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1.  Introduction 

1.1 The world of nanotechnology 

The chemistry in confined space, especially in the scale of nanometers, is a fast growing field 

in science.1 For the production of novel materials with unpredicted properties, the chemical 

modification requires a tailoring right from the atomic scale.2 Figure 1 shows the relative 

dimensions of objects from the nano- to the macroscopic world, with respect to their 

wavelength required for the structural analysis. From bottom to top, the increasing functionality 

is indicated: Starting from single atoms, the structural complexity from smaller to larger 

molecules is increased to higher order superstructures like enzymes or DNA. However, for the 

design of macroscopic properties, the modification of the individual building blocks in the 

smallest scales is crucial for the function of future materials skills. 

 

Figure 1: Size scale bar of nano-, micro- and macroscopic objects for the visualization of relative 
dimensions. The correlating wavelength is indicated in the color code above. 

Therefore, the interdisciplinary research in the field of nanotechnology has become important. 

By combining classical fields in science like chemistry, biology, physics, and surface sciences, 

unknown and unpredicted materials can be achieved. However, according to Moore’s law3, the 

progress in digital electronics predicts that the number of transistors doubles every two years 

– consequently, its size has to be shrinked down to half scale bars within the same time. The 

dimensions of sub nanometer chemistry as well as the decreasing availability of rare earth 

elements as source for semiconductor industry forced the research for materials surpassing 

the limits of classical transistors. In 2015, a major breakthrough was carried out in the labs of 

IBM by replacing classical transistor materials by single-walled carbon nanotubes (SWCNTs)4 

– one early representative of novel synthetic carbon allotropes (SCAs). Prominent 

representatives as carbon nanotubes as well as graphene5 are able to overcome fundamental 
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hurdles that silicon and other transistor materials face when scaling down, and therefore move 

more than ever into the focus of interdisciplinary research. 

1.2 The family of synthetic carbon allotropes 

Carbon is one of the most abundant elements in the world, while approx. 95 % of all known 

chemical compounds are made of. The versatility of carbon can be directly deduced from the 

periodic table of elements: Carbon with the atomic number 6 is located in the 2nd period with 

an electron configuration of 1s2 2s2 2p2, where 4 electrons occupy the outer shell of s and p 

orbitals. This enables carbon to undergo a broad variety of chemical bonding with itself and 

many other elements. The endless library of compounds solely made of carbon only differ in 

the hybridization of the carbon atom, nevertheless diamond and graphite represented the only 

known allotropes until 1985. Recently, the concept of new SCAs like carbynes (linear chains 

of sp hybridized carbon atoms) and graphyrines was developed.6, 7 From the classical 

allotropes of carbon, diamond is the hardest substance known and is consisting of only sp3 

carbon atoms, while graphite comprises multiple stacked layers of sp2-hybridized carbon 

atoms as illustrated in Figure 2. The hybridization and π-band occupancy will determine the 

bulk properties: In contrast to the insulator diamond, graphite is a good electrical and thermal 

conductor in the plane directions. In graphite, every carbon atom bonds to three others in a 

planar (sp2) array of fused hexagons, while the sp3 hybridization in diamond increases the 

pyramidalization angle to 109.5°. These structural properties become evident in the course of 

chemical functionalization in this work. 

 

Figure 2: Carbon allotropes based on entire sp2 hybridization (graphite, left) and sp3 (diamond, right). 

The local bonding situation in graphite will play a crucial role in this work, since exfoliation of 

single layers of graphite to individual so-called graphene sheets, leads to unique properties 

which make graphene such a fascinating material.8-10 Graphite usually consists of AB stacked 

graphene layers with a interlayer distance of 0.35 nm with strong van der Waals forces 

between the individual sheets.11 Besides highly ordered pyrolytic graphite crystals (HOPG), 

there exist further stacking orders with a certain amount of disorder like turbostratic graphite.12, 

13 After chemical exfoliation, the (re-)aggregation of intermediately exfoliated graphene sheets 
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may lead to a Moiré pattern, where multiple layers are tilted relative to each other.14, 15 Besides 

the wide range of commercial applications for graphite e.g. as lubricant, 2004 the focus moved 

to the single atom thick 2D form of a monolayer lattice of sp2 hybridized carbon atoms called 

graphene,16 whose outstanding properties were theoretically predicted since the 1950s.17 The 

experimental evidence of the postulated unpredicted properties of graphene have become 

famous since the Nobel Prize has been awarded to Konstantin Novoselov and Andre Geim in 

2010.18  

Diamond represents an insulator, since all electrons contribute to σ-bonds in four directions 

while the π-bands remain unoccupied. The combination of different carbon allotropes to hybrid 

materials as well as the chemical functionalization of graphite/graphene therefore opens a new 

class of all-carbon compounds, where molecular properties can be combined with extended 

materials following solid state physics.19 Consequently, SCAs and in particular the 2D 

representative graphene, have inspired the field of research of novel materials throughout the 

last decade.8, 9, 20 Beyond the already mentioned forms of graphite and diamond (Figure 2), a 

broad variety of carbon allotropes exist.21 In Figure 3, three famous representatives of the 

family of SCAs are shown. Arising from the honeycomb hexagonal structure, the 2D material 

graphene can be regarded as mother of all structures. When theoretically cutting the sheet, it 

can be either rolled up to the 0D fullerene core C60, indicated in red. Depending on the way of 

rolling up a graphene sheet, SWCNTs are obtained in different lengths and chiralities (indicated 

in blue).22 In the other way round, graphene nanoribbons (GNRs) can be obtained via 

unzipping of carbon nanotubes.23 

 

Figure 3: Overview over the family of synthetic carbon allotropes. Graphene as 2D representative is 
shown as “mother” of all allotropes since the 0D Fullerene (red) as well as the 1D carbon nanotube 
(blue) can be theoretically “cut” out of the honeycomb lattice which is indicated by the color code in the 
graphene sheet. 

While fullerenes represent a class of monodisperse compounds, which can be fully 

characterized by classical characterization methods like NMR24 or MS, the top-down 

production of SWCNTs and graphene from bulk sources leads to a polydisperse mixture of all 
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sizes and properties. Therefore, it is still difficult to control the production of those allotropes 

on large scales. Other synthetic approaches like growing CVD graphene on metal surfaces 

suffer from high costs and difficult post-processing like transferring on substrates,25, 26 while 

mechanical exfoliation is limited to a low sample output.8, 27  

1.3 Applications 

Up today, the development of cost efficient production techniques of graphene – in sufficient 

quantities and qualities, suitable for potential applications still remains challenging.8, 28-30 The 

strong demand of a flexible, transparent, and though stable material for bioapplications as well 

as for the semiconductor industry lead to huge expectations from the scientific community. 

Thus, a roadmap for the industrial application can be drawn, however, the processability and 

the production costs are still not sufficient for industrial use.31 In Figure 4, some examples of 

the wide field of possible future applications are exemplarily illustrated.  

 
Figure 4: Examples for targeted applications for graphene: The versatile 2D allotrope can be used for 
printed and flexible electronics, supercapacitors, high freuquency transistors or in bioapplications like 
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membranes or drug delivery. Picture items were taken with permission from [31]. © (2012) Nature 
Publishing Group. 

The flexibility and 97.7% optical transparency of graphene32 predict this material as suitable 

electrode for bendable displays or wearable electronics. The use of graphene for field effect 

transistors has been already investigated, but still suffers from inadequate performance in 

comparison to existing materials.33 However, in some commercial fields, especially in the field 

of transparent electrodes, recent progress was reported.34, 35 Also first supercapacitors have 

been developed,36 which is strongly connected to the chemistry with graphite intercalation 

compounds (chapter 1.5). The use of graphene in bioapplications like for medical use e.g. as 

drug carrier or as membrane (c.f. left items in Figure 4) requires chemical functionalization to 

achieve enhanced solubility in hydrophilic media, thus especially the chemistry of graphene 

oxide became of particular interest.37 Last but not least, the implementation of graphene into 

composites like e.g. conductive inks or elastomers38 represents a further large field of 

application. Composites are up today the only commercially established form of graphene 

while the number of products claiming a certain graphene content is continuously rising – 

especially in sporting goods like alpine skis, bikes or tennis rackets.39 

1.4 Graphene 

1.4.1 Structure 

One approach for the production of graphene is the bottom-up synthesis based on the fusion 

of comparatively small molecules in classical organic protocols.40-43 In Figure 5, the size scale 

of expanded structures based on the hexagonal precursor benzene is presented. Starting with 

the smallest aromatic molecule benzene following the Hückel rule44 (n = 1) with defined 

molecular orbitals (MOs), the occupation of the π-orbitals with 6 π electrons leads to 

degenerated frontier orbitals in the aromatic structure of benzene as proposed by August 

Kekulé already 150 years ago.45 The π electron delocalization results in 3 bonding and 3 anti-

bonding MOs, which are deduced from the 6 2pz atomic orbitals, respectively. In the ground 

state, the anti-binding π* LUMO orbitals are unoccupied. With increasing number of connected 

benzene rings along e.g. naphthalene (n = 2), the class of polyaromatic hydrocarbons (PAHs) 

is derived: The fusion of 6 benzene rings leads to coronene with 24 conjugated π-electrons, 

while further addition of 6 benzene moieties results in the structure of hexabenzocoronene 

(HBC) with already 42 π-electrons (n = 10). Going along the size scale, the narrow and straight 

stripes of graphene are termed graphene nanoribbons (GNRs). These still well-defined 

structures are smaller than 10 nm and possess semiconducting properties46 due to their 

energetic gap ΔE as indicated in the band structure in Figure 5. However, regarding the 

arrangements of benzene rings at the edges of expanded π-systems, zigzag terminated GNRs 

are metallic.42, 43, 47 Thus, the electronic structure of GNRs as well as graphene nanodots 

(GNDs)48 can be effectively tailored through the control of their width and edge structure.49 



1.4 GRAPHENE 

 

6 

 

Consequently, also the electronic properties of graphene are influenced by the edge states 

which can also be either zigzag or armchair as indicated in Figure 5.50 However, with 

increasing size of a graphene flake, the edge states and size confinement lose their importance 

in contrast to e.g. GNRs. However, concerning the reactivity towards chemical 

functionalization, reactions may preferably occur at terminating carbon atoms51 or even on 

initially present defects.52 Generally, the chemical reactivity as well as the spectroscopic 

properties of all graphene derivatives are defined by their π orbital occupation. Starting from 

the simple differences in the atomic hybridization of carbon (Figure 2), the size confinement 

in expanded systems directly leads to band-gap-tailoring (Figure 5) until functionalization 

finally enables further band-gap-engineering by chemical doping (Figure 7). 

 

Figure 5: From benzene to graphene: Schematic illustration of expanding carbon structures based on 
the hexagonal lattice according to their size scale and the respective frontier orbital representation.42 
Benzene molecules are a subset of graphene with sizes between 1–5 nm and distinct molecular orbitals 
(HOMO and LUMO). Coronene consists of six peri-fused benzene rings, while larger PAHs like 
hexabenzocoronene are additionally surrounded by further 6 benzene rings. GNRs can be regarded as 
graphene stripes with a size between 10 up to 100 nm with an decreasing band-gap which increasing 
width of the GNR.47 Nanographene is defined in scales below 100 nm, while the lateral dimensions of 
graphene are exceeding 100 nm up to several microns.33 

However, the use of polyaromatic hydrocarbons for the formation of GNRs or GNDs suffers 

from a large graphene area. Moreover, it is limited to a bad solubility during the synthesis, what 

also requires the introduction of solubilizing groups in the periphery.40-43 These classes of 

compounds nevertheless represent ideal model systems for graphene, since a controlled and 

monodisperse production allows the tailoring of chemical properties based on the precursor 

molecules. In 2014, it has been even achieved to control the chirality in bottom-up synthesis 

of SWCNTs53, what underlines the power of such approaches for a tailored production of 

SCAs. The complementary top-down approach for the exfoliation of graphene from graphite 

therefore represents a promising route for large-scale production of the eligible 2D material.54  

1.4.2 Electronic properties of graphene 

The diatomic structure of graphene and the resulting reciprocal space is illustrated in Figure 

6.55 Based on the hexagonal lattice in Figure 6a, the unit cell with its lattice vectors �⃗�1 and �⃗�2 
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and the resulting first Brillouin zone (BZ) in the reciprocal (also called K-) space is shown in 

Figure 6b. The reciprocal lattice is defined by the translation of the real space lattice into the 

K space with the orthogonal vectors �⃗⃗�x and �⃗⃗�y. From this lattice, the construction of the 

Wigner-Seitz cell yields the two dimensional Brillouin zone for graphene (Figure 6b).56 

 

Figure 6: a) Graphene honeycomb lattice with vectors �⃗⃗⃗�1 and �⃗⃗⃗�2 in the unit cell. The Wigner-Seitz cell 

is indicated in green. b) Graphene Brillouin zone (reciprocal space) with vectors �⃗⃗⃗�x and �⃗⃗⃗�y. The Γ, K, 
and M points are labeled. c) Dispersion relation of charge carriers in the K space. The magnification is 
showing the energy bands in close vicinity to the Dirac (K) points of the Brillouin zone. 

In Figure 6c the 3D Brillouin zone with the linear dispersion relation of graphene around the 

six Dirac points is shown. Charge carriers are normally described by the Schrödinger equation 

with an effective mass differing from the free mass of electrons, while relativistic particles 

exhibit a rest mass of zero following the Dirac equation. This linear E(k) relationship in the 

vicinity of the K points implies that the charge carriers can be described by the Dirac equation 

with the Fermi velocity vF ≈ 106 m/s.10, 57 The energy of a charge carrier E(k) in the vicinity of 

the K points is described in equation 1 leading to the linear dispersion relation illustrated in 

the magnification of the energy bands in Figure 6c. 

E(k) = h ∙ k ∙ vF  (eq. 1) 

Thus E(k) is independent on the mass at the K points of the first Brillouin zone in monolayer 

graphene and consequently both holes and electrons can be described as massless Dirac 

Fermions.8, 10 This linear dispersion relation (eq. 1) in the band structure of its electronically 

relevant π and π* bands is shown in Figure 6c. The characteristic cones in the corners of the 

hexagonal BZ touching at the Fermi energy (EF) give rise to the extraordinary electronic 

properties8, 56, 58-61: An unconventional Quantum Hall Effect (QHE) in graphene is measured 

leading to a further evidence of the Dirac like behavior of relativistic charge carriers.8, 61-63 As 

the electronic density of states is vanishing at the Dirac point, an additionally strong ambipolar 

field effect is present in graphene16, meanwhile for undoped graphene an almost zero quantum 

conductivity can be measured (Figure 7a).10  

For semiconductor applications, the introduction of a defined bandgap is required. Thus, 

external and/or chemical doping, p- or n-type, is a challenging goal for the tailoring of the 

electronic properties of graphene derivatives.64, 65 Classical doping of graphene, in the sense 
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of introducing a band gap via replacing atoms of the honeycomb lattice by heteroatoms, still 

remains elusive, while bilayer graphene (G2) already exhibits dislocations66 and a (controllable) 

bandgap.67 Instead, doping has been achieved by adsorbing atoms or molecules on the 

graphene surface.68-70 In preview to the following chapter 1.5 introducing the intercalation 

compounds of graphite, the doping of graphene by alkaline metals leads to superconductivity 

even in few layer graphene (FLG).71 Therefore, the covalent modification of the π-electron 

system by chemical functionalization in order to get access to electrical applications is strongly 

demanded. The functionalization of graphene can either lead to p- or n-type doping as well as 

to an introduction of a band gap at the K points (Figure 7b).  

Under variation of an external electric field, doping of graphene can be carried out on a Si/SiO2 

wafer (inset in Figure 7a) by variation of the gate voltage VG which leads to changes of the 

position of the EF (Figure 7a). The triggered removal or addition of charge carriers therefore 

leads to a strong increase in conductivity due to the ambipolarity of single layer graphene. 

 

Figure 7: a) Ambipolar field effect in graphene indicating the shift of EF by external doping (here: electric 
field by variation of the gate voltage VG). The inset is showing a typical device (300 nm SiO2 as dielectric) 
and the resulting changes in the Dirac conical low-energy spectrum E(k). b) Energy dispersion relation 
after chemical functionalization of graphene. The magnification is indicating the formation of a band gap 
at the Dirac points of the Brillouin zone. 

Chemical functionalization therefore serves as unique tool for the tailoring of charge carrier 

concentrations and thus represents a versatile tool for band gap engineering.72-75 This can be 

revealed by changes in the energy dispersion relation (Figure 7b), where a band-gap is 

introduced at the six K points in comparison to defect free graphene (Figure 6c). For example 

the oxidation of graphene to graphene oxide (oxo-G) results in a p-type semiconductor, which 

becomes relevant within this work in the investigated structural and spectroscopic properties 

in chapter 3.10. 

1.5 Graphite intercalation compounds 

Graphite intercalation compounds (GICs) involving alkali metals as inter-layer guests represent 

a well-established class of compounds.76-81 Far before the use of GICs as precursors for the 
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exfoliation of graphene from graphite was discovered, they have found practical applications, 

for example, as reducing agents (KC8) in organic synthesis82-84 or in lithium-ion batteries.85, 86 

The top-down exfoliation of graphite in general has been attracted a broad research interest in 

the last years, since a cheap starting material enables the production in large scales.87 In the 

scope of this work, the intercalation of alkali metals into graphite offers a controllable process 

and a powerful route for the production of exfoliated graphene in large quantities.88-90 Recently, 

also the doping of monolayer graphene with potassium vapor on suitable substrates91 was 

reported,92 which demonstrates the versatility of reductive covalent functionalization of e.g. 

CVD graphene93 or mechanically exfoliated graphene on substrates (chapters 3.3 and 3.4). 

Starting from crystalline graphite stacks, GICs have been exploited as highly activated species 

in the individualization of chemically functionalized graphene94, 95 which enables a better 

control over the intermediate graphenide for subsequent bandgap engineering.96 The reductive 

exfoliation of graphene is regularly carried out by saturation doping of graphite with potassium 

to reach the highest stage I intercalation compound with a crystalline ratio of 1:8 K to C atoms 

(KC8).77 The successful synthesis of the saturation doped highest stage I GIC can be verified 

by in situ Raman spectroscopy77 as well as XRD measurements, as carried out for KC8 in this 

work (Figure 18). Upon decreasing the amount of intercalated K in the graphite galleries, a 

broad set of higher stages for GICs can be obtained. At distinct stoichiometries, well-ordered 

stackings define the orientation and interlayer distance of the individual graphene sheets in z-

axis direction. Besides potassium, similar structures can be derived with further alkali and earth 

alkaline metals. Therein, the stoichiometric metal to carbon ratio M:C in each stage is exactly 

defined.97 For example, besides KC8, also RbC8 and CsC8 can be produced, while some metals 

are more densely packed in their stage I GICs, e.g. LiC6 or CaC6. In this work, the focus was 

restricted on potassium GICs, since the handling of potassium instead of other metals in the 

homologous series of alkaline metals is practically preferred. As depicted in Figure 8, the 

formation and definition of each stage is based on the number of potassium atoms and graphite 

layers. 

 

Figure 8: Illustration of stages I-IV of potassium graphite intercalation compounds.77 With increasing 

number of graphene layers, the interlayer distance LC expands to the given numbers in z-direction. 
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For the highest stage I GIC KC8, graphene and potassium layers are alternating in an AA 

stacking order with an interlayer distance of LC = 5.35 Å (Figure 8 left).77 The respective top 

view on the unit cell of KC8 illustrates the arrangement of potassium layers in Figure 9a. The 

next higher stage II is built of two AB-stacked graphene sheets followed by one potassium 

intercalant layer with LC = 8.75 Å, while the stage III consists of three graphene layers in ABC-

stacking in between intercalants and an interlayer distance of LC = 12.10 Å.97 For all stages 

above III, the ABA stacking can be continued in between the potassium layers; however the 

inner graphene layers are already strongly decoupled from the doping by potassium 

intercalants. To visualize the effect of potassium doping on the graphene layers, the charge 

density distribution of a stage III GIC KC36 is exemplarily shown in Figure 9b. 

 

Figure 9: a) Top view onto the crystal structure of KC8 in the orthorhombic unit cell. The position of the 
K atoms is presented for one single layer for clarity. b) Charge density distribution for the stage III 
intercalation compound KC36.98 In the charge density representation (right), the correlation to the 
schematic illustration of graphene and potassium layers is indicated by K and C, respectively. In the 
middle, the schematic drawing of the charged and uncharged layers demonstrated the charge density 
distribution in the crystal structure along the z-axis. 

The illustration of the charge density distribution in Figure 9b clearly indicates that in higher 

stages of GICs, the inner graphene layers along the z-axis (often also termed as c-axis) are 

already shielded from the potassium doping and remain mostly uncharged. Thus, already for 

a stage III intercalation compound, no activation of inner layers occurs which could promote 

the Coulomb driven exfoliation of graphene. This nicely underlines the imperative of using a 

saturation doped stage I intercalation compound to prevent the release of mostly graphitic 

stacks in the bulk sample mixture.90  

1.6 Reductive wet chemical exfoliation of graphite 

Graphene is the youngest representative of synthetic carbon allotropes.8-10, 16, 19 The covalent 

functionalization of graphene represents a main topic in the growing field of nano materials 

and has recently begun to emerge.25, 72-74, 88, 89, 99-103 In order to support the research of 
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production and chemistry of graphene, the European commission established the “Graphene 

Flagship” in 2013.104, 105 For the stabilization of single layers of graphene, solvent processing 

is a promising approach and a wide library of solvents has been evaluated to isolate 

monolayers in wet chemical production.54, 99, 105-109 However, these techniques are based on 

an extensive sonochemical input mostly based on massive ultrasound treatment, which results 

in breaking of the graphene flakes110 as well as solvent degradation.111 Consequently, 

improved methods for overcoming the strong van der Waals forces between the large surfaces 

of graphene sheets in graphite were developed. Adapted from earlier work on carbon nanotube 

debundling and functionalization,112-115 reductive activation techniques have been transferred 

to the graphene community.72-74, 88, 116 The initial step is therefore always depicted in the 

activation of graphite, which is achieved via reductive charging of the sheets. An overview over 

three main activation/exfoliation routes is presented in Figure 10.  

 

Figure 10: Overview over the commonly used top-down approaches for the reductive exfoliation of 
graphite. For a sufficient Coulomb driven stabilization of individual sheets, reductive charging can be 
achieved in three main routes to yield graphenide solutions: 1. Modified Birch reaction by lithium in liquid 
ammonia supported by THF as co-solvent. 2. Na/K alloy in 1,2-dimethoxyethane (DME). 3. Solid state 
formation of a stage I GIC which is subsequently dispersed in a suitable organic solvent. From this, 
exfoliated graphene can be directly obtained by dropcasting onto a substrate. The addition of a 
quenching reagent leads to functionalized graphenide intermediates via SET reactions of the negatively 
charged graphene scaffold with suitable reagents R-X. Besides the analogous transfer onto substrates, 
the functionalized bulk powder sample can be obtained. Functionalized derivatives can be annealed 
under inert gas atmosphere recovering defect free graphite or graphene on SiO2, respectively. 

All activation steps shown in Figure 10 follow the same principle: Starting from insoluble 

graphite, the intercalation of the metal into the graphene galleries has to be carried out as 
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activation step for the initial separation of individual layers. Mainly three approaches have been 

reported so far and are summarized in the following:  

1. Modified Birch reaction: The use of solvated electrons via dissolving alkaline metals 

(here: Li) in liquid ammonia known as Birch type reduction has been widely used for 

the reduction of SCAs. 88, 114-117 The addition of THF as co-solvent has been further 

developed for the introduction of a wide library of functionalization agents, which would 

be unstable with respect to classical Birch conditions.118 After evaporation of the 

ammonia at room temperature (RT), the negatively charged graphenide solution in THF 

is obtained for further processing. 

2. Na/K alloy in DME: In 2011, a straightforward approach for the covalent bulk 

functionalization of graphene has been developed by Englert et al.119 which additionally 

supported the further functionalization via SET reactions with e.g. diazonium 

compounds or alkyl halides.14, 120, 121 In this route, the alloy of sodium and potassium 

was dissolved in the chelating (K+) ethereous solvent DME for the subsequent efficient 

reduction of graphite in solution at RT. The presence of metal excess allowed for the 

quantitative exfoliation of graphene from the intermediate graphenide solution. 

3. Dissolving graphite intercalation compounds: The latest approach for the reductive 

exfoliation has been reported on basis of solid state GICs. According to the work of 

Pénicaud et al.,89, 94, 95, 122, 123 GICs dissolve spontaneously in suitable solvents like e.g. 

THF or DMSO, and can therefore be used as highly activated species for a subsequent 

covalent functionalization of the individualized carbon layers.116 Recently, also our 

group93, 113, 124-127 reported that especially potassium intercalated KC8 is a very suitable 

precursor for the covalent functionalization of graphene. This third approach shown in 

Figure 10 using KC8 will represent the main route of producing an intermediate 

graphenide solution based on the top-down approach of chemical exfoliation of graphite 

in this work.  

In chapter 3.3 in this work, these different approaches for the exfoliation of graphene from 

charged graphite were directly compared in a benchmark reaction for the covalent arylation of 

graphene with phenyliodide (I-Ph) as quenching reagent within the three different synthetic 

pathways.93 Following the activation step by reduction by metal intercalation in all three 

approaches (Figure 10), the stabilization of air-sensitive intermediate graphenide solutions 

requires suitable inert solvents, what will be discussed in detail in chapter 3.8. Once the 

Coulomb driven exfoliation of strongly reactive graphenides has been accomplished, the 

individualized layers can therefore be directly transferred onto stabilizing substrates like SiO2 

wafers or TEM grids for further analysis,94, 95 however the direct exposure to ambient conditions 

leads to uncontrolled side reactions112 (see chapter 3.5.4) and will be discussed in detail within 
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this work. The controlled reaction of the activated graphenides is illustrated in the bottom of 

Figure 10, where graphenide solutions are treated with suitable functionalization reagents 

prior to workup and further processing. 

1.7 Covalent functionalization of graphene 

The addition of a quenching reagent to the intermediately charged graphenides (Figure 10 

yellow) will lead to covalent functionalization via reoxidation of the charged sheets. The 

hybridization of lattice carbon atoms from sp2 to sp3 results in a binding of the functional addend 

orthogonal to the plane, which both prevents them from reaggregation and allows for the 

tailoring of materials properties like solubility, band-gap, and general derivatization of 

hierarchical carbon architectures.116, 125 The advantage of this synthetic sequence is that the 

negatively charged graphene sheets in the GICs, whose most prominent representative is KC8, 

are already spatially decoupled and highly activated (c.f. charge density distribution in Figure 

9b) for follow-up-reactions such as single electron transfer to and covalent addition of the 

organic addend. The functionalized graphenide solution can be also processed in bulk scales 

resulting in powder samples, or transferred on suitable substrates for final spectroscopic and 

microscopic analysis. A similar approach, namely bulk reduction and trapping with 

electrophiles has also been used to covalently functionalize single walled carbon nanotubes 

(SWCNTs) as reported e.g. by the groups of Billups,128 Tour,129 and Hirsch.118 In typical 

reactions of reductively charged graphite (Figure 10), the negatively charged graphene layers 

first act as reductants for electrophiles such as diazonium119 or iodonium113 compounds, alkyl 

iodides120 or protons,127 are subsequently covalently functionalized by the intermediately 

generated organic radicals or H-atoms to give arylated,126 alkylated14 (Figure 11 right) or 

hydrogenated124 graphene, respectively. 
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Figure 11: Schematic overview for the chemical top-down exfoliation of graphene from graphite for the 
covalent functionalization. Left: Oxidative route with subsequent reduction of graphene oxide leaving 
irreversible basal plane defects in the reduced derivative. Right: Reductive functionalization derivatives 
bearing alkyl- or aryl addends via sp3 binding to basal lattice carbon atoms, which can be thermally 

defunctionalized for the synthesis of defect-free graphene. 

This process can be monitored by a combined characterization using thermogravimetric 

analysis coupled to mass spectrometry (TG-MS) and temperature dependent Raman 

spectroscopy (TDRS) measurements accounting for the rehybridization from sp3 to sp2 upon 

thermal defunctionalization under inert gas.116, 119, 124-126 However, going the way back in order 

to discharge the graphenide solution after metal doping remained elusive up today, since the 

electrochemical potential of charged graphites has not been determined yet.130 Thus, for the 

purpose of covalent functionalization, quenching reagents with sufficient high redox potentials 

are required. If the redox potential of these reagents is high enough, almost all charges are 

quenched.130 This wet chemical functionalization concept is facilitated by the fact that due to 

Coulomb repulsion the negatively charged graphenide layers within the solid GICs can be 

dispersed in suitable organic solvents.89, 119, 125 For instance, after dissolving a high reactive 
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stage I intercalation compound (KC8) in prominent solvents like THF or DMSO, several 

reactions may occur within the air-sensitive intermediate, and certain factors must be taken in 

consideration which influence the properties of the obtained graphene flakes. THF has been 

used as inert and potent medium for the exfoliation of single functionalized graphene layers.123 

It is imperative to avoid an excess of alkali-metal, as it is not beneficial for the 

functionalization.126, 131, 132 The solid state KC8 compound has to be efficiently exfoliated by the 

liquid solution decoupling all the graphene layers from the pristine graphite crystal, and 

rendering them available for a further wet chemical processing.133, 134 If exfoliation is successful 

and complete in the solvent, the charged graphene layers may also react by SET reactions 

either with the solvent molecule132 or with any potential contaminants being present like 

residual stabilizers,112 water,124 acids,127 fragments from molecular decomposition111, 135, 136 or 

dissolved reactive gases like oxygen.112  

Compared with the reaction conditions used for the preparation of graphene oxide (Figure 11 

left),125, 137-140 the reductive route offers many advantages. Remarkably, annealing of 

functionalized samples can recover defect free allotrope graphene or graphite, respectively. 

The covalent functionalities are introduced without disrupting the σ-framework of graphene, 

whereas during the formation of graphene oxide, the introduction of oxygen functionalities is 

accompanied by the formation of irreversible hole-defects caused by unwanted carbon loss 

through decarboxylation.141, 142 

1.8 Raman Spectroscopy 

In general, Raman spectroscopy is a non-invasive and fast experimental technique to gain 

insight to the electronic and optical properties in functionalized graphene derivatives.60, 143-147 

Thus, it can be used for a broad library of compounds even beyond SCAs like crystalline 

vapour grown SiC,148 transition metal chalcogenides (TMCs)149 or black phosphorous.150, 151 In 

this work, Raman spectroscopy was used as characterization tool of choice. Moreover, the 

application of in situ as well as statistical Raman spectroscopy will be further developed to 

improve the versatility of established literature methods. 

1.8.1. General 

Raman spectroscopy excels from other characterization techniques in the study of graphene 

based materials.22, 144, 152 More important, it is a non-destructive technique and serves to 

disentangle the interaction between pristine graphene and any external species. Raman 

spectroscopy can also be used to analyze doping effects,153, 154 strain,98 oxidation, quality of 

the sample,155, 156 molecular functionalization,74, 157 and number of layers158 in the production of 

graphene. The direct reductive functionalization of the graphene lattice by additional moieties 

via SET reactions converts lattice carbon atoms from sp2 to sp3 and can therefore be 
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spectroscopically detected.72, 74 Moreover, a framework containing sp3 defects will result in 

additional Raman modes, which helps in determining the sp3 fraction content in the structure.159 

For the quantification of defects in graphene, recent work has been published to correlate 

electron microscopy from ion bombarded graphene with the respective Raman spectra, what 

will be accounted for in detail in chapter 1.8.2.147, 160, 161 

In Figure 12, the fundamental theory for the understanding of the resonant Raman 

spectroscopy of graphene is presented. Based on the lattice vibrations (Figure 12a) and 

phonon dispersion (Figure 12b) for the G-, D- and 2D-mode, the main modes in the Raman 

spectra of graphene based materials can be explained with the help of the electronic structure 

introduced in chapter 1.4.2. As indicated in the phonon dispersion (Figure 12b), the vibrations 

at the Γ point are in plane and doubly degenerated and relate to the prominent G-mode at 

1,580 cm-1. The G-mode can be identified in resonant Raman processes within all allotropes 

of the graphene family based on the hexagonal lattice. These in plane phonon modes (iLO, 

iTO, Figure 12d left) are centered at the Γ-point and refer to the lattice vibrations illustrated in 

Figure 12a.  

