals.*" Next, the
heterostructures of h-BN/*°*G or $i0,/°**G were prepared by
a dry transfer technique.*

Fig. 4a shows an AFM image of a h-BN, G heterostructure,
which consists of SiO, substrate with multilayer h-BN flake and
a monolayer °**G flake (~25 x 10 um?) partially covering the h-
BN. The AFM image in Fig. 4b, obtained within the marked area
in Fig. 4a, revealed that the transfer process induced wrinkles
and folds in ®*”G. The height profile of the single ®>*G flake on
5i0, is shown in Fig. 4c (compare Fig. S1f) and depicts
a thickness of about 2 nm. This height is much thicker than
0.9 nm measured by STM for similar monolayer ***G on HOPG.

/0.5%

Barriers
N Wafer

Fig. 3 (a) Schematic illustration of Langmuir-Blodgett assembly of
oxo-G single layers. (b) Optical image of collected %G flakes on
a silicon wafer with 300 nm SiO,, obtained after hydroiodic acid (HI)
and trifluoroacetic acid (TFA) reduction as shown in the inset.
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A major plausible reason is that e.g. water molecules are inevi-
tably adsorbed on the hydrophilic SiO, surface (treated by O,
plasma) leading to an approximately nanometer-thick
hydrogen-bonded water layer and cleaved oxo-groups captured
between SiO, and ®°%*G.* In contrast, although small amounts
of polymer residues are likely trapped between h-BN and *°*G,
the measured thickness of the same “**G flake on h-BN is

(a)
1200 1 ?
7
H
£ 9001 &
=) e
§ | &
} 600 - ,E' ***G on h-BN
“ g 2
o :
£ 300 4 2D
: ks ***G on h-BN A A
/ U %G on Si0,
04
1200 1500 1800 2100 2400 2700 3000
Raman shift /cm™
(b) 45 -
***Gon h-BN
. * ***GonSiO,
4.0 7 »
3351 .
3.0 1
25 T T T T T T T T
45 50 55 60 65 70 75 80 85 90

I,/cm™”

Fig. 5 Statistical Raman microscopy measured with each pixel cor-
responding to an area of ~0.7 x 0.7 um? at 532 nm laser excitation
wavelength. The laser power is below 1 mW to avoid heating induced
by laser. (a) Average Raman spectra of >>*G on SiO, and h-BN. (b) Ip//g,
ratio vs. I';p.

5 10 15 20
Lateral distance / ym

Fig.4 (a) AFMimage of a h-BN/%%*G heterostructure on a Si/SiO substrate. (b) AFM image obtained from the area within the white square in (a).
(c) Height profiles of °°*G on SiO,, %G on h-BN and h-BN layer, which are corresponding to the black lines in (b).

This journal is © The Royal Society of Chemistry 2019
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Table 1 Summary of electrical performances for the °°*G on h-BN, overlapped SiO»-h-BN hetero-substrate and SiO

Dirac point

Resistance/kQ Mobility/em® V™' s7* voltage/V Channel length/um
h-BN/**7G 34.4 5.6 ~20 3
Si0,/°**G 15.6 11.6 >43 1.5
$i0,/°*G * 5.0 14.2 >50 3
8i0,/%3%G ? 5.7 14.5 >50 3
510,/%%%G © 6.8 7.4 >60 2
h-BN/*3%G ¢ 18.7 5.3 ~37 %
h-BN/**7G ¢ 32.5 8.5 ~22, 1.5

“ Reference device of ***G on Si0,, see Fig. 53 (channel: 1-2). ” Reference device of ®**G on SiO,, see Fig. 53 (channel: 2-3).  Reference device of
05%G on 8i0,, see Fig. S4 (channel: 1-2). ¢ Reference device of ®**G on h-BN, see Fig. S4 (channel: 3-4). © Reference device of >**G on h-BN, see

Fig. S5 (channel: 1-2).

~1 nm as shown in Fig. 4c, which is almost the same result as
the thickness determined by STM. The °**G flake on ~6 nm
thick h-BN (Fig. 4c) possesses a lower roughness (~0.5 nm) than
on SiO, (~1 nm). Therefore, h-BN, as a passivation layer, can not
only negate the influence of trapped water on graphene, but also
improves accuracy in the AFM thickness measurements of
monolayer 2D flakes.

Average Raman spectra of the >**G supported by SiO, and h-
BN, respectively, are shown in Fig. 5a. The primary peaks are the
D peak near 1340 cm ™, the G peak near 1555-1557 cm™* and
the 2D peak near 2667 cm™'. The D peak of ***G on each
interface is mainly activated by defects in the carbon skeletons.
The G and 2D peaks closely relate to the quality of graphene.
The almost unchanged positions of the three peaks indicate
that wrinkles and residual polymers induced during the trans-
fer processes do not produce obvious doping effect on the single
layer °°”G. We use scatter plots of Ip/I; versus I'»p, to further
confirm the quality of the ®**G in Fig. 5b. For the ®*”G on h-
BN, the Ip/I; ratio is about 3.3, within the standard deviation
of the Ip/I; ratio of 3.1 determined on SiO,. Based on the model
introduced by Lucchese and Cancado et al.,*** the density of
lattice defects is related to 0.5% for the devices on h-BN and
SiO,. This density of defects relates to the average distance
between defects of around 3 nm. The related defect density (np)
is 4.0 x 10" em™ on h-BN and SiO,, respectively, calculated
from the equation np (em™?) = 10'*/(rL3).>* The I',p of the
Raman 2D band is sensitive to the presence of defects. For the
monolayer “**G on h-BN, only a slightly smaller I',;, of
~70 cm™' is observed than on SiO, (~72 cm™'). The same
monolayer °*G, partially deposited on SiO, and h-BN, presents
almost the same I',p. Therefore, the quality of the investigated
flake is the same on SiO, and h-BN, respectively.

Reference experiments to determine the contact resistance
were conducted using four-probe measurements. The surface
resistance is determined to roughly 21 kOhm in four-probe
configuration and 23.5 kOhm in two-probe configuration
(Fig. S2). Thus, further investigations were conducted in two-
probe configuration under ambient conditions. For our trans-
port measurements, we prepared one device with monolayer
05%G on Si0, substrate (Fig. S31), two devices with the same

monolayer “**G flake that are in part on SiO, and on h-BN

38014 | RSC Adv., 2019, 9, 38011-38016

(Fig. 1 and S41) and one device with monolayer *°*G on h-BN
substrate (Fig. S5T). The patterning of the electrodes was ach-
ieved by standard electron beam lithography processing and
subsequent deposition of 5 nm Cr/70 nm Au by thermal evap-
oration. The electrical performance of the ®**G flake on h-BN
and SiO,, respectively, is summarised in Table 1. The resis-
tance of “*”G on h-BN and SiO, measured at V;,; = 0 V ranges

Carrier density /10" cm™
(@) Mg e O

& V.=50mv] 20
2.1 1.0
< 5
218 Backward 0.0
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9 g
. Vigjrac p0in =20 -2.0
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bo 4o
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(© “EmergeneHY o o
3.8 V,.=50mV
< 3.4
=5
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2.6 Forw'a;r.d
2.2{Viracpoin =30V
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(e) Carrierde‘ﬁsity/m”cm'
8 6 -4 -2 0
V,.=50 mV]
< 4.5
=
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Fig.6 (a), (c) and (e) Transfer characteristics under ambient conditions

for ®%G on h-BN, overlapped SiO,/hBN hetero-substrate and SiO,
with Vg = 50 mV. The gate voltage is swept continuously from —50 to
50 V and back to —50 V. (b), (d) and (f) Related /45— Vqs curves acquired
for Vpg values from —40 V to 40 V in steps of 10 V.