The presence of defects in the lattice results in the scattering of the phonon which refer to the 

so-called D-mode, which originates from the in plane transversal optical (iTO) double resonant 

phonons near the K point and therefore appears dispersive in the Raman spectrum (Figure 

12d). For the typically used laser excitation wavelength of 532 nm (2.33 eV), the frequency of 

the D-mode is located at 1,350 cm-1 and is utilized for the quantification of the degree of 

defects. The exemplarily plotted Raman spectrum in Figure 12c refers to a graphene sample 

containing approx. 1 defect per 1,000 lattice carbon atoms (θ ≈ 0.1 %). This quantification will 

be investigated in detail in the chapters 3.6 and 3.10, since this reflects a strong measureable 

for the chemical modification of the sp2 lattice. The mode denoted as D* is based on a double 

resonant intravalley scattering process. This band is also activated by defect scattering and 

appears as shoulder nearby the G-mode (~1,620 cm-1). There exists a strong relation between 

those two modes: for instance, the larger the intensity of the D*, the stronger the 

functionalization between graphene and the active molecule.74 Additionally, the broadening of 

the G-mode can be related to a high degree of functionalization depicted by the intensity of the 

D and D* mode. The D* relates to an overtone of the defective mode in graphene which is 

highly due to the presence of various covalently sp3 bound functional groups in the sample.162-

165 
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Figure 12: a) Illustration of the phonon vibrations contributing to the main Raman bands in graphene: 
G-mode vibration for the iTO (left) and iLO (middle) phonons at the Γ-point and D-mode vibration for the 
iTO phonon (right) at the K-point. b) Phonon dispersion of graphene. The phonons associated with 
important Raman bands are highlighted by the magnifier. The detailed processes at the symmetry points 
Γ, K, and M are shown below. c) Exemplarily Raman spectrum of graphene flake containing 0.1 % 
defects, which shows the typical D-, G-, D*- and 2D-modes, as well as the combination mode D+D*. d) 
Schematic drawing of the main Raman processes in graphene in the reciprocal space (f.l.t.r.): G-mode 
Γ-point centered phonon; D-mode defect scattering at the K-points which is leading to a double resonant 
process (horizontal dotted line). The 2D-mode is generated through a second-order process at the K-
points that is either double or triple resonant. Reprinted with permission from [160]. © (2011) American 
Chemical Society. 

Turning in to the double resonance Raman region between 2,500 cm-1 and 3,300 cm-1, three 

components can be evinced.166-168 These modes vary in intensity and width depending on the 

medium used to perform the exfoliation of graphite.74 The overtone of the D-mode centered at 

2,700 cm-1 is observed after excitation of two phonons close to the K-point giving rise to the 

2D-mode (Figure 12d right). The 2D-mode corresponds to the presence of pristine graphene 

layer(s) and it gets stronger with increasing the crystallinity of the sample down to single layers. 

The high intensity of the 2D-mode in single layer graphene can be described with double and 

triple resonance 2D processes in single layer graphene as illustrated in Figure 12d right.158 
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In a double resonant Raman process, two conditions must be fulfilled, in which either the initial 

or the final k state and the intermediate k + q state is always a real electronic state.145 

Moreover, the special process of electron-phonon interaction that renormalizes the phonon 

energy gives rise to the Kohn anomaly.169 Using spatial high resolution Raman spectroscopy, 

it is even possible to detect armchair and zig-zag edges.152, 170, 171 Therefore, changes in the 

spectral shape of the 2D-mode feature enable a precise determination of the number of 

deposited graphene layers on the substrate.167, 172, 173 It has to be noted that the full width at 

half magnitude (FWHM) of the 2D-mode around 2,700 cm-1 is also influenced by lattice defects, 

since the double resonant scattering process is also sensitive to the intact electronic structure 

of the graphene sheet. Stacking of multiple layers of graphene in its natural AB pattern leads 

to a broadening of the 2D-mode approaching the shape of Bernal AB stacked graphite with at 

least 4 components.58, 145, 146, 158 The peak located at 2,908 cm-1 refers to the D+D* 

combinational mode,174 which is directly related to the defect site formations in the structure. 

Higher order modes around ~3,200-3,600 cm-1 are characteristic signatures of C-O/C-H 

groups bound as sp3 defect in the lattice being present as reported in combined Raman/XPS 

studies,175 which gains evidence in the course of chemical functionalization. 

Since the grain size of the used graphite source as well as the lateral dimension of graphene 

is in the range of several microns, the laser spot penetrates about 1 µm2 in lateral resolution 

with at least 30-40 layers depth in bulk analysis assuming a transmittance of 2.3 % per 

graphene layer.32 The naturally occurring scattering of phonons by the edge states of any flake 

only plays a minor role until the sizes of e.g. graphene quantum dots (GQDs) or nanoribbons 

(GNRs) smaller than 100 nm are approached (c.f. Figure 5). In these dimensions, edge effects 

become evident in the Raman spectrum162, although only for armchair type graphene edges 

since zigzag termination does not contribute to the Raman D-mode.170 Regarding the 

functionalization of graphene in the basal plane, the presence of lattice sp3 carbon atoms 

results in the activation of the D-mode as explained in Figure 12d, which can be discriminated 

from vacancy-type defects or boundaries in graphene by the ID/ID* intensity ratio.162 

1.8.2 Quantification of defects by Raman Spectroscopy 

Already 1970, Tuinstra and Koenig analyzed single crystals of graphite, more exactly the 

correlation of the Raman spectra on the distance of defects in dependence of the laser 

excitation wavelength.176 For graphene with a large distance of defects (LD > 5 nm), it was 

shown that the Raman intensity ratio of the D- and G-mode (ID/IG) is inversely proportional to 

the crystallite size in graphitic samples. In 2010, first Lucchese et al.161 and later in 2011 

Cançado et al.160 developed a correlation between microscopic and spectroscopic information 

to determine a semi empirical model for the quantification of defects. This model is explained 

in Figure 13 and solely based on ion bombarded graphene. Thus, holes were generated within 
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the graphene lattice, which are considered as point defects and serve as Raman scattering 

centers for the D-mode activation. Principally, soft ion bombardment of single layers of 

graphene can be used for the cleaning of the surface – as long as the ion energy is kept below 

5,000 keV with a dose of 5.0 ions/nm2, while at higher energies, the ions lead to holes in the 

lattice of graphene.177 The type of defect however plays a remarkably role for the Raman 

processes and therefore can be spectroscopically distinguished.178, 179 As depicted in Figure 

13a-1, a point defect defines two radii rS = 1 nm and rA = 3 nm, while the inner area AS 

considers the structurally disordered region and the outer area AA (with rA > rS) affects the 

activation of the D-mode. Cançado et al. demonstrated that for graphene with large distances 

of defects (LD > 5 nm, Figure 13a-2), the isotropic distribution of the D-mode activation centers 

over the entire sp2 area follows the Tuinstra-Koenig correlation.176 This can be followed by the 

Raman ID/IG intensity ratio which is exponentially increasing (Figure 13d). However, when a 

critical distance of defects of LD ≈ 3 nm is approached (Figure 13a-3/4), the defect mode areas 

AA diminish and the ID/IG ratio decreases again accompanied by a strong broadening of the 

Raman D- and G-mode as well as their overtones, respectively. This is illustrated by the 

Raman spectra i)-v) in Figure 13c, where the shape and ratio of the D-, G- and 2D-modes 

strongly vary upon decreasing LD. The correlation of the Raman spectra i)-v) and their 

respective ID/IG ratios (Figure 13c) with the model curve in Figure 13d is indicated in red circles 

i)-v), respectively. 
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Figure 13: Quantification of the degree of defects by the model of Lucchese et al.161 and Cançado et 
al.147, 160 a) Drawing of a point defect with the defect induced disorder radius rS (red) and the D-mode 
activation radius rA (green): 1)-4): Illustration of increasing degrees of defects achieved by ion 
bombardment. Figures 1)-4) reprinted from [161] with permission from Elsevier. b) Generalized 
correlation between calculated ID/IG Raman ratio, mean distance of defects LD and laser energy or 
wavelength. The mainly used laser excitation wavelength (2.33 eV, 532 nm) is indicated by the green 
dashed line and relates to the curve in d). Adapted with permission from [93]. © (2013) American 
Chemical Society. c) Respective Raman spectra upon increasing degree of defect indicating the impact 
on the Raman spectra. Reprinted with permission from [160]. © (2011) American Chemical Society. d) 
Correlation between the mean defect distance LD and the Raman ID/IG intensity ratio for a laser excitation 
wavelength of 2.33 eV (532 nm). The circles indicate the position of the Raman spectra shown in c). 

However, these semi empirical calculations are strongly depending on the laser excitation 

wavelength. Therefore, a general correlation between the distance of defects LD, the used 

laser energy and resulting Raman ID/IG intensity ratio is provided in Figure 13b. Since 2.33 eV 

(532 nm) are mainly used in literature and this work, a green dashed line was implemented. 

This “cut” through the 3D plot accords for the green curve in Figure 13d. Following the 

evolution of the ID/IG ratio with increasing degree of defects along the spectra i)-v), this model 

served as general base for the geometrical quantification of defects within this work in chapter 

3.3. However, this model is still based on ion bombardments and therefore suffers from 

limitations and empirically determined parameters. For the spatial analysis of FLG samples, 

scanning Raman microscopy (SRM) on silica substrates was developed and correlated with 
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optical microscopy.172 180 Thus, the use of statistical Raman spectroscopy (SRS) of large areas 

of functionalized graphene has been further adapted (chapter 3.3) and significantly improved 

in this work to address the fact that reductive functionalization results in basal sp3 carbon atoms 

instead of hole vacancies (chapter 3.10). 

1.8.3 Functionalization of graphene: The importance of Raman interbands 

The conversion of high fractions of lattice carbon atoms from sp2 to sp3 via covalent 

functionalization does not solely lead to D-mode activation in graphene: The formed 

substructures of sp3 defect sites and remaining sp2 PAH-like domains of random size induce 

further disorder within the basal plane. This results not only in the broadening of the D- and G-

mode as explained in Figure 13c, but rather results in the formation of additional Raman 

modes caused by pseudo molecular substructures.143, 144, 181 The degree of functionalization 

therefore is an important threshold for the evolution of such structures, since for low values 

(distance of defects LD > 3 nm) no molecular substructures can be observed in the Raman 

spectrum. Remarkably, the random introduction of hole vacancies (c.f. Raman spectrum on 

top of Figure 13c) in the lattice does not lead to additional Raman interbands. Thus, the 

addition pattern of the covalent sp3 bound functional addend therefore plays a crucial role.74 

Starting from the simple picture of an isolated benzene ring, a functionalization in 1,2 (ortho) 

or 1,4/1,6 (para) is generally possible. For the case of reductive arylation, 1,4/1,6 

functionalization is energetically favorable.51 After bulk exfoliation of graphene to individualized 

sheets, the fact of endo/exo functionalization plays a further role, since both sides of the 

graphene sheet are accessible (in contrast to e.g. graphene on substrates). The steric aspect 

of the chemical nature of the addend is consequently also expected to influence the 

functionalization pattern. The answer to the question, whether the regiochemistry of reductive 

functionalization on graphene is kinetically or thermodynamically driven, remains elusive up 

today. The formation of clustered sp3 defect site regions can only be assumed, since strain 

energy can be released.116, 119 However, this issue of clustering mechanism will be discussed 

in chapter 3.6 in this work. Previously, for the reductive covalent bulk functionalization of 

graphene with diazonium salts, additional Raman modes were attributed either to nano-

crystalline diamonds or rather trans-polyacetylene (t-PA) chains182 being formed by random 

addition patterns in the arylated graphene derivatives.119 

Recently, Claramunt et al. reported about the relation between Raman interbands and 

covalently bound oxo-species in graphene oxide.157 In Figure 14a, these additional modes are 

fitted into the broadened spectrum of graphene oxide, which clearly show the appearance of 

additional interbands in the regime of the D- and G-mode of oxo-functionalized graphene. 

Already in 2008, these additional vibrational modes were theoretically predicted by Kudin et al. 

for graphene functionalized with hydroxyl groups.155 In Figure 14b, the additional frequencies 
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(Gaussian broadened) for G-(OH)2 are shown for the two possible addition patterns, 

respectively. 

 

Figure 14: Literature reports about Raman interbands caused by functionalization: a) Experimental 
graphene oxide Raman spectrum and assigned fits. Figure adapted with permission from [157]. © (2015) 
American Chemical Society. b) Calculated phonon frequencies for graphene and two derivatives either 
functionalized by -OH in 1,2 or 1,4 position in endo position of the graphene sheet, respectively. Adapted 
with permission from [155]. © (2008) American Chemical Society. 

This spectral calculations clearly show that the 1,2 or 1,4 addition of –OH to the graphene 

lattice leads to further distinct Raman modes with phonon frequencies mostly located between 

1,200 and 1,600 cm-1. Remarkably, these calculations are similar to reductively exfoliated and 

subsequently hydroxyl functionalized graphene derivatives. In chapter 3.6, the Raman 

fingerprint of distinct functionalization patterns is experimentally approached and supported by 

theoretical calculations. 

1.9 Thermogravimetric analysis 

Another important and frequently used method for the analysis of functionalized SCAs is the 

thermogravimetric analysis coupled mass spectrometry (TG-MS).14, 93, 120, 142 In the recent 

years, the coupling of different detection systems to the furnace has raised TG to a versatile 

tool for the analysis of covalently functionalized SCAs as well as TMCs.149 Very recently, further 

analytical tools like TG coupled to IR spectroscopy (TG-IR) or even a gas-chromatographic 

separation prior to mass spectrometric characterization (TG-GC/MS) have been 

established.113 The exclusion of moisture is important to prevent the sample from burning under 

oxidative conditions.142 The working principle of a) TG-IR-GC/MS and b) TG-IR-MS is 

illustrated in Figure 15, respectively. Principally, a bulk amount of sample is heated under inert 

gas atmosphere (N2, Ar or He) in a constant temperature ramp from RT up to 700 °C in the TG 

furnace. The detached fragments Rx are evolved into a transfer line for further analysis. 
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Figure 15: Illustration of thermogravimetric analysis equipped with IR spectroscopy and coupled to a) 
gas chromatography combined with mass spectrometry (TG-IR-GC/MS) or b) direct mass spectrometric 
analysis (TG-IR-MS). After passing the FT-IR spectrometer, the detached fragments can either be 
injected to a) GC or be transferred by b) the bypass column into the electron ionization for final MS 
analysis.  

Since the sample in the furnace is placed on a fine balance, the sample mass loss can be 

detected. The setup used in this work is shown in Figure 16 (working principle from right to 

left). As already illustrated in the scheme in Figure 15, the detached fragments are passing 

the FT-IR spectrometer prior to injection into the MS. Since the various moieties RX can be 

cleaved at different temperature steps – depending on binding enthalpy, degree of 

functionalization, and sample morphology – a TG-MS profile can be directly created in the b) 

bypass mode via direct electron ionization mass spectrometric analysis. However, multiple 

different fragments can arrive simultaneously at the MS detector. For a deconvolution of 

superimposed molecular fragment signals, a pre-separation of the fragments can be achieved 

by using an appropriate glass capillary column in the GC prior to the MS analysis. 

 

Figure 16: Schematic drawing183 (top) and photograph of TG analysis with IR spectroscopy equipped 
with gas chromatography (GC) coupled to mass spectrometry (MS). The detached fragments are 
transported by a heated (250 °C) transfer line (carrier gas: N2) passing the FT-IR chamber into the 
GC/MS unit. In the bypass mode, the evolved gases are directly transferred into the mass spectrometer, 
while the injection into the GC column can be interconnected as required. 
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As shown in the illustration in Figure 16, the gases in the transfer line can be injected into the 

GC column at a distinct temperature. After separation of individual fragments, the elution 

chromatogram can be created with the respective coupled MS signals at certain retention 

times. This outstanding technique enables a deeper analysis and the discrimination of 

fragments which were formed in the electron ionization process or directly stem from the 

sample. A deconvolution of multiple simultaneously detached species is possible. However, 

the limitations of GC/MS are given since per sample only one injection can be carried out at 

one distinct temperature programmed before. For technical reasons, hydrogen and water 

cannot be detected by the MS, and chemically reactive compounds like halides lead to column 

bleeding with useless chromatograms. Depending on the m/z ratio and chemical nature (e.g. -

OH/H2O) of the investigated fragments, two different TG systems were used in this work (for 

details see experimental part). 

It has to be noted that the theoretical determination of a degree of functionalization from 

thermogravimetric analysis remains feasible up today. A simple calculation based on mass 

loss values (in %) is generally not recommended, since physisorbed intercalated molecules 

contributions are possible and can only be roughly estimated by a correlation of TG-MS peaks 

to distinct mass loss steps. In this work, further factors influencing the TG analysis of bulk 

samples are revealed. Nevertheless, a quantification has been demonstrated for aryl 

functionalized SCAs via reaction with diaryl iodonium salts as TG-MS markers.113 
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2. Proposal 

This thesis entitled “Fundamental Aspects of the Reductive Graphene Functionalization” was 

proposed to bring light into the chemistry beyond the wet chemical exfoliation of graphene 

using graphite intercalation compounds as starting material. These highly reactive compounds 

are produced under inert conditions from the inexpensive starting material graphite for the top-

down production of functionalized derivatives of graphene. Besides the synthesis, the resolving 

of the reaction mechanism as well as the refinement of the characterization techniques are 

major goals to control and improve the properties of chemically exfoliated graphene samples 

and will be investigated in detail within this work.  

The fundamental issues in this thesis can therefore be categorized into three main topics: 

1) The controlled synthesis of graphene derivatives based on the reductive exfoliation of 

graphite intercalation compounds. 2) The determination of the properties of the yielded 

graphene derivatives. 3) The improvement of suitable characterization techniques. These 

three topics are strongly interlinked and address fundamental unsolved questions in the field 

of wet chemical synthesis of graphene. 

1) Synthesis 

The first main goal of this work is the improvement of already established work on the field of 

covalent bulk functionalization, which requires a basic understanding of the underlying 

mechanism. The intercalation of graphite for the subsequent exfoliation of graphene has to be 

investigated in detail for a profound improvement of the synthetic protocols and quality of the 

graphene derivative. Therefore, the reaction of alkali metals with the pristine graphite, the 

reaction of graphite intercalation compounds, the formation of graphenide solutions, the 

behavior of the functionalized intermediates and the composition of the final samples after 

exposure to ambient conditions has to be analyzed in detail. As prerequisite, strictly inert 

reaction conditions have to be ensured, monitored and proved during all reaction steps to 

approach ideal sample purity and to avoid unwanted side-reactions. Furthermore, the reaction 

parameters influencing the final properties have to be worked out. By using benchmark 

covalent functionalization reactions, the variation of concentration and functionalization 

addend should be outlined. 

Generally, the interplay of a broad set of organic solvents with the starting material KC8 has to 

be studied to point out the most effective media for the reductive exfoliation and 

functionalization of graphene. Moreover, the influence of the addition of suitable 

functionalization reagents has to be evaluated. Related to that, a special focus is drawn on the 

influence of side-reactions with oxygen and moisture during the exposure of reduced 

graphenides from inert to ambient conditions. In order to solve the hurdle of lacking control 

over the amount of (remaining) charges, the reactivity of graphenides for the tailoring of the 
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electronic properties of the final material depicts another goal in the synthesis of graphene via 

reductive exfoliation. Therefore, an inert oxidation reagent has to be developed for the 

reductive exfoliation of graphene without defects.  

2) Properties and Mechanism 

As crucial aspect for the improvement of synthetic procedures, a deep understanding of the 

underlying reaction mechanism should be further refined. In the scope of this thesis, 

fundamental insights into mechanism of covalent functionalization reactions have to be 

investigated within the field of reductive graphene chemistry. This mainly comprises the 

determination of the degree of functionalization of any graphene derivative obtained by wet 

chemical procedures. Moreover, the structural pattern of the addends as well as their chemical 

nature grafted on the graphene lattice has to be described. The resolving of structural 

compositions also should be reflected in improvement characterization techniques. 

As further aspects, the magnetic properties of bulk functionalized samples should be described 

with respect to the pristine graphite. In addition, the thermal stability of functionalized graphene 

has to be evaluated in dependence of the grafted addends and the degree of functionalization. 

Complementary to the synthesis of defect free graphene, the possibility of thermal 

defunctionalization of the functionalized derivatives has to be analyzed in this work to yield 

another pathway to produce graphene without defects. 

3) Characterization 

In order to resolve the mechanism of covalent addend formation, Raman spectroscopy should 

be used as tool of choice to gain insight into to the structural changes upon functionalization. 

For advanced spectroscopy, a novel setup for the probing of air-sensitive intercalation 

compounds has to be technically developed and applied to covalent functionalization 

reactions. The successful monitoring of the ongoing reoxidation of reduced graphites should 

also provide insights into the mechanism of the reactions. The establishment of in situ Raman 

spectroscopy therefore represents a major goal in this work. 

Finally, the exact determination of a degree of functionalization θ serves as basis for the 

characterization of the electronic properties of any graphene derivative. The determination and 

quantification of patterned structures of grafted addends formed by the covalent 

functionalization therefore depicts another fundamental goal for the characterization of 

graphene samples. Therefore, a combined experimental study and theoretical model should 

be established for a universal description of the degree of functionalization of any derivative of 

functionalized graphene. The combination of electrostatic doping methods with a 

spectroscopic probe furthermore enables the verification of a relation between chemical 

functionalization and the π-band occupation, which also allows conclusions about further 

electronic and structural properties of functionalized graphene derivatives. 
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3. Results and discussion 

3.1 Graphite as source for graphene 

In this work, the synthetic spherical graphite SGN18 (99.99 % C, Future Carbon®, Germany) 

was used as starting material (details see experimental part). The statistical Raman analysis 

(chapter 3.3) of the pristine graphite revealed an average ID/IG ratio of 0.3 (Figure 17a-b).  

 

Figure 17: Characterization of the pristine graphite SGN18. a) SRS histogram indicating a Raman ID/IG 
intensity ratio of 0.3. b) Respective SRS mean spectrum. c) TG curve of SGN18 graphite as well as 
activated carbon as possible impurity for comparison. The mass loss for SGN18 is <0.1 %, for the 
reference of activated carbon already -2.5 %. d) XRD pattern of graphite indicating perfect crystallinity 
with an interlayer distance of 3.35 Å. e-f) SEM images under e) 1,000x and f) 5,000x magnification 

demonstrating the spherical nature of SGN18 powder graphite. 
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It also exhibits the typical narrow D- and G-modes and the asymmetrical shape of the 2D-

mode characteristic for the Bernal AB stacked crystalline graphite. However, the presence of 

any types of defects is not reflected in the TG mass loss (< 0.1 %), while for activated carbon 

as non-crystalline reference already -2.5 % mass loss is measured (Figure 17c).  

The XRD analysis proved the pure crystallinity of the graphitic structure with a interlayer 

distance of 3.35 Å based on the 2θ angle of the 002 reflection (Figure 17d).185 For the use as 

starting material for the wet chemical exfoliation and derivatization of graphene, this material 

is perfectly suited to obtain higher degrees of functionalization in comparison with other types 

of graphite, like natural flake or powder graphite.14 The spherical morphology can be nicely 

visualized by SEM in 1,000x and 5,000x magnification (Figure 17e-f).Therefore, SGN18 

provides the ideal basis for an efficient generation of individualized graphene flakes by a 

reductive exfoliation approach.186 In the course of an electron paramagnetic resonance (EPR) 

measurement of the SGN18 graphite carried out in this work (Figure 34), the presence of 

dangling bonds as well as in plane defects in the starting material has to be considered. This 

is in agreement with statistical Raman spectroscopy (Figure 17b), where the appearance of a 

comparably high D* mode indicates a noteworthy contribution of edges and rim vacancies to 

the defects, which are presumably not in the basal plane of the sheets.162 

3.2 Synthesis of stage I graphite intercalation compounds 

The intercalation of potassium into the pristine graphite SGN18 is carried out under inert gas 

atmosphere until saturation doping, where the bronze colored highest stage of K:C = 1:8 is 

reached (c.f. Figure 89). Therefore, the undoped graphite is thermally treated with potassium 

as illustrated in Figure 18a. By going through the intermediate stages, the complete saturation 

in the stage I GIC is verified by in situ Raman spectroscopy as well as XRD under inert 

conditions. In Figure 18b, the Raman spectra indicate the increasing stage of potassium 

doping until KC8 is reached (top). The spectrum of the highest stage I GIC KC8 can be well 

fitted with the sum of an E2G2 Breit-Wigner-Fano component187 and a Lorentzian component 

around 1,560 cm-1 (Figure 18c).188 For a further wet chemical treatment in the course of the 

exfoliation towards single layers of graphene, the spectroscopic proof of full intercalation is 

necessary to prevent the release of remaining graphitic aggregates. To prove the saturation 

doping and the increased interlayer spacing of the GIC, XRD provides an independent 

evidence for the retention of the crystalline structure after intercalation of potassium. In Figure 

18d, the reflection patterns of the SGN18 and the stage I GIC KC8 are given. All 2D wide-angle 

X-ray scattering (WAXS) patterns were radially averaged and background corrected to obtain 

the scattering intensities in dependence on the scattering angle 2θ. After saturation doping, 

the expected typical reflections of KC8
97, 189 can be assigned, while the ones from graphite185 
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have completely vanished. The stage I unit cell can be regarded as an orthorhombic face 

centered lattice with constants of a = 4.92 Å, b = 8.52 Å, and c = 21.40 Å.189  

 

Figure 18: a) Scheme for the stepwise potassium intercalation into graphite SGN18 for the synthesis of 
KC8. b) Raman spectra during the doping procedure (top to bottom) starting from graphite (black) until 
full stage I KC8 (red) is achieved. The intermediate stages can be assigned by detailed analysis 
according to the illustration in Figure 8. c) Raman spectra of saturation potassium doped SGN18. The 
fit of the analysis is shown as a red line. d) XRD pattern of SGN18 and KC8 indicating complete 
conversion of graphite to the stage I GIC. The reflections match the estimated literature 2θ values for 
graphite and KC8.97, 185, 189 The photograph in the inset is showing the experimental setup for X-ray 
irradiation under inert conditions. 

Based on the experimental value of the (002) reflection of SGN18 and (004) reflection of KC8, 

the increase of the interlayer distance can be determined from 3.35 Å to 5.35 Å in stage I GIC. 

The XRD analysis therefore reveals a complementary tool to Raman spectroscopy for the 

determination of GICs under inert gas atmosphere. Due to the elaborate experimental effort in 

XRD investigations (see inset in Figure 18d), in situ Raman spectroscopy will be the analytic 

tool of choice for the analysis of GICs and further derivatives in this work, since this technique 

totally provides self-contained information about doping stages. 
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3.3 Statistical Raman spectroscopy of covalently functionalized 
graphene 

Until 2013, the spectroscopic characterization of functionalized SCAs has been carried out via 

the interpretation of a few measured single point spectra, which cannot provide the full picture 

of any sample. The reason is that the polydispersity in the material is not only reflected in the 

size and number of the sheets, but of course also concerning the degree of defects captured 

by Raman spectroscopy. This pronounced inhomogeneity in the sample originates from the 

synthetic procedure and has been addressed by several reports for SWCNTs190 and 

graphene.93, 180 Since this method reveals the fundamental basis for the spectroscopic analysis 

of functionalized graphene, the following definitions will be based on the used technique which 

is basically established within in this work:  

1) SRS: For the significant analysis of bulk powder samples and large area maps of 

coated substrates, statistical Raman spectroscopy is carried out. From the large area 

(~100 x 100 µm) Raman map, in average no less than 10,000 point spectra are 

collected to determine the sample inhomogeneity.190  

2) SRM: For the spatial analysis or well-ordered structures like exfoliated single layers of 

(functionalized) graphene on surfaces (e.g. SiO2 wafers), scanning Raman 

microscopy93 enables the combination of local spectroscopic information with 

microscopic techniques like AFM.191 

From the data collected by SRS, a mean spectrum can be created directly showing the 

averaged spectral information of the bulk sample. This spectrum is virtually averaged over all 

collected individual spectra. Hence, it also averages over the sample diversity by strong 

suppression of intense and sharp characteristic features in this spectral region due to the 

expected fluctuations and inhomogeneity in the sample. To address this issue in both SRS and 

SRM, the raw data can be systematically filtered and fitted in order to subsequently extract key 

characteristics for every point spectrum like the ID/IG intensity ratio (e.g. for the pristine graphite 

in Figure 17), the I2D/IG intensity ratio (e.g. for DMSO exfoliated graphene in Figure 50) or the 

full width at half magnitude (FWHM) of all present Raman modes (e.g. statistical clustering of 

all Raman data in Figure 82). Those values can be cross-correlated in 2D scatterplots 

correlating various spectral features, e.g. the evolution of the G-mode intensity as a function 

of ID/IG ratio like in Figure 85b. Such graphical representations of the data clearly reflect the 

big advantage of the statistical analysis. For example, successful functionalization becomes 

apparent at first glance by looking at the maxima of the Raman ID/IG intensity ratio distributions 

in the corresponding histograms depicted in Figure 21. In order to demonstrate the field of 

application of statistically based Raman spectroscopy, the synthesis of reductively arylated 

graphene G-Ph was chosen as exemplarily benchmark reaction (Figure 19).  
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Figure 19: Scheme for the reductive bulk arylation as benchmark reaction with variation of the metal 
intercalation (1. Na/K in DME, 2. KC8 in THF, 3. Li in liquid NH3 and THF). All intermediate graphenide 
solutions were quenched with an excess of I-Ph prior to workup. For details see experimental part. The 
color code (1, 2, 3) is related to the TG-MS curves in Figure 20. 

Therefore, the pristine graphite was reduced in different approaches: 1.) Na/K alloy in DME, 

2) KC8 in THF, and 3.) Li in liquid NH3/THF (1:1) at -78 °C leading to three graphenide solutions 

[G-]ic (1,2,3) under inert conditions, respectively. These activated intermediates were 

subsequently treated with excess of I-Ph as benchmark functionalization agent leading to the 

arylated samples G-Ph-1,2 and -3. After aqueous workup of the sample under ambient 

conditions, a first insight into successful functionalization was carried out. As preliminary 

investigation, the bulk samples G-Ph-1,2,3 were characterized by TG-MS (Figure 20). The 

attachment of the phenyl groups could be proven by measuring the trace of m/z 77 (Figure 20b) 

for cleaved phenyl moieties upon annealing under inert gas. 

 

Figure 20: a) TG-MS data of the three main reductive routes yielding arylated bulk samples G-Ph-1,2,3 
as presented in Figure 19. The corresponding mass losses are 15.8 % (G-Ph-1, Na/K in DME), 10.6 % 
(G-Ph-2, KC8 in THF) and 14.2 % (G-Ph-3, Li in NH3/THF) between 100 °C and 600 °C. b) Ion current 
for m/z = 77 as a function of sample temperature. Adapted with permission from [93]. © (2013) American 
Chemical Society. 

Regarding the TG mass loss (Figure 20a) in direct comparison between G-Ph-2 and G-Ph-3, 

a higher mass loss for G-Ph-3 can be revealed, which corresponds to a mass loss of 14.2 % 

while G-Ph-2 only lost 10.6 %. In the series of all samples G-Ph-1 exhibited the highest mass 

loss of 15.8 %. If arylation would be considered as exclusive functionalization, the degree of 

functionalization could theoretically be calculated from the TG mass loss as the ratio between 

the moles of cleaved addend and the moles of carbon left. However, other factors like solvent 

intercalation falsify these calculations, a fact that will be discussed in detail in chapter 3.4 

(Figure 30). 
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In Figure 21, the SRS results for all three bulk samples G-Ph-1,2,3 with respect to the starting 

material (Figure 17) are presented. Since the D-mode intensity is a measure for the amount 

of sp3-defects in the honeycomb sp2-hybridized graphene/graphite lattice, the ratio of basal 

sp3/sp2 carbon atoms can therefore be regarded as degree of defects, which is a more 

appropriate value than the distance of defects LD used in literature.147, 160-162, 179, 192 However, 

considering the tendency of sp2 bonds to aggregate,193 LD is only a good quantity for low 

degrees of functionalization (θ < 0.5 %) with isotropic distribution within the graphene lattice 

as explained in chapter 3.6.4 in this work (e.g. Figure 44).  

The pristine starting material exhibits an almost perfect Gaussian distribution of the ID/IG values 

around 0.3 with a very low standard deviation σ of 0.06 (Figure 17). Generally, σ can be used 

as measure for the homogeneity of the sample.190 After reductive arylation, all histograms of 

G-Ph-1,2,3 in Figure 21 present a shift of the histogram maximum to higher mean ID/IG ratios 

than those of the pristine reference material (Figure 17a). This shift in the ID/IG histogram 

generally indicates a successful covalent functionalization, if secondary effects like intensity 

superimposition are negligible. The different variations in the histograms in the right column of 

Figure 21 also directly reflect that the first step of reductive exfoliation of graphite determines 

the following efficiency of covalent bulk functionalization. This fundamental point that will be 

investigated in detail within in this work besides the influence of the solvent, the purity of all 

reagents, external factors of the applied mechanical input (e.g. ultrasound), and of course the 

role of the added trapping reagent added to the intermediate graphenide solution (here: I-Ph 

for arylation). However, at first step, this benchmark reaction serves as useful example for the 

application of SRS. Recalling the evolution of the ID/IG ratio as a function of the mean distance 

of defects LD as depicted in Figure 13b, a higher ID/IG ratio does not automatically lead to 

higher degrees of functionalization θ. Thus, this approach has a certain degree of ambiguity 

as for each ID/IG value there are two possible solutions for LD which has been described in 

detail in Figure 13d. Since the model is geometry-based (Figure 22), no material-specific 

parameters like photoluminescence contributions to the spectra are taken explicitly into 

consideration. Therefore, a general model for the determination of θ is developed later in this 

work (chapter 3.10.4). Nevertheless, the statistical consideration allows a first comparative 

investigation of samples derived by covalent functionalization, although the exact 

determination of θ in bulk samples remains feasible. The Raman mean spectra of G-Ph-2 and 

G-Ph-3 (Figure 21) can be interpreted as defect-rich, nano-crystalline multiple restacked 

graphene. In SRS, a quantification of the number of layers by a detailed analysis of the 2D-

mode shape or intensity is not possible. Based on the absorption of a single layer of graphene 

of 2.3 %, one can estimate that about 30-50 layers in powder samples are excited by the laser 

beam and contribute to each single spectrum.32 Consequently, the loss in structure in the 

second order spectrum is a result of defect rich contributions in polydisperse random stackings. 



3.3 STATISTICAL RAMAN SPECTROSCOPY OF COVALENTLY FUNCTIONALIZED GRAPHENE 
  

33 
 

 

Figure 21: SRS analysis of three arylated samples G-Ph-1 (a), G-Ph-2 (b) and G-Ph-3 (c) presented in 
Figure 19. The left column is showing the averaged mean spectra calculated from the complete dataset 
displaying the typical D-, G- and 2D-modes of functionalized graphene. The right column contains the 
respective histograms of the counted Raman ID/IG intensity ratios recorded from large area (100 x 100 
µm2) maps. The reference starting material SGN18 is presented in Figure 17. 

The high density of defects present in G-Ph-2 and G-Ph-3 becomes evident when comparing 

the width of the first order Raman modes in the mean spectra, especially the D- and G-mode, 

with those of the pristine starting material in Figure 17 as suggested earlier for the shape of 

D-mode. The broadened G-mode line shape is composed of multiple components, G- and 

D*-mode as well as the additionally formed Raman interbands155, 157 arising from substructures 
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in the graphene lattice (Figure 14) which lead to a diminishing of the individual contributions 

forming a broad signal in the Raman signal as direct consequence of the high functionalization 

present in G-Ph-2 and G-Ph-3. Similar features can be seen in G-Ph-1, although in lower 

intensity. Therein, the D*-mode appears only as a shoulder or a sideband at the high energy 

flank of the G-mode effectively producing a resolved double peak. Thus, a clear indication for 

a lower density of functionalization compared to G-Ph-2 and G-Ph-3 can be drawn, even 

though their histogram maximum positions are located at lower ID/IG values as measured for 

G-Ph-1.  

Besides the drawback that the measured Raman ID/IG intensity ratios can be assigned to two 

different LD values (Figure 13d), it has to be mentioned that SRS analysis cannot quantitatively 

resolve the degree of functionalization in bulk samples. Since a deconvolution either on the 

high- or on the low density of defects side of the model curve of mixed superimposed Raman 

responses appears quite challenging in unknown compositions and disordered structures, a 

bulk quantification of defects remains feasible. Raman investigations in the solid state are 

always accompanied by possible morphological reorganization processes caused by 

reaggregation or folding. These can lead to rather inhomogeneous morphologies which are 

also reflected in the Raman spectra. Consequently, single Raman spectra taken at a certain 

location, are not suitable to characterize a sample sufficiently. No statistically significant 

information or spatial resolution can be obtained in this way since a single spectrum cannot 

reflect the entire sample composition. If bulk samples consist of several aggregated layers, the 

superimposition of functionalized with unfunctionalized areas loses the simple proportionality 

of the G-mode intensity with the amount of carbon atoms per illuminated area. Now, sample 

volume, transmission/reflection and absorption of excitation light from and into lower layers 

play an increasingly important role which can differ for various functionalized graphene 

derivatives. Nevertheless SRS can act as powerful characterization tool for first principle 

investigations of bulk samples when compared to the starting material which has been 

demonstrated for the reductive arylated samples.  

To conclude the application of SRS on bulk samples obtained as arylation products G-Ph-2 

and G-Ph-3, a high degree of functionalization can be recognized from the spectral shape of 

the averaged mean spectra and from the broad distribution in the corresponding histograms. 

For G-Ph-1 the mean spectral shape for the D-, G- and D*-mode together with the histogram 

suggest, that the sample obtains values near the maximum of LD ≈ 3 nm of reachable values 

for ID/IG ratios for the excitation energy of 2.33 eV. The question, whether it is attributed to the 

high or the low density of defects regime is answered in favor of the high density of defects 

regime as the low density side is expected to present a better resolved separation between 

the G- and the D*-mode.147 A more sophisticated description of the evolution of Raman spectra 
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with increasing degree of functionalization is provided in chapter 3.6 in this work, where the 

evolution of additional interbands is spectroscopically resolved. 

Regarding the Raman spectra as well as the correlating statistical histograms of all reductive 

functionalization routes G-Ph-1, -2 and -3 in Figure 21, a main problem in the Raman analysis 

of bulk powder samples becomes obvious. Especially for G-Ph-2 and -3, the mean spectra 

strongly resembles the broadened structure of graphene oxide,125 while also additional Raman 

interbands155, 157 can be identified. Similar to graphene oxide, a Raman intensity ratio of ID/IG = 

1.2 is observed for the majority of spectra counted in the histograms. Though theoretically 

possible, the full range of possible values for ID/IG is not observed in the histograms in Figure 

21. The structural reasons for this effect will be discussed in chapter 3.10 of this work and can 

be explained by the superimposition of fractions bearing a high degree of functionalization over 

mostly graphitic portions in the inhomogeneously functionalized samples.  

The exact protocol for the determination of θ by SRS will be systematically explained for 

monolayer (CVD) graphene in the following. In monolayer graphene, a clear correlation 

between structural information and spectroscopic response is available and can therefore be 

utilized for the determination of θ.93, 160, 161 For the derivation of the geometrical correlation 

between the distance of defects LD and the resulting degree of functionalization θ which is 

defined as ratio between the basal sp3/sp2 carbon atoms, a dense and isotropic localization of 

defects in the graphene lattice has to be assumed. In Figure 22, a model for the dense packing 

of defects based on the parameters of the graphene unit cell is presented. 

 

Figure 22: a) Graphene unit cell with lattice vectors a⃗⃗1 and a⃗⃗2; the green area AC is attributed to a single 

carbon atom. b) Model for a dense packing of isotropically distributed defects (small open circles) 

separated by a distance LD and surrounded by the area AO. Adapted with permission from [93]. © (2013) 

American Chemical Society. 
 

The area per defect ADef is calculated from the LD measurements in ion bombarded graphene 

in order to correlate it to the number of affected carbon atoms (c.f. Figure 13). Thus, it can be 

used for the determination of θ in the low regimes of density of defects (LD > 3 nm; θ < 0.5 %). 

Due to the fact that hole vacancies are used for the determination of LD, an improved model 

capturing all degrees of sp3 functionalization valid in the entire range of 0 % < θ < 100 % was 
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developed in chapter 3.10.4. However, for the quantification of θ based on the reported 

correlation,93, 160, 161 the area per carbon atom AC is required (eq. 2) and easily deduced from 

the hexagonal lattice constants. Due to diatomic basis of graphene (Figure 6a) it is given as 

half of the area of the graphene unit cell defined by the two graphene lattice vectors a⃗⃗1 and a⃗⃗2 

covering an angle of α = 60°. 

𝐴𝐶 = |𝑎|2 √3

4
   (eq. 2) 

Considering that the area per defect ADef (eq. 3 and 4) relates to the area of the circle around 

the point defect (AO) plus twice the fraction of the residue AR (olive area in Figure 22) between 

the circles, 

𝐴𝐷𝑒𝑓 = 𝐴𝑂 + 6
𝐴𝑅

3
  (eq. 3) 

𝐴𝐷𝑒𝑓 = 𝐿𝐷
2 𝜋

4
+ 2𝐴𝑅  (eq. 4) 

the degree of functionalization θ is obtained (eq. 5) via calculation of θ as the ratio between 

𝜃 =  
1

(
𝐴𝐷𝑒𝑓

𝐴𝐶
−1)

≈
𝐴𝐶

𝐴𝐷𝑒𝑓
  (eq. 5) 

which can be simplified when ADef is significantly larger than AC. The unknown area AR can be 

found as the area spanned from the triangle between three defects AΔ minus three times the 

red circle segment Aseg (eq. 6 minus eq. 2). 

𝐴𝑅 = 𝐴∆ − 3𝐴𝑠𝑒𝑔  (eq. 6) 

𝐴𝑅 = 𝐿𝐷
2 √3

4
− 𝐿𝐷

2 𝜋

8
  (eq. 7) 

𝐴𝑅 = 𝐿𝐷
2 2√3−𝜋

8
  (eq. 8) 

Substituting AR in the expression for ADef leads to equations 9 and 10 

𝐴𝐷𝑒𝑓 =  𝐿𝐷
2 (

𝜋

4
+

2√3−𝜋

4
) (eq. 9) 

𝐴𝐷𝑒𝑓 =  𝐿𝐷
2 √3

2
  (eq. 10) 

which accords for two times AΔ. The degree of functionalization θ can now be reduced to 

fundamental lengths (eq. 11): 

𝜃 =  
𝑎2

2𝐿𝐷
2    (eq. 11) 

Based on eq. 11, it is now possible to correlate θ with the measured ID/IG ratio at a laser 

excitation of 2.33 eV (Figure 24b). Derivation reproduced with permission from [93]. © (2013) 

American Chemical Society. 

In order to transfer the experimentally measured Raman intensity ratios into the more 

descriptive degree of functionalization, SRM was carried out in the course of functionalization 

of both mechanically exfoliated hexyl-G1 (Figure 23) and hexyl functionalized CVD graphene 

(Figure 24a). All samples were produced and characterized directly on the substrate Si/SiO2 

wafer. Besides the ideal model system of functionalized CVD graphene, mechanically 
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exfoliated graphene also serves as cheap and suitable few-layer graphene source16 in order 

to subsequently study the effiency of different reductive functionalization pathways. However, 

this method also produces few- and multilayered structures in the vicinity of single layer 

graphene. Upon investigation of such monolayers, the nature of the used substrate may 

strongly influence the electronic states,91 while bilayer graphene already provides intrinsic 

singularities in the DOS which locally determine the reactivity towards chemical 

functionalization reactions.194 In Figure 23, the functionalization of mechanically cleaved 

graphene was carried out either using a) Na/K alloy in DME or b) Birch conditions with Li in 

liquid NH3. Thus, a special flask for the wet chemical reductive functionalization of graphene 

on substrates with electron transfer from solution was developed (Figure 23c). 

 

Figure 23: a) Schematic illustration for the wet chemical functionalization of mechanically exfoliated 
graphene G1 via reduction using a) Na/K alloy in DME or b) Li/NH3 on a Si/SiO2 wafer. The charged 
intermediate [G1

-]ic is subsequently quenched with I-Hex for the synthesis of hexyl-G1. b) SRS Raman 
mean spectra of hexyl-G1 for both routes. c) Photograph of experimental setup (here: route a) with Na/K 

alloy in DME) in a specialized flask equipped with substrate holder surrounded by the electride. 

The Raman spectra in Figure 23b obviously feature some significant difference: For route a), 

a clear deconvolution of the typical D-, G- and D*- Raman modes can be drawn, while for 

route b) the Raman modes are strongly broadened and diminished. Experimentally, two 

possible LD-values may now be distinguished from each other by analyzing the spectral shape 

of the D-mode. With the calculated curve in Figure 24b, the respective equations for the 

determination of θ can now be applied on the data obtained from the SRM analysis of 

covalently functionalized graphene. This can be nicely demonstrated in the field of monolayer 

functionalization. As judged from the spectral shape and intensity of the 2D-mode (Figure 23b) 

in comparison to values obtained from ion bombarded samples160, 161, 179 it is reasonable that 

the LD values remained > 5 nm for the hexyl functionalization in route a) using Na/K as reducing 

agent in DME. In this data interval the conversion from the measured ID/IG ratios to mean 
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distance of defects LD can be deduced using eq. 12, which was obtained from a semi empirical 

simulation:160  

𝐿𝐷[nm] =  ∑ 𝐴𝑖𝑒
−

𝐼𝐷
𝐼𝐺

⁄

𝑏𝑖 + 𝐴3
2
𝑖=0  (eq. 12) 

The exact fitting parameters for the exponentially decaying part of the relation obtained from 

Cançado et al.160 are given in Table 1. 

Table 1: Parameters for the fit in eq. 12. 

A0 b0 A1 b1 A2 b2 A3 

25.7 0.22 48.7 0.04 15.4 1.92 2.10 
 

As can be seen in the color-coded Raman maps shown in Figure 24c-e, an increase of the 

overall D-mode intensity takes place after the functionalization of CVD graphene with hexyl 

chains (hexyl-G1) by using Na/K alloy in DME for the initial reduction. The plotted Raman 

frequency histogram (right column to the color coded maps) clearly represents the success of 

the chemical functionalization on the Si/SiO2 substrate. The result of the spatial mapping is 

presented in the contour plots in Figure 24d. The histogram reveals a mean value for LD ≈ 12 

nm. From this distance of defects, the degree of functionalization θ can be derived by simply 

using eq. 12.  
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Figure 24: SRM analysis of pristine and functionalized monolayer graphene. a) Reaction scheme for 
hexyl functionalization of CVD graphene using Na/K alloy in DME and I-Hex as reagent. b) General 
correlation of LD with degree of functionalization θ (log. scale) in red and experimental ID/IG ratio in blue 
for 532 nm (2.33 eV) laser excitation. The curve is divided into sections of low, middle and high stages 
of defect densities. c)-e) Spatial mapping and histogram representation of the c) ID/IG ratio, the d) mean 
LD distance of defects values and the resulting e) degree of functionalization. The mappings relative to 
pristine CVD graphene G1 (left column) and hexyl-G1 after functionalization (middle column). Adapted 

with permission from [93]. © (2013) American Chemical Society. 
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Since the correlation in Figure 24b allows two possible solutions for a measured Raman ID/IG 

ratio, a clear discrimination has to be made whether the Raman spectrum can be attributed to 

the low density functionalization site (LD > 3 nm) or to highly functionalized graphene 

derivatives with LD values < 3 nm. Therefore, a threshold value for the Raman D-mode FWHM 

was defined. The decision whether assigning the sample to the low or defect rich area, the 

FWHM of the Raman D-mode is classified as either being below or above FWHM(D)max = 

30 cm-1. For the aryl functionalization in Na/K alloy in DME, all measured FWHM(D)max in the 

SRM map were smaller than 30 cm-1. Thus, the whole functionalized graphene area for hexyl-

G1 could be assigned to the low density of defects area.  

In contrast to route a) in Figure 23, the broadened Raman D-mode FWHM > 30 cm-1 can be 

attributed to highly functionalized areas which can be considered for the Birch type reaction of 

mechanically exfoliated graphene in route b) shown in Figure 23. For the defect rich region of 

the curve (Figure 24b) the eq. 12 can no longer be used to determine LD from ID/IG values and 

must be replaced by eq. 13: 

𝐿𝐷[nm] = ∑ 𝑎𝑖 (
𝐼𝐷

𝐼𝐺
⁄ )

𝑖
8
𝑖=0   (eq. 13) 

The fitting parameters for eq. 13 are given in Table 2. 

Table 2: Parameters for the fit in eq. 13. 

a0 a1 a2 a3 a4 a5 a6 a7 a8 

0.40 6.94 
-

27.18 
53.10 

-

56.88 
35.97 

-

13.78 
3.14 -0.39 

 

To demonstrate the use of SRM, the spatial mappings from a hexyl-G1 sample obtained by 

Na/K reduction in DME is presented in Figure 25. The chosen increment of 0.5 µm results in 

high resolution Raman maps with detailed information, in which every pixel can subsequently 

be analyzed. The entire spectral dataset therefore was transformed into 2D contour plots to 

visualize the local properties. A good measure for the electronic quality of the final graphene 

derivative is provided by the I2D/IG ratio, which is given in Figure 25a. Herein, the local spots 

with high Raman 2D-mode intensities can be identified, which is useful if suitable graphene 

flakes e.g. for electronic devices are required. For the determination of a degree of 

functionalization, the FWHM of the D- and 2D-mode are investigated in Figure 25b. After fitting 

of the data, the definition of a threshold value of 30 cm-1 (red dashed line) is used for the 

separation of the spectra into two parts. Thus, the data points can now be assigned to the low- 

or defect rich density area in the correlation of Figure 24b, respectively. However, in the 

“middle stage” region, the limitation of this semi-empirical data separation is approached and 

will be replaced by a more generalized description in chapter 3.10.4. In the hexyl-G1 flake 
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analyzed in Figure 25c, the purple areas are nicely coloring the areas below this threshold 

and eq. 12 can be used for the determination of LD here.  

 
Figure 25: SRM analysis of hexyl-functionalized mechanical exfoliated graphene (hexyl-G1) on a Si/SiO2 
wafer: a) I2D/IG intensity ratio. b) FWHM for the 2D-mode and c) D-mode, respectively. 

By the knowledge of the width of the D-mode in every data pixel, the determination of the 

respective local LD values is possible. This is illustrated in Figure 26, where the SRM data 

based on a) intensity ratios can be transferred into b) LD values.  

 

Figure 26: SRM analysis of hexyl-G1. On the basis of a) the measured Raman ID/IG intensity ratio, the 
acquired spectra have to be filtered into two data sets based on the D-mode FWHM as shown in Figure 
25. b) Calculated distance of defects LD after using either eq. 12 or eq. 13 for each data point depending 
on w(D). c) Correlation of Raman ID/IG intensity ratio and distance of defects LD according to the 
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calculated model.93, 160, 161 By dividing the data set into "low stage” and “high stage” density of defects 
by means of the D-mode FWHM, every Raman spectrum can be assigned to the respective stage. d) 

Final representation of the degree of functionalization θ based on the determined distance of defects.  

The assignment of each data point can be nicely seen in the correlation given in Figure 26c, 

where each point is given together with the model curve reported by Cançado et al.93, 160, 161 

Finally, the calculation of the corresponding degree of functionalization θ from the reassembled 

overall LD map can be carried out using eq. 11. Consequently, SRM enables to present the 

viability of the calculation of a spatially resolved value for θ in large area scans. This raises the 

characterization from abstract spectral intensity ratios to a concrete value which directly 

describes the amount of basal sp3 carbon atoms in the sp2 lattice of graphene. Thus, a 

systematic method for the quantitative and reliable characterization of covalently functionalized 

graphene was developed, and SRM and SRS are established as standard tools in this work. 

By analyzing a broad data set of Raman spectra per sample, the properties can be directly 

visualized in histograms or coded 2D-plots. In this way information about the efficiency of the 

functionalization of a given reaction and the sample homogeneity can be easily deduced. 

Based on geometric considerations, a correlation between the mean distance of defects of 

densely packed point defects and the Raman ID/IG ratio is directly obtained from the statistical 

analysis. This proved to be useful in determining θ for various graphene derivatives. The 

established method however requires a splitting of the experimental data into two sets based 

on spectral criteria, namely the FWHM of the D-mode, which only remains < 30 cm-1 in the low 

stage of defect densities. This leads inevitably to the problem that the experimental error in the 

maximum of the curve in Figure 26c is very high and samples in the transition area of “middle 

stage” distance of defects around LD ≈ 3 nm are difficult to classify – whereas the systematic 

error increases. Moreover, the curve converges to zero (c.f. Figure 13d or Figure 76b) for 

high values of θ  100 %, which is caused by the experimental setup of ion bombardment. If 

the nature of the defects is mainly consisting of sp3 carbon atoms and not hole vacancies, the 

ratio of diamond / graphene like structures approaches 100 % and thus the ID/IG ratio should 

phenomenologically converge to infinity. Due to the insufficiency of this determination of θ, a 

model based on a physical process for the determination of θ was developed within this work 

(Figure 78). The expanded and generalized relation between the Raman intensity and the 

degree of functionalization will be described in detail in the chapter 3.10. 
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3.4 Reductive arylation of graphene 

The reductive arylation of graphene was basically introduced in chapter 3.3. In a next step, 

the properties of the bulk material will be further investigated in detail. As successful approach 

for the reductive arylation of KC8 in THF with I-Ph as quenching reagent (c.f. Figure 19), this 

synthetic route was again used as a benchmark reaction. In order to initially investigate the 

influence of the potassium-to-carbon ratio, different stoichiometries of GICs with K:C(1:n) (n = 

4, 8, 10, 24, 48) were systematically produced for a comparison of the degree of 

functionalization in the final bulk product, G(K:C)Ph. The reaction scheme is presented in Figure 

27. 

 

Figure 27: Reaction scheme for the production of G(1:n)Ph by the use of graphite as starting material. 
After formation of the different GICs K:C(1:n), the reductive arylation of graphenides in THF is carried out 

using I-Ph as quenching reagent prior to workup. 

As recently reported for intercalated SWCNTs, the variation of the amount of alkali metal within 

the reductive activation step for the synthesis of nanotubides is one fundamental parameter 

with direct influence on the obtained degree of functionalization.112, 130, 132 This can be even 

more assumed for the case of GICs regarding the charge density distribution of higher stages 

(c.f. Figure 9b).76, 77 Without saturation doping, the inner layers of higher stages in GICs remain 

mostly uncharged, therefore an inefficient exfoliation is expected. Thus, the degree of 

functionalization should directly correlate with the stage of potassium intercalation in a 

Coulomb driven exfoliation of single layers from a bulk crystal. In order to investigate the 

respective relation for graphite as starting material, the K:C stoichiometry was varied as 

follows: 1:48, 1:24, 1:10, 1:8, 1:4 (Table 5, Figure 89). The amount of intercalated potassium 

directly leads to the formation of stages in the GIC as explained in Figure 8. In all cases the 

amount of the quenching reagent I-Ph was kept constant (two-fold molar excess with respect 

to graphite carbon lattice atoms). The Raman spectroscopic and thermogravimetric data 

obtained for the final derivatization products are summarized in Figure 28. Obviously, an 

increasing amount of potassium used for the GIC formation, directly correlates with an increase 

of the Raman ID/IG intensity ratio and moreover, with the mass loss detected by TG analysis. 

This can easily be understood in terms of the underlying reaction mechanism.195 Here, on the 

basis of an electron transfer reaction originating from the negatively charged intermediates 

towards the phenyl iodide trapping reagent, an aryl radical is a priorily formed by an SET 

reaction via electron transfer from the reduced graphite to the phenyl iodide in close proximity 

to the carbon scaffold. 
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Figure 28: Influence of potassium to carbon ratio to the Raman and TG data of G(1:n)Ph. a) SRS Raman 
mean spectra obtained for samples with varying potassium to carbon ratios. b) Correlation between 
equivalents of potassium and the Raman ID/IG ratio as well as sample mass loss detected by TG 
analysis. The highest degree of functionalization is reached for the 1st stage intercalation compound 
KC8. c) SRS ID/IG histograms of the pristine SGN18 starting material (top left) and of samples G(1:48)Ph 
to G(1:4)Ph obtained by variation of the potassium concentration. Adapted with permission from [126]. © 
(2014), Wiley VCH. 

Therefore, an increase of the charge density (increasing potassium amount) directly correlates 

with a higher degree of functionalization. This result was expected on the charge density 

distribution of higher stages of GICs (Figure 9b), where the inner layers remain almost 

uncharged and thus can neither be exfoliated nor be further functionalized. Consistently, the 

highest Raman ID/IG intensity ratio is found for KC8 – the 1st stage intercalation compound of 

graphite. This stoichiometry represents the highest possible potassium doping level and 

directly related to the highest possible charging state of the individual graphene layers (c.f. 

Figure 8 & Figure 9b). Interestingly, an excess of potassium present in the reaction medium 

does not lead to higher degrees of functionalization. This observation can be explained by the 

fact, that aryl radicals formed in close proximity to these excess potassium atoms cannot 

diffuse to the dispersed graphene sheets, but may recombine instead. On the other hand, the 

amount of phenyl iodide has no influence on the obtained degree of functionalization as long 

as an excess of trapping electrophile is used in respect to the present charge density in the 

graphenide intermediates.  

For a deeper understanding of the material, thermal defunctionalization was carried out. This 

is in clear contrast to the temperature dependent Raman spectroscopy (TDRS) measurements 
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which have been carried out for G(1:8)Ph (Figure 29). Here, a constant decrease of the ID/IG 

ratio is detected over the whole temperature range, which also nicely correlates with the 

respective TG profile (dashed line in Figure 29b). As the detachment of physisorbed species 

would not result in a rehybridization of sp3 lattice atoms, the TDRS data is indicative for a 

thermal cleavage of covalently bound entities, even in the low-temperature regions. This 

observation may be explained by the existence of different binding sites as rims, edge near or 

basal plane positions.51, 102, 184 As outlook for chapter 3.6.5, side reactions of the graphenides 

lead to additional hydroxylation and hydrogenation of the final product, which are cleaved at 

different annealing temperatures depending on θ and the bond strength of the addend. This 

finally explains the TG-MS data acquired from reductively functionalized samples e.g. for an 

arylation using I-Ph. Thus, the determination of the sample composition requires novel 

spectroscopic tools. For this purpose, the reductively arylated derivative G(1:8)Ph has been 

analyzed by using a combination of the two complementary analytical techniques – TDRS 

(Figure 29a) and TG-MS (Figure 29b). This correlation yields new basic insights into the 

covalent chemistry of functionalized bulk graphene derivatives. Here, the sample is heated 

under an inert gas atmosphere and the thermal detachment of the phenyl moieties (m/z 77) is 

constantly monitored by mass spectrometry and can be correlated to the mass losses 

observed in the TG.  

 

Figure 29: a) Temperature dependent Raman spectroscopy (TDRS) of G(1:8)Ph in the temperature 
region between 100 °C and 550 °C. b) Sample mass and respective Raman ID/IG ratio (extracted from 
the temperature dependent Raman spectra in a) of G(1:8)Ph upon heating under inert gas atmosphere. 
Based on the detected ion current for m/z 77 (phenyl), two main regions for functional group cleavage 
can be extracted around 250 °C and 500 °C. Adapted with permission from [126]. © (2014), Wiley VCH. 

Regarding the TG-MS profile in Figure 29b, the two main steps of mass loss (~230 °C, 

~460 °C) detected by TG nicely correlated with the maximum ion current of the phenyl ring 

fragments. However, this is in clear contrast to the TDRS measurements which have been 

carried out for G(1:8)Ph (Figure 29a). Here, a constant decrease of the ID/IG ratio is detected 

over the whole temperature range with a major drop between 200 – 250 °C, which also nicely 

correlates with the respective TG profile (Figure 29b). In the past, the mass loss in the lower 

temperature region was assigned to the detachment of physisorbed species whereas the mass 
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loss at higher temperatures was attributed to the detachment of chemisorbed (covalently 

bound) moieties.14, 119, 120 To address this issue, the chemical nature will be investigated in 

detail by a coupled TG-IR and TG-GC/MS analysis in Figure 30. Based on the TDRS study in 

Figure 29a, the evolution of further components present in the Raman spectrum can be 

correlated with TG-MS techniques later in chapter 3.6.5 in this work. In Figure 45, the 

deconvolution of distinct Raman modes and additional interbands and their correlation with 

respective TG-MS mass traces is presented. As secondary but noteworthy effect, the overall 

intensity of the Raman spectrum appears to decrease upon thermal defunctionalization. In 

comparison to the highly functionalized sample at RT, the remaining graphitic Raman spectrum 

after annealing appears several magnitudes less intense, although the penetration depth 

(= amount of excited lattice carbon atoms) remains constant in the bulk TDRS analysis. This 

fundamental issue will be discussed in the chapters 3.6.5 and 3.10 later in this work, where 

the structural composition and the relating consequences on the Raman spectrum are 

revealed in detail.  

Since even SRS of bulk samples does not allow for the determination of a θ, the use of TG-MS 

consequently appears as possible approach. Based on the sample mass loss combined with 

specific mass traces, a theoretical degree of functionalization could be calculated based on 

the initial sample mass and the molecular weight of the respective functional addend. To 

visualize the difficulty using this approach in Figure 30a, the total ion current (TIC) for G(1:8)Ph 

is indicating the temperature regions of the highest amount of all cleaved addends from the 

heated sample, which significantly differs from the selected ion recording (SIR) of phenyl rings 

in Figure 29b. To gain deeper insight into the fragments detected at the two main mass loss 

steps, at a GC/MS chromatogram was recorded at T1 = 230 °C (Figure 30c) and T2 = 460 °C 

(Figure 30d), respectively. Remarkably, at both mass loss steps, both signals for the solvent 

THF as well as the functional phenyl moiety are detected, although at T2 = 460 °C the relative 

ratio of phenyl to THF is higher. Additional information is obtained from the TG-IR coupling 

(Figure 30b), which clearly indicates that the intact closed, intact structure of the solvent 

molecules is observed upon annealing, which also matches the detected molecular ion mass 

of m/z 72 for THF. On the other hand, no higher mass fragments like biphenyl (recombination 

product of two phenyl radicals) or phenyliodide (unreacted reagent) were observed at any 

temperature.  

Consequently, THF can be assumed as non-covalent intercalant,196 while the covalent bound 

phenyl moiety is also cleaved in identical temperature regimes, so both species from different 

types of binding contribute to the mass loss. This underlines that the determination of a degree 

of functionalization by TG-MS appears feasible.  
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Figure 30: TG-IR-GC/MS analysis of G(1:8)Ph. a) TG and total ion current (TIC) curves for G(1:8)Ph 
indicating main fragment detection at the first mass loss step. b) IR spectrum of detached fragments at 
230 °C indicating an intact structure of THF molecules consequently being physisorbed within the 
sample. c) GC/MS analysis at T1 = 230 °C indicating THF as main fragment, while the desired phenyl 
moiety can be measured as minor fragment. d) At the second mass loss step at T2 = 460 °C, the GC/MS 

analysis reveals both closed THF molecules and phenyl moieties.  

The theoretically highest degree of functionalization in KC8 would be max. 12.5 %, if 100 % of 

the available charges would result in sp3 addend formation, without any side reactions like 

radical recombination or reoxidation to neutral graphite. Unfortunately, various possible 

covalent side reactions like hydrogenation and hydroxylation appear beyond the desired 

arylation, which are moreover accompanied by non-covalent intercalated solvent molecules, 

which all sum up to the measured mass loss in the TG-MS analysis. As first step, the 

suppression of side reactions is necessary to obtain purely arylated graphene derivatives, what 

can be achieved by discharging graphenides in solution using benzonitrile as inert oxidant 

(chapter 3.9.3). Next, a deconvolution of physisorption and chemisorption by TDRS is 

necessary, however further side reactions and undetected fragments remain unconsidered at 

this stage of characterization. Obviously, THF behaves inert to the GIC, but acts to a large 

extent as intercalant enclosed between the (reaggregated) graphene galleries. Since the 

exfoliation in THF is the first crucial step, reactions with the solvent itself have to be excluded. 

To verify this, the stage I intercalation compound KC8 was analyzed by XRD measurements 

under inert conditions. After the addition of THF (without ultrasonication), the XRD pattern of 
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the intermediate graphenide solution [G(THF)]ic was compared with the precursor KC8 crystal 

in Figure 31 to exclude reoxidation or functionalization of the solvent. 

 

Figure 31: XRD pattern of the initial KC8 crystal and after addition of THF leading to the graphenide 
solution [G(THF)]ic. The identical reflections matching the literature values of KC8 indicate the presence 
of saturation doped KC8 even in THF without any oxidation. 

Since the XRD reflections of [G(THF)]ic perfectly match the literature as well as the initial 2θ 

values of KC8, this proves the inertness of THF to the GIC, as long as exfoliation is not 

promoted e.g. by the aid of ultrasonication. Moreover, this is only valid for the graphenide 

solution without the presence of radical species. In typical functionalization sequences, SET 

reactions may lead to α-H-abstraction of the THF.197, 198 This may, besides the exposure to 

ambient conditions, lead to hydrogenation of the sample and thus functionalization by the 

solvent THF. Nevertheless, the main mass loss in Figure 30 can be attributed to the closed 

ring structure of THF as well as phenyl moieties. The appearance of side reactions with oxygen 

and water during the workup will be addressed later in this work in chapters 3.4.4 and 3.5.1. 