This journal is © The Roy ociety of Chemistry 2019
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h-BN substrate
SiO, substrate

Fig. 7 Proposed model of trapped species upon cleavage of oxo-
groups upon reduction and influence of substrate. (a) Chemical sketch
of the structure of oxo-G with the graphene lattice decorated by
hydroxyl-, epoxy- and organosulfate groups. (b) ®**G prepared by
chemical reduction of oxo-G; covalently bound oxo-groups are
cleaved and at least partially trapped between 05%G and the SiO,
substrate. (c) ©%G on h-BN; cleaved oxo-groups may not be trapped
between h-BN and ®*G because they are squeezed out.

widely, from 5.0 kQ to 34.4 kQ. But the resistances are signifi-
cant lower compared to >10° Q reported for similar devices.”

Transfer curves (Igs—Vqgs) of ®°*G on h-BN is shown in Fig. 6a.
The Dirac points are located at around +20 V. The hysteresis
effect of the ®>*G on h-BN is observed in ambient environment
for sweeping continuously from —50 to 50 V in forward direc-
tion and then back to —50 V (backward direction). From the red
dashed lines presented in Fig. 6a, a room-temperature hole
mobility () of 5.6 em® V™' s is extracted using the equation u
= (LIW) x (1/(CoxVas)) X (dlas/dVig),** where Cox = 1.15 x 10" * F
em™2. As the output curves (I5~Vqs) exhibit ohmic behaviour
(Fig. 6b) we conclude that there is no Schottky contact between
-5%G and metal electrodes. For the °°*G deposited on the
overlapped SiO,-h-BN hetero-substrate (transport measure-
ments performed between electrodes 2 and 4, shown in Fig. 1c),
we observe only p-type character of the I4s-Vys curves with the
Dirac point shifted to about +30 V (Fig. 6c).

This journal is © The Roy. ciety of Chemistry 2019
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In contrast to ®**G on h-BN and overlapped SiO,-h-BN
hetero-structure, the ®*”G on SiO, exhibits unipolar p-type
character (Fig. 6e). The point of the minimum conductivity in
the I45-Vi,g curve is not observed and the Dirac point moves to
higher positive voltage (>43 V). Obviously, electrical transport of
the °*”G on Si0, is completely governed by holes with hole
mobility w;, estimated to about 11.6 cm”® V™' s~ . In addition,
the I3~ Vpg curves exhibit an increase of hysteresis in 5i0,/°*”G
device with a shift of Vg (AVhg = 7.3 V) between the forward
and reverse sweeps, compared to the h-BN/***G device with
AVypg = 2.6 V. Substrate change from h-BN to SiO, induces
trapped holes with density higher than 1.6 x 10'* cm > using
Ang = AVpirac point (Cox/q),> Where g is the elementary charge,
AVpirac point > 43-20 = 23 V. In general, a high density of charge
traps can cause hysteresis and lead to reduced mobility of gra-
phene samples.** However, as summarized in Table 1, mobility
values on SiO, are higher and the resistance is lower than on h-
BN. The main reason for that contradictory finding is that for
0-5%G defects are the dominant scatterers reducing the carrier
mobility. This is consistent with Raman results of Fig. 5b. As
further reference experiments we conducted transport
measurements of defective graphene, here **”*G on Si0,. As
shown in Fig. S6,1 due to the higher density of defects the hole
mobility values are 0.6 cm®> V™" s™" in ambient and 0.9 cm® V™!
s~ in vacuum. However, the Dirac point shifts only from 60 V in
ambient to 30 V in vacuum. Those results are in agreement with
the STS measurements, which indicate p-doping of ***G in
vacuum. It could however be expected that oxo-groups with —I
and —M effects,>® decorating the rims of vacancy defects, may
be responsible for trapping hole carriers. However, the experi-
mental results, such as transport and AFM measurements, give
evidence that p-doping is strongly induced by the SiO, substrate
and cleaved oxo-species, such as water or organosulfate, which
are trapped between SiO, and 0-5%@, Therefore, based on the
AFM height determination on SiO,, the knowledge about the
chemical structure and the reduction mechanism of oxo-G to
*5%G we propose that molecules, such as water or hydro-
gensulfate stemming from oxo-G (Fig. 7a) are trapped between
the SiO, substrate surface and ***G (Fig. 7b). In comparison, h-
BN is affected by the local polarity of h-BN/**"G. As a result,
spurious dopant molecules may get squeezed out (Fig. 7¢), as is
also supported by the measured height and roughness results
determined by AFM.

Conclusions

05%Gisa p-doped material and defects determine the scattering

of charge carriers. Using h-BN as substrate leads to less trapped
molecules, which are responsible for p-doping. In this regard,
most likely hydrogen-bonded water and other cleaved oxo-
species are captured between SiO, and °°*G causing p-
doping, as a consequence of chemical reduction of oxo-G. The
ambipolar behaviour with Vpirac point Of +20 V was therefore
observed for the h-BN/**”G structure while unipolar p-type
response was shown for the same ®**G flake on SiO,. Trans-
fer characteristics show a reduction of hysteresis in the h-
BN/%**G. The mobility of the Si0,/***G is determined to 7.4~

RSC Adv., 2019, 9, 38011-38016 | 38015
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14.5 em”? V™' s7" and for h-BN/***G to0 5.6-8.5 cm®> V™' s~ " at
ambient conditions.
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Experimental Section

1. Synthesis of oxo-G

Oxo0-G was prepared by the optimized oxidation of graphite at low temperature (< 4 °C),
using potassium permanganate as oxidant in sulfuric acid, as reported before by our
group.!

2. Langmuir-Blodgett films of oxo-G

Flakes of oxo-G were deposited onto the Si/SiO, substrate by Langmuir-Blodgett
technique? (LB, Kibron ptrough, 3 mN m™ with the surface tension of water as reference
value of 72.8 mN m™). Reduction was performed by vapor of hydriodic acid and
trifluoroacetic acid (1/1 mixture by volume) at 80 °C (10 min). Subsequently, the surface
of graphene was cleaned with doubly distilled water (Carl Roth) to remove iodine species,
which are adsorbed on %°%*G flakes.