The reported spontaneous exfoliation into a ternary compound like K(THF)C24 could therefore 

not be observed in the XRD pattern, but remains reasonable after support of ultrasonication or 

longer time scales.89, 95, 199 

At first sight, the aryl functionalization can be considered as main covalent functionalization 

reaction and the exfoliated graphene sheets can be deposited on suitable substrates for final 

SRM analysis of the individualized graphene layers (Figure 32). SRM reveals a final proof 

about the few layer nature obtained by wafer deposition of G(1:8)Ph on Si/SiO2. The G-mode 

intensity map (Figure 32a) therefore indicates the presence of FLG, while the ID/IG ratio in the 

SRM map (Figure 32b) visualized the spatial presence of sp3 defects. It has to be noted that 

the calculation of a degree of functionalization is exclusively valid only for single layers (c.f. 

Figure 24). In order to identify such single layers within the SRM map of FLG deposits, the 

Raman I2D/IG intensity ratio map (Figure 32c) reveals the required information: For single layer 

graphene in the low stage of density of defects,160 the ratio of I2D/IG > 1 can be considered, 

while for multiple restacked layers, this ratio is decreased down to ~0.5 for graphite.145, 146, 158  
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Figure 32: SRM analysis of deposited functionalized FLG flakes of G(1:8)Ph on Si/SiO2. a) Spatially 
resolved SRM map of the G-mode intensity (identification of graphitic material). b) ID/IG ratio 
(identification of the functionalized material) and c) I2D/IG ratio (visualization of the exfoliation quality). 

Adapted with permission from [126]. © (2014), Wiley VCH. 

With this information, the number of layers on the deposits can be estimated and spatially 

resolved in the SRM map. Remarkably, areas of multiple layers of G(1:8)Ph in Figure 32 are 

only moderately functionalized, while single exfoliated layers exhibit also high ID/IG ratios. This 

underlines that only efficiently exfoliated layers in the intermediate graphenide solution 

[G(THF)]ic are accessible for further covalent functionalization reactions and therefore 

represents the crucial limiting step. This parameter can be improved using e.g. DMSO for the 

formation of [G(DMSO)]ic, which will be discussed in the chapters 3.5, 3.7.2 & 3.8.6.7. 

To conclude the reductive arylation for the production of graphene derivatives, new basic 

insights into the wet chemical exfoliation of graphite and the concomitant reductive 

functionalization of the graphenide intermediates are revealed in this chapter. First, the amount 

of negative charges - present in the respective graphite intercalation compounds K:C(1:n) - 

clearly determines the efficiency of the graphene exfoliation and consequently the bulk degree 

of functionalization of the final product. It can be maximized when a stage I GIC KC8 is used 

as starting material for the reductive functionalization approach. This leads to the conclusion 

that the highest possible charge density is required to gain single layer graphene from the GIC 

crystal. The study corroborates that this type of bulk functionalization approach is based on a 

radical reaction, where the negatively charged carbon layers act as electron donor components 

for the SET to the offered reagent. To gain a consistent picture of reductively functionalized 

graphite/graphene derivatives, the manifold investigation using several analytical tools is 

strongly required. Herein, the arylated samples G(1:n)-Ph have been analyzed by SRS, TDRS, 

and TG-IR and as well as TG-GC/MS. Based on the complementary data set, a deeper 

understanding of the thermal detachment of covalently bound moieties is obtained. Finally, the 

properties of exfoliated single layers of graphene can be revealed using SRM on Si/SiO2 

substrates for the spatial determination of θ for single layer graphene and/or the number of 

layers. Further aspects influencing the covalent bulk functionalization will be addressed in the 

following chapters. 
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3.5 Influence of mechanical input in graphenide solutions 

3.5.1 Microscopy of reductively exfoliated graphene 

In order to support the exfoliation process of the GIC into the solvent for the individualization 

of single graphene layers even from the highly activated KC8 crystal, commonly an external 

applied mechanical input is used.111 The most prominent methods is using ultrasound which 

can be mostly controlled by a tip sonotrode.125 Another possibility is the use of shear mixing as 

comparable method to stress the dispersed sheets in solution.200 As benchmark reaction, the 

exfoliation of KC8 in DMSO was used, from where films of graphene were transferred onto 

Si/SiO2 wafers via dropcasting from the graphenide solution (Figure 33a). 

 

Figure 33: a) Experimental setup for the analysis of influence of mechanical forces onto the formation 
of graphenide solutions from KC8 in DMSO. The final analysis was carried out by dropcasting the 
intermediate graphenide solution onto Si/SiO2 wafer. b)-c): Optical bright field images of final few-
layered graphene: b) Tip sonotrode G(sonic.) vs. c) shear mixer G(shearm.) produced under equal 
conditions. In both cases, few- to monolayer graphene can be localized. d) AFM image of a selected 
flake of sonicated sample G(sonic.). e) Height profile of the profiles indicated in the AFM image. 
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For a fast characterization of the produced graphene films, optical bright field microscopy is 

carried out. The dropcasted films of i) G(sonic.) and ii) G(shearm.) after mechanical supported 

exfoliation of KC8 in DMSO are shown in Figure 33b-c, respectively. Both approaches lead to 

the exfoliation of FLG, where besides large graphitic particles also monolayer graphene can 

be located on the wafer.191 It has to be noted that the material also contains a noteworthy 

coverage of remaining impurities like salts or solvent molecules.201 For the height analysis of 

both graphene films, atomic force microscopy was carried out. Figure 33d shows a typical 

AFM image of the i) ultrasound derived G(sonic.) indicating the presence of both single and 

triple layer graphene flakes. In statistical AFM investigations, the presence of graphene flakes 

with up to six layers could be revealed, while mostly 3-4 layer flakes are observed. Whereas 

the measurement of the thickness of individual flakes using AFM is a standard method for the 

characterization of graphene, it can be suggested that the flake thicknesses obtained by the 

AFM may be overestimating the real height of the objects.201 However, microscopic techniques 

cannot resolve a full picture of the sample since they only display a certain cutout of the 

material. Therefore, the composition of the sample in terms of exfoliation efficiency has to be 

analyzed with further spectroscopic techniques what will be provided later in this work in 

chapter 3.11 (Figure 87). 

3.5.2 Electron paramagnetic resonance of bulk samples 

Another bulk analytical tool for graphite and exfoliated samples is provided by electron spin 

resonance (EPR).202, 203 EPR is a microscopic, contactless probe of local chemical 

environments of electronic spins down to ppm level. EPR, as a spectroscopic tool, can 

separately identify paramagnetic species,24, 204 such as local defects and dangling bonds, and 

signals stemming from itinerant electrons. EPR spectra of the investigated materials are 

presented in Figure 34. The i) sonicated Gn(sonic.), the ii) shear mixed sample Gn(shearm.) 

as well as the pristine SGN18 graphite show a narrow feature with a characteristic, uniaxial 

g-factor anisotropy line shape. This EPR signal can be assigned to defects which are 

embedded in the sp2 matrix of graphene, which may explain the uniaxial nature of the g-factor 

anisotropy. The broader component for the SGN18 sample has a characteristic 12 mT 

linewidth with a g-factor of 2.0148.205, 206 This line originates from conduction electrons present 

in graphite, the value of g-factor is the weighted average of the two crystalline directions (B║c 

and B ┴ c) with g-factors of the two, which are present in HOPG205, 207, 208 with values of 2.0023 

and 2.05. Here, c is the direction perpendicular to the graphene sheets. The broader 

component has a 1.1-1.4 mT linewidth for the three FLG samples with a g-factor slightly above 

the free-electron value of g0 = 2.0023. This signal can be tentatively assigned to a FLG phase 

which is p-doped due to the solvent exfoliation in DMSO. The samples treated with ultrasound 

and shear mixer present a single derivative Lorentzian peak with a width of 1.1 mT and 1.4 
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mT, respectively. The stirred sample displays a peak similar to that of SGN18, but with a much 

narrower width of 1.2 mT.  

 
Figure 34: a) Reaction scheme for the variation of mechanical assisted chemical exfoliation of KC8 prior 
to workup by freeze-drying of DMSO. b) EPR spectra of the reference graphite SGN18 (black), i) tip 
sonicated Gn(sonic.) and ii) shear mixer assisted Gn(shearm.). The graphite powder has a broad line of 

about 12.2 mT as expected at a g‐factor of 2.0148. Gn(sonic.) exhibits a Lorentzian of 1.1 mT linewidth 
at g = 2.0059, while Gn(shearm.) presents a 1.4 mT Lorentzian at g = 2.0082. c) Magnification of the 
EPR spectra of i) Gn(sonic.) indicating the narrow uniaxial anisotropic line arising from defects and 
dangling bonds. Adapted with permission from [200]. © (2015), Wiley VCH. 

The g-factor of the FLG material is between that of the free electron and the graphite powder. 

The most probable explanation for this is that single layer sheets give a g-factor close to free 

electrons, but screened by the FLG whose g-factor is closer to graphite. The sharp lines are 

associated with the defects and dangling bonds. In all materials the g-factor above that of the 

free electrons inline image, thus can be associated with p-type charge carriers. Previous study 

carried out by Ćirić et al. on mechanically exfoliated graphene showed a 0.62 mT wide peak 

with a g-factor of 2.0045.204 On reduced graphene oxide (rGO) a g-factor of 2.0062 and a width 

of 0.25 mT were reported.209 According to these studies wet exfoliated graphene samples of 

KC8 in DMSO have a g-factor close to rGO, but with a width close to mechanically exfoliated 

graphene species. 

To conclude the study on the influence of mechanical input onto the chemical exfoliation, the 

short-term (up to 20 min) treatment is only weakly affecting the investigated properties of the 

material. From the EPR and microscopic investigations, it can be concluded that ultrasound 

treatment yields the best results in quality. It has to be noted that the sonication time therefore 

has to be kept below 20 minutes. Besides, recent reports about sonochemical solvent 

degradation,111 the formation of free radicals especially in oxygen containing solvents will lead 

to uncontrollable and undesired reactions of the sample,135, 136 that has to be prevented by 

pump-freeze techniques as well as short ultrasonication times.  
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3.6 Identification of local covalent functionalization patterns in 
graphene 

Presently, Raman spectroscopy is a well-established method for a first characterization of 

graphene derivatives as it provides an easy access to samples, is non-destructive and 

sensitive to defects.58, 143, 146 Up today, the in situ spectroscopy of the reductive, covalent 

functionalization of graphene has not been experimentally achieved.210 Raman spectroscopy 

of bulk samples suffers from at least three major problems. First, reactions carried out in 

common procedures (c.f. Figure 10) can only be analyzed after the reaction has been 

completed – which means that all charges present in the strongly reduced graphenide 

intermediate are quenched. The reductive functionalization therefore leas to a library of 

differently functionalized derivatives with individual chemical compositions, where e.g. in the 

case of KC8 as precursor up to 12.5 % of the lattice carbon atoms can undergo SET reactions. 

Up today, the crucial drawback of Raman spectroscopy is that in the “high stage” of density of 

defects, the normalized Raman signal does not change for degrees of functionalization above 

θ > 2 % (c.f. chapter 3.10.3) Second, the prominent Raman modes D, G and 2D are usually 

considered in literature to describe the main properties of various graphene derivatives.143 As 

described before, a sp2 framework containing a fraction of sp3 defects in the middle or high 

stage regime (θ > 0.5 %, c.f. Figure 24b) will result in the presence of additional Raman 

interbands.155, 157, 159 Last but not least, the laser excitation is sensitive to both the surface and 

even more to the enhanced intensity of functionalized graphene substructures, which will be 

addressed later on in chapter 3.10. 

As explained in chapter 3.3, the quantification of defects in graphene using Raman D- and G-

mode intensity ratios is possible at least for θ < 2 %.160, 161 However, the information obtained 

from Raman spectroscopy remains limited for analyzing functionalized graphene derivatives 

in the “high stage” like polyhydrogenated graphane,124, 127 graphene oxide125, 141 or also for 

reductively exfoliated graphene from functionalized graphenides. A clear example of this effect 

has been shown by hydrogenation of KC8 with proton sources.127 The polyhydrogenated 

graphene cannot be analysed by Raman spectroscopy due to strong fluorescence.124 Even in 

lower degrees of functionalization, the sp3 bound H-atoms yield a broadening of the D- and G-

mode area in the spectrum, which cannot be fully deconvoluted. In those cases, where the D-

, G- and 2D-modes are strongly broadened due to disordered, defect rich areas,141, 152 the 

Raman spectrum hides individual contribution from each molecular vibration and their 

nature.211, 212 This problem includes that Raman spectra with broadened D- and G-modes are 

feasible for the quantification of defects, which appears obvious in the series of reductive 

arylation in Figure 28a.93 Thus, the resolving of individual components like e.g. additional 

interbands in the Raman spectrum for the structural correlation in functionalized graphene 

requires two preconditions: a) A spectroscopic monitoring of the reaction progress in the first 
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steps (= SET reactions) of the charged intermediate before the advanced defect site formation 

induces strong broadening of the Raman modes, which inhibits any line shape analysis; b) a 

profound understanding of the correlation between defect-induced Raman modes and the 

respective structural composition in the sample.211, 212 The comprehension of the mechanism 

of covalent functionalization of graphene therefore requires a spectroscopic technique which 

enables the direct monitoring of sp3 bond formation in the sp2 matrix. Remarkably, the 

presence of a controlled degree of sp3 defect sites in the extended graphene lattice has never 

been reported, yet. 

3.6.1 Development of specialized setup for in situ Raman spectroscopy 

In order to gain a deeper insight into the doping states, reaction mechanism, and properties of 

the air sensitive intermediates, a specialized setup for their spectroscopic in situ monitoring 

was developed. Figure 35 shows the principal construction using ultrahigh vacuum (UHV) 

techniques in combination with liquid, gaseous, and solid inlets. The laser probe analysis is 

conducted passing through optical transparent windows in a backscattering geometry. The 

principal initiation of every SET reaction mechanism from a KC8 to a suitable reagent R-X is 

visualized in Figure 35a. Since GICs are highly air sensitive and may react with any oxidizing 

agent, the whole setup in Figure 35 is kept under strict inert (UHV) conditions. The setup 

features some crucial components which are necessary for the combination of chemicals, 

gases, and solvents as well as suitable reagents and alkali metal doped graphite samples as 

reactant under spectroscopic investigation. For the efficient application of the in situ Raman 

spectroscopy, the working distance to the sample has to be minimized, while an optical 

transparent but UHV stable window has to protect the sample from ambient conditions. 

Dedicated Teflon valves enable the usage of a broad set of reagents by a vapor pressure 

controlled reaction. Starting under inert conditions below 10-6 mbar, the reagent of choice can 

be exposed to the GIC in a very controlled dose. The reaction on the surface of the GIC can 

then simultaneously be recorded by sensitive (< 0.1 mW laser power) probing of the sample 

to avoid a laser-induced deintercalation or photochemistry effects. The principal construction 

of the setup is drawn in Figure 35b, the related labeled photograph is shown in Figure 35c. 
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Figure 35: Setup for the in situ Raman monitoring of reactions under inert conditions with various 
reagents. a) Reaction scheme of a stage I GIC upon exposure of a reagent R-X leading to covalent 
functionalization of the carbon scaffold upon release of K+ and X-. b) Schematic drawing and c) 
photograph of the setup which is indicating the main features: Besides a basic steel construction 
equipped with a turbo pump connection, Teflon® valves serve as inlets for gaseous or liquid reagents. 
The measurement is carried out in a quartz glass boat with an optical transparent window for maximum 
detector countrate within the in situ Raman laser probe (λexc = 514 nm). 

In the following chapter 3.6.2, the up today unsolved issue of applying Raman spectroscopy 

as identifier for sp3 functionalization on graphene is presented. The Raman fingerprint of sp3 

defect sites embedded in a sp2 graphene framework was experimentally identified and 

correlated with supporting computational simulations. This finally enables the assignment of 

the inevitable reaction of charged graphites with oxygen and water under ambient conditions. 

This high-end system presented in Figure 35 enables, for the first time, a precise triggering of 

reoxidation reactions either with exclusively one single reagent or a sequence of multiple 

reagents exposed to the GIC though a partial pressure controlled reaction. The 

spectroscopically monitoring of the reaction finally enables the detection of the stepwise 

evolution of individual Raman modes of the sp3 bond formation. 

3.6.2 The Raman fingerprint of sp3 functionalization in graphene 

In order to resolve the first steps of a functionalization sequence, a stage I GIC sample was 

prepared under UHV conditions (10-7 mbar) in the setup. Although the mechanism of 

hydrogenation is well-known,127 the interpretation of Raman signals within the strongly 

fluorescent polyhydrogenated materials remained elusive up to now.124 The vapor controlled 

reaction of KC8 with H2O leads to the slow and defined surface hydrogenation of the crystal 

(Figure 36a) and opens for the first time insights into the ongoing surface functionalization. In 

Figure 36b, the evolution of the Raman spectra of a fully doped GIC, written in the pseudo 

ionic structure nK+C8
n-, is presented upon ongoing exposure to H2O. The gradual growth of 

distinct modes was recorded upon increasing functionalization of the surface under strict 

exclusion of any other influencing reagent. 
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Figure 36: a) Scheme of the model reaction: Defect free stage I GIC (nK+C8
n-) was subsequently 

exposed to H2O vapor. After the initiation of the reaction, hydrogenated graphene is formed by a SET 
reaction. b) Evolution of the Raman spectra from nK+C8

n- (black, bottom) to hydrogenated nK+C8
(n-m)-Hm 

(red, top) in the first stages of sp3 defect site formation on the crystal. c) Resulting Raman fingerprint of 
nK+C8

(n-m)-Hm after sp3 defect site formation within the graphene lattice. The D- to G-mode region (1,200 
– 1,700 cm-1) contains 7 components [cm-1]: Graphitic E2g G-mode (~1,575) and defect activated D-
mode (~1,340), and five additional defect modes discovered for the first time in this study - namely D1 
(~1,325), D2 (~1,442), D3 (~1,483), D4 (~1,518) and D5 (~1,559), which originate from the sp3 defect site 
formation in the honeycomb lattice. 

After few minutes of reaction progress, the surface is already strongly altered upon 

hydrogenation. Remarkably, a pronounced CZ-mode (~560 cm-1) indicates the presence of 

mostly still potassium intercalated graphitic sheets (Figure 36b), whereas the additional 

modes in the D- to G-mode region indicate the reoxidation caused by the SET reaction to H2O 

resulting in functionalization and sp3 bond formation by the hydrogenation.77, 98 Although the 

spectrum still suggests doping of the sample by residual potassium, no further reaction with 

H2O was observed. Thus, the protonation seems to approach a limitation caused by the redox 

potential of water, which is obviously not able to completely oxidize the GIC down to neutral 

state.  

Starting with the maximum number of available charges (n electrons from n K atoms) on the 

surface of the nK+C8
n-, the reaction stops when a certain number of m hydrogenation reactions 

occurred leading a remaining amount of n-m charges in the sample. Presumably, the 

percolation of charges in z-direction is not observed in GICs,77 but has not been studied for 

chemically induced reoxidation reactions yet. Thus, the sample can be structurally considered 

as nK+C8
(n-m)-Hm and relates to the experimental Raman spectrum presented in Figure 36c, 

which obviously contains several additional components. Through a detailed deconvolution of 

the line-shape analysis, the presence of at least seven main features is revealed. The most 

prominent mode was assigned to the graphitic E2g G-mode (~1,575 cm-1), while the slight 
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deviation in the phonon frequency can be attributed to strain present in the GIC98. In the broad 

D-line region, two peaks were assigned to the well-known dispersive D-mode (~1,340 cm-1) 

and an additional mode D1 (~1,325 cm-1) which relates to the single bond hybridization order 

in (nano-) diamond-like structures159, 181, 213. This deconvolution was also be proven later in this 

chapter upon variation of the laser excitation wavelength (Figure 43). The precise 

determination of additional four defect site related modes D2 (~1,442 cm-1), D3 (~1,483 cm-1), 

D4 (~1,518 cm-1) and D5 (~1,559 cm-1) were discovered for the first time in this study and can 

be attributed to hybridization changes in the C-lattice near the hydrogenated C-atoms. The 

pronounced CZ-mode (~ 560 cm-1) indicates the graphitic intercalation architecture in the bulk 

crystal is widely retained. On the other hand the additional D-modes clearly reflect the 

functionalization process on the surface. The five defect site related peaks D1-D5 are attributed 

to hybridization changes in the C-C bonding environments within the hydrogenated graphene 

lattice, and supported by computational calculations (Figure 42).  

Remarkably, up today, the contribution of photoluminescence prohibited any Raman analysis 

of polyhydrogenated graphene derivatives. This procedure now enables both the identification 

and the deconvolution of underlying components in highly functionalized graphene derivatives. 

Typically, the strongly altered Raman D- and G-modes for θ > 2 % obtained after the final 

workup of reductively exfoliated samples lead to an indistinguishable broadened signature as 

in Figure 21 or Figure 28a. This final strategy will be presented later on in Figure 43 and will 

yield a great benefit for the understanding of bulk Raman spectra. This proceeding further 

raises (in situ) Raman spectroscopy as an even more versatile tool in the analysis of the 

functionalization mechanism of reduced SCAs. 

3.6.3 Experimental and theoretical identification of local sp3 patterns in graphene 

Since the air sensitive potassium GICs are supposed to undergo SET reactions with moisture 

and oxygen under ambient conditions, the applicability of the observed Raman fingerprint is 

investigated by a systematic study of exposing either i) hydrogen, ii) oxygen, iii) (oxygen-free) 

water, and iv) water in combination with oxygen, as shown in Figure 37a. In each reaction, the 

evolution of the Raman spectra was recorded similar to the hydrogenation with H2O in Figure 

36b. The specialized setup for the in situ observation of reactions of the initial nK+C8
n- crystal 

enables the confirmation of vibrational changes in the graphene lattice and the correlation with 

the chemical nature of the sp3 bound addend. In Figure 37b, the resulting Raman spectra of 

the systems i)-iv) are presented. Firstly, the hydrogenation of graphene by molecular hydrogen 

is supposed not to appear with GICs at RT and normal pressure.214 The effect of hydrogen 

intercalation into the potassium GIC is also reflected in the evolution of the Raman spectra of 

i) (H2)@ nK+C8
n- (Figure 39b), while the labelling indicates the noncovalent contribution of H2 

to the sample in the spectrum. Exposure of hydrogen does not lead to any reaction or re-

oxidation of the GIC, since the Fano-shaped signature of stage I is mainly preserved for (H2)@ 
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nK+C8
n- (Figure 37b, blue). However, intercalation of H2 into the sheets can be recognized 

since the CZ-mode is the only increasing mode upon hydrogen treatment. Secondly, the 

exclusive exposure of oxygen gas to the GIC was studied (for details see Figure 39a). The 

evolution of the Raman spectra clearly underline that pure oxygen is not covalently reacting to 

the GIC, but promotes oxidation to higher stages which can be clearly extracted by the final 

Raman spectrum in (Figure 37b, red), where no defect site related fingerprint was observed 

while the GIC has been oxidized to a higher stage. However, a simple reoxidation by oxygen 

leads to amorphous graphite (Figure 66). Therefore the reversible and chemical oxidation of 

charged graphites has to be carried out using benzonitrile instead.215  

 

Figure 37: a) Systematic study of KC8 exposed to i) hydrogen, ii) oxygen, iii) water which was 
subsequently exposed in combination to iv) oxygen. The corresponding in situ Raman spectra are 
shown in b): Starting from saturation doped KC8, i) H2 leads to intercalation, ii) O2 to reoxidation to 
amorphous graphite, iii) H2O to sp3 defect site formation by hydrogenation. If iv) O2 is added in 
combination with H2O, also hydroxylation can be regarded. 

To finally simulate ambient conditions in the setup, first a iii) hydrogenation reaction was 

initiated (similar as in Figure 36) resulting in the Raman fingerprint of nK+C8
(n-m)-Hm. As already 

mentioned, remaining charges may still react with reagents of higher redox potentials than H2O 

(c.f. Figure 70). Therefore, a subsequent exposure to O2 was carried out to investigate if the 

hydroxylation mechanism for potassium doped carbon nanotubes112 is also valid for GICs, too. 

The in situ Raman analysis in Figure 37b offered that oxygen indeed leads to further changes 

in the spectrum, which can be rather attributed to covalent functionalization than to simple 

oxidation as in route ii) for pure O2 without the presence of H2O. In detail, an additional defect 

site related interband appeared around 1,460 cm-1. This mode can be assigned to the C-O 

functionalization by hydroxyl moieties in the presence of water and oxygen on the surface of 

the GIC. This Raman fingerprint was already reported for graphene oxide157 and was also 

verified by calculations (Figure 40) as well as TDRS in combination with TG-MS analysis of 

hydroxylated samples (Figure 45). These findings proved that the mechanism of covalent 

hydroxylation of graphene requires the expected combined presence of both oxygen and 
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water,112 which are omnipresent species at ambient conditions. The underlying proposed 

reaction mechanism for a) hydrogenation and b) hydroxylation is presented in Figure 38. For 

the covalent hydrogenation, the single electron transfer (SET) reaction from the charged GIC 

to a proton leads to the formation of hydrogen radicals which are subsequently covalently 

grafted to the graphene scaffold (Figure 38a).  

 

Figure 38: Proposed reaction mechanism for the covalent a) hydrogenation and b) hydroxylation of 
charged carbon allotropes in the presence of oxygen and water. After the initial SET from the GIC to the 
proton (1.) or oxygen (2.), the SET reaction cascade leads to covalent grafting of –H and –OH groups 
on the graphene scaffold. 

In the case of hydroxylation (Figure 38b), the SET reaction leads to the reduced oxygen radical 

anion, which subsequently undergoes a disproportionation reaction yielding hydrogen 

peroxide, oxygen and hydroxyl (2.). In the case of covalent functionalization, the highly reactive 

superoxide intermediate can react with the GIC yielding covalently attached peroxide moieties 

(3.). Finally, hydroxylated graphene derivatives are formed by an intramolecular 

disproportionation reaction with H2O2 (4.1) or via 2-electron reduction process in the presence 

of water (4.2).112 

In order to experimentally verify the proposed reaction mechanism presented in Figure 38, the 

reaction of KC8 has been evaluated within the setup for in situ Raman spectroscopy presented 

in Figure 35. The resulting development of the Raman spectra is given in Figure 39, where 

KC8 was either exposed exclusively to gaseous a) molecular oxygen or to b) molecular 

hydrogen, respectively. 
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Figure 39: In situ Raman spectroscopy of KC8 exclusively exposed to molecular gaseous a) oxygen O2 
and b) hydrogen H2. The Raman spectra indicate oxidation to higher stages of the GIC for oxygen and 
intercalation of molecular hydrogen in b) without covalent addend binding. 

The results of the reference reactions clearly underline that pure oxygen is not covalently 

reacting to the GIC, but promotes oxidation to higher stages which can be clearly extracted by 

the Raman spectra in Figure 39a, where no defect site related fingerprint was observed for 

nK+C8
(n-m)-. A slight evolution of an overtone can be recognized on the way to reoxidized 

graphite. Consequently, hydroxylation of the sample by oxygen can only appear if H2O is 

simultaneously present. It was recently demonstrated that water acts as H source for the 

synthesis of hydrogenated graphene, which is in full agreement with the covalent fingerprint in 

Figure 36. Thus the hydrogenation of graphene by molecular hydrogen is supposed not to 

appear under reductive conditions.214 This can be also nicely demonstrated by the in situ 

Raman spectroscopy analysis in Figure 39b: Exposure of KC8 with H2 does not lead to any 

reaction nor oxidation of the GIC, since the Fano-shaped signature of stage I GIC is mainly 

preserved. However, a slight intercalation of molecular hydrogen into the sheets can be 

assumed in the final (H2)@ because the CZ-mode is the only increasing mode upon hydrogen 

treatment. 

To address the lattice carbon bond vibrational coupling deviation from the normal E2g G-mode 

in graphene at ~1,580 cm-1 upon introduction of sp3 defect sites and the additional C-C 

stretched modes, the vibrational Raman signal of pristine graphene functionalized by hydrogen 

or hydroxyl addend was calculated. Therefore, a 4x4 supercell of graphene (32 lattice carbon 

atoms) functionalized with one –H or –OH moiety (3.125 % degree of functionalization) was 

considered as in the model of Figure 40a (for computational details see experimental part). 

The assignment of lattice vibrations to distinct modes in the Raman spectrum was carried out 

as following: The sp3 hybridized lattice carbon atom is labelled “CA”, while the direct 

neighboring basal C-atoms are termed “CB” and next to it “CC” and “CD”. Flanked by the 

idealized boundary carbon allotropes diamond (100 % sp3) and graphene (100 % sp2), the 

Raman signal between 1,000 – 2,000 cm-1 clearly reflects the nature of a graphene derivative 
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containing functionalized sp3 lattice carbon atoms, as the additional interbands can be clearly 

assigned to distinct vibrational modes in the spectrum. The resulting calculated Raman spectra 

for hydrogenated G-H and hydroxylated G-OH are presented in Figure 40b, respectively, and 

are directly compared with the experimental spectrum of KC8 exposed to water and oxygen. 

 

Figure 40: a) 4x4 supercell of 32 lattice carbon atoms with a sp3 C-H moiety on carbon atom A and the 
directly neighboring labelled lattice carbon atoms B and C. b) Calculated Raman spectra between 1,000-
2,000 cm-1 with one hydrogenated / hydroxylated sp3 carbon atom in a cell of 32 graphene lattice carbon 
atoms, respectively. The identification of the phonon frequencies to distinct sp2/sp3 in plane vibrations 
can be carried out and assigned to the experimental spectra of KC8 exposed to H2O/O2. The calculated 
numbers are provided in Table 3. The reference for defect free graphene G is given in Figure 42a. 

The calculated phonon frequencies (Table 3) perfectly match the experimental values and 

complemented the Raman spectra assignment of sp3 functionalized and sp2 systems which do 

not solely contain the defect induced D-mode and E2g G-mode.181 In the distinct case of G-H, 

this changes the hybridization of the hydrogenated lattice carbon atom from sp2 to sp3 

accompanied by a shift of about Δz = 0.46 Å out of plane (oop) in z-direction as shown in 

Figure 40a. Along this shift, the CB-CA-CB dihedral angle changes from γ = 120° (pure sp2 in 

pristine graphene) to 114.5° for G-H and to 113.7° for G-OH. The complete list of calculated 

angles, shifts, and phonon frequencies is given in Table 3. Therein, also the vibrations for the 

characteristic frequency of the respective C-X bond (X = -H, -OH) are presented. The 

calculated frequency nicely match recent experimental values of C-H / C-O groups covalently 

bound to a basal lattice sp3 carbon atom reported in combined Raman/XPS studies.175 

Table 3: Calculated values of pristine graphene G, hydrogenated G-H and hydroxylated G-OH 
functionalized derivatives (computational details see experimental part). The values indicate the change 
in dihedral angle γ, the shift of the functionalized sp3 carbon atom out of the basal plane Δz as well as 
the calculated phonon frequencies for the lattice carbon atoms influenced by the introduced addend. 

graphene 

derivative 
γ (BAB) 

Δ z  

(Å) 

C=C 

(cm-1) 

CC-CD 

(cm-1) 

CB-CC 

(cm-1) 

CA-CB 

(cm-1) 

C-X 

(cm-1) 

G 120° / 1,572 / / / / 

G-H 114.5° 0.46  1,574 1,427 1,348 1,324 2,641 

G-OH 113.7° 0.60 1,576 1,464 1,393 1,346 3,614 
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In fact, both experimental and calculated data reveal that the position of the non-dispersive 

D’’’-mode at ~1,325 cm-1 superimposes the phonon energies of the Raman D-mode in 

graphene (c.f. Figure 43d) located at ~1,340 cm-1 for a laser excitation of 2.33 eV. 

Remarkably, the increase of sp3 content into the pure sp2 framework leads to intermediate 

vibrational modes that can be described in a pseudo-molecular model (i.e. D3 ~1,483 cm-1, and 

D5 ~1,559 cm-1). The theoretical analysis revealed that the lattice carbon atoms (CA-CB, CB-CC 

and CC-CD) surrounding the sp3 defect “feel” the single bond nature of the strained C-H sp3 

angle of 115° (120° in pristine graphene) evinced as sharp peaks between 1,300 cm-1 and 

1,550 cm-1 (D1 and D3). When the fraction of basal sp3 carbon atoms increases, structures of 

curved nanodiamond clusters have to be assumed which strongly reassembly the Raman 

spectra for iii) and iv) in Figure 37b.216, 217 If local molecular structures of clustered sp3 regions 

are spectroscopically observed, these regions imply a locally higher degree of functionalization 

than an isotropic distribution of the functional sites. The observed fingerprint is in full agreement 

with recent SERS studies on functionalized CVD graphene. Therein, Kovaříček et al. observed 

a slight fingerprint for chemically modified graphene with a degree of functionalization about 

0.01 % according to the Raman ID/IG ratio,93, 160 which leads to comparably weak Raman 

interbands in the D- and G-mode area.218 Since these in situ experiments obviously lead to at 

least a middle stage of density of defects, a clustering of functional groups must be 

accompanied by the release of non-altered sp2 domains. The formation of localized clustered 

nano-diamond structures of high stage sp3 density allows the consideration of embedded 

pseudo-molecular substructures in the graphene framework.219 Consequently, on the other 

hand, unreacted sp2 domains with local bandgaps (~1 nm2)141, 220 in the range of the laser 

energy (2-3 eV) can be excited within the spatial resolution using a laser with a spot size of 

~1 µm. This perfectly leads to the effect of a Raman intensity enhancement which is driven by 

photoluminescent sp2 domains, becoming evident especially for “high stage” functionalized 

graphene derivatives (c.f. chapter 3.10; Figure 84).221 These domains vary in size and 

bandgap – consequently, functionalized areas also have to be arranged in clustered 

arrangements. This consideration is strongly supported by the evolution of the spectral 

fingerprint over time in Figure 36b. These findings are fundamental for the interpretation of the 

Raman spectra of chemically modified graphene, since the broadening of the modes can now 

be attributed to distinct chemical substructures of locally high functionalized areas. More 

important, the correct assignment of the distinct components in the graphene Raman spectrum 

allowed a complete identification of molecular entities in functionalized graphene derivatives 

and the deconvolution of superimposed modes regularly observed as broadened Raman 

peaks.  

Having established this distinct method for the tracking of reactions of GICs with various 

molecules, the arising question about the reaction with other organic compounds was 
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investigated with the help of the setup presented in Figure 35. By applying in situ Raman 

spectroscopy, a clear discrimination of molecular intercalation (e.g. intercalation as H2), 

oxidation without functionalization (e.g. PhCN, Figure 64b or O2) or covalent functionalization 

(e.g. H2O) can be made. In Figure 41, the reaction of KC8 with four different reagents is 

presented: Therein, the stage I GIC was allowed to react in a controlled manner with 1) DMF, 

2) SO3, 3) DMSO, and 4) BrCCl3. 

 
Figure 41: a) Scheme for the vapor pressure controlled exposure of KC8 to further reagents in the setup 
for in situ Raman spectroscopy presented in Figure 35. Similar to H2O (c.f. Figure 36), the four 
chemicals 1) DMF, 2) SO3, 3) DMSO and 4) BrCCl3 were exposed to the GIC for a vapor pressure 
controlled reaction. b) Respective Raman spectra after exclusive exposure to 1)-4) within the setup. The 

underlying modes (D, G, D1-D5) are identical with the observed fingerprint for oxidation with H2O. 

All measured Raman spectra in Figure 41c indicate the same trend already observed for 

hydrogenation of KC8 with H2O. The typical fingerprint for covalent sp3 functionalization can be 

fitted with the similar curves presented in Figure 36. Besides the D- and G-mode, the 

characteristic fingerprint of five additional modes D1-D5 indicative for covalent functionalization 

can be revealed. For the preparation of the chemicals and during the experiment, the 

contamination with water was strictly prevented, so that the risk of a misleading side reaction 

with impurities in the four reagents can be excluded. Thus, these reactions follow the trend of 

a Raman fingerprint of covalent functionalization patterns. Besides, the success of forming a 

covalent bond between the potassium GIC and the exposed reagent can be verified. This is 

an outstanding improvement for further screening of functionalization reactions, since all kinds 

of oxidation/functionalization reagents can now be analyzed in terms of reactivity. Concerning 

the mechanism of possible functionalization introduced by the 4 reagents in Figure 41, the 

final picture still remains unclear. For 1) DMF, Clancy et al. proposed a 

reduction/decomposition mechanism,132 which would also lead to hydrogenation by the α-H 

atom in the DMF radical anion. For 2) SO3, the mechanism of sulfonation seems likely, but has 

to be proven in future work. The reduction of DMSO by graphenides is supposed to lead to 

methylation of graphene, what could be demonstrated by bulk analysis in Figure 49. As 

important consequence, the failed approach of reductive carboxylation of graphene using 



3.6 IDENTIFICATION OF LOCAL COVALENT FUNCTIONALIZATION PATTERNS IN GRAPHENE 

 

64 

 

gaseous CO2 could be solved, since carbon dioxide itself did not undergo SET reactions with 

charged graphite (chapter 3.5.5, Figure 56). Thus, the reaction of BrCCl3 is a promising 

alternative to achieve carboxylated SCAs, and is supposed to create a functional graphene 

derivative G-CCl3 which can by further hydrolyzed to its carboxylic acid G-COOH. However, 

this mechanism has also to be clearly proven in the future and is not in the scope of this work, 

although the formation of a sp3 bound moiety is indicated for BrCCl3 by in situ Raman 

spectroscopy. 

 

Figure 42: Calculated Raman spectra of a) pristine graphene G and derivatives with θ = 3.125 %. 
b) hydroxylated G-OH, c) methylated G-CH3, and d) fluorinated G-F. The respective supercells for the 
geometrical structures are given in the inset of each derivative. The assignment of the vibrations was 
carried out similar to G-H in Figure 40. Note that the relative intensities are comparable to the 

experimental data. 

Complementary to the experimental data shown in Figure 41, the Raman spectra of further 

possible graphene derivatives were calculated. Besides the already mentioned hydrogenated 

G-H (Figure 40b) and hydroxylated G-OH,222 two further derivatives G-CH3 and G-F were 

theoretically investigated (Figure 42).  

Since methylation is suggested to play a major role in the exfoliation of KC8 in DMSO (c.f. 

chapter 3.7.2), the calculated spectrum with the Raman interbands is shown in Figure 42c. 

Last but not least, regarding the general demand of halogenated graphene, the production of 
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fluorinated graphene is reported several times in literature.223 Polyfluorination however leads 

to comparable hurdles in Raman spectroscopy as polyhydrogenation, since the spectra do not 

resemble the typical graphene modes any more after reaction.224 The theoretically calculated 

Raman spectrum for G-F with a degree of fluorination of 3.125 % is presented in Figure 42d. 

Regarding the Raman fingerprint of G-H, G-OH, G-CH3, and G-F, the chemical nature of the 

sp3 bound addend seems to further influence the phonon frequencies of the basal plan carbon 

atoms in this considered pseudo molecular model in a similar fashion. It has to be noted that 

the intensities and the FWHM of the calculated spectra are not representative based on the 

methods used for the calculation. Nevertheless, the assignment of similar Raman interband 

frequencies caused by sp3 functionalization is possible, and the neighbored lattice carbon 

atoms are directly influenced by the addend. Until now, the only measure indicated by Raman 

spectroscopy e.g. for the C-F bond in fluorinated graphene was the D-mode and the affected 

fingerprint has been overlooked so far.225 

To conclude the theoretical investigations, the Raman fingerprint is indeed a general 

phenomenon specific for each sp3 bound functional group attached to the graphene arising 

when a certain degree of functionalization is approached. Similar to the hydrogenation and 

hydroxylation, future work can now solve the aspects of the vibrational properties of functional 

graphene derivatives both in theoretical and experimental approaches. Remarkably, the 

correct assignment of the distinct components in the graphene Raman spectrum allowed a 

complete identification of chemical entities in functionalized graphene and the deconvolution 

of superimposed modes regularly observed as broadened Raman peaks in a completely 

functionalized and multiple restacked graphitic powders.  

3.6.4 Deconvolution of superimposed and broadened Raman signatures 

In order to further demonstrate the importance of this powerful characterization, the application 

and consistency of the Raman fingerprint was transferred and crosschecked for highly 

functionalized samples obtained after workup. A typical reaction scheme of this process is 

given in Figure 43a, where the charged intermediate [G(THF)]ic was finally allowed to 

completely react with H2O/O2 under ambient conditions leading to a final product of 

G(THF)(OH)(H). As suitable solvent for this study, THF has been chosen as potent medium 

for the exfoliation of single functionalized graphene layers which stays inert to the GIC as 

demonstrated in Figure 31.123 After workup under ambient conditions, the resulting Raman 

spectrum in Figure 43b resembles the typical graphene oxide Raman signature139, 155 where 

three broad evident components can be observed in the G-mode region, while also additional 

components for the double resonance can be evinced. The laser excitation wavelength of 532 

nm (2.33 eV) results in an almost exact superimposition of the non-dispersive diamond 

D’’’-mode (~1,325 cm-1) and the dispersive D-mode (~1,332 cm-1). This was confirmed by the 
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variation of the excitation energy from 3.06 - 1.95 eV for the high stage functionalized 

G(THF)(OH)(H) as shown in Figure 43d.143 Thus, the deconvolution of each spectrum like in 

Figure 43b remains challenging, but can finally be resolved as demonstrated in the following.  

 
Figure 43: Raman spectroscopy of a bulk functionalized graphene derivative G(THF)(OH)(H). a) 
Reaction scheme for the hydrogenation and hydroxylation of charged graphenides followed by workup 
under ambient conditions (O2/H2O). b) Raman D- to G-mode area in the Raman spectrum of 
G(THF)(OH)(H) together with the corresponding calculated spectra for G-OH (blue) and G-H (green). 
Combination of experiment and theory leading to a precise assignment of each Raman mode to the 
nature of the addends identities. Besides the D-, D* and G-mode arising from excitation at the K-point, 
the Raman fingerprint of covalently functionalized (here: -OH and –H) lattice carbon atoms can be 
revealed by identifying the modes D’’’, D’’ and D’. c) Raman analysis from 405-633 nm laser excitation 
wavelengths, respectively. Every mode but the D-mode is non-dispersive (excitation at the Γ-point) as 
expected in relation to the Raman fingerprint obtained in Figure 37. 

The experimental Raman spectrum in Figure 43b (top) resembles the typical Raman signature 

of graphene oxide where three broad overlapping modes are observed in the Raman shift 

regime between 1,200 – 1,700 cm-1. Besides the prominent D- and G-modes, the characteristic 

Raman fingerprint with additional modes can be clearly identified. As demonstrated in Figure 

43b, the calculated distinct vibrational modes of the simulated spectra perfectly match the 

experimental data and the assignment of functional groups in the bulk sample can be carried 

out. To further demonstrate the validity of the discovered modes, the defect site related Raman 

signature with characteristic modes termed D’’’, D’’ and D’ were fitted to the spectrum on top 
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of Figure 43b. These modes are located at the same Raman shift as the previously determined 

interbands of charged graphite (D1-D5) generated in situ prior to workup and can therefore be 

also precisely identified. As indicated in Figure 44 the D1-, D2/D3- and D4/D5- modes (Figure 

36c) can be correlated with the D’’’, D’’ and D’ interbands. Consequently, these bands can be 

assigned to the calculated vibrational modes CA-CB (D1, D’’’), CB-CC (D2/D3, D’’) and CC-CD 

(D4/D5, D’), respectively (Figure 43b). After complete reoxidation, the intravalley D*-mode 

could be identified in the experimental fit in Figure 43c, which cannot observed in an 

intermediate charged state.77, 98 The intermediate interbands D1-D5 of partial reacted graphene 

also vary in position and intensity in comparison with D’’’, D’’ and D’ of the completely 

reoxidized counterparts. The calculated phonon frequencies for G-H and G-OH perfectly match 

the experimental values and complement the Raman spectra of sp3 functionalized graphene 

which do not solely contain the defect induced D-mode and E2g G-mode.181  

With an initial laser wavelength of 532 nm (2.33 eV) the non-dispersive D’’’-mode excited at 

the Γ-point of the Brillouin zone (~1,325 cm-1) results in an exact superimposition of the 

dispersive D-mode excited at the K-point (~1,340 cm-1). To prove this consideration, the 

excitation energy was varied from 3.06 eV to 1.95 eV for highly functionalized samples as 

shown in Figure 43c.143 Our results confirmed the dispersion of the D-mode in highly 

functionalized graphene and the non-dispersivity of the D’’’-mode at ~1,325 cm-1. To double 

proof the experimental assignments of each component (Figure 43b) we carried out a cross 

correlation employing the calculated Raman spectra of G-OH and G-H, respectively. 

Remarkably, this simulation fully matches the experimental Raman fingerprint as 

demonstrated in Figure 43b. It has to be noted that this first order based molecular model 

cannot incorporate the resonant Raman process of the D- and D*-mode since it calculates the 

frequencies of the defect related vibrations (c.f. Figure 40). These phonon frequencies would 

have been calculated in secondary ab initio calculations and are therefore missing in the 

simulated spectra (Figure 43c) in contrast to the experimental fit (Figure 43d).  

Finally, the spectral information can be applied for the interpretation of various Raman spectra 

to draw profound conclusions about the real composition of a functionalized graphene 

derivative. Therefore, the illustrations in the middle column of Figure 44 are visualizing the 

different stages of density of defects (= functional groups), to easily understand the relationship 

between the measured Raman interbands and the respective structure attached to the 

graphene sheet. Hence, the Raman spectra in Figure 44 bearing different degrees of 

functionalization are given in increasing order to demonstrate the evolution of the respective 

Raman signature. The relation between Raman response and the sample composition can 

therefore be classified into the three stages of densities of defects (c.f. Figure 24b): 

A) “Low stage” density of defects: As already discussed in chapter 3.3, an isotropic 

distribution of defects with a distance LD > 3 nm (θ < 0.5 %) solely leads to the D- and 
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D*-mode activation, where the ID/IG ratio can be easily used for the determination of θ. 

In the case of A1, the FWHM of the D-mode with 22 cm-1 allows the use of eq. 12 and 

thus relates to θ = 0.23 % while for spectrum A2 the broadening to 33 cm-1 already 

accords for θ = 0.44 % (using eq. 13). In these cases, no additional Raman modes can 

be deduced and the deconvolution into D, G, and D* mode can be easily carried out 

using single Lorentzian fits. In this regime of θ, the D-mode intensity is proportional to 

the total number of defects probed by the laser spot.144 In this situation of small number 

of (isotropically distributed) sp3 carbon atoms, the distance of two defects is larger than 

the average distance which an electron-hole pair travels before scattering with a 

phonon. Thus, the spectra can be classified to “low stages” of functionalization with 

LD > 3 nm.226 

B) “Middle stage” density of defects: A further increase in the degree of 

functionalization approaching a range of ~0.5 % < θ < ~2 % is presented in the structure 

of B1 & B2, where the defects are already clustered to form sp3 subdomains.227 Thus, 

the G-mode is most likely related to the sp2 lattice carbon atoms of the intact graphene 

lattice. However, regarding the Raman spectrum of arylated graphene B2 in Figure 44 

with θ = 1.6 %, the Raman interbands can already be identified. Thus, the in situ 

generated Raman spectrum B1 measured during the defect site formation (c.f. Figure 

41) can be classified within this middle stage of θ, where the characteristic Raman 

fingerprint as well as the classical D- and G-mode components still can be revealed 

(c.f. Figure 36). Remarkably, the presence of less than 2 % functional addends grafted 

on the graphene sheet leads to the formation of this pronounced Raman interbands 

and respective substructures in the lattice, although more than 98 % of the basal 

carbon atoms are still intact. Therefore, functional group clustering has already to be 

considered for this situation classified as middle stage of density of defects.  

C) “High stage” density of defects: Upon approaching the maximum degree of 

functionalization, oxidized graphene (oxo-G) in Figure 44 C2 with an independent 

measure revealing θ = 6.0 %228 serves as ideal reference, since the Raman modes and 

interbands are finally developed. In this high stage of θ, the Raman spectra now do not 

change their shape anymore, at least the Raman signal intensity further increases (c.f. 

Figure 75). Thus, the appearance of all Raman interbands in oxo-G as well as in the 

sample obtained by reductive exfoliation of KC8 in THF (c.f. Figure 43) leads to the 

classification of graphene derivatives with a “high stage” of functional group density with 

θ > 2 %. Remarkably, the Raman signal does not vary with increasing degree of 

functionalization anymore, and any consideration of intensity ratios (e.g. ID/IG) for the 

quantification of sp3 carbon atoms in graphene is no useful parameter any more. 
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Figure 44: Evolution of the Raman signal with increasing degree of functionalization. A1-2) “low 
stage”: Isotropic distribution of functional groups with lateral distance of defects of LD > 3 nm (θ < 
0.5 %). B1-2) “middle stage”: Local clustering of defect sites as observed in the in situ monitoring of 
the ongoing functionalization in a typical range of θ = 0.5 - 2 % (B1). The Raman interbands are 
simultaneously identified in an aryl functionalized graphene with θ = 1.6 % (B2). C1-2 “high stage”: 
Raman spectra arising from high degrees of functionalization (θ > 2 %) relating to graphene derivatives 
with isolated sp2 domains surrounded by defect rich sp3 nanodiamond areas.219 In this state, pronounced 
Raman interbands and broadened D- and G-modes can be revealed in reductive (C1) and oxidative 
(C2) synthesized graphene derivatives. 

In the situation of a high stage of functionalization with θ > 2 %, the additional interbands 

(which appear for the first time in the middle stage) of the Raman spectrum are clearly 

recognizable. However, the exact determination of θ can now only be carried out for single 

layers by using the model curve presented in chapter 3.10.4, since the D- and G-mode and 

their ratio is indefinable within the sum of spectral components. However, it can be stated that 

these spectra correlate with a dense clustering of defect sites, while isolated sp2 domains are 

released – at least another confirmation of local patterning of functional groups on the 

graphene surface, which has already been reported for polyhydrogenated graphene219 and 

oxo-G.125 Driven by the release of strain within the conversion from sp2 to sp3, a clustering is 

accompanied by either the formation of local curvature in the graphene lattice. The resulting 
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changes of the phonon frequencies for the surrounding lattice carbon atoms explain the Raman 

fingerprint. 

To conclude the fundamental illustration in Figure 44, it is now possible to correlate the 

appearance of the interbands with the respective structural changes in the graphene sheet. 

For low stages of functionalization (θ < 0.5 %), solely the D- and G-mode are present, which 

relates to an isotropic distribution of defects. Already for θ > 0.5 %, the defect sites are 

clustering on the surface and first Raman interbands start to evolve. This “middle stage” of 

density of defects also relates to the maximum of the curve determined by Cançado et al. (c.f. 

Figure 13d and Figure 24b). This is in full agreement with recent reports about grain 

boundaries in polycrystalline graphene systems, which were determined to be around 

2.8 nm.229 At least, for high stages of functionalization with θ > 2 %, the localization of 

neighbored sp3 defects230 leads to the release of isolated sp2 subdomains,219 which is 

responsible for the pronounced contribution of Raman interbands,157 strong broadening of the 

modes,181 and the photoluminescence driven intensity enhancement.221 As discussed in 

chapter 3.10, this effect is largely independent from the chemical nature of the addend and 

therefore a general effect in the basal plane of graphene. 

3.6.5 Correlation of TDRS with TG-MS 

To complete the picture and to cross-check the consistency of Raman spectroscopy with an 

analytical tool based on chemical analysis of the composition of G(THF)(OH)(H), a 

combination of TG-MS with TDRS was developed. The combination of Raman and TG-MS 

analysis upon annealing of the bulk sample G(THF)(OH)(H) is given in Figure 45. Here, a 

correlation between defect site related Raman modes (D’’’, D’’ and D’ as well as D and D*) and 

the respective mass fragments in the annealing experiments is presented. This correlation 

enables to draw profound conclusions about the materials composition.  

In Figure 45b, the corresponding TG-MS analysis reveals the influence of O2/H2O on the 

sample by recording the respective m/z traces. The MS trace for m/z 18 demonstrates a broad 

range for the detachment of -OH groups between 150 °C and 400 °C upon a total mass loss 

of ~12 %. Meanwhile, the dehydrogenation (m/z 2) appears at temperatures higher than 400 °C. 

Similar cognitions have been reported recently for nanotubides112 and polyhydrogenated 

graphene.117, 124 Additionally, the signal for carbon dioxide (m/z 44) was observed over the whole 

temperature range. This strongly suggests degradation of the graphene lattice, since the 

carbon atom in the C-O bond most likely originates from the σ-lattice rather than from 

carboxylic acid moieties. As explained in Figure 51, the oxo-functionalization of graphene 

indeed leads to decomposition of the graphene framework even by annealing under inert gas. 

Interestingly, the Raman and TG-MS analysis of graphenide solutions treated with CO2 (g) 



3.6 IDENTIFICATION OF LOCAL COVALENT FUNCTIONALIZATION PATTERNS IN GRAPHENE 
  

71 
 

displays similar properties (Figure 54), which will be of crucial importance for the discussion 

in chapter 3.7.5. 

 

Figure 45: Bulk graphene analysis of G(THF)(OH)(H). a) SRS mean spectrum (100 x 100 µm scanning 
area). The D- to G-mode region (1,200 – 1,700 cm-1) contains at least 5 components [cm-1]. Besides the 
G-mode (black ~1,580), the D-mode (red ~1,335), the D’’ (blue ~1458), D’ (green ~1,550), and 
intravalley D* (gray ~1,610) modes are observed and can be related to defect sites (c.f. Figure 43b-c). 
In the higher Raman shifts, three components can be identified [cm-1]: graphitic 2D (black ~2,710), D+D* 
(purple ~2,900), and 2D* (gray ~3,100). b) TG-MS of pristine graphite (dashed lines) and 
G(THF)(OH)(H) with relevant mass traces for m/z 2 (hydrogen), m/z 17 (hydroxyl), and m/z 44 (carbon 
dioxide). c) TDRS measured under inert gas up to 550 °C. Note that the spectra are offset corrected 
and normalized (to G-mode) for clarification of the spectral changes. The effect of PL contribution and 
overall Raman intensity is discussed in detail in Figure 85 in chapter 3.10.6. d) Corresponding Raman 
mode intensities (= integrated peak areas) as a function of sample temperature indicating the correlation 
of distinct Raman modes with mass traces of the TG-MS.  

The respective evolution of the individual Raman mode intensities is given in Figure 45d. In 

accordance to graphene oxide157 and the experimental and theoretical results (Figure 43), the 

diminishing of the oxygen related D’’-mode over the whole temperature range is observed, 

while the remaining functionalities are cleaved at high temperatures. This results in a 

simultaneous decrease of the D’’, D’, and the D-mode above 400 °C. As particular stable bond, 

the cleavage of C-H in polyhydrogenated graphene generally appears at those high 

temperatures, where no significant mass loss is observed in the TG curve.124, 127 The broad 

measurement of -OH species between 150 °C and 400 °C in the TG analysis (Figure 45c) can 

be depicted in a softening of the D’’-mode (~1,458 cm-1) as shown in Figure 45d. Thus, this 
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peak is presumably directly correlated with the presence of -OH groups, as theoretically 

predicted in the calculated Raman spectrum of G-OH in Figure 42b. The defunctionalization 

of hydroxyl groups is generally observed over a broad temperature range and can only be 

reversibly cleaved if the degree of oxo-functionalities is low enough to prevent lattice 

decomposition via CO2 formation (c.f. chapter 3.7.4). Similar effects have been observed in 

the profound analysis of graphenide solutions in THF (c.f. Figure 30) and can now be fully 

explained. 

The chemical nature of hydroxyl groups will be further proved in coupling experiments (Figure 

47). This is in good agreement with recent reports of Claramunt et al.,157 where a continuous 

decrease of the Raman ID/IG intensity ratio is observed with increasing temperature. Finally, 

around 400-550 °C, a sharp drop in the ID/IG ratio is observed and assigned to the loss of 

hydrogen in the TG-MS, in addition to the complete disappearance of the D’’ (~1,458), the D’ 

(~1,550), and the D+D*-mode at ~2,900 cm-1 (Figure 45d & e). In the double resonance 

Raman region between 2,500 cm-1 and 3,300 cm-1 (Figure 45a), three components can be 

evinced.166-168 The first mode ~2,710 cm-1 refers to the Raman 2D-mode of graphene and it 

gets stronger with increasing the crystallinity of the sample upon thermal annealing (Figure 

45d). Reminding the frequency of the G-H vibration located at ~2,641 cm-1 (Table 3), the mode 

for hydrogenated graphene superimposes with the 2D-mode, which may further explain the 

broadening of the overtones additional to the disorder in the system. The peak located at 

~2,908 cm-1 indicates the presence of the D+D* combinational mode,174 and can, together with 

the 2D*-mode at ~3,200 cm-1 directly be related to defect site formations in the structure and 

continuously vanishes upon annealing.  

In conclusion, the combined TG-MS and TDRS study of G(THF)(OH)(H) enables to disclose 

the different signatures from the Raman spectrum observed in exfoliated graphene on THF. In 

this section, the chemical assignment of side reactions with oxygen and water to the Raman 

signatures in exfoliated graphene was established. Remarkably, the combination of advanced 

spectroscopic techniques (Figure 43) with chemical tools (Figure 45) analytically confirms the 

composition of the sample using complementary techniques. These conclusions nicely 

underline the necessity to introduce a general termination which describes the composition of 

reductively exfoliated graphene derivatives. In Figure 46, the systematic derivation of the final 

sample notation G(R)(SOLV)(OH)(H) is explained. 

 

Figure 46: Illustration of the systematically derived sample termination G(R)(SOLV)(OH)(H): The final 
product either contains (intercalated) solvent (SOLV) and the functional moiety R under inert conditions 

(ic). After exposure to ambient atmosphere, also –H and –OH groups are observed. 
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This pseudo-chemical formula will therefore be established within this work about chemical 

functionalized graphene samples. In the distinct case of G(THF)(OH)(H) analyzed in Figure 

45, the material contains (intercalated) solvent THF (c.f. Figure 30),196 or/and covalently bound 

hydroxyl and hydrogen species in a certain ratio on the functionalized graphene scaffold. In 

the case of the addition of a functionalization agent (general: R-X) like I-Hex, a further 

investigation of the respective hexyl functionalized G(Hex)(THF)(OH)(H) is carried out within 

the solvent screening in chapter 3.8.  

To summarize chapter 3.6 of in situ Raman spectroscopy and the detailed analysis of 

additional Raman interband formation, fundamental unreached hurdles in the understanding 

of covalent graphene functionalization were solved. For this purpose, a systematic 

investigation of naturally occurring reoxidation reactions with oxygen and water as well as 

further selected reagents on the surface of KC8 were resolved spectroscopically during the 

reaction by applying a specialized setup for the in situ analysis of air sensitive compounds. 

The evolution of the observed Raman fingerprint directly enables basic insights into the 

mechanism and structure of functionalized graphene:  

1. In functionalization reactions producing graphene bearing a mixed fraction of sp3 and 

sp2 carbon atoms, a clear deconvolution of the components has been established. 

2. By combining experimental and theoretical techniques, the measured Raman signals 

can be assigned to the vibrations of the lattice carbon atom directly influenced by the 

sp3 bound addend.  

3. A large screening of potential oxidation / functionalization compounds demonstrates 

the general trend of the formation of Raman fingerprints evolving in stages of middle 

and high defect densities (θ < 0.5 %). The measured phonon energies of adjacent 

lattice carbon atoms are influenced by the presence of a sp3 bound addend. This local 

consideration as a pseudo-molecular picture could be strongly supported by theoretical 

calculations.  

4. A further clustering of the sp3 defect sites in the sp2 matrix of graphene has to be 

assumed due to the observation of local nanodiamond Raman signatures first observed 

in the middle stages of defect densities. The high probability of defect clustering nicely 

explains the photoluminescence driven intensity enhancement of functionalized 

graphene derivatives, which is based on remaining isolated sp2 islands surrounded by 

sp3 defects for high stages of functionalized graphene.219, 221, 227, 230, 231  

5. Finally, the analysis of superimposed Raman spectra of defect rich multiple restacked 

graphene powders has been enhanced to a level of chemical assignment of hydroxyl- 

and hydrogen binding sites by a clear identification of the responsible Raman modes. 

In reference experiments of KC8 being exclusively exposed to molecular oxygen or 
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hydrogen, no covalent bond formation could be observed. These findings proved that 

the mechanism of covalent hydrogenation and hydroxylation of graphene requires the 

concurrent presence of both oxygen and water,112 which are omnipresent species at 

ambient conditions.  
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3.7 Improved understanding of the reductive exfoliation of graphene 

3.7.1 Hydroxylation of graphenide solutions by oxygen treatment 

In order to address the functional group identity of the proposed hydroxylation during the 

workup in addition to the spectroscopic analysis of the last chapters, a further chemical 

reference experiment was carried out similar to the basic insights into reductive CNT 

chemistry.112 The reaction scheme for the introduction of a secondary functional moiety is 

presented in Figure 47a. For the chemical verification of hydroxyl groups by a condensation 

reaction, graphite was dispersed in dry THF by mild ultrasound. In order to introduce a marker 

for the TG-MS analysis, 2-thiophenecarbonyl chloride (TCCl) was chosen as secondary 

coupling reagent to the -OH moieties attached to the graphene scaffold. 

 

Figure 47: a) Scheme of the reference experiment in order to prove of the hydroxyl functionality in 
G(THF)(OH)(H) obtained after aqueous workup of KC8 in THF (c.f. Figure 45). Therefore, the powder 
sample G(THF)(OH)(H) was redispersed in dry THF and pyridine as base. The dispersed sample was 
subsequently allowed to react with 2-thiophenecarbonyl chloride (TCCl) as a MS marker to obtain 
G(O-TC)(H) upon release of HCl. b) TG-MS of G(THF)(O-TC)(H) with the crucial mass fragments of the 
thiophene moiety. The molecular ion is detected at a sample temperature of 360 °C. Note that the signal 
to noise ratio for m/z 44 (CO2 from the carbonyl linker) is too low due to the high CO2 background in the 
MS. 

In Figure 47b, the MS trace for the thiophene unit (m/z 84) and related fragments (m/z 58) can 

be clearly detected between 250 °C and 400 °C which strongly indicates covalent binding of 

the added reagent. Thus, a successful coupling of TCCl to G(THF)(OH)(H) can be assumed 

upon condensation to G(THF)(O-TC)(H) by the release of HCl. 

Following the proposed mechanism (Figure 38b), intermediately formed superoxide is 

suggested to be the crucial species which leads to the hydroxylation of the carbon allotrope.112 
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In order to transfer this onto the observed -OH formation in graphenide solutions, neutral 

graphite was allowed to react with potassium superoxide (K2O) and subsequently analyzed by 

TG-MS (Figure 48). 

 

Figure 48: a) Reaction of neutral graphite with potassium superoxide K2O. After 12h, moderately surface 
hydroxylated (but not exfoliated) G(OH*) can be obtained. b) TG-MS of SGN18 graphite before and after 
reaction with K2O. The mass loss of about 2 % at 350 °C can be clearly assigned to the MS trace of m/z 
18 and thus the superoxide induced functionalization of –OH onto the surface. 

As the TG-MS signal for m/z 18 around 380 °C demonstrates, superoxide is indeed able to 

introduce covalent bound hydroxyl groups even onto graphite which has not been activated 

under reductive conditions. However, without intercalation of potassium, the strongly 

aggregated graphite layers do not allow for a higher degree of functionalization in the bulk 

using K2O, since only surface reactions can be assumed.  

3.7.2 The solvent reactivity of DMSO towards GICs 

Under reductive reaction conditions, the pronounced reactivity of potassium doped GICs also 

lead to radical reactions directly with the solvent which has been recently reported for charged 

CNTs in DMF.132 Thereby, the DMSO anion itself could help to induce an electron transfer for 

a direct functionalization of the graphene framework and contribute to the carbon uptake of 

KC8 in the prominent solvent DMSO. The effect of covalent bond formation via direct covalent 

functionalization of KC8 by DMSO was previously observed within the in situ Raman analysis 

in Figure 41. To capture all functional moieties created by the dissolution of KC8 in DMSO via 

the intermediate graphenide solution [G(DMSO)]ic, a TG-GC/MS analysis of the final product 

G(DMSO)(OH)(H) was carried out. The synthesis is presented in Figure 49a. Upon annealing, 

TDRS was carried out in parallel to gain a correlation between the recorded mass fragments 
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upon defunctionalization, which proves the covalent addend binding captured as change of the 

Raman ID/IG intensity ratio (Figure 49b). 

 

Figure 49: a) Literature reported134, 232, 233 exfoliation of KC8 in DMSO under inert conditions for the 
synthesis of [G(DMSO)]ic. After workup under ambient conditions, the product G(DMSO)(OH)(H) is 
obtained. b) TG mass loss curve and correlating Raman ID/IG intensity ratio by heating under inert gas. 
The TDRS curve is indicating defunctionalization mainly around 300 °C. c) GC/MS chromatogram at the 
relevant injection temperature of 300 °C. The masses of each fragment peak are given for standard 
DMSO (purple) and isotopic labeled DMSO-D6 (pink).  