3. Fabrication of h-BN/%>%*G heterostructures device

In order to make h-BN/%°*G heterostructures, a h-BN flake (obtained from Taniguchi
group, Japan) was mechanically exfoliated onto the Si/SiO, substrate by scotch tape
method.> The ©°%G flake was transferred onto Si/SiO,/h-BN surfaces with
Polydimethysiloxane (PDMS, Gel-pack) as a carrier.* Then, the h-BN/%5%G heterostructure

with the same monolayer %G flake partially covered on SiO, and h-BN surfaces was
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finished. Patterning of the electrode structure was achieved by standard electron beam
lithography processing (Raith PIONEER TWO). The 5/70 nm Cr/Au electrodes were
deposited by thermal evaporation (Kurt J. Lesker NANO 36).

4. Measurements

Optical imaging was performed using a Nikon LV100ND. Scanning tunnelling microscopy
(STM) and Scanning tunnelling spectroscopy (STS) were performed with an ultra-high
vacuum (< 107 mbar) STM (Omicron-STM1). AFM characterization was performed using
a JPK Nanowizzard 4 atomic force microscope in tapping mode at room temperature.
Statistical Raman spectroscopy was recorded using a confocal Raman microscope (Horiba
Explorer, 532 nm excitation wavelength). Electrical measurements were carried out at
ambient conditions using a probe station with micromanipulated probes and two source-
measurement units (Keithley 2450). In addition, comparing experiments were carried out
at vacuum (HI-CUBE) using Lakeshore probe station.

Results

—_
Y
~
u

'5%*G on h-BN (b) :; ***G on SiO,

Frequency /a
Frequency /a

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Height/nm Height/nm

Fig. S1. (a) and (b) Histogram of the height distribution measured by AFM for the ®°*G on h-BN
and SiO,.
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Fig. S2. Measurements of resistance of monolayer ®>*G in two-point and four-point configuration,
respectively.
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Fig. S3. (a) Optical image of the fabricated monolayer ®5*G device with back-gate. (b) Electrodes
1 and 2 were measured for transfer characteristics for the ®>*G on SiO,. Channel length and width
between 1 and 2 is 3 um and 24 um, respectively. (c) Electrodes 2 and 3 were measured for
transfer characteristics for the ®°*G on SiO,. Channel length and width between 2 and 3 is 3 um
and 24 pum, respectively.
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Fig. S4. (a) Optical image of the fabricated h-BN/%5*G and SiO,/***G heterostructures device with
back-gate. (b) Electrodes 1 and 2 were measured for the >°*G on h-BN. Channel length and width
between 1 and 2 is 2 um and 15 um, respectively. Electrodes 3 and 4 are measured for the >°%G
on Si0,. Channel length and width between 3 and 4 is 2 um and 15 pum, respectively.
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Fig. S5. (a) Optical image of the fabricated h-BN/***G (the ®**G is completely deposited onto the
h-BN) heterostructures device. Channel length and width is 1.5 um and 5 um, respectively. The
inset shows that the ®*G flake is completely deposited on h-BN, which can fully avoid the effect
of Si0; substrate on the electrical transport properties of the ®5*G. (b) Transfer characteristics for
the ®°%G on h-BN.
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Fig. S6. Transfer curves of the reduced oxo-G with 0.8% defects in vacuum and air by two-probe
configuration.
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Synthesis of Wet-Chemically Prepared Porous-Graphene
Single Layers on Si/SiO, Substrate Increasing the
Photoluminescence of MoS, in Heterostructures

Yiging Wang, Christof Neumann, Marleen Hufimann, Qing Cao, Yalei Hu, Oisin Garrity,

Patryk Kusch, Andrey Turchanin, and Siegfried Eigler*

Wet-chemical generation of pores in graphene is a challenging synthetic
task. Although graphene oxide is available in large quantities and chemically
diverse, extended lattice defects already present from synthesis hamper the
controlled growth of pores. However, membrane, energy, or nanoelectronic
applications essentially require uniform pores in applications. Here, oxo-
functionalized graphene (oxoG), a type of graphene oxide with a controlled
density of vacancy defects, is used as starting material. Pores in graphene
are generated from potassium permanganate treated oxoG and heating
from room temperature to 400 °C. With etching time, the size of pores
increases and pore-diameters of, for example, 100-200 nm in majority
become accessible. The experiments are conducted on the single-layer level
on Si/SiO, wafers. Flakes remain stable on the pm scale and do not fold.
The process leads to rims of pores, which are functionalized by carbonyl
groups in addition to hydroxyl and carboxyl groups. In addition, it is found
that heterostructures with intrinsically n-doped MoS, can be fabricated and
photoluminescence (PL) measurements reveal a 10-fold increased PL. Thus,
graphene with pores is a novel highly temperature-stable electron-accepting
2D material to be integrated into van der Waals heterostructures.

1. Introduction

Graphene with defects, such as pores in
the lattice of graphenel'] finds emerging
applications for water separation, gas sepa-
ration and purification, or sensing*1
The chemical functionalization of gra-
phene can either be accomplished with
graphene dispersed in solvents,'!l or with
graphene deposited on surfaces.””! Appli-
cations based on bulk functionalization
target, for example, composite forma-
tion, exploiting the mechanical properties
of graphene, or electronic properties for
energy applications and energy conversion
or storage.% In particular sensing appli-
cations are targeted using graphene, which
is deposited on surfaces. Thereby, func-
tionalization of deposited graphene can
in principle occur on the surface or at the
rim of flakes. However, since investigated
sensing devices typically have um dimen-
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sions, functionalization at rims of flakes
is supposed to have only little influence
on the device performance. With drilling
pores into the graphene lattice, the proportion of rims can be
increased. In principle, pores can be etched using focused ion
beam and the approach allows for regular patterning, shape, and
size control.1920-22 Thereby, the successful patterning is a tech-
nological challenge. Since the focused ion beam also interacts
with the substrate the dielectric layer, such as SiO, may become
damaged. Thus, although that approach is appealing, it bears
some drawbacks, since high-end technology is required.6:33]
The growth of pores in graphene on the single-layer level is
described by numerous methods in the literature in particular
etching methods.?!l Nanometer-sized pores were created in gra-
phene by oxygen plasma or other plasmas.[?>?¢l Moreover, pores
on the nanoscale were created in few-layered graphene using
oxygen, ozone, or liquid phase etching using HNOj; solution as
etching reagents.?2%l In addition, it is reported that a single Ni
atom can be used to cut graphene to a nanomesh with a pore size
of about 10-50 nm.*) Sub-nanometer diameter pores in single-
layer graphene membranes were also fabricated, accordingly,
defects were introduced into the graphene lattice through ion
bombardment and oxidative etching enlarged defects into pores
with sizes of 0.40 + 0.24 nm.3%3 Moreover, also graphene oxide

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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1. Immersion (KMnO,)
2. Water washing
3. Dryness

4.400°C, 12h
5. HCl washing

Figure 1. Scheme describing the fabrication of pores starting from oxoG.
Flakes of oxoG are deposited on a Si/SiO, substrate. Pr-oxoGyy, is fab-
ricated from oxoG, immersed in KMnO, solution, followed by washing,
drying, and annealing in argon atmosphere at 400 °C for 12 h. The white
scale bar relates to 10 tm in optical microscopy images.

was used as precursor for etching pores, however, no uniform
size was reported and the size of pores is limited to few nm,
assumedly due to too many lattice defect sites already present in
common graphene oxide, which act as origins for etching. Thus,
the formation of larger pores is not possible, since flakes start to
disintegrate.832-3 Accordingly, graphene oxide with extended
lattice defects conceptionally can’t be considered as a precursor
for generating graphene with pores of reasonable lateral dimen-
sions, of tens to hundreds of nm (Table S1, Supporting Infor-
mation). Here we describe the formation of pores of circular
shape by a Mn-species assisted etching procedure at 400 °C in
argon atmosphere. The approach starts from oxo-functionalized
graphene (oxoG) with a low density of initial vacancy defects
(0.8%, as determined by Raman spectroscopy), which is a sub-
class of the graphene oxide family. By controlling the reaction
conditions, it is possible to gain a certain control over the forma-
tion of pores with diameters between 100-200 nm in majority.
Those pore-graphene materials are highly temperature stable
since they are synthesized at 400 °C. Moreover, integration into
heterostructures is possible. We report that the amplitude of the
photoluminescence (PL) signal of MoS, enhances 10-times.

2. Results and Discussion

The formation of pores in monolayers of oxoG was elaborated
in a five-step procedure (Figure 1). Accordingly, oxoG flakes are
deposited on Si/300 nm SiO, wafer by Langmuir-Blodgett tech-
nique.’*38 The lateral dimensions of monolayer oxoG flakes
are roughly 20 pm (Figure 1 left and Figure S2A-C, Supporting
Information). Figure S1A,B, Supporting Information, show the
results of the statistical Raman analysis of flakes of reduced
0x0G revealing an Ip/I ratio of the defect induced D band and
the G band of 2.7 + 0.14 and a full-width at half-maximum (I')
of the 2D band T,p = 93 £ 9 em™. Thus, the average distance
of defects L is about 2 nm, following the relation introduced
by Lucchese and Cangado.®#% The distance of defects can be
related to a density of defects of about 0.8%.

Then the wafer was immersed into a solution of potassium
permanganate (KMnO,) overnight (for details see experimental
part). Metal ions are bound to the surface of the single-layers
of 0xoG on Si/SiO, substrates. A study based on the roughness
analysis performed by atomic force microscopy (AFM) was con-
ducted focusing on one specific flake of oxoG before and after
KMnO, immersion (step 1in Figure 1) and finally after washing
the surface with water (step 2 in Figure 1, see also Figure S2,

Adv. Mater. Interfaces 2021, 8, 2100783 2100783 (2 of 8)
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Supporting Information). Line height scans indicate that the
root mean square roughness of the surface increases from
about 0.14 nm to about 0.39 and 0.32 nm, respectively. As we
showed before, organosulfate groups with hydronium counter
ions explain the thickness of flakes of oxoG.*!l Here, we propose
that hydronium ions are exchanged by Mn-species. Although
we realized that step 2, washing the wafer with water to remove
possible excess or loosely bound Mn-species is essential for the
controlled growth of pores, the AFM height profile remains
similar (Figure S2F, Supporting Information) with a roughness
of 0.32 nm. After drying the sample at room temperature, the
annealing process was carried out in a tube furnace in argon at
400 °C for 12 h. Afterward, the annealed material on the wafer
was washed with 1 M hydrochloric acid (HCI) to remove metal
or metal oxide particles.*®! The annealing process induces the
disproportionation reaction of oxoG, and we identified in an
earlier study that pores can grow by the release of CO,, while
intact graphene patches with diameters of around 3 nm in
diameter are generated, as a consequence of mobile oxo-groups
on the lattice of graphene.*?) However, by the here described
procedure, graphene with pores (Pr-oxoGyy,; index indicated
the annealing time) is generated with much larger pores.

By varying the annealing time, graphene materials with
pores of different sizes are generated. The formed pores can be
visualized by AFM and optical microscopy, respectively. Here,
through comparative experiments, we can confirm that manga-
nese plays a very important role in the formation process of
pores. For single layers, we suggest that there are small nan-
oparticles at the edges of pores. Because of the little amount,
the content is below the detection limit of, for example, X-ray
photoelectron spectroscopy (XPS) or Raman (Mn—O vibrations,
Figure S6A, Supporting Information). We further assume that
the metal particles move along the edge of the pore to con-
tinuously catalyze the pore formation leading to increased dia-
meters of pores. Accordingly, based on this assumption it can
be explained why round pores are formed, and thus, the size
of the pores can be controlled by etching-time. Figure S3A,
Supporting Information, shows an AFM image of single-layer
oxoG with no visible pores in the zoomed area depicted in
Figure S3B, Supporting Information. As we visualized before
by transmission electron microscopy at atomic resolution, oxoG
bears only one or few atom vacancies.*>*! Figure S3C,D, Sup-
porting Information, show AFM images of Pr-oxoGgy. The
presence of small pores is visible in Figure S3D, Supporting
Information. To make the comparison reliable, we analyzed
the same flake and same area of the flake before and after
annealing. Therefore, we conclude that there are small pores
of 45 + 24 nm formed in Pr-oxoGg,, as can be observed from
Figure $3D and Table S2, Supporting Information.*’)

Extending the annealing time from 6 to 12 h results in the
formation of larger pores (Pr-oxoGy,y). Pores in Pr-oxoGy,, on
Si/SiO, substrates are visible under the optical microscope
(Figure 2A). As shown in the AFM image of Figure 2B, (the
stacked square is visible in the center with higher resolution)
there are many pores distributed over the entire flake. An AFM
image with a further enlarged area of the flake of Pr-oxoGy, is
depicted in Figure 2C. The circular shape of pores with an appar-
ently uniform size of 147 + 73 nm is clearly visible (Table S2, Sup-
porting Information). The height of Pr-oxoGyy, is about 1.4 nm,
as measured by the AFM tip hitting the underneath surface

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. A) Optical microscopy image (differential interference contrast, DIC) of flakes of Pr-oxoGy,;, on Si/SiO, substrates. Inset: histogram shows
the size distribution of pores shown in B and C, smaller than 50 nm are not counted. B) AFM topography image of Pr-oxoG,;, with overlay of detailed
scanned area; C) zoomed AFM topography image of (B) showing pores. White line: height profile, arrow indicates 1 nm.

through the pores. The results of the quantitative analysis of the
lateral dimensions of pores in graphene are illustrated in the
histogram shown in the inset of Figure 2A. The analysis reveals
that the pores diameters are roughly 150 £70 nm.

Skipping the final step of HCl washing results in an
increased height when measuring through a hole from the
SiO, surface to the surface of graphene (Figure 3). We assume
that a uniform hydration layer may be present between the sub-
strate and graphene. We note that Mn-species, such as nano-
particles, supposed to be located at the rims of pores are not
detected by AFM.12>33 An analysis of the pore size before and
after HCl washing indicates a little increase from 129 + 75 to
147 £72 nm in Figure 3D. Those data are also listed in Table S2,
Supporting Information. Next, a reference experiment was
performed to eliminate the possibility that similar pores are
formed using oxoG without the influence of Mn-species. Thus,
flakes of oxoG were annealed for 12 h. As shown in Figure S4,
Supporting Information, by optical microscopy and AFM, no

Adv. Mater. Interfaces 2021, 8, 2100783 2100783 (3 of 8)

obvious large pores are observed. Therefore, we conclude that
annealing alone is not leading to the formation of large pores,
starting from oxoG.