To ensure the identification of all detected fragments, an isotopic labeled DMSO-D6 was used 

as reference solvent to identify methyl groups solely originating from the solvent. In the main 

mass loss step around 300 °C, several functional entities detached from the sample are 

resolved via TG-GC/MS: Methyl (m/z 15), methyl sulfide (m/z 47), sulfanol (m/z 49), dimethyl 

sulfide (m/z 63), methyl sulfoxide (m/z 63) and dimethyl sulfoxide (m/z 78) fragments can be 

revealed in the chromatogram (Figure 49c). As main peak in the TG-GC/MS, methyl (m/z 15) 

is detected, although the impact of the mass loss due to marginal molecular mass is 

consequently low. Since the reductive decomposition of DMSO is suggested to form reactive 

methyl intermediates,234 the grafting of –CH3 appears reasonable after the TG-GC/MS analysis 

in Figure 49c, wherein methyl accords for the strongest signal in the chromatogram. Similar 

observations were reported for the analogous system of potassium intercalated carbon 

nanotubides in DMSO.112 The suggested mechanism therefore could explain the observed 

data, since the reduction of DMSO as well as the intercalation in between the sheets was also 

reported for lithium intercalated graphite.134 

To conclude this section, the effect of using DMSO as a solvent indicates that the description 

of exfoliated graphene has to be refined since the solvent itself and the exposure to ambient 

conditions leads to a functionalization of graphene that can be described as G(DMSO)(OH)(H). 

However, if the solvent already reacts to a large extend with the charged layers, the side 
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reactions with oxygen and water may play a minor role in the final product as they can be easily 

removed by annealing as demonstrated in the TDRS curve in Figure 49b. 

3.7.3 Improving the quality of exfoliated graphene 

The main goal of graphite exfoliation has always been the production of large quantities of 

graphene sheets in high quality. Following this idea, and the classical graphene exfoliation 

protocols like Birch reduction117 or similar procedures adapted from CNT functionalization,233, 

235-237 a suitable reagent was added to the graphenide solution after exfoliation leading to a 

direct SET reaction initiated from the reduced graphene.88 This mechanism pursuits the 

conversion of carbon lattice atoms from sp2 to sp3 which is a reversible process.72, 126 I-Hex 

therefore was chosen as a common functionalization reagent in order to demonstrate the 

influence of the hexyl functionalization on the Raman spectra of FLG films. The scheme is 

presented in Figure 50a. Accordingly, a sample of KC8 in DMSO was divided in two parts, 

while one was directly exposed to ambient conditions leading to G1(DMSO)(OH)(H), while the 

second one treated with 2 equiv. of I-Hex resulting in functionalized G1(Hex)(DMSO)(OH)(H).  
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Figure 50: a) Synthesis of few-layered films from KC8 in DMSO under inert conditions leading to the 
intermediate graphenide solution [G(DMSO)]ic. After exposure to ambient conditions, the obtained 
graphene films are termed G1(DMSO)(OH)(H). For comparison, I-Hex was added as functionalization 
agent prior to workup, leading to G1(Hex)(DMSO)(OH)(H). b) Representative Raman spectrum of 
G1(DMSO)(OH)(H) after workup. c) Scatterplot of the respective Raman intensity ratio dependency: The 
ID/IG vs. I2D/IG Raman intensity ratio is revealing the distribution for the relative intensity ratios. d) 
Representative Raman spectrum of G1(Hex)(DMSO)(OH)(H) e) Respective scatterplot of ID/IG vs. I2D/IG 
Raman intensity ratio indicating that the addition of I-Hex leads to an enrichment of spectra with high 
I2D/IG intensity ratios. 

The effect of I-Hex on the Raman spectra after functionalization becomes obvious regarding 

the statistically recorded Raman data of the few-layered exfoliated large area films in Figure 

50. The 2D-mode intensity significantly increased via addition of I-Hex, while the ID/IG Raman 

intensity ratios statistically slightly decrease. The latter might be explained by a recombination 

of two hexyl radicals upon charge consumption, which lowers the final degree of 

functionalization. Consequently, the main goal of the hexyl functionalization is the quenching 

of a majority of available charges leading to a suppression of unwanted defect site formations 

caused by oxygen species that becomes significant in the final annealing step (Figure 51). In 
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conclusion, the functionalization of graphene with C-C bound hydrocarbons allows for a better 

control over the reductive chemistry of graphenide solutions. The prevention of the formation 

of oxo-functionalities in the framework finally helps for a tailoring of the electronic structure of 

the material, which can be nicely resolved by SRM.93, 116, 121, 125, 127 However, in every case, the 

potassium doping results in a sp3 defect site formation of comparable high degrees of 

functionalization. For the control of θ in order to obtain single layer, but defect free graphene, 

either an inert oxidation in solution is required (chapter 3.9),215 or thermal annealing has to be 

carried out alternatively to remove the functional groups afterwards. 

3.7.4 Annealing of exfoliated functionalized graphene 

After deposition on the desired substrate and subsequent annealing under inert gas, the sp3 

connected functional moieties can be easily removed. This property makes this reductive route 

so valuable in contrary to the synthesis of graphene oxide, which irreversibly leaves holes and 

defects in the honeycomb carbon lattice.125 However, the lattice carbon atoms should not 

contain high degrees of oxygen functionalities (e.g. –OH as in Figure 45), because high 

temperatures result in the formation of CO2 even under inert gas conditions. Here, the 

graphene lattice is irreversibly decomposed by the loss of lattice carbon atoms. Remarkably, 

this release of CO2 can be nicely recorded by the respective MS trace of m/z 44 in Figure 45c, 

which can be attributed to degradation of the graphene framework. Consequently, graphene 

flakes obtained similar as in the sample in Figure 51 without the addition of I-Hex, completely 

decompose upon annealing to 600 °C on the substrate even under inert gas atmosphere. If 

hydrocarbon moieties like hexyl chains are attached, this C-C connection prevents defect 

formation like hydroxylation by oxygen. This crucial role establishes the fundamental principle 

of functional group reversibility, which is irreversible for sp3 bound oxo-species. To 

demonstrate this protection, a graphenide solution in THF functionalized with hexyl groups 

termed G1(Hex)(THF)(OH)(H) was investigated (Figure 51a). The exfoliated and hexyl 

functionalized single layer graphene sheets were subsequently deposited on a Si/SiO2 wafer 

for the crucial final annealing step. Figure 51c-e shows the SRM analysis of a few-layered 

graphene flake after annealing under inert gas. The SRM mean spectrum in Figure 51b clearly 

demonstrates the recovering of an intact σ-lattice at first sight. 
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Figure 51: a) Annealing experiment of two differently treated graphene flakes. In the case of direct 
deposition from [G(THF)]ic and subsequent exposure to air, the formation of oxygen functionalities finally 
results in evaporation of the entire carbon framework due to CO2 formation upon annealing under inert 
gas. In the case of reductive sp3 C-C type functionalization with hexyl chains, the sample can be 
successfully annealed under inert gas via cleaving of the functional group and recovering of the σ-lattice. 
For the final analysis of G1(Hex)(THF)(OH)(H) after annealing, SRM (10x10 µm) was carried out of a 
selected FLG flake. b) SRM mean spectrum in Si/SiO2. The inset shows the optical bright field image of 
the flake. c) G-mode intensity map highlighting few layered regions. The defunctionalization and 
recovering of the electronic structure is verified by the spatially resolved Raman intensity ratio maps for 
the d) ID/IG and e) the I2D/IG mode. 
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Primarily, the defective Raman D-mode is significantly reduced (Figure 51d), while the 

characteristic 2D-mode of monolayer graphene is strongly preserved. This was statistically 

confirmed by a high I2D/IG Raman intensity ratio (> 1) in Figure 51e, where almost no defects 

were remaining. With a finally calculated density of defects of θ = 0.003 %, the graphene sp2 

lattice can be regarded as mostly recovered.93 The SRM mean spectrum in Figure 51b reveals 

the signature of an intact, high quality exfoliated monolayer graphene sheet.172 This is a crucial 

factor for a further use of chemically exfoliated graphene, since defects in the electronic 

structure will influence the band gap and thus the transport properties.163  

In summary, a high quality few- to single layer graphene flake of several µm2 lateral size is 

obtained after a functionalization/annealing sequence of reductively exfoliated graphene. This 

is a relevant improvement of the wet chemical exfoliation of functionalized graphene and 

demonstrates that the top-down approach is a suitable way of producing 2D carbon allotropes 

on a substrate. To sum up the factors which mainly influence the properties of wet chemical 

exfoliated graphene by reductive charging, the key issues have been worked out. Since oxygen 

and water bear the strongest influence causing hydroxyl and hydrogen groups bound to the 

lattice, oxo-species cannot be reversibly cleaved upon annealing. Consequently, the use of 

functionalization agents like hydrocarbon chains is inevitable to quench the charges prior to 

the exposure of the graphenide solution to ambient conditions. This also implements the 

prerequisite of using absolute quality of all solvents and reagents. Under strongly reductive 

conditions, the solvent itself may undergo intrinsic functionalization sequences as 

demonstrated for DMSO, which leads to direct methylation of the graphenide sheets by SET 

reactions. This leads to a final composition of each sample which can be described as 

G(Hex)(Solv)(OH)(H), while the portions of each component vary in each system. With this 

profound understanding of the reductive exfoliation of graphene, an efficient novel protocol of 

discharging the sheets in solution prior to exposure to ambient conditions is strongly required. 

Since the redox potential of many reagents is not sufficient for quenching all charges from the 

graphenide solutions, this step is important to gain a complete control over unwanted 

components.130 In order to prevent side reactions and to better regulate the stoichiometric 

composition, a solution to this fundamental problem was developed and will be presented in 

chapter 3.9. An important goal in wet chemical exfoliation processes will be the synthesis of 

pure G(Hex) in solution with a controlled degree of functionalization. This ambition however 

can be achieved by inert oxidation to neutral state after functionalization, what will be illustrated 

in Figure 70. Last but not least, the precise mechanism involved in the solvent interplay with 

KC8 has to be resolved, which will be discussed in the screening of suitable solvents in chapter 

3.8. 
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3.7.5 Treatment of graphenides with gaseous CO2 

The reductive bulk functionalization of graphene with chemically versatile anchor groups 

theoretically enables the production of a graphene precursor in large scales. Besides the 

already introduced advantages of chemical functionalization, a wide library of graphene 

derivatives could be synthesized by coupling reactions. As presented in Figure 51, the C-O 

bond formation of basal sp3 carbon atoms introduced by hydroxylation of graphene under 

ambient conditions leads to a degradation of the honeycomb lattice in the final annealing step. 

This can be prevented by introducing C-C functionalities like hydrocarbon chains, phenyl rings 

or carboxylic acids as protection groups. Consequently, the polycarboxylation of graphene 

appears as promising concept for the introduction of a chemical anchor group coupled by an 

additional carbon atom from the carboxylic acid. In contrast to graphene oxide or hydroxylated 

graphene G-(OH)n, the σ-framework of G-(COOH)n remains intact and a complete recovering 

of the π-conjugation should be possible even after the thermal cleavage of the carboxyl groups 

in the final annealing step. 

By allowing gaseous CO2 to react with the negatively charged nanotubides under modified 

Birch conditions, the synthesis of polycarboxylated nanotubes CNT-(COOH)n was reported in 

2011.114 Therefore, the formation of the respective carbon allotrope derivative G-(COOH)n via 

reductive exfoliation of graphite to graphenide solutions was approached under 14 different 

conditions. The reaction scheme with 3 different reduction/exfoliation steps A (5 equiv. Li in 

NH3/THF), B (5 equiv. Na/K in DME) or C (KC8 in THF) followed by trapping of the negatively 

charged graphene sheets with CO2 (#1-14) is shown in Figure 52.  

 

Figure 52: Approach for the synthesis of polycarboxylated graphene G-(COOH)n under different 
conditions (#1-14, see Table 6). First the graphite is reductively exfoliated with the methods A, B or C 
for subsequent treatment with gaseous CO2 according to methods #1-14, respectively. After the 
reaction, the sample was worked up under ambient conditions as usual. 

The simple procedure developed for the polycarboxylation of SWCNTs by reductive exfoliation 

under modified Birch conditions (route A-1/2) was chosen as first approach. Besides the 

exfoliation step, the quenching with CO2 was varied as illustrated in Table 6. In order to 

increase the content of dissolved CO2 in THF, the reaction was cooled down (A-3) while the 

graphenide solution was also injected into CO2 saturated cooled THF in different 

concentrations (A-6 to A-8). As carbon dioxide source, also dry ice (A-5) or oxalate (A-9) has 

been deployed. Since the reaction under high pressure (45 bar) in the autoclave gave the best 

yield for CNT-(COOH)n, several approaches have been carried out for graphene in the 



3.7 IMPROVED UNDERSTANDING OF THE REDUCTIVE EXFOLIATION OF GRAPHENE 

 

84 

 

autoclave, too (A-4, B-11, C-13/14). An overview over all 14 reaction conditions is presented 

in Table 6 in the experimental part. In the course of Birch reduction of graphite followed by 

quenching with CO2 prior to aqueous workup, the different material was also investigated by 

scanning electron microscopy (SEM). In Figure 53, the route A-1 is shown exemplarily. From 

a) the pristine graphite SGN18, the reductive exfoliation under modified Birch conditions leads 

to the sample morphology shown in Figure 53b (A-1) and Figure 53c (A-6). From the SEM 

image especially in Figure 53c, it can be assumed that the exfoliation of graphite using 

modified Birch conditions has not been fully accomplished. The nature of the spherical graphite 

can still be recognized, however, the sheets are slightly separated from each other. Besides 

the bad reaction control and practical effort in the synthesis (e.g. condensation of NH3), this 

inappropriate exfoliation of graphite clearly disadvantages (modified) Birch conditions in 

comparison to Na/K alloy in DME or KC8 as general approach for the top-down exfoliation and 

functionalization of graphene from graphite. 

 

Figure 53: SEM images (10,000x magnification) from different derivatives: a) Pristine graphite SGN18. 
b) Bulk G-(COOH)n of route A-1 and c) route A-6, respectively (Table 6). d) G-(COOH)n after annealing 

under inert gas atmosphere. 

The interesting point is that the SRS (Figure 54a-b) as well as the TG-MS analysis (Figure 

58c-d) of this sample indicates highly functionalized materials, while the morphology strongly 

resembles the one of the pristine graphite. First after the annealing step, the crystalline 
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structure is lost and the SEM image manifests a blistered surface (Figure 53d), which indicates 

that intercalated solvent molecules were evaporated from in between the graphene galleries. 

The detailed and complete sample characterization of G-(COOH)n is exemplarily shown for 

route A-1 in Figure 54. The SRS histogram (Figure 54a-b) indicated highly functionalized bulk 

material, what could be complementary concluded by the TG mass loss of 10.8 % (Figure 

54c). Having a closer look, a more detailed picture of the sample can be drawn. The Raman 

mean spectrum in Figure 54b resembles the one of G(THF)(OH)(H) in Figure 45, therefore 

identical components (-OH, -H) are assumed. In the TG-MS traces, the main recorded ion 

currents were m/z 2 and m/z 17, and the expected trace for carboxylation (m/z 44) remains as low 

as in hydroxylated samples (c.f. Figure 45b). Thus, not carboxylic groups, but hydrogen and 

hydroxyl groups were detected in the TG-MS. Next, since the carbonyl vibration was suggested 

to give a strong signal in the IR spectrum, a thoroughly washed sample was investigated by 

transmission IR spectroscopy on ZnSe windows. The IR spectrum of graphite and G-(COOH)n 

in Figure 54e both show the expected aromatic C=C mode around 1,580-1,600 cm-1, while for 

the functionalized sample new features are observed. Between 1,100-1,250 cm-1, two 

pronounced IR active modes can be revealed. This range typically can be attributed to C-

O / C-O-C vibrations in the lattice, while any signature for -C=O / -CO2H vibrations is 

completely missing in the expected range between 1,700-1,800 cm-1. Thus, from both TG-MS 

and IR spectroscopy, it can be concluded that no carboxylation but most probably a 

hydroxylation (and hydrogenation) occurred during the synthesis. Since both -COOH and -OH 

functional groups are sensitive to changes of the pH, zeta (ζ) potential measurements were 

carried out (Figure 54f). Since ζ is directly related to the electrophoretic mobility (for details 

see experimental part), therefore the pKa values of the -OH functionalities on the sample can 

be deduced from the zeta potential measurements.  
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Figure 54: Data collection for a priori carboxylated graphene G-(COOH)n obtained from route A-1 (c.f. 
Figure 52, Table 6). a) SRS histogram indicating the typical narrow distribution around ID/IG = 1.1-1.2. 
b) Respective SRS mean spectrum with broadened Raman modes and luminescence background. c) 
TG curve with two main steps leading to a total mass loss of 10.8 %. d) Correlating TG-MS traces for 
hydrogen (m/z 2), hydroxyl (m/z 17), and carbon dioxide (m/z 44). e) IR spectra (powder on ZnSe window) 
from pristine graphite and G-(COOH)n. f) Zeta potential (0.1 mg/ml THF) of G-(COOH)n upon variation 

of the pH (for details see experimental part).  

In Figure 54f the zeta potential is given as function of pH in two cycles of acid/base titration. 

The first part of the titration can be fit to a sigmoidal curve and is attributed to the deprotonation 

of functionalities on the surface of graphitic stackings. At pH values > 7, another typical curve 

indicates the presence of further different functional groups that successively become 

deprotonated in the basic medium. A possible explanation could be that side reactions during 

the Birch-type conditions lead to the formation of amine derivatives -NR2 on the graphene 
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sample, which would also be sensitive to changes of the pH. However, this is not the scope of 

this work and will not be investigated in this chapter. 

To conclude the sample characterization from all 14 approaches, the exemplarily discussed 

data set allows a clear picture of the real composition of the obtained material. Obviously, the 

treatment of any charged graphite [G-]ic does not lead to covalent functionalization with 

gaseous CO2, but ends up in hydrogenated and hydroxylated samples. This can be nicely 

explained considering that the crucial step – the SET reaction from the [G-]ic to the CO2 

molecule – is not occurring even in enriched concentrations of CO2 using high pressures under 

autoclave conditions. In order to prove that KC8 and CO2 do not react, in situ Raman 

spectroscopy was carried out in the setup presented in Figure 35. Therein, KC8 was exposed 

to gaseous CO2 with increasing vapor pressure (from 10-6 mbar to 5 bar). The evolution of the 

measured Raman spectra is shown in Figure 55. Similar to hydrogen, CO2 also acts as 

intercalant to the KC8 crystal, since the CZ-mode is strongly enhanced and no fingerprint for 

covalent functionalization patterns is observed. Thus, no SET from the GIC to the CO2 is 

possible which could initiate a covalent bond formation and carboxylation is consequently not 

possible under the reductive conditions using gaseous CO2 as reagent. 

 

Figure 55: In situ Raman spectroscopy of KC8 exclusively exposed to molecular gaseous CO2 within 
the pressure controlled setup (Figure 35). 

If no successful functionalization occurred, the subsequent workup under ambient conditions 

leads inevitably to hydrogenation and hydroxylation, since all reactive charges are still present 

after CO2 treatment. In Figure 56, this unsuccessful reaction is illustrated leading to the initially 

unexpected product. When comparing the Raman and TG-MS data of erroneously synthesized 

G-(COOH)n with the reference of G(THF)(OH)(H) in Figure 45, both the Raman and TG-MS 

spectra are equal.  



3.7 IMPROVED UNDERSTANDING OF THE REDUCTIVE EXFOLIATION OF GRAPHENE 

 

88 

 

 

Figure 56: Observed reaction after treatment of [G-]ic with CO2. In none of the investigated conditions 
#1-14, a reaction of gaseous CO2 with the graphenide solutions was observed. Consequently, the 
workup under ambient conditions lead to hydroxylation and hydrogenation of the scaffold as revealed 
by the Raman, TG, IR, and zeta potential measurements for the exemplarily discussed sample A-1. 

This nicely underlines the suggested mechanism in Figure 56 leading to -OH and -H 

functionalities in the final product, which was also supported by the IR spectrum in Figure 54e. 

This conclusion also illustrates that solely using Raman spectroscopy and TG analysis (without 

coupling to MS) is not providing adequate information about the sample composition and may 

be misleading.  

So unfortunately the goal of producing polycarboxylated graphene via reductive exfoliation of 

graphite for the subsequent exposure to CO2 is not working under the investigated reductive 

conditions (c.f. Figure 55). However, the demand of a functionalized graphene bearing basal 

plane sp3 G-COOH functionalities still remains in the focus of future work. As it has been shown 

in Figure 41, BrCCl3 is a potent reagent for covalent functionalization sequences and may 

therefore act as a precursor for carboxyl groups as illustrated in Figure 57. 

 

Figure 57: Possible indirect pathway for the synthesis of polycarboxylated graphene. As demonstrated 
in Figure 41, BrCCl3 undergoes covalent bond formation with charged graphite. After final hydrolysis, 
the conversion of –CCl3 into –COOH can be obtained. 

The efficiency of a covalent functionalization sequences is predominantly limited by the first 

SET reaction from the charged allotrope to the desired trapping reagent, therefore BrCCl3 is 

superior to CO2 to form C-C bonds, while in this approach first -CCl3 adducts are grafted on 

the graphene surface. Assuming a successful bulk functionalization, subsequent hydrolysis 

should lead to the desired polycarboxylated derivatives and will be carried out in future 

investigations. 
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3.8 Screening of solvents for graphenide solutions 

3.8.1 Standard conditions for graphenide solutions 

As explained in chapter 3.7.4, absolute and inert solvents are required for a defect free 

stabilization and individualization of the intermediately charged graphitic layers in order to 

achieve a highly efficient exfoliation of graphene.89 There were already reported some solvents 

for these purposes like THF, DMSO or NMP.89, 94, 106, 123, 132 However, a general investigation 

of the interplay between KC8 and organic solvents has not been explored, yet.82, 199, 232, 238-240 

Since the use of classical techniques of the organic chemistry tool box like elemental analysis 

(EA)228, mass spectrometry (MS) or nuclear magnetic resonance (NMR)24 cannot be employed 

for the characterization of polydisperse, functionalized SCAs, the exact composition of all 

functional moieties on each sample has to be resolved using different and specially adapted 

techniques. Thus, the terminology established in Figure 46 will facilitate the sample description 

and will be used to approach the classification of the solvents. 

In general, the potassium GIC KC8 has to be dissolved in organic solvents resulting in a air 

sensitive graphenide solution due to the highly charged intermediate (c.f. Figure 10). At this 

step, the Coulomb driven exfoliation of the KC8 crystal is supported by the surrounding 

solvent123 and the charged graphene layers are readily available to undergo further SET 

reactions either with the solvent molecule itself (c.f. Figure 49)132 or with any potential 

contaminants being present like residual stabilizers, water (c.f. Figure 36), acids (c.f. Figure 

41), fragments from molecular decomposition or dissolved reactive gases like oxygen (c.f. 

Figure 45).112 In the ideal case, the solid state KC8 compound has to be quantitatively 

exfoliated getting all the graphene layers of the pristine graphite crystal detached and available 

for further wet chemical processing.133, 134 If the degree of exfoliation is low, only a 

functionalization of the surface of larger aggregates can be expected resulting in a low yield of 

single layer graphene and/or multilayer production instead. Further factors like concentration, 

temperature or ultrasound treatment may influence the properties of the finally obtained 

derivative of graphene. To achieve a comparable study, the reaction parameters were kept 

constant within this solvent screening. The study reveals the interaction in terms of exfoliation, 

reactivity of the solvent itself, and the potential of an inert stabilization of charged intermediates 

for further processing. Following the step of exfoliation and single layer stabilization, a targeted 

functionalization can be introduced by the subsequent addition of a suitable trapping reagent 

to the graphenide solution (c.f. Figure 10) prior to final workup under ambient conditions. In 

the following chapter, 8 different solvents were investigated in detail under standard conditions: 

1) 1,2-dimethoxyethane (DME), 2) N,N-dimethylformamide (DMF), 3) tetrahydrofuran (THF), 

4) methyl tert-butyl ether (MTBE), 5) toluene (Tol), 6) N-methyl-2-pyrrolidone (NMP), 

7) dimethyl sulfoxide (DMSO) and 8) acetonitrile (MeCN). To evaluate the reactivity of KC8 

towards SET reactions in the various solvents, parallel experiments with I-Hex as trapping 
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reagent were carried out under strictly inert conditions for a comparable data evaluation. Based 

on the fundamental assignments established in chapter 3.6 (c.f. Figure 43), the interpretation 

of the Raman spectra in each solvent after workup with respect to the chemical composition is 

carried out in chapter 3.8.4.  

As explained in Figure 50, the electronic structure of graphene obtained from graphenide 

solutions treated with I-Hex as trapping reagent strongly differs from graphene directly exposed 

to ambient conditions after e.g. substrate deposition. In relation to that, the C-C bond formation 

is accompanied by a trapping of the majorities of charges in solution and therefore to suppress 

the final reaction with water and oxygen under ambient conditions, which can result in a 

degradation of the basal plane σ-lattice upon annealing (c.f. Figure 51). The profound Raman 

analysis of the broad data set allows for describing the composition of each bulk sample. In 

anticipation of chapter 3.10.6, it has to be noted that Raman spectroscopy cannot distinguish 

between bulk and surface functionalization if powder samples are investigated. Thus, a 

complete picture can only be obtained in a combination of multiple characterization tools, 

namely TG-MS and TDRS in addition to SRS. 

3.8.2 In situ UV/Vis spectroscopy of graphenide solutions 

As shown in Figure 58a, the bronze colored precursor crystal KC8 was dissolved either in the 

pure solvent or subsequently functionalized via addition of two equiv. of I-Hex as trapping 

reagent. In the case where the intermediate [G(SOLV)]ic is directly exposed to ambient 

conditions, the product is termed G(SOLV)(OH)(H). In the other case including the addition of 

I-Hex, the respective functionalized intermediate is described as [G(Hex)(SOLV)]ic. The 

remaining charges are preserved as long as inert conditions are retained, and are 

subsequently allowed to react with pure O2 and H2O in the last step of workup under ambient 

conditions.112, 215 This leads to the composition of the exfoliated functionalized bulk sample 

which is termed as G(Hex)(SOLV)(OH)(H) (c.f. Figure 46). For the final analysis, all samples 

were transferred out of the glovebox for TG-MS (Figure 59) and SRS (Figure 60) analysis in 

comparison to the respective reference dispersions of graphite SGN18@(SOLV) and 

SGN18@(Hex)(SOLV), respectively. 

For a first classification of all (2 x 8 = 16) graphenide solutions [G(SOLV)]ic, in situ absorption 

spectroscopy was carried out to compare the carbon uptake from KC8 into the different 

solvents. As a reference, the same parameters were used with the pristine graphite. The result 

is shown in Figure 58c, where the absorption at 660 nm is plotted for each graphenide solution 

versus its graphitic reference. 
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Figure 58: a) Reaction scheme for the benchmark screening of 8 organic solvents for the exfoliation of 
KC8 into graphenide solutions [G(SOLV)]ic and via the addition of I-Hex as reagent for the synthesis of 
[G(Hex)(SOLV)]ic. The solvents 1-8 are color-coded according to a general classification. The reference 
system of graphite and the respective solvent is termed SGN18@(SOLV). The final products 
G(SOLV)(OH)(H) were obtained by direct workup of the intermediate. In the case of the hexyl 
functionalized intermediate, the respective product G(Hex)(SOLV)(OH)(H) is obtained. b-c) Screening 
of the carbon uptake in graphenide solutions captured as the absorption intensity at 660 nm. 
b) Comparison of carbon uptake of ([G(SOLV)]ic) and [G(Hex)(SOLV)]ic. c) Reference experiment 
dispersing of an equal amount of graphite dispersion SGN18@(SOLV) for comparison with the 
analogously produced graphenide solution [G(SOLV)]ic. 

At first glance, every of the graphenide solutions [G(SOLV)]ic displays higher carbon uptakes 

in comparison to the graphitic reference. As an exceptional highlight, [G(DMSO)]ic shows an 

extraordinary high carbon uptake, whose origin has already been discussed in chapter 3.7.2. 

This value can be even raised by one dimension via addition of I-Hex. An overview is depicted 

in Figure 58b, where the pure graphenide solutions [G(SOLV)]ic are compared to the ones 

additionally treated with I-Hex leading to [G(Hex)(SOLV)]ic. The corresponding photographs of 

the intermediate air sensitive graphenide solutions are provided within the experimental part 

(Figure 90). The carbon uptake becomes apparently visible and can therefore be compared 

to the absorption intensity measured at 660 nm (Figure 58c). While [G(Hex)(DME)]ic and 

[G(Hex)(THF)]ic show a slight increase in carbon uptake, no difference is observed for the 

remaining five solvents DMF, MTBE, toluene, MeCN, and NMP. For DMSO, the use of I-Hex 

results in a huge increase of the carbon uptake in the order of one magnitude, what can be 
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explained with the increased available surface area. Assuming an initial stabilization of the 

charged sheets by partial methylation by DMSO, the already individualized but still charged 

sheets are now easily accessible for hexyl functionalization. Interestingly, four solvents 

underwent no spontaneous reaction with the GIC (THF, MTBE, toluene, and NMP). 

Additionally, neither of them showed any carbon uptake, nor changed the color of the bronze 

GIC in solution to black as with the other solvents (Figure 90). Evidently, for toluene neither 

exfoliation nor any reaction occurred in contrast to the other solvents.  

3.8.3 TG analysis of graphenide solutions after workup 

The mass loss detected in the TG analysis also allows for a fast and simple classification of 

the solvents. In contrast, the reference systems with SGN18 graphite dispersed in the solvents 

revealed no measurable mass loss. The overview of all TG curves is presented in Figure 59. 

 

Figure 59: TG profiles of the graphenide solutions in the 2 sets of 8 solvents after workup. According to 
the scheme in Figure 58a, the samples are systematically termed as G(SOLV)(OH)(H) and 
G(Hex)(SOLV)(OH)(H) for the hexylated samples, respectively. The dotted lines indicate the reference 
experiment with graphite SGN18@(SOLV) and SGN18@(Hex)(SOLV), respectively. The related TG-

MS and TDRS profile will be provided in detail for each solvent in the respective section. 

However, as discussed in chapter 3.4, the intercalation of solvent molecules in the exfoliated 

graphene galleries of graphenide solutions (for example KC8 in THF in Figure 30) leads to a 

noteworthy contribution of the overall mass loss. Moreover, depending on the degree of 

functionalization, physisorbed molecules can be detected at similar temperatures as covalently 
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bound entities. Thus, the TG analysis has to be coupled with further techniques such as MS, 

GC/MS, or combined with (in situ) Raman spectroscopy to gain profound insight into the 

composition of the bulk samples. 

3.8.4 Raman analysis of graphenide solutions after workup 

In a comparable SRS analysis, the properties of exfoliated and functionalized bulk samples 

are further resolved. As already mentioned, Raman spectroscopy of bulk powders cannot 

distinguish whether all stacked layers are functionalized or if only the surface of large 

aggregates was chemically accessible and therefore being functionalized. Via identification of 

the characteristic Raman fingerprint (chapter 3.6), the assignment of hydrogenation and/or 

hydroxylation can therefore be easily carried out regarding the SRS mean spectrum. Thus, the 

redundant verification of the side reactions upon workup using TG-MS confirming the presence 

of grafted hydrogen (m/z 2) and hydroxyl (m/z 17) addends can be relinquished with reference 

to the study in Figure 45. An overview over the SRS mean spectra is presented in Figure 60. 

 

Figure 60: Normalized SRS mean spectra of the graphenide solutions in the two sets of 8 solvents after 
workup and the respective references with SGN18 graphite. According to the scheme in Figure 58a, 
the samples are systematically termed as G(SOLV)(OH)(H) and G(Hex)(SOLV)(OH)(H) for the hexyl 

functionalized samples, respectively.  

Regarding the SRS mean spectra of G(SOLV)(OH)(H) for all 8 solvents, the typical Raman 

signal indicative for pronounced functionalization with -H and -OH can be measured – except 

for DMSO (Figure 61-7). Remarkably, this would indicate a degree of functionalization above 
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θ > 2 % as explained in Figure 44 – a result, which would not fit to the TG mass loss at first 

glance. This nicely reinforces that solely using Raman spectroscopy or TG-MS does not offer 

sufficient information about the composition of the bulk sample. In Figure 61, the profound 

analysis of the Raman interbands of the 8 different solvents G(SOLV)(OH)(H) is presented. 

The spectral fits are clearly revealing the typical signatures of hydroxylated and hydrogenated 

graphene, recalling that the Raman signal is mostly reflecting the surface composition of the 

powder samples. 