To further investigate the effect of annealing time on the
pore diameter, we further extended the processing time to
16 h. As shown in Figure S5, Supporting Information, large
and merged pores are visible for Pr-oxoGygp,, both in the optical
microscopy image of Figure S5A, Supporting Information, and
AFM images of Figure S5B,C, Supporting Information. As
shown in Figure S5B, Supporting Information, there are many
pores in the flakes (enlargement in Figure S5C, Supporting
Information) and the mean diameter is 168 + 94 nm. To gain
more insights into the mechanism of pore formation process
was conducted on few-layers of oxo-G. The AFM images in
Figure S6, Supporting Information, reveal some dots in the
center of the pore. The thickness of the dots is basically the
same as the material height. We suggest that those dots are
either trapped etched carbon dots or manganese nanoparticles.

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. AFM topography images in (A); before (Pr-oxoGy,, (Mn)), and B) after (Pr-oxoGy,,) HCl washing. C) Height profiles of AFM images along
yellow dashed lines. The black and red lines represent the pores height profiles of Pr-oxoGy,, (Mn) and Pr-oxoGyjy, respectively. D) Distribution of pores
in the white box. The black and red bars represent the pores quantity profiles of Pr-oxoGy,;, (Mn) and Pr-oxoGy,.

Although, evidence is found supporting the hypothesis of the
catalytical role of Mn-species such as Mn-atoms or nanoparti-
cles, the final proof is a matter of further research.

A comparison between the different mean diameters and
mean pore areas after different annealing time are shown in
Figure S7, Supporting Information (data listed in the Table S2,
Supporting Information). As the pyrolysis time increases, the
average diameter and area of the pores increase according. In
the process of growing pores, as shown in Figure 1, we pointed
out that skipping washing step 2 with water results in a highly
uncontrolled etching process. Compared with Figure 2A, the
same annealing time of 12 h was chosen and the AFM image
in Figure S8, Supporting Information, shows small pores, very
large and also merged pores distributed all over the flakes. We
suggest that Mn-species are unevenly distributed on the sur-
face of oxoG if the water washing step is skipped. We note that
we observed also partly destroyed and crumpled/folded layers.
Therefore, we conclude that washing step 2 is essential to con-
trol the generation of pores, and to get some control over the
uniformity of grown pores.

Next, an XPS study was conducted to analyze changes in
the chemical composition of oxoG and Pr-oxoGy,, (Figure 4).
All XPS data are listed in Table S3. The high-resolution C 1s
spectrum of oxoG in Figure 4A displays a typical saddle-like
pattern, which stems from significant oxidation in oxoG.
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The content of sp?-C is about 478% (due to oxo-groups) and
the content of C—0/C—OH/C=0 is up to 46.3%. It can be
seen from the high-resolution Mn 2p that there is no obvious
peak in Figure 4E. Thus, few-layer oxoG contains less than
0.1 at% Mn. Before HCl washing, the high-resolution Mn 2p
of Pr-oxoGyyp, (Mn) reveals also less than 0.1 at% Mn, as shown
in Figure 4F. This finding further support that little quantities
of Mn-species are catalytically active in the etching process.
After annealing, the oxygen content of Pr-oxoGyyy, is signifi-
cantly reduced compared to oxoG. As expected, the content of
sp?-C increased, here to 50.8%. The high-resolution O 1s spec-
trum of Pr-oxoGyy, displays the peaks of C—0O, C=0, 0—C=0
(Figure 4D). We note that the O 1s peak in Figure 4B is only for
reference, since Pr-oxoGyy, is not completely covering the Si/
SiO, substrate and since large pores exist in Pr-oxoGyy,. Thus,
the influence of the surface O-signal from SiO, is affecting
the quantitative analysis. The oxygen content is significantly
reduced in comparison to oxoG and close to zero if we consider
its influence on S$i0,.2**] We note, for analyzing the C—O
species the C 1s analysis is representative. The analyses of C
1s peaks reveal the formation of C=0 and C—0/C—OH groups
as a consequence of annealing and the accompanied growth of
pores (Figure 4B). Thus, we conclude that the rims of pores are
functionalized by carbonyl groups in addition to hydroxyl and
carboxyl groups.
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Figure 4. High-resolution C s (top) and O 1s (middle) spectra of (A), C)
E) oxo-G and F) Pr-oxoGy,, (Mn).

Moreover, with growing pores into graphene the sp*
patches become smaller and consequently, the Raman spectra
in Figure S9, Supporting Information, shows, as expected, a
broadened D peak with ' = 106 cm™ for Pr-oxoGy,y,, compared
to T'p = 84 cm™ for oxoG.

In the following, oxoG and Pr-ox0Gyyy, respectively, are used
to fabricate van-der-Waals heterostructures with a single-layer
flake of MoS, deposited on top (illustrated in Figure 5). Raman
spectra (Figure S10, Supporting Information) confirm that the
transferred flake of MoS, is a monolayer by the measured dif-
ference between the out-of-plane A;, mode and the E,, mode
of about 19.0 cm™, as typical for a monolayer.*l For the fabri-
cation of the heterostructures, we used a previously described
procedure.¥’] Figures 5B,D show optical microscopy images of
the realized oxoG/MoS,and Pr-oxoG,,/MoS, heterostructures,

Adv. Mater. Interfaces 2021, 8, 2100783 2100783 (5 of 8)

ox0-G, and B,D) Pr-oxoGyyp,. High-resolution Mn 2p spectra (bottom) of

respectively. The AFM images of the Pr-oxoGy,,/MoS; hetero-
structure is depicted in Figure S11A,B, Supporting Information,
and proved the expected morphology.

The PL of MoS, on SiO,, on oxoG, on Pr-oxoGg,, and on
Pr-oxoGyyy, are studied next. Figure 5E shows the respective
PL of heterostructures. Obviously, the amplitude of the PL is
increased for oxoG/MoS,; and Pr-oxoGiy,/MoS,, using pure
MoS, on Si/SiO, substrate as internal reference, respectively,
compared to the PL of the MoS, monolayer. The most intense
PL is detected for Pr-oxoGyy,/MoS, with a 10-times increased
amplitude. In contrast, the PL of Pr-oxoGg,/MoS, is increased
3-times (Figure S12, Supporting Information) and for oxoG/
MoS, a fourfold increased PL. As depicted in Figure 6 there
is a constant PL intensity over the complete flake, without
any modulation. A related investigation demonstrated that
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Figure 5. A) lllustration of the heterostructure of oxoG/MoS, and B) optical microscopy image of the realized oxoG/MoS, heterostructure. C) lllustra-

tion of the heterostructure of Pr-oxoGyy,/MoS, and D) optical microscopy

image of the realized Pr-oxoG;,,/MoS, heterostructure. E) PL spectra of

monolayer MoS, on SiO, (black), oxoG/MoS, (red), and Pr-oxoGy,,/MoS; (blue). F) Raman spectra of the same samples as in (E).

graphene oxide forms a p-type contact with monolayer MoS,
and this is plausible due to electron-accepting groups detected
by XPS, such as carbonyl groups.*¥! Overall, the highest PL
enhancement is achieved by using Pr-oxoGyy,. Figure 5F shows
the Raman spectra of heterostructures detecting the Ay, mode
of MoS, in the heterostructures at around 404.4 cm™, which
is blue-shifted to 405.5 and 405.6 cm™ for MoS, on oxoG and
Pr-ox0Gyyp, respectively, while the position of E,, mode is not
shifted. Those observations indicate the p-doping of MoS, in
the heterostructures by oxoG and Pr-oxoGyy,, respectively.*50l
Moreover, Pr-oxoGyyy, reflects a p-doped graphene type mate-
rial, as indicated by the analysis of the shifts of the G and 2D
peak, respectively (Figure S15, Supporting Information). The
p-doping effect of Pr-oxoGyyy, was further investigated by fab-
ricating a heterostructure with a trilayer of MoS,. Consistent
with the expectations, the PL investigation (Figure S13, Sup-
porting Information) indicates less enhancement (trilayer
MoS, possesses an indirect band-gap), however, a fourfold
increased PL is measured, compared to that of a monolayer
MoS, with a direct band-gap on SiO,. Thus, the highest, here
10-times increased PL is detected for assembled heterostructure
of monolayer Pr-oxoGy,,/MoS,.
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In order to exclude the influence of remaining Mn-species
on the PL, the PL enhancement of Pr-oxoGyy, (Mn) (without
HCI washing) was studied by forming the heterostructure of
Pr-oxoGyy, (Mn)/MoS,. As shown in Figure S14, Supporting Infor-
mation, the PL increases, however, only twice, indicating that
full enhancement of PL is only achieved after HCl washing
and the accompanied removal of particles. Thus, we speculate
that Mn-species may form complexes with, for example, car-
bonyl groups at the rims of pores inhibiting the dramatic PL
enhancement, although Raman spectra show the E,, shift to
405.6 cm™ for Pr-oxoGyy, (Mn)/MoS,. We note that the experi-
mental observations give evidence for a p-doping effect by
pore-graphene.

3. Conclusion

Here, we demonstrated the fabrication of graphene with cir-
cular pores on the 100 nm scale deposited on Si/SiO, surface
by annealing of oxo-functionalized and potassium perman-
ganate treated graphene flakes at 400 °C. While excess of
Mn-species leads to heterogeneously formed pores and
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Figure 6. A) Features an AFM map of MoS, on top of Pr-oxoG,p,. Holes of sizes ranging from 50 nm to 200 nm are visible in the top right of the image
and are well separated from one another. The Pr-oxoGy,,/MoS, PL intensity map (B) shows a constant PL intensity over the MoS, flake, exhibiting no
sign of a spatial PL modulation that may arise from free-standing MoS,. C) shows PL spectra from oxo-G/MoS; (red) and Pr-ox0Gy,,/MoS, (black), the
PL on the Pr-oxoG,;, sample exhibiting higher intensity than that seen in the oxo-G/MoS, sample. A PL Intensity map of oxo-G/MoS, (D) taken with
the same parameters as (B) shows a similar constant PL intensity in addition to having slightly lower intensity to that of Pr-oxoGs;,/MoS,.

destroyed flakes, removal of excess potassium permanga-
nate leads to the growth of circular pores with diameters of
50 to 250 nm, depending on the annealing time. Thereby, for
example, uniform pores have mean diameters of 147 £ 73 nm
after annealing for 12 h. From XPS analysis we conclude that
carbonyl, hydroxyl, and carboxyl groups decorate the rims of
pores. Since carbonyl groups have electron-accepting proper-
ties, it is plausible that the 2D material pore-graphene, can
p-dope other 2D materials, such as MoS,. However, further
research, such as correlating field-effect measurements with
PL mapping is necessary to further elucidate the mecha-
nism behind PL enhancement by 10-times. Moreover, we
showed that Mn-impurities limit the increase of the PL of
MoS, in the heterostructure with pore-graphene and thus,
we propose that the interaction of Mn-species with carbonyl
groups may be responsible. Moreover, we conclude that
not all defects detected by Raman spectroscopy lead to the
growth of pores, taking into account that the initial distance
of defects is 2 nm and the final pore-size increased to several
hundreds of nm. Finally, we propose that pore-graphene is a
2D material with functional groups at the rims of pores and
thus an attractive novel material for sensing applications in
the future.
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Experimental Section

Materials and Methods

Double-distilled water from Carl Roth GmbH. Graphite (3061) was obtained from Asbury
Carbon. Si wafers with a 300 nm thick SiO, layer were purchased from Fraunhofer Institut fiir
Integrierte Systeme und Bauelementetechnologie IISB in Erlangen. Chemicals were
purchased from Sigma-Aldrich. A Nikon Eclipse LV150-NL with differential interference
contrast was used to visualize materials. Statistical Raman spectroscopy (SRS) was recorded
using a Horiba Explora spectrometer with a 532 nm laser for excitation combined with 100x
magnification objective. Increment of Raman spectra measurements is 0.7 pm. PL map
parameters for Figure 6: The steps between two recorded spectra was 250 nm, with a laser
spot size of around 400 nm. As excitation we use a 532 nm laser and kept the laser power
below 0.5 mW to avoid sample heating. As a reference, we record a PL map with the same
experimental parameters for a sample without holes.

For preparation of Langmuir-Blodgett films, we used a Kibron pThroug system with water as
subphase. The surface tension of water = 72.8 mN m ™' was set to zero. The films were formed
at a surface tension value of 3 mN m '. AFM images were recorded on an JPK Nanowizard 4
equipped with NSG10/Au probes and intermittent contact mode was chosen. Using Tap300-G
AFM Probe. X-ray photoelectron spectroscopy (XPS) was performed using a multiprobe
system (Scienta Omicron) with a monochromatic X-ray source (Al K,) and an electron
analyzer (Argus CU) with 0.6 eV spectral energy resolution. The spectra were fitted using
Voigt functions (30:70) after Shirley background subtraction. The Si 2p peak (SiO», 103.5
eV) was used for binding energy calibration. Putting the entire substrate with monolayer
flakes in the XPS instrument.

Synthesis of Oxo-Functionalized Graphene (0x0G)

Ox0G was prepared by low-temperature oxidation of graphite according to our previously
developed method!"?]. Accordingly, 2 g of graphite (type 3061, Asbury Carbon Mills) were
mixed with 50 mL of sulfuric acid (97.5%) in a Teflon reactor under mechanical stirring at a
temperature below 10 °C. After that, 4 g of KMnO,4 were slowly added within 4 h and further
stirred for 16 h. Then, 40 mL of cold diluted sulfuric acid (20 wt%) and followed by 100 mL
of cold double distilled water were slowly continuously added through a programmed pump
within 4 h and 16 h, respectively. Then, 40 mL of H,O, (5 wt%) were added into the reaction
mixture to solubilize manganese species. Then, the dispersion was washed with cold double
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distilled water by repeated centrifugation and redispersion in double distilled water for six
times.