 

Figure 61: SRS mean spectra including respective fitting curves of the reductively exfoliated graphenide 
solutions after workup. The results of 8 different solvents are presented: 1) DME, 2) DMF, 3) DMSO, 4) 
MTBE, 5) toluene, 6) MeCN, 7) NMP, and 8) THF. The D- to G-mode region (1,200 – 1,700 cm-1) 
contains at least 5 components [cm-1]. Besides the G-mode (black ~1,580), the D-mode (red ~1,335), 
the D’’ (blue ~1458), D’ (green ~1,550), and intravalley D* (gray ~1,610) modes are observed and can 
be related to defect sites (c.f. Figure 45). In the higher Raman shifts, three components can be identified 
[cm-1]: graphitic 2D1/2 (black ~2,710), D+D* (purple ~2,900), and 2D* (gray ~3,100). 

In all 8 solvents, the presence of the characteristic Raman fingerprint (chapter 3.6) between 

1,200 and 1,700 cm-1 can be confirmed (Figure 61). Obviously, the hydrogenation and 

hydroxylation caused by the reaction with water and oxygen dominates the Raman signal, 

even in the cases where major parts of the sample were not exfoliated (c.f. UV/Vis in Figure 
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58 and TG mass loss in Figure 59). From these general relations, the following conclusions 

can be drawn:  

1) Depending on the efficiency of a solvent to exfoliate the precursor KC8, the crystals are 

either completely exfoliated down to monolayers of graphene or remain stacked. In the 

first case, a high fraction of accessible surface leads to a basal plane functionalization 

of all sheets accompanied by solvent intercalation between the exfoliated layers in 

graphenide solutions. 

2) In every case, even if no exfoliation occurred, the surface area of wet chemically treated 

GICs is highly functionalized after exposure to ambient conditions, leaving a graphitic 

core underneath. As explained in chapter 3.10.6, the Raman response of 

functionalized graphene layers on top of a graphite crystal completely superimposes 

the bulk information (Figure 81). A profound analysis therefore has to be carried out 

using a secondary characterization tool like TG-MS. 

As a crucial drawback, the Raman signal in a SRS analysis only reflects the chemical 

composition of the surface. Especially after workup and reaggregation by reoxidation, this 

information can be strongly misleading and does not resolve the bulk sample information. 

However, it can be nicely demonstrated that the workup of graphenide solutions without the 

addition of a functionalization agent leads to side reactions under ambient conditions, which is 

directly reflected in the Raman signal. This hurdle has been already addressed for exfoliated 

monolayer graphene in Figure 51. The improvement of the wet chemical synthesis of 

graphene can therefore be achieved via addition of suitable trapping reagents what has been 

carried out for all 8 bulk systems in the following. 

3.8.5 Hexyl functionalization of graphenide solutions 

In general, the addition of I-Hex to a graphenide solution results in a trapping of the charges 

via SET reactions with the graphenide intermediate [G(SOLV)]ic yielding covalently 

functionalized [G(Hex)(SOLV)]ic. This crucial step not only stabilizes sheets from 

reaggregation, but also retains the crystallinity (c.f. Figure 50) and prevents from further side 

reactions within the final workup. In comparison to the unprotected graphenide solutions 

(Figure 61), the respective functionalized samples reveal different Raman signals for the 8 

solvents, respectively (Figure 62). 
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Figure 62: SRS mean spectra including respective fitting curves from the reductively exfoliated and 
hexyl functionalized graphenide solutions after workup. The D- to G-mode region (1,200 – 1,700 cm-1) 
contains at least 5 components similar to the Raman analysis presented in Figure 61. 

The suppression of side reactions by hexyl functionalization can be directly observed by the 

absence of the related Raman interbands (D’, D’’ and D’’’). The sharp and intense D- and 

G-mode in almost all of the 8 samples reveals that the graphene layers contain lattice sp3 

carbon atoms classified to the low- and middle stage of functionalization (c.f. Figure 44). The 

steric factor of basal plane functionalization with hexyl chains obviously supports the stability 

of wet chemically exfoliated FLG. This improvement facilitates a further processing like 

deposition on suitable substrates.91 The presence of covalently bound functional groups like 

hexyl chains, hydroxyl groups, and hydrogen is revealed by the detailed Raman analysis for 

each solvent. This finally allows approaching a classification of the investigated solvents 

considering their suitability for the exfoliation and functionalization of KC8. 

3.8.6 Classification of solvents for graphenide solutions 

From the Raman analysis, the mean spectra from the bulk samples at RT were already 

presented in reference to pure graphite in the same concentration in each solvent (Figure 60). 
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As first class of solvents, DME, DMF, and THF produce highly exfoliated material, which can 

be directly be recognized by the high carbon uptake which was even higher for the 

functionalized sample [G(Hex)(SOLV)]ic (Figure 58c). 

3.8.6.1 DME 

The use of DME in the covalent bulk functionalization has been established by using Na/K 

alloy as reducing agent.14, 119 From its structure, DME can act as potassium chelating solvent, 

but as well as ternary intercalated solvent in between the graphenide sheets.241 After workup, 

different Raman signatures are obtained: For G(DME)(OH)(H) (Figure 61-1), the Raman 

fingerprint is widely obtained, while for G(Hex)(DME)(OH)(H) (Figure 62-1) the Raman D-, 

G- and 2D-modes are much more distinct in shape. The Raman analysis demonstrates that 

KC8 dissolved in DME bears a huge content of hydroxylated and hydrogenated moieties after 

workup under ambient conditions which can be easily identified by means of the D’, D’’, and 

D’’’ Raman interbands, which is a typical characteristic of the first class of solvents (DME, DMF 

and THF). 

In this class, the respective functionalized sample G(Hex)(DME)(OH)(H) behaves completely 

different. In the Raman analysis in Figure 62-1, the Raman fingerprint vanished, while the D- 

and 2D-modes appear sharp and intense. Thus, the chemical composition with additional hexyl 

chains strongly differs from G(DME)(OH)(H) while the crystallinity of the graphene lattice is 

retained. These results were similarly observed for the exfoliation of KC8 in DMSO (Figure 50). 

Nevertheless, although a trapping reagent was added to the graphenide solution, the Raman 

signal in Figure 62-1 indicates a slight residue of grafted -OH and -H moieties which explains 

the still measured mass loss of G(Hex)(DME)(OH)(H).  

In conclusion, DME acts as potent solvent for an efficient monolayer exfoliation from KC8 in 

the intermediate graphenide solution. After functionalization and workup, the sheets are highly 

accessible for a functionalization with either I-Hex or finally under ambient conditions with 

H2O/O2. In every case, high degrees of functionalization can be achieved. 

3.8.6.2 DMF 

For the solvent DMF,242 the functionalization using I-Hex as trapping reagent is comparably 

efficient as for DME. However, covalent functionalization by the solvent itself was recently 

reported for charged nanotubides, where reductive conditions also may lead to hydrogenation 

of the charged allotrope by α-H abstraction from the generated DMF radical anion.132 However, 

in this case the exfoliation of KC8 in DMF is accompanied by a strong intercalation of solvent 

molecules between the graphenide sheets. Generally, physisorption as noteworthy part of the 

mass loss of chemically exfoliated graphene samples has always to be considered. For the 

solvent DMF, a high exfoliation efficiency is observed, which is also reflected in the SRS mean 
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spectrum especially for G(Hex)(DMF)(OH)(H) (Figure 62-2). The addition of I-Hex for the 

formation of G(Hex)(DMF)(OH)(H) is revealed by the retained crystallinity (Figure 62-2).  

In summary, DMF also acts as a suitable solvent for the exfoliation of KC8. However, 

intercalation probably plays a stronger role than for DME, although the hexyl functionalization 

can be carried out in DMF, too. 

3.8.6.3 THF 

THF represents another well-established and often used solvent for the processing of 

graphenide solutions.89, 94, 95, 122, 123, 233 As already considered in previous chapters in this work, 

THF itself behaves completely inert with respect to GICs, which was nicely documented by the 

in situ XRD analysis in Figure 31. The formation of well-known ternary compounds of KCn and 

THF has been studied in detail89, 243-245 and explains the observations of large fractions of 

intercalated THF molecules into the GIC (c.f. Figure 30), what has also been reported in 

literature.196, 246 Therefore, the exfoliation of KC8 can be efficiently achieved once a reagent is 

added to the graphenide solution. The intercalation of solvent molecules presumably supports 

the exfoliation and the derived high surface area supports the subsequent functionalization 

with I-Hex or H2O/O2 under ambient conditions. 

Summarizing the common characteristics of this first class of solvents (1. DME, 2. DMF, and 

3. THF) in the intermediate stage of the graphenide solution [G(SOLV)]ic, a high exfoliation 

efficiency consequently leads to a high surface area which is now chemically accessible. If this 

reactive surface is not completely discharged (c.f. chapter 3.9.3), the sample G(THF)(OH)(H) 

finally ends up in a high degree of hydrogen and hydroxyl functionalization after workup under 

ambient conditions. The unwanted formation of C-O/C-H bonds can mostly get prevented by 

trapping the majority of charges consumed by SET reactions via addition of I-Hex to yield the 

functionalized derivative G(Hex)(THF)(OH)(H). This can be nicely demonstrated regarding the 

Raman spectra in Figure 62 for 1. DME, 2. DMF, and 3. THF: The defect site related modes 

D’’, D’, and 2D* are almost completely vanished – the formation of C-O and C-H bonds is 

suppressed. Instead, the hexyl moiety forms a C-C sp3 bond which leads to a pronounced D, 

D*, and 2D-mode indicating electronically decoupled, functionalized graphene layers.  

3.8.6.4 MTBE 

MTBE, toluene, and NMP are classified as second group of organic solvents, since they differ 

completely from the first class of solvents discussed before. On the one hand, almost no 

carbon uptake was observed for KC8 in MTBE (Figure 58b-c). The Raman signatures of 

MTBE, toluene and NMP (Figure 61 & Figure 62 -4, -5, -6) offer a line-shape profile in the 

double resonance region which typically resembles a multilayer stacked graphitic material. It 

reveals much less exfoliation and almost no functional groups present even after the addition 

of I-Hex. Since the pristine KC8 crystal is not exfoliated into at least FLG, only the surface of 
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multilayered aggregates is accessible to yield functionalization with potential reagents. Such a 

characteristic is directly reflected in a low TG mass loss, though the SRS mean spectrum would 

misleadingly indicate a high degree of functionalization. Considering MTBE, the 

functionalization of the surface dominates the Raman response for G(MTBE)(OH)(H), where 

a huge contribution of -OH and -H superimpose most of the graphitic material remaining in the 

inner layers. 

3.8.6.5 Toluene 

Apparently visible, the aromatic compound toluene offers a special role in this set of solvents 

(Figure 90-5), because it behaves completely inert to KC8 and reveals no carbon uptake. Since 

toluene does not exfoliate graphene from the bronze colored precursor crystal, the GIC can be 

stored without reoxidation even within the time scale of weeks. Thus, the only measurable 

functionalization occurs at the surface upon workup. Consequently, exclusively the surface of 

unexfoliated aggregates is covered with hydroxyl and hydrogen functionalities – similar to KC8 

in MTBE. This is reflected in the typical Raman signal for G(Tol)(OH)(H) in Figure 61-5. The 

addition of I-Hex consequently has no effect on the sample G(Hex)(TOL)(OH)(H) and the SRS 

mean spectrum appears identical to G(TOL)(OH)(H). In conclusion, the processing of KC8 in 

toluene at least leads a surface functionalization of large aggregates during the workup, which 

is not appreciably influenced by the addition of a functionalization agent like I-Hex. 

3.8.6.6 NMP 

N-methyl-2-pyrrolidone became a famous solvent in terms of graphene exfoliation from pristine 

(not activated / intercalated) bulk graphite in large scale approaches.106, 247, 248 In the field of 

reductive exfoliation, a spontaneous enthalpy driven exfoliation in NMP was reported.89, 94, 123 

NMP has been predicted as perfect solvent for the stabilization of graphene,232 although NMP 

also suffers from sonochemical degradation.111 Due to its high boiling point, the purification 

especially from water residues requires a high preparative effort, though absolute purity can 

be achieved via distillation and subsequent drying over molecular sieves. In this state, not in 

even one of the graphenide solutions, a noteworthy carbon uptake could be observed for the 

intermediate [G(NMP)]ic (Figure 58b-c). The SRS mean spectrum indeed indicates 

hydrogenation and hydroxylation, leading to the characteristic Raman signal (Figure 61-6), but 

no further mass loss which directly suggests the exclusive surface functionalization of the KC8 

crystals similar to the solvents MTBE and toluene.  

Thus, NMP can be classified into this second group of solvents. Consequently, MTBE, toluene, 

and NMP are no suitable solvents for the exfoliation and functionalization of graphene, as just 

surface states or large crystal stacks are accessible for functionalization. This only leads to 

huge multilayered particles bearing a functionalized surface, while most of the bulk material 

remains graphite – a typical characteristic for this class of solvents. 
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3.8.6.7 DMSO 

The interplay between dimethyl sulfoxide and KC8 has already been analyzed in the chapters 

3.5 & 3.7.2, since this solvent represents a prominent and often used medium for the wet 

chemical graphene production.232 The reason becomes obvious regarding the UV/Vis study 

(Figure 58), where DMSO reaches the highest values in terms of carbon uptake, especially 

after the addition of I-Hex. The Raman analysis of both samples revealed almost no 

hydroxylation and hydrogenation after workup, though an intrinsic reaction with KC8 was 

observed using in situ Raman spectroscopy (Figure 41-3). Without hexyl functionalization, the 

D-mode of G(DMSO)(OH)(H) is only slightly increased (Figure 61-7). As demonstrated in 

Figure 49, DMSO presumably undergoes SET reactions with graphenides leading to covalent 

methylation. Thus a certain fraction of the charges is not available any more for post-

functionalization reactions with further added trapping reagents. Consequently, the Raman 

spectrum of G(DMSO)(OH)(H) indicates a lower hydrogenation/hydroxylation content (Figure 

61-7).  

In the SRS mean spectrum in Figure 62-7, the Raman D-mode is significantly enhanced in the 

hexyl functionalized sample G(Hex)(DMSO)(OH)(H). Remarkably, this derivative depicts a 

strong decoupling of the exfoliated layers which is indicated by the sharp and intense Raman 

2D-mode (c.f. Figure 50d).120 Therefore, DMSO is a very potent solvent for the exfoliation and 

stabilization of individual layers, but the high degree of exfoliation presumably originates from 

covalent pre-functionalization by DMSO under reductive conditions. This solvent induced 

methylation would explain the stabilization of a high surface area of individual graphene sheets 

in solution and therefore supports the highest observed carbon uptake within this work (Figure 

58b-c). 

3.8.6.8 MeCN 

Last but not least, the graphenide solutions of KC8 in acetonitrile, namely [G(MeCN)]ic and 

hexyl functionalized [G(Hex)(MeCN)]ic are investigated, which finally lead to the derivatives 

G(MeCN)(OH)(H) and G(Hex)(MeCN)(OH)(H), respectively. In both cases no efficient carbon 

uptake could be monitored by in situ UV/Vis spectroscopy (Figure 58c). The observation of 

the Raman fingerprint in the SRS mean spectrum (Figure 61-8) also indicates mostly hydrogen 

and hydroxyl groups as functional groups on the surface of non-exfoliated aggregates. 

Interestingly, the Raman signal is strongly changing upon the addition of I-Hex yielding the 

respective product G(Hex)(MeCN)(OH)(H). This can be visualized regarding the SRS mean 

spectrum in Figure 62-8, where the Raman fingerprint indicative for -H/-OH functionalization 

is almost vanished. Therefore, the high D-mode intensity therefore originates solely from 

exfoliated, functionalized graphene, which is also reflected in a high 2D-mode. Thus, 

acetonitrile represents a potent solvent for the production of individual and chemically modified 

graphene sheets, but exclusively in the case of addition of a suitable functionalization agent 
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prior to workup. The efficiency to exfoliate GICs can therefore only be considered as moderate 

without additive. In conclusion, MeCN can be classified between the 1st group (DME, DMF, 

THF) and the 2nd group of almost inert solvents (MTBE, toluene, NMP).  

To summarize the investigated data set, some common conclusions can be drawn:  

1) The higher the degree of intermediate exfoliation, the higher the final degree of 

functionalization. This is a logical consequence of the higher surface area which is 

available within the system. This works well for the 1st group of solvents like DME, DMF, 

and THF, but less efficient for the 2nd group of solvents namely MTBE, toluene, and NMP. 

The highest exfoliation can be achieved using DMSO, while MeCN requires a 

functionalization reagent which supports the exfoliation. 

2) Generally, high exfoliation efficiency is accompanied by a partial intercalation of solvent 

molecules in between the charged sheets, which facilitates the functionalization with any 

potent functionalization reagents, mostly abundant in the 1st group of solvents.  

The analytical discrimination between physisorbed and covalently bonded moieties still 

remains a hurdle to define a bulk degree of functionalization up to now. Exemplarily considering 

a maximum bulk functionalization for G(Hex)(DME)(OH)(H), the measured mean Raman ID/IG 

ratio of ~3.0 approximately would only correlate to a degree of functionalization of ~0.1 % per 

lattice carbon atom for the sum of grafted functional moieties.93, 160 In relation to that, taking the 

measured TG mass loss into account with the assumption that 100 % of the detected 

fragments (DME, hexyl) have been bound covalently to the graphene sheets, this would lead 

to a theoretical degree of functionalization of approx. ~0.9 %. Consequently, a noteworthy part 

of non-covalent intercalated molecules is contributing to the mass loss. This has already been 

demonstrated in the reductive arylation in THF (Figure 30), where THF was detected in its 

closed structure by TG-IR and contributed as major peak to the measured chromatogram in 

TG-GC/MS. A promising approach to influence the degree of solvent intercalation is to vary 

the intrinsic surface by changing the graphite source. Graphites with small grain sizes (flake 

sizes), offer less amounts of intercalated solvent than graphite sources with large flakes.14  

Remarkably, any source of impurities (e.g. residual stabilizers, moisture, and oxygen in the 

ppm scale) will lead to side reactions in every solvent using such strong reductive conditions. 

The dimension of such processes depends on the degree of exfoliation and, of course, the 

redox potential of the trapping reagent which is added.112, 130 Potent electrophiles have to be 

added to retain control over the functionalization reaction and prevent side reactions during 

the workup which otherwise will dominate the properties of the final material. This fundamental 

issue will be evaluated in detail in chapter 3.9, where the simple solvent benzonitrile (PhCN) 

is used for a quantitative discharging of charged graphites and graphenes in solution without 

functionalization. 



3.8 SCREENING OF SOLVENTS FOR GRAPHENIDE SOLUTIONS 

 

102 

 

Another issue is the use of ultrasound, which is not recommendable to increase the carbon 

uptake. By the high external energy input, defects are introduced without reaction control, 

moreover the flakes are shrinked in size.110, 247-249 Nonetheless, ultrasound is beneficial to 

shear mixing as it was demonstrated in Figure 33.  

Finally, another important consideration about the structure of chemically exfoliated and 

functionalized graphene derivatives can be discussed. Obviously, highly functionalized 

samples like G(Hex)(DME)(OH)(H) offer a much lower temperature (below 200 °C) for the 

main mass loss step, which may indicate a kind of cooperative binding of the addends on the 

graphene indicated by thermal defunctionalization. This would be in line with the clustering 

mechanism assumed during the controlled functionalization. With respect to the illustration of 

differently functionalized graphene in Figure 44, it may be reasonable that isolated defects in 

bulk systems are cleaved at higher temperatures (above 200 °C) than addends from local 

nano-diamond substructures which are more easily cleaved upon annealing. This could be 

explained by the release of strain accompanied by a lowered binding enthalpy in clustered 

structures of sp3 functionalities, where the hybridization character is mostly tetrahedral (sp3) 

rather than planar (sp2). However, these effects in defunctionalization experiments are still 

accompanied by (de-)intercalation and morphology effects which complicates a quantification 

of θ by TG-MS. 
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3.9 Discovery of solvent driven electron trapping and mass 
transport in GICs 

In the chapters 3.7 and 3.8, the fundamental understanding of the mechanism was depicted. 

Until here, this work demonstrated how crucial factors for the reductive wet chemical synthesis 

of graphene can be addressed to gain a better control over the reaction and the material’s 

composition. Since the reactivity of the charges leads to diverse side reactions (c.f. Figure 43), 

this could up to now only be prevented by the introduction of protecting C-C bound functional 

moieties to retain the crystallinity of the honeycomb lattice of graphene (c.f. Figure 51). 

Remarkably, two fundamental questions in the sequence of reductive exfoliation of GICs 

remained unsolved until here: 1.) Can all negative charges of the graphenide intermediates be 

controlled or even completely removed in such redox reactions?130 Only the complete removal 

of all negative charges is expected to avoid reactions with moisture and oxygen during workup 

leading to side products with unwanted and additional oxygen- and hydrogen functionalities. 

These side reactions were already reported in the field of reductive carbon nanotube 

chemistry112 and have been demonstrated in detail in chapter 3.6.4 to also occur in 

corresponding graphenide solutions (Figure 45). 2.) Can the wet chemical exfoliation of GICs 

into dispersed graphenide sheets be used for the bulk production of defect free graphene? 

Also this latter question is directly associated with the possibility of a controlled removal of all 

negative charges from the intrinsic air sensitive graphenide intermediates. Up today, there are 

neither scalable methods nor any simple liquid oxidizing agents reported in literature, which 

are able to quantitatively discharge any type of graphenide solutions without a simultaneous 

alteration of the carbon framework. 

Benzonitrile is mainly used as highly polar organic solvent, while the interaction with potassium 

GICs especially in the field of graphene research has not been fully evaluated yet.199 It has a 

comparatively low reduction potential of -2.74 V vs. Ag in DMF, what could be reproduced by 

cyclic voltammetry (CV) measurements under inert conditions (Figure 63e). Generally, typical 

strong oxidizing agents show much higher reduction potentials, for instance TCNQ with -0.2 V 

vs. Ag in DMF.250 Electropositive metals such as elemental potassium can be dissolved in 

PhCN, which is accompanied by the formation of K+ cations and PhCN.- radical anions (see 

also Figure 63).132, 242, 251, 252  

3.9.1 Solvent-driven oxidation of GICs quantified by UV/Vis spectroscopy 

The red solution of PhCN.- displays a broad absorption pattern with a peak at around 390 nm 

and another feature of absorption bands at 500 nm. For the determination of the extinction 

coefficient of PhCN.-, a dilution series of potassium in benzonitrile was carried out under strictly 

inert conditions to prevent the radical anion from reoxidation or protonation reactions.253 The 

linear correlation between the amount of potassium and measured absorption reveals a 

quantitative electron transfer reaction (Figure 63d). According to Lambert-Beer, the extinction 
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coefficient of PhCN.- was determined to be ε390 = 4,000 (± 50) L∙mol-1∙cm-1. This value is in the 

regime of literature estimates, but has never been exactly determined up to now.242 With this 

information at hand the interaction between PhCN and GICs involving potassium as guest 

atoms was investigated. For this purpose, a precise dilution series of pure potassium and 

various stages of GICs with different K:C ratios, namely 1:0 (pure K), 1:8, 1:16, 1:24, and 1:48 

was carried out. These samples were dispersed in PhCN and homogenized by mild ultrasound 

treatment under argon atmosphere. The resulting formation of PhCN.- was investigated by 

UV/Vis absorption spectroscopy under inert conditions (Figure 63c,d).  

 

Figure 63: a) Reaction scheme for the quantitative electron transfer from various GICs to PhCN leading 
to dissolved K+ ions and the red colored radical anion PhCN.-. b) Absorption spectra of dilution series of 
pure potassium in benzonitrile. The resulting absorption profiles correlate to the benzonitrile radical 
anion PhCN.-. c) Absorption spectra under inert conditions of the dilution series of four different stages 
of GICs dispersed in PhCN. The exact concentration values are given in Table 7. As inset, a photograph 
of a sealed cuvette containing KC8 in a concentration of 5.0 x 10-4 M in PhCN is shown. d) Determination 
of the extinction coefficient by correlation of the potassium concentration in all K:C ratios versus the 
extinction at 390 nm. The black curve represents the dilution series of pure potassium K(s) in PhCN. e) 
Cyclic voltammogram of PhCN under inert conditions (0.1 M NBu4PF6, working electrode: Pt, reference 
electrode: silver wire, scan rate: 0.1 Vs-1). The inset is showing a photograph of the electrochemical 
reduction at the working electrode. 
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For the graphenide solutions of all GIC-stages, the same linear concentration dependence as 

for pure K (Figure 63d) was determined. These findings imply that (a) all negative charges 

from the GICs are completely transferred to the benzonitrile and (b) that residual charges on a 

GIC or on dispersed graphenide sheets can be determined based on the measured absorption 

of the corresponding PhCN.- solutions.  

3.9.2. Charge and mass transport from the GIC into the solvent PhCN 

An important question that arose from these investigations was what happens with the GICs 

after the quantitative discharging process. For addressing this point Raman spectroscopy was 

applied. In order to suitably handle the highly reactive intercalation compounds, in situ Raman 

and XRD measurements were carried out under inert gas atmosphere thus inhibiting any 

reoxidation processes that could take place under ambient conditions. In Figure 64 the 

saturation doping with potassium charging and contrarious PhCN solvent-driven discharging 

of graphite is depicted. After melting of potassium in the presence of graphite, the formation of 

a perfect defect free stage I GIC corresponding to KC8 is verified by the characteristic broad 

Fano-line-shape spectrum of KC8 in Figure 64b.254, 255 As a highlight of applying in situ Raman 

spectroscopy, the stage I KC8 was now exposed to PhCN vapor in order to resolve the first 

steps of discharging the GIC spectroscopically. Therefore, the specialized setup for monitoring 

reactions in situ introduced in Figure 35 was used. The in situ Raman spectrum in the top of 

Figure 64b was recorded after only few seconds of PhCN vapor exposure. After an initial 

electron transfer from the stage I GIC, the vibrational modes of PhCN/ PhCN.- can be identified 

(Raman shift of 700-1,500 cm-1, reddish color background). Therefore, the reference Raman 

spectra of neutral PhCN and its anion PhCN.- are given in Figure 64d. More important is the 

spectral signature of the GIC between 1,550 and 3,000 cm-1 Raman shift, which indicates 

already an advanced progress of discharging: The characteristic mode around 1,577 cm-1 

contains two components which enable to determine the stage of potassium intercalation. The 

difference in intensity between the mode at 1,577 cm-1 and the shoulder at 1,596 cm-1 reveals 

the current stage of the ternary system KC8 and PhCN.98 Following this spectral characteristic, 

the GIC in Figure 64b (top) is approximately stage VII. Since no overtones in the Raman 

spectrum are present, this spectroscopy snapshot provides fundamental insights into the 

discharging mechanism and has up today never been shown in literature. After a final electron 

transfer from KC8 to PhCN, the in situ taken Raman spectrum in clearly proves the complete 

reoxidation of the GIC to intact graphite Figure 64c (top). Besides the absence of any defect 

mode around 1,330 cm-1, the G-mode is centered at 1,582 cm-1 and therefore no residual 

doping is affecting the layers. The 2D-mode at 2,700 cm-1 provides the clear proof for restacked 

AB crystallinity in the crystal.143, 144, 158, 167 This indicates no intermediate exfoliation for the 

intercalation/de-intercalation process within the cycle under these conditions. 
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Figure 64: a) Reaction scheme: After graphite 1.) and solid potassium are melted to 2.) KC8, the addition 
of benzonitrile (PhCN) leads to an initial electron transfer from the GIC onto the PhCN. 3.) KC8

+ is 
followed by deintercalation of K+. After subsequent electron transfer and K+ migration, the 4.) fully 
discharged graphite is obtained while all charges are quantitatively transferred into the benzonitrile 
solution phase. b) In situ Raman spectroscopy (λexc = 514 nm) of the intermediate compounds 2.) KC8 
is exposed to PhCN vapor in the Raman microscope under inert gas. For the partially oxidized 
intermediate 3.), a lower stage GIC is observed (orange color background) accompanied by a vibrational 
fingerprint of the PhCN/PhCN.- molecules on the surface of the GIC (reddish color background). c) 
Raman spectra (λexc = 532 nm) of the 1.) pristine graphite (bottom) respective in situ Raman spectrum 
of the finally obtained 4.) discharged graphite being stable under inert gas for months. d) Reference 
Raman spectra of PhCN (black) and PhCN.- (red) taken from the solution in the inset. The phase 
interface is indicating the neutral transparent and reduced red form of benzonitrile. e) XRD patterns for 
the different steps of a): 1.) pristine graphite (black solid line), 2.) intercalated graphite KC8 (red solid 
line), and 3.) PhCN treated graphite (grey solid line). The black dashed lines are literature values for the 
position of reflections of graphite,185 the red dashed lines for KC8 (full orthorhombic model).189 
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The Raman signal nicely correlates with the XRD patterns in Figure 64e, which were recorded 

in parallel to provide a secondary, independent measure of the doping stage in the GIC. The 

XRD reflections prove the maximum intercalation of potassium leading to an increase in the 

interlayer distance from i) graphite (3.35 Å) to ii) KC8 (5.35 Å). After the treatment of KC8 with 

PhCN, both the Raman and XRD signature clearly prove the complete reoxidation of the GIC 

to intact graphite. The independent XRD analysis also demonstrates that in situ Raman 

spectroscopy can act as a self-contained method for the characterization of GICs, since it 

provides a complete picture of the sample especially in the monitoring of chemical reactions 

(c.f. Raman fingerprint in Figure 36). 

Within the interplay of the charged graphite and the solvent benzonitrile, the reoxidation of the 

negatively charged graphenide sheet and the formation of PhCN.- anions is accompanied by a 

mass transport of interlayer K+ counterions from the interior of the solid GIC to the benzonitrile 

solution. This can be explained by an initial heterogeneous electron transfer reaction from the 

solid GIC to the liquid benzonitrile phase. As a consequence, electrostatic forces are build up 

between the liquid phase, enriched with proximate, negatively charged PhCN.- anions and the 

solid graphitic phase, enriched with positive charges (still intercalated K+ counterions). The 

subsequent migration of the K+ leads to an energy minimization of the entire system which is 

indicated by the intermediate step 3.) in Figure 64. A related mass transport process takes 

place in the discharging process of Li-ion batteries in the solid state but has never been 

observed in simple binary system consisting of a GIC and a redox-active solvent only.256 

Presumably, this discovery of the straightforward charge monitoring using PhCN.- as a reporter 

molecule could find beneficial applications in battery technology. The current method for the 

state of charge (SOC) determination by measuring voltage is frequently associated with errors 

for some materials. 

For further product characterization, TG-MS of the generated bulk solid sample was carried 

out after workup under ambient conditions (Figure 65a). The reoxidized graphitic material 

shows almost no mass loss (~2 %) after heating to 500 °C under nitrogen atmosphere. This 

also demonstrates the full recovery of graphite after the treatment of the GIC with PhCN and 

corroborates the clean and complete discharging of the graphene sheets. The SRS analysis 

of the sample after workup fully proves the comprehensive conversion to graphite as can be 

seen by the counted Raman ID/IG ratios (Figure 65b) that match those in the histogram of 

pristine graphite (Figure 17). Only a very small increase in the D-mode intensity was detected 

which is caused by traces of residual water and oxygen in the benzonitrile which presumably 

lead to some minor hydrogenation and oxygenation. This minor defects however can be healed 

by thermal annealing as demonstrated in Figure 65c-d, since the D-mode vanishes at 

temperatures >400 °C which can be attributed to the cleavage of sp3 bound moieties.163 Since 
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the discharging by PhCN leads to graphitic structures in the bulk (c.f. Figure 64), the oxidation 

of KC8 with oxygen under ambient conditions was carried out as reference experiment.  

 

Figure 65: Detailed analysis of the graphenide solution of KC8 in benzonitrile after workup 
(G(PhCN)(OH)(H)) by annealing under inert gas atmosphere. a) TG-MS analysis of G(PhCN)(OH)(H) 
and the reference graphite SGN18 in benzonitrile. The MS traces for the functional moieties for the 
phenyl group (m/z 77) and PhCN (m/z 103) show no detection of any fragment being detached from the 
sample. b) SRS histogram of the Raman ID/IG intensity ratios. The distribution matches the histogram of 
pristine graphite in Figure 17. c) TDRS analysis upon annealing to 500 °C. The TG mass loss curve is 
given to visualize the correlation; the individual Raman spectra are shown in d). 

Figure 66 shows both the TG mass loss curve and the XRD pattern after 24 h of reaction time. 

Meanwhile the SRS analysis revealed no significant increase in D-mode intensities. The TG 

analysis leads to a mass loss of -3 % between 50 °C and 100 °C, which is insufficient for 

afterwards analysis in coupled MS spectrometers. However, the structure of the obtained 

product can be analyzed by XRD, which enables a structural comparison to graphite oxidized 

by benzonitrile.  

The XRD reflections (Figure 66b) after reoxidation at ambient conditions reveal no crystallinity 

and amorphous structure in contrast to the PhCN treated KC8. The X-ray pattern predominantly 

confirms the presence of amorphous carbon, with some tiny reflections indicating relicts of 

intercalated potassium with approximately 5.6 Å of lattice distance. It has to be noted that a 

small unreacted fraction of KC8 in the bulk sample can be revealed by the small reflections on 

top of the broad reflection in the short range of 2θ.  
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Figure 66: a) TG mass loss curve for KC8 oxidized under air (O2) or benzonitrile (PhCN) and the 
reference graphite. b) XRD patterns of the respective samples indicating crystallinity for PhCN treated 
KC8 and amorphous line shape after oxidation under ambient conditions. 

As already demonstrated in Figure 39, pure oxygen oxidizes the charged graphite without 

altering the sp2 structure. However, the simple reoxidation under ambient conditions leads to 

amorphous graphite as the XRD patterns in Figure 66b clearly prove. Consequently, the 

chemical oxidation of charged graphites has to be carried out using benzonitrile which 

preserves the crystallinity within the system accompanied by the mass transport of K+ ions 

initiated by the coulomb potential into the negatively charged PhCN.- anions. 

3.9.3. Deactivation of exfoliated graphenides via discharging in solution 

As already analyzed in the study of the reactivity of GICs towards oxygen and water (Figure 

39), the combination of both species leads to a covalent functionalization as long as remaining 

charges in the graphite can be used for a subsequent reaction. In order to systematically 

analyze the difference of the chemical reactivity of GICs and graphenide dispersions with and 

without prior PhCN treatment, KC8 was dispersed in absolute THF as depicted in Figure 67a. 

The reaction has already been analyzed in terms of side reactions in Figure 45. Thus, the 

intermediate [G(THF)]ic was divided into two parts. In contrast to G(THF)(OH)(H), the fraction 

G(THF) was treated with an excess of PhCN resulting in a color change to red, which is 

indicative for the formation of the respective PhCN.- anion in THF. Both fractions were 

subjected to aqueous workup under ambient conditions. For product characterization TG-MS 

and SRS was carried out (Figure 67). For comparison also pristine graphite SGN18@(PhCN) 

was investigated under the same conditions. 
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Figure 67: Bulk sample analysis of [G(THF)]ic after workup. a) The sample is divided into two parts. 
Similar to the reaction in Figure 45, the first sample was exposed to ambient conditions as usual leading 
to G(THF)(OH)(H). The second part of the sample was treated with PhCN prior to exposure to ambient 
conditions what lead to the product G(THF). The dotted line indicates pristine graphite being dispersed 
in THF (SGN18@(THF)) and benzonitrile as reference. b) SRS mean spectra of the three systems, 
respectively. c) Raman ID/IG intensity ratio histograms for the respective samples which correlate with 
the mean spectra in b). Note the already present D-mode in the starting material reference as shown in 
Figure 17. d) TG mass loss profiles of G(THF)(OH)(H), G(THF), and the reference SGN18@(THF). e) 
Correlating MS traces for m/z 2 and 17 indicating hydroxylation and hydrogenation for G(THF)(OH)(H) 
and vanishing ion current detection in the case of the PhCN treated sample G(THF) compared to the 
reference SGN18@(THF). 

As already explained in Figure 45, sample G(THF)(OH)(H) reveals a fundamental increase in 

the Raman ID/IG intensity ratio indicative for a covalent adduct formation. As a direct result of 

the treatment with PhCN, the Raman D-mode for G(THF) is only increased to a very small 

extend in comparison to G(THF)(OH)(H) – almost the same ID/IG intensity ratio is observed for 

the pristine graphite SGN18@(THF) (Figure 67b). Obviously, the side reactions leading to the 

formation of G(THF)(OH)(H) are completely suppressed. The data analysis of the TG-MS 

investigations (Figure 67d,e), to prove the chemical identity of the defects generated during 

the formation of G(THF)(OH)(H) has already been discussed in chapter 3.6.5 and clearly 
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corroborates the Raman data, since G(THF)(OH)(H), experiences a mass loss of 13 % in 

contrast to G(THF) (4 %). Mass spectrometry of the cleavage products reveals fragments with 

m/z 2 and m/z 17 demonstrating the detachment of -H and -OH moieties in G(THF)(OH)(H) (c.f. 

Figure 45). On the other hand, for G(THF) these characteristic mass traces are almost absent 

and only a very small signal for m/z 17 can be detected. These experiments provide the first 

experimental evidence that charged graphenides can be completely reoxidized to neutral and 

chemically inert graphite even in solvents. 

3.9.4 Reductive exfoliation of large scale defect free graphene 

A direct consequence of these studies is that wet chemical graphene production should be 

possible on the basis of this novel protocol, as long as reaggregation of the individualized 

graphene sheets to graphite can be suppressed. To prove this, graphenide solutions via 

dispersion of KC8 in DMSO are prepared, since this solvent provides an efficient monolayer 

exfoliation (c.f. chapter 3.8.6.7). After exfoliation, the intermediate [G(DMSO)]ic is 

subsequently drop casted onto SiO2 substrates (Figure 68a).  

 

Figure 68: Production of large area graphene films for SRS analysis. a) Dispersions of [G(DMSO)]ic and 
drop casting of the corresponding graphenide solutions onto Si/SiO2-wafers (c.f. Figure 50) under inert 
conditions leading to air sensitive graphenide flakes [G1]ic. Prior to analysis, [G1]ic was i) either directly 
exposed to ambient conditions (G1(OH)(H), black) or ii) previously washed by PhCN (G1, red). b) 
Comparison of representative Raman spectra acquired on large area films (50 x 50 µm2). c) Statistical 
histogram representation of the degree of functionalization. d) Scatterplot of the Raman intensity ratio 
dependency: The ID/IG vs. I2D/IG Raman intensity ratio reveals the effect of PhCN retaining the high 
quality of G1 in contrast to air exposed G1(OH)(H) graphene samples. 
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These surface depositions prevent subsequent reaggregation and stacking of the individual 

layers leading to single layers, but still air sensitive graphene [G1]ic. The graphenide deposits 

[G1]ic are subsequently either directly exposed to ambient conditions (G1(OH)(H)) or subjected 

to a treatment with PhCN (G1). This high quality of the wet chemically prepared graphene is 

also demonstrated in the respective SRS scatterplot displayed in Figure 68d, where the I2D/IG 

ratio in relation to the ID/IG ratio is presented for each data point within the investigated area of 

the Raman map. The sample quality of the graphene prepared in this way is extraordinary and 

can easily compete with bottom-up synthetic routes.26, 257 The so obtained graphene flakes of 

G1 are of single layer nature and can be easily localized via optical microscopy and 

subsequently correlated with AFM and SRM what is demonstrated in Figure 69.191 A typical 

exfoliated flake exhibits an average height of 1.5 nm over a lateral size of 10 µm – 18 µm grain 

size in pristine graphite SGN18 – as depicted in the AFM image in Figure 69b. This is also 

reflected in the intensity map in Figure 69c. It has to be noted that adsorbates and folding on 

graphene lead to an overestimation of the real height in the AFM tapping mode.201 By 

accounting ~1 nm for one layer graphene, the verification of single layer graphene has to be 

carried out via a direct correlation using SRM and is reflected in the intensity map in Figure 

69c. Here, the overlapping of two single layers (0.8 nm height in the AFM, 300 counts for the 

Raman G-mode) can be regarded in the center of the AFM image. For a significant spatial 

analysis, a large area film of G1 was characterized by SRS (Figure 68c-d). 

 
Figure 69: a) Optical bright field image of a single layer graphene flake obtained by the route ii) in 
Figure 68 leading to G1. b) Correlating AFM image with height profile indicating the single layer nature 
of G1 with lateral dimensions of ~10 µm and a height of ~1.5 nm. c) Corresponding SRM map showing 
the respective G-mode intensity of G1. Altogether, the single layer nature with a slight overlap in the 
center of the obtained graphene flakes can be revealed. 

The samples G1(OH)(H) display a mean ID/IG ratio of 2.5 which correlates with an average 

degree of defects of θ = 0.5 %. This shows that also on a substrate the deposited graphenides 

undergo chemical reactions leading to sp3 defects. In the case of G1, however, the 

characteristic Raman features of high quality single layer graphene are observed (Figure 68b). 

In particular, the D-mode intensity is almost vanishing, indicative for a very low density of sp3 

carbon atoms (θ = 0.003 %). Moreover, the 2D-mode exhibits the typical narrow Lorentzian 

line shape and a drastically increased intensity with respect to the G-mode. In fact the 
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spectroscopic features of G1 reveal the formation of defect free graphene, with even superior 

quality with respect to CVD grown samples.25, 26  

To summarize the fundamental improvement in the field of reductive exfoliation of graphite for 

the production of tailored graphene derivatives, the discovery of this facile and quantitative 

electron trapping from reduced graphite forms such as graphite interaction compounds (GICs), 

graphenide dispersions, and graphenides deposited on surfaces by simple exposure to 

benzonitrile (PhCN) opens unprecedented perspectives in graphene chemistry and -

engineering. Benzonitrile is a common and cheap organic solvent which at the same time has 

a rather low reduction potential. This allows for quantitative discharging of reduced graphites 

in a heterogeneous solid/liquid phase reaction – a quantitative process that has been 

overlooked so far. At the same time the red colored benzonitrile radical anion (PhCN.-) serves 

as an ideal reporter molecule for the quantification of the amount of negative charges in 

intermediate species with unknown charge concentration using absorption spectroscopy. The 

relative energy diagram presented in Figure 70 illustrates the proposed reaction mechanism. 

Starting from graphite, the saturation doping with potassium leads to the stage I KC8, which 

can be quantitatively oxidized back to graphite using PhCN (Figure 63), which has also been 

demonstrated for graphenide solutions (Figure 67). Associated with the discharging of the 

GICs and the documented conversion to the parent graphite is the quantitative migration of the 

interlayer potassium cations into the liquid phase. The mass transport is driven by the 

electrostatic potential caused by adlayers of initially formed PhCN.- anions on the surface of 

the GIC and their diffusion into the liquid phase.  

In the course of reductive functionalization of graphene, the addition of a quenching reagent 

R-X to the graphenide solution is accompanied by a subsequent SET reaction from the GIC to 

R-X, wherein 1 electron is required for the covalent bond formation. The charge consumption 

in this step can now be quantified using in situ UV/Vis spectroscopy from a known 

concentration of added PhCN. The similar approach is suggested to resolve any further 

reoxidation / functionalization step until all available charges are consumed and the system is 

completely oxidized. An overview is presented in Figure 70 to illustrate the relationship. 
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Figure 70: Postulated reaction mechanism for the wet chemical exfoliation of GICs: First, the stage I 
intercalation compound with K:C = 1:8 is dissolved in a suitable solvent under inert conditions. 
Subsequently, the desired functional group R is introduced by a SET reaction under consumption of 1 
charge per covalent bond formation. After exposure to water and oxygen, the remaining charges lead 
to hydrogenation and hydroxylation, until the complete oxidation is reached. The respective charge 
consumption (Δcharge) in each step can be quantified via titration of each intermediate by benzonitrile.  

With the possibility of charge quantification of the intermediates, it is now possible to determine 

the reactivity and efficiency of every trapping electrophile. This now enables a) the unravelling 

of the covalent functionalization mechanism, b) the determination of relative redox potentials 

of quenching reagents, and c) the purification of graphene derivatives and thus precise tailoring 

of both the amount and nature of bound entities. Moreover, this allows for the first time for a 

straightforward formation of graphene from graphenides deposited on surfaces without any 

annealing steps. The advantage of this simple and inexpensive graphene production 

surpasses previous wet chemical methods such as exfoliation of neutral graphite in solvents 

and the reduction of graphene oxide since both features are combined in this procedure 

namely, (a) the complete exfoliation down to single layer sheets and (b) the application of 

rather mild reaction conditions avoiding a priori any formation of σ-defects (holes) in the carbon 

plane. Therefore, the use of benzonitrile represents a milestone in the field of graphene 

chemistry and should also be easily applicable for other SCAs or transition metal 

chalcogenides (TMCs). 
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3.10 Determining the degree of functionalization in graphene 
derivatives 

As already outlined in chapter 3.6, a mechanism of defect site formation in graphene was 

observed through the presence of additional interbands in the Raman spectrum (Figure 44). 

Moreover, this pattern is strongly depending on the local degree of functionalization and 

becomes evident for the middle- and especially high stages of θ > 2 %. As illustrated in Figure 

44, sp2 carbon can aggregate into clusters of varying shapes and sizes which are embedded 

in a sp3 matrix.193, 219, 227 Presently, Raman spectroscopy is the most common method for a first 

characterization of graphene’s chemical derivatives as it provides easy access to samples, is 

non-destructive, and sensitive to defects.58, 143, 146 As presented in chapter 3.3, the relative 

ratio of the D- and G-mode intensities, ID/IG, can be harnessed for the determination of a degree 

of defects introduced by chemical functionalization.93, 147, 160, 161, 179 In particular, an average 

distance of defects LD can be deduced from the peak intensity ratio. This approach is based 

on a semi-empirical and purely geometric model160 associated with the defects present in 

irradiated147, 179 and chemically processed graphene.93, 180 This approach has nevertheless a 

certain degree of ambiguity as for each ID/IG value there are two possible solutions for LD (eq. 

12 & 13) and has been described in detail in Figure 13d. Since the model is geometry-based 

(Figure 22), no material-specific parameters are taken explicitly into consideration. 

Furthermore, considering the tendency of sp2 bonds to aggregate,193 LD derived from the ID/IG 

ratio is only a good quantity for low stages of functionalization (θ < 0.5 %). Therefore, a general 

model curve describing the relation of the Raman response and θ is strongly demanded.  

In the recent years, several research groups reported a systematic increase in Raman peak 

intensity with density of defects for different types of functionalized graphene124, 258, 259 (c.f. 

Figure 74). The origin of this effect has been a matter of discussion for quite some time. Eda 

et al.231 measured a continuous photoluminescence (PL) increase with θ in graphene oxide on 

SiO2 substrates, while for carbon nanotubes, similar PL contributions were observed due to 

chemical functionalization.260 Since the optoelectronic properties in graphene are determined 

purely by the π-states of the sp2 lattice,193 the enhancement of Raman intensity should be 

directly associated with increase in the PL with θ where the sp2 domains act as luminescence 

centers.261 However, this correlation remains to-date experimentally unverified in monolayer 

graphene. Furthermore, both Raman and PL spectra should not be dependent on the type of 

chemical functionalities present in the material as discussed in chapter 3.6,162, 193 although the 

Raman fingerprint of sp3 functionalization will certainly also contribute to the final Raman 

signal. 

3.10.1 Oxidative functionalization of single layer graphene on SiO2 

To demonstrate the generality of Raman signal enhancement with increasing density of 

defects in an identical and well-defined system, a pristine monolayer graphene with 0.05 % of 
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initial defects (obtained by chemical reduction of oxo-4 %G1)228 was functionalized on the SiO2 

substrate (Figure 71a). The Raman spectrum prior to functionalization in Figure 71b relates 

to 0.05 %G1 (black curve). After functionalization with bis(4-tert-butylphenyl) iodonium 

hexafluorophosphate, tBuPh-0.52 %G1 is obtained as evidenced by the measured Raman 

spectrum of the same spot (Figure 71b, red curve). For an exact Raman line shape analysis, 

the peaks were fitted with single Lorentzian curves to deconvolute the respective modes. In 

Figure 71c, the definition of the respective spectral parameters of the Raman signals is given. 

For the quantification of the Raman intensities it is important to capture the integrated area of 

each mode as comparable measure and not only the peak amplitude (formerly taken as 

intensity). The detailed fitting procedure is provided in the experimental part including the 

obtained values for the reaction in Figure 71 in Table 8. 
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Figure 71: Oxidative functionalization of graphene on SiO2: a) Scheme for the laser induced reaction262 
of a single layer of graphene (0.05 %G1) with bis(4-tert-butylphenyl) iodonium hexafluorophosphate 
yielding functionalized tBuPh-0.52 %G1. b) Respective Raman spectra (normalized to the Si-mode 
intensity) before (0.05 %G1, black) and after the reaction (tBP-0.52 %G1, red). c) Lorentzian fitting of 
functionalized single layer graphene. The intensity ratio, usually considered as ratio of the mode y-axis 
amplitude, can be regarded as ratio of the integrated peak area A of each deconvoluted component of 
the spectrum. Thus, if physical processes are quantified in the Raman scattering process, the peak 
areas have to be integrated by a single Lorentzian fit, respectively. 
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After functionalization, the AD/AG ratio increased from 2.2 to 3.0. Taking the initial density of 

defects into account, the degree of functionalization can be estimated to be raised from 0.05 % 

up to 0.52 %.93 According to the classification of θ (Figure 44a), the stage of functionalization 

before and after the reaction remains in the low stage of functionalization, although for tBP-

0.52 %G1 a slight evolution of additional Raman interbands is indicated. However, no significant 

influence of Raman interbands has to be considered in this low stage of functionalization. 

Importantly, the integrated area of the G-mode itself increased by a factor of 4.5 after 

functionalization meanwhile the D-, G-, and 2D-modes broadened as expected.160, 229 Also the 

peak area of the D*-mode at ~1,620 cm-1 increased by a factor of 10 since this intervally 

scattering process is related to the increase of the D-mode.146 This experiment directly proves 

that a reduction of the proportional area of sp2 carbon atoms in single layers leads to the 

expected increase in Raman intensity already in the low stage of functionalization (θ < 0.5 %). 

3.10.2 Thermal defunctionalization of graphene on SiO2 

Next, the reversibility of the correlation between density of defects and Raman intensity was 

studied in the regime of the low stage density of defects θ < 0.5 %. The negligible influence of 

a D*-mode and the absence of additional interbands allows the discussion of intensities 

(= peak amplitudes) instead of integrated peak areas in the regime of low stage 

functionalization. Herein, a single layer of CVD graphene was functionalized by hexyl chains 

via reductive charging (Figure 72a).93 A Raman ID/IG ratio of ~ 0.9 was found corresponding to 

θ ≈ 0.016 % (LD ≈ 12.0 nm). In order to monitor the dependence of the Raman intensity under 

reduction of θ, a laser-induced thermal defunctionalization (532 nm, 15 mW) of hexyl-0.016 %G1 

was conducted (Figure 72a).  
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Figure 72: Scheme of the reductive functionalization of CVD graphene on SiO2 with hexyl moieties with 
subsequent laser induced defunctionalization (532 nm, 2 mW, 9 s) hexyl-0.016 %G1. b) Raman intensity 
for the D- and the G-mode in dependence of laser exposure time is indicating a drop in intensity for both 
Raman modes. c) Exemplary Raman spectra for laser-induced decreasing the degree of 
functionalization from 0.016 % to 0.012 %. d) Correlation of laser exposure time with θ. e) Raman I2D/IG 
intensity ratio as function of laser exposure time. 

Figure 72b shows the evolution of the D- and G-mode intensities (defined here and throughout 

the text as integrated peak areas) during laser-induced defunctionalization of hexyl 

functionalized graphene. A decrease of ID (-33 %) and IG (-20 %) was observed upon 

defunctionalization of hexyl-0.016 %G1 (Figure 72b). Defunctionalization was accompanied by 

the decrease of the ID/IG ratio corresponding to a decrease of θ from 0.016 % to 0.014 % 

(Figure 72d) and a simultaneous increase of the I2D/IG ratio (from 2.9 to 3.8 in Figure 72e). 

Although the degree of functionalization θ was only 0.016 %, the intensity modulation effect 

can be observed within the thermal defunctionalization experiment. In fact, upon 

defunctionalization, the system is approaching perfect graphene and thus following the trend 

curve of decreasing Raman intensities by the continuous annealing process.  

A decrease of Raman intensity upon laser induced defunctionalization of single layer graphene 

can also be demonstrated in the high stage of functionalization, e.g. for oxo-functionalized 
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graphene (oxo-G1, θ ≈ 50 %). For this experiment, a single layer of oxo-G1 was 

photochemically treated by laser lithography (Figure 73). Thus, a reduced region of 

manipulated Raman signatures was created by writing a “Z” into the flake. Subsequently, SRM 

was used to visualize spectral changes, shown in Figure 73b-d.  

 

Figure 73: SRM analysis (10 µm² mapping area) of lithographically modified oxo-G1 (θ = 50 %). a) The 
lithography of “Z” was achieved by laser induced reduction (532 nm, 9 s, 2 mW) of oxo-G1 on Si/SiO2. 
b) SRM map of the Raman G-mode intensity after the lithography process. The strong decrease in 
intensity after reduction in the “Z” area is clearly visible. c) Corresponding Raman spectra of the initial 
oxo-G1 and the reduced “Z” area. d) Respective SRM map of the ID/IG Raman ratio after lithography with 
significant decrease of the Raman signal in the reduced “Z” area.  

The laser-induced defunctionalization can also be accompanied by the opposed process of 

lattice defect formation142, 263 as well as the thermal induced release of CO2.142 Therefore, only 

little changes of the ID/IG ratio are expected, hence the Raman ID/IG ratio (Figure 73d) remains 

almost constant (oxo-G1: 1.1 and reduced-oxo-G1: 1.2). In this “Z” region, the graphene flake 

changes of its Raman signature can be visualized by SRM. In Figure 73b, the G-mode signal 

IG is depicted, which has significantly decreased upon laser exposure. In Figure 73c Raman 

spectra of the irradiated area (purple) and the pristine area (red) are compared and 

demonstrate the change of the Raman signal. While the substrate signal remains constant, the 

IG and ID strongly decreased while the Raman ID/IG ratio (Figure 73d) is slightly increased. 
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Consequently, the intensity of the Raman response for graphene in the high stage of 

functionalization strongly depends on the degree of functionalization which suggests that PL 

is a crucial component for the overall signal intensity in the Raman spectrum. 

3.10.3 Synthesis of different single layer graphene derivatives 

To investigate the correlation between Raman and PL in graphene, a systematic study on 

monolayer graphene derivatives with different functionalization types and degrees was carried 

out (c.f. Figure 74 for reaction schemes). This comprises of characterization by SRS as well 

as an electrostatic doping study on highly functionalized graphene (Figure 78). 

 

Figure 74: Schematic reaction pathways for the functionalization of a) pristine graphene with varying 
degrees of functionalization θ. Using mixed monolayer functionalization121, different derivatives 
functionalized graphene samples were derived: b) hexyl-G1 (θ = 0.009 %) and c-d) hexyl/phenyl-G1 
(θ = 0.024 %, 0.092 %). For the synthesis of tBuPh-G1 (θ = 1.2 %) laser induced functionalization was 
carried out similar to Figure 71a. e) Oxo-G1 (θ = 6 %228; 50 %139) and its reduced form r-oxo-G1 
(θ = 0.069 %, 0.436 %) were synthesized according to Eigler et al.139, 228 The respective Raman spectra 
(Figure 75) and fitting values are provided in Table 9 in the experimental part. 

In order to capture the increase in the Raman signal intensity in dependence of the degree of 

functionalization, the different derivatives of single layers of functionalized graphene with 

different θ on a SiO2 substrate (Figure 74) were analyzed in a standardized Raman 
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measurement setup (532 nm, 0.1 mW, 1 s). The corresponding Raman spectra with single 

Lorentzian fits in each D-, G-, and 2D-mode are given in Figure 75. 

 

Figure 75: Respective fitted Raman spectra of functionalized single layer graphene (c.f. Figure 74) with 
increasing density of defects used for the quantification in Figure 78. The D-, G-, and 2D-modes were 
fitted by a single Lorentzian to determine the integrated peak area of each mode, respectively. The 
obtained values are given in Table 9. 

The sample a) which is related to almost perfect graphene (0.0 %G1), leads to a count rate of 

only about AG ≈ 266 counts in the above mentioned measurement conditions. After chemical 

functionalization by reductive hexyl/phenyl functionalization (b-d), the average intensity 

increases up to 2,200 counts (AG) and 7,250 counts (AD), respectively. Oxidative functionalized 

graphene (h-i) with θ = 6 % and 50 % display intensities of 79,600 and 107,200 counts for AG, 

respectively. For the reduced graphene derivative derived from oxo-G1 (e-f) with lattice defects 

of 0.43 % and 0.07 %, respectively, 4,200 and 1,600 counts are detected for the G-mode. The 

detailed spectroscopic data from the fitted Raman modes is listed in Table 9. 

A crucial point of this study is the demonstration that indeed the Raman ratio of the amplitude 

ID/IG ratio leads to a loss of information which is contained in the individual ID and IG values. 

Moreover, the empirical model of graphene containing holes instead of sp3 defects as 

scattering centers remains only valid in low functionalized regimes, which can be explained by 

means of the dependence of ID, IG, and ID/IG as function of θ which is depicted in Figure 76. 

The following section therefore represents a fundamental evolution on the basis of initial 

geometrical considerations presented in Figure 24. 
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Figure 76: a) Dependence of the Raman peak amplitude (c.f. Figure 71c) on the degree of 
functionalization in a log-log plot for clarity. b) Evolution of the Raman D- and G-mode amplitude ratio 
as function of θ. The individually synthesized samples (Figure 74) are color-coded. The dashed line 
indicates the correlation calculated on the basis of Cançado et al.160 for ion bombarded graphene 

samples (holes as defects) converging a ID/IG ratio of 0 for high values of θ.  

The intensity ratios of the D- and G-modes in Figure 76b for low stages of functionalization 

(θ < 0.5 %) match the Tuinstra-Koenig equation.176 This has already been discussed in Figure 

44, where a correlation between the Raman spectra of graphene containing defects and its 

structural composition was presented. Following θ to the middle stage of functionalization with 

θ between 0.5 and 2 %, the correlation of Cançado et al.160 leads to reasonable values, 

although the evolution of pronounced Raman interbands is already observed. This can be 

recognized in the Raman spectra in Figure 75f-g as well as Figure 44a-b, where this transition 

can be directly observed when the θ increases from 0.4 to 1.5 %. This also demonstrates the 

limitation of the model reported in literature, since the curve is derived from graphene with hole 

vacancies not considering the clustering of sp3 defects which results in PL contribution as well 

as the formation of additional Raman interbands at least for θ > 0.5 %. Regarding the high 

stages of functionalization (θ > 2 %), the further contributions to the Raman response become 

obvious especially in terms of the signal intensity. In such regimes of functional group density, 

the structure of clustered sp2 and sp3 atoms leads to major changes in the Raman spectrum 

(c.f. Figure 44c). This has fundamental consequences when only intensity ratios in Raman 

spectra would be taken into consideration for the determination of θ. As plotted in Figure 76b, 

the intensity ratios of the D- and G-mode display the expected maximum around θ ≈ 0.5 % 

(LD = 2.2 nm).160 Interestingly, a further increase of the sp3 content within the sp2 lattice leads 

to a constant threshold value of ID/IG ≈ 1.1 in the Raman spectrum. Furthermore, the 

normalized Raman ID/IG ratios do not change for θ > 2 %, although a slight increase of the Γ 

values as depicted in Figure 77b. This observation further supports the assumption of ongoing 

normalization of the Raman interbands due to structural reorganization recalling the 

aggregation of sp2 bonds in polycrystalline graphene systems.193, 229 As explained in the course 

of the Raman response upon increasing functionalization (Figure 44), Raman spectroscopy is 
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not well developed for defect rich graphene derivatives (θ > 2 %), since it can be expected that 

e.g. 50 % of lattice carbon atoms of oxo-G1 are functionalized.139, 141, 263 It is therefore highly 

desirable to find another method which is based on the actual ID and IG of functionalized 

graphene. In fact, the intensity of Raman modes increases above average – a new measurable 

for the density of defects seems reasonable. However, for the determination of density of 

defects, the overtone 2D-mode offers no additional information. For completeness, its spectral 

intensity (A2D) and A2D/AG intensity ratio can be equally correlated with θ. The correlation is 

given in Figure 77a, where the 2D-mode intensity is increasing with θ, though the ratio 

decreases according to the strong alteration of the electronic band structure of graphene. 

 

Figure 77: Spectral features of chemically functionalized single layer graphene derivatives (c.f. Figure 
74) in dependence of θ. a) Raman 2D-mode intensity (green) and I2D/IG intensity ratio (black). b) FWHM 

of the D- (black), G- (red), and 2D-mode (green). 

As depicted in Figure 77b, the width of the Raman modes continuously increases with θ in the 

low stages and significantly in the middle stages, until the FWHM finally broadens over average 

in the high stage of functionalization. 

3.10.4 Relationship between θ and PL modulated Raman intensities 

On the basis of the experimental results, a simple physical model describing the Raman 

intensity accounting for the PL increase with θ is presented herein. In addition, a translation of 

the same findings to bulk or restacked systems will be discussed in chapter 3.10.6. These 

observations highlight the consequences arising from interface and edge effects. Figure 78a-

b depicts the evolution of the D- and G-mode intensities with θ for differently functionalized 

graphene monolayers on SiO2 (data color-coded accounting for different reaction schemes, cf. 

Figure 76b). For graphene in the low stage of functionalization, namely reduced graphene 

oxide (r-oxo-G1) and hexyl-G1, θ was determined by the ID/IG ratio.93, 160, 161 In contrast, 

structural analysis of the high stage functionalized derivatives of oxo-G1 was carried out via 

TG and elemental analysis (EA).139, 228 To ensure consistency of the data, Raman spectra 

(Figure 75) were taken at fixed experimental conditions (λexc = 532 nm, 1 s acquisition time, 

1 mW power, RT). The laser induced arylation reaction was carried out by using dissolved 
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bis(4-tert-butylphenyl) iodonium hexafluorophosphate which is irradiated on pristine graphene 

(c.f. Figure 71).262 Both ID and IG show a continuous increase spanning several orders of 

magnitude with sp3 bond content. Remarkably, no significant variation in neighboring data 

points, though samples are differently functionalized, was found, which is a fingerprint of 

functionality independence of the Raman response. This observation is consistent with the 

measured Raman spectra within the in situ analysis of KC8 reacting with various different 

reagents (Figure 41). 

 

Figure 78: Photoluminescence modulated Raman intensity with varying degree of functionalization for 
different monolayer graphene derivatives. a) D- and b) G-mode intensity as function of θ. c) Ratio of D- 
and G-mode. The data points are color-coded similarly as in Figure 76b. Solid lines correspond to the 
fitted model (eq. 15 and 16) with dotted lines accounting for the uncertainty range.  

Relating these observations to PL, it is sufficient to recall that PL originates from band-gap 

opening in sp2 optically active domains in functionalized graphene. Therefore, the PL intensity 

𝐼𝑃𝐿 can be described by equation 14 as proportional to 

𝐼𝑃𝐿  ~ 𝐸𝑚 𝑓𝐵(𝐸)  (eq. 14) 

where E is the band-gap, m an exponent associated with the density of states in the valence 

and conduction band of the sp2 domains and 𝑓𝐵(𝐸) the Boltzmann distribution function.264 The 

energy gap of the domain is then directly dependent on θ to the lowest order.193 Therefore, the 

D-mode intensity can be written as in eq. 15: 

𝐼𝐷(𝜃) ≈ 𝐷0𝜃𝑘𝐷𝑒−𝛾𝜃  (eq. 15) 

and for the G-mode (eq. 16): 
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𝐼𝐺(𝜃) ≈ 𝐼0 + 𝐺0𝜃𝑘𝐺𝑒−𝛾𝜃   (eq. 16) 

With I0 accounting for the G-mode present in unfunctionalized graphene. It should be noted 

that all the parameters in eq. 15 & 16 are dependent on the laser power, exposure time, and 

temperature.264 That is, a given set of parameter values is exclusively valid for a specific 

experimental condition. 

The experimental data in Figure 78a-b) can be well reproduced with our model even 

considering the lower and upper uncertainty limits (c.f. Table 4). This demonstrates that the 

experimentally observed Raman intensity increase can be consistently described by a 

modulation through PL. Remarkably, the agreement between experimental data and the model 

shows that by solely relying on the actual intensities ID and IG the functionalization degree of a 

monolayer graphene can unambiguously be determined. 

Table 4: Values of the fitting parameters for D- and G-mode intensity obtained for the data in Figure 
78a & b in the eq. 15 & 16, respectively. 

D-mode G-mode 

𝑰𝟎 ---- 𝑰𝟎 1,084 ± 193 

𝑫𝟎 28,000 ± 3,270 𝑮𝟎 11,838 ± 1,818 

𝒌𝑫 0.73 ± 0.08 𝒌𝑮 1.34 ± 0.08 

𝜸𝑫 0.020 ± 0.009 𝜸𝑮 0.06 ± 0.02 
 

For completeness, Figure 78c shows the ID/IG values fitted with the model recovering the 

mutual θ dependence as reported in literature. It has to be noted that for larger θ in the middle 

and high stage of functionalization, the uncertainty in the fitted ID/IG tends to increase, which 

suggests that in this range higher order terms might have to be taken into consideration. This 

may also indicate a correlation with the Raman interbands