Formation of films of flakes of 0x0oG on Si/SiO, wafer:

Flakes of 0xoG were deposited on a Si/300 nm SiO, wafer by Langmuir Blodgett technique.
First, an light yellowish oxoG dispersion was prepared by dilution of water/methanol, 1/2 by
volume (the exact concentration was found to have only little influence on the quality of the
formed film of flakes). The dispersion was dropped on the water-interface of the Langmuir-
Blodgett trough and the barriers were compressed until a surface tension of 3 mN/m was
reached.

Reduction of flakes of 0xoG on Si/SiO, wafer (Preparation of red-o0xoG).

Wafers with deposited flakes of 0xoG were placed in a 20 mL glass vial filled with glass wool
and were reduced by the vapor of HI and TFA for 10 min at 80 °C. Subsequently, the wafers
were extensively washed with pure water and dried.

Preparation of Pr-oxoG.

Pr-oxoG was prepared by using potassium permanganate (KMnQ,) as the etching agents.
Flakes of 0xoG on a Si/SiO, wafer were immersed in aqueous KMnOy solution (0.2 mmol).
The 0x0G flakes on Si/SiO, the wafer was washed with water and dried in the air. Then, the
wafer was heated in argon atmosphere at a rate of 10 °C min™ to 400 °C for 6 h, 12 h and 16 h,
respectively and cooled down to room temperature.

Preparation of tp-oxoG.
The oxoG flakes on Si/SiO, mixture were dried in the air and then heated at a rate of 10 °C
min™' to 400 °C for 12 h in an atmosphere of Argon and cooled down to room temperature.

Removal of metal containing species.

Annealed wafers were immersed in aqueous HCI solution (1 M) for two days to remove the
metal-containing species. Then, wafers were shaked gently in double distilled water to wash
off acids. Finally, Pr-oxoG on Si/300 nm SiO, wafers is obtained. As reference tp-oxoG was
obtained the same way, however without KMnOj treatment.

Pore diameter and area analysis

Pore diameters were estimated manually by using the straight line tool in ImageJ. After
counting the pores, export the results of the pore diameter and area.”!
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Table S1. Survey of perforation techniques, with indicated starting material, layer thickness,

Raw material Thickness Perforation technique 5:::3 size application Ref.
permeance @
Graphene Few layers Oxygen plasma, ozone <5 taibranes
Graphene Few layers Focusediions <50 - L]
beam (SEM)
. Charge Carrier g
Graphene Monolayer Bottom-up synthesis 0-250 Transport
B Chemical-oxidative etching : m
€0 (KMnOy), microwave irradiation. e supercapacior
Chemical-oxidative etching ®
GO - (HNO3) 60-90 Catalyst (Bulk)
GO B Chemical-oxidative etching 2.70 supercapacitor 19
(H207)
Graphene Few layers Liquid arc discharge, Ni atoms 10-50 B 1
Strain-assisted annealing Charge Carrier
Graphene Monolayer treatment, Pt nanoparticles <50 9 na
i Transport
etching
Annealing treatment, Pt ol
RGO Few/ayers nanoparticles etching <50 °
GO Bulk Anngallng treatment, Fe.O; electrocatalyst 12
etching
Carbothermal reaction by using 5.10
RGO Bulk the metal oxide nanoparticles . - )
20-50
(Oxometalates)
Oxo-functionalized Disproportionation ¥ _ 2]
graphene Monolayer functionalization of 4% g
Oxo-functionalized Disproportionation, Charge Carrier (14
graphene Monolayer functionalization of 60% 5 Transport

89



WILEY-VCH

3.5

A)\D red-oxoG B) red-oxoG
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Figure S1. Statistical Raman analysis of chemically reduced oxoG (Statistical Raman
microscopy measured at 532 nm laser excitation wavelength. The laser power is below 0.1
mW to avoid heating induced by laser). A) Average spectrum of reduced oxoG with Ip/I
ratio of 2.7£0.14 and I',p=93+9 cm™. B) Scatter plot of ID/IG vs FWHM of the 2D peak.

L Afterwater?
Washing. .}

Offse": (um)
Figure S2. A) Optical microscope images of flakes of 0xoG on Si/300 nm SiO, wafer and
AFM topography images in B and C; before, D) after immersion in KMnOj, solution and E)
after washing in water. F) Height profiles of AFM images along black, red and green lines.
The black, red and green line represent the height profiles of 0xoG, 0x0G after immersion and
0x0G after washing with water, respectively.
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SRR
Figure S3. A and B) AFM topography images of single layer 0xoG, showing no big pores. C

and D) AFM images of Pr-oxoGg,. The yellow lines represent the height profiles of oxoG and
Pr-oxoGgn, respectively.

— (5 4m | of .2 i

Figure S4. A) Optical microscope image of flakes of tp-0xoG on Si/300 nm SiO, substrate.
B) AFM topography image of tp-0xoG (12 h annealing time). C) Figure S3B shows no big
pores after annealing single layer oxoG for 12 h without Mn-species. The yellow line
represents the height profile of tp-oxoG.
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. gEme St - EmEy
Figure S5. A) Optical microscope image of flakes of Pr-oxoGeh on Si/300 nm SiO; substrate;
B) AFM topography image of Pr-oxoGen. C) AFM image showing pores. The yellow line

represents the height profile of Pr-oxoGiep.

A)

—— oxoG monolayer

Pr-oxoG,,, (Mn) few layers
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Figure S6. A) Raman spectrum of monolayer oxoG, few-layer Pr-oxoG12h (Mn) and few-
layer Pr-oxoG12h on Si/300 nm SiO, substrate; B, C) AFM topography image of few-layer
Pr-oxoG12h (Mn). The white line represents the height profile of few-layer Pr-oxoG12h (Mn).
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Table S2. Number total of pores, mean (average), standard deviation, minimum, Median and
maximum of diameter of pores.

Number M_ean Star}da)rd Sum Minimum Median Maximum
total (diameter) Deviation
Pr-oxoGen 126 45.45256 24.35966 5727.022 9.298 37.749 127.104
Pr-oxoGizn 181 146.74168 73.25105 26560.244 37.771 133.539 503.704
Pr-oxoGien 104 167.95725 93.74814 17635.511 40.323 153.438 620.968
Pr-oxoGi2n
(Mn)* 101 128.59717 74.66974 12988.314 26.845 108.216 457.154
Pr-oxoGizn* 101 146.98062 72.06714 14845.043 48.65 138.462 523.981
humber Maan Star.lda'lrd Sum Minimum Median Maximum
total (Area) Deviation
Pr-oxoGen 126 149.94286 75.35488 18892.8 38.42 124.863 403.405
Pr-oxoGizn 181 1138.8772 542.72571 206136.774 329.218 1042.524 3786.008
Pr-oxoGien 105 3680.27461 1830.97899  386428.834 1144.409 3433.228 12588.501
Pr-oxoGizn
(Mn)* 101 1903.31623  1003.89167  192234.939 540.492 1621.476 6305.738
Pr-oxoGizn* 101 2502.78283  1099.68609  252781.066 1183.432 2366.864 8284.024
* same analyzed area
250 - 4 5000
g 200 + - 4000 NE
e =
2 § ©
S 150 | 3000 3
£ <
5]
5 42000 §
L o
§ 100 2
= - [ 1000
50
T H0
n L L L . L
6 8 10 12 14 16

Annealing time (h)

Figure S7. A comparison between the different mean diameters and mean pores areas after
different annealing time.
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Figure S8. A) Optical microscope image of flakes of Pr-oxoGiz, on Si/SiO; substrate without
water washing step 2; B) AFM topography image of flakes of Pr-oxoGz, on Si/SiO; substrate

without water washing step 2.
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Table S3. Quantitative analysis of the high resolution XP C 1s and O 1s spectra presented in
Figure 3A and B of the main text including peak assignment, binding energies and areas
obtained from the spectra deconvolution.

sample Peak assignment Binding energy, eV Area, %
C-C/C-H 284.6 47.8
C1s C-O/C-OH/C=0 286.6 46.3
C=0/COCH 288.1 5.9
oxoG
Cc=0 531.2 31.1
O1s C-0/Si0,/0-C=0 532.4 67.2
-OH/Na KLL 535.4 17
C-C sp? 284.5 50.8
C-C sp®/ C-SIC-N 285.2 34.6
Ge C-O/C-OH 286.5 45
C=0 287.9 7.0
Pr-oxoGizn
COOH 289.9 3.1
Cc=0 531.3 28.0
O1s C-0/8Si0,/0-C=0 532.7 65.4
-OH/Na KLL 535.8 6.6
D G

Pr-oxoG
106 12n

Intensity (a. u.)

oxoG

1 1 1 1
1200 1400 1600 1800 2000 2200

Raman shift (cm'1)
Figure S9. Raman spectrum of 0xoG, and Pr-oxoG,,. Numbers indicate the full-width at
half-maximum of the D band.
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Figure S10. Raman spectrum of monolayer MoS, for A) MoS; on SiO,, B) Pr-oxoGg,/MoS,,
C) Pr-oxoGn/MoS; and D) Pr-oxoGiz/MoS; (Mn) heterostructure.

Height (nm)

4 1 1 L 1 L
0.0 0.5 19 15 20

Distance (um)
Figure S11. A and B) AFM topography images of monolayer Pr-0xoG2,/MoS;
heterostructure. C)The white line represents the height of Pr-oxoGn/MoS; heterostructure.
MoS; and Pr-oxoG, almost have same thickness.
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Figure S12. A) AFM topography images of monolayer Pr-oxoGg,/MoS; heterostructure; B)
PL spectra of monolayer MoS, on SiO; (black) and monolayer Pr-oxoGey/MoS;
heterostructure (red), respectively.

(2]
~

Pr-oxoGi /3L MoS,

6000

)
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Intensity (counts;
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z = i, | ’ E:{:rgy (V) ’ -

Figure S13. A) AFM topography images of trilayer Pr-oxoG1./MoS; heterostructure. The
height of 3L MoS, is almost 4 nm. B) PL spectra of monolayer MoS; on SiO; and trilayer Pr-
0x0G12n/MoS; heterostructure.

Pr-oxoG;,,/MoS;

r-0x0G 1y, (Mn)
TR 20
Energy (eV)

0
385.4 cm’
Ezq

PrnxoG‘Zh‘(Mn) /MoS,
T Ramansum

Figure S14. A) Optical microscope image of a monolayer Pr-oxoGjz, (Mn)/MoS;
heterostructure; B) PL spectra of a monolayer Pr-oxoG,/MoS; heterostructure and a
monolayer Pr-oxoGzn (Mn)/MoS; heterostructure. C) AFM topography image of Pr-oxoGizn
(Mn)/MoS; heterostructure. The white line represents the height profile along yellow line. D)
Raman spectra of Pr-oxoG2n (Mn)/MoS;.
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2700

2690 -

2680 -

2D frequency (cm™)

¥ 0(1581.6, 2676.9)

2670

1580 1500 1600 1810
G frequency (cm™)
Figure S15. The grey dots were obtained from Raman mapping of Pr-oxoGjy. The black dot
(1581.6, 2676.9 cm™) stems from reference '™ and the position relates to graphene, which is
not affected by charge or strain doping. The red dashed line represent doped graphene with
varying density of holes with a slope is 0.75. The black dashed line represents charge-neutral
graphene under randomly oriented uniaxial stress with a slope of 2.20. The purple solid line is
the effects corresponding to the hole doping and strain decomposed by the vector model.
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List of Abbreviations

1-PrOH 1-propanol

Abs absorption

ACN acetonitrile

AFM atomic force microscopy
a.u. arbitrary units

CNTs carbon nanotubes

CT charge transfer

CVvD chemical vapour deposition
DCM dichloromethane

Dei effective diameter

DIW double distilled water

DMF N,N-Dimethylformamide
DMSO dimethyl sulfoxide

EA elemental analysis

EDX energy-dispersive X-ray spectroscopy
Em emission

EtOH ethanol

Ex excitation

eV electron volt

FL fluorescence

FLem fluorescence emission

FLex fluorescence excitation
FT-IR fourier-transformed infrared spectroscopy
FWHM full width at half maximum
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GO
GQDs

HAADF-STEM
HB-ICT
HR-TEM

ICT
In/le

IR

ks
Knr

LB
LE

MAS
MeOH
MWCO

NMR

ns

oxo-G

PhMe
pKa
p-oxo-G

ps

full width at half maximum
graphene oxide

graphene quantum dots

high-angle annular dark-field scanning electron microscopy
hydrogen bonding stabilized intramolecular charge transfer

high-resolution transmission electron microscopy

intramolecular charge transfer
intensity ratio of the D and G mode

infrared spectroscopy

radiative rate constant

non-radiative rate constant

Langmuir-Blodgett

locally excited

magic angle spinning
methanol

molecular weight cutoff

nuclear magnetic resonance

nanosecond
oxo-functionalized graphene
toluene

acid dissociation constant

porous oxo-functionalized graphene

picosecond
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r-oxo-G

Rrms

SALVE
SRS
ssNMR

TCM

TEM

THF

uv
UV/Vis

XPS

Af
Ast

fluorescence quantum yield

reduced oxo-functionalized graphene

root mean square roughness

sub-angstrom low-voltage electron microscope
statistical Raman spectroscopy

solid-state nuclear magnetic resonance
chloroform

transmission electron microscopy

tetrahydrofuran

ultraviolet

ultraviolet-visible

X-ray photoelectron spectroscopy

orientation polarizability
Stokes shifts

fluorescence lifetime
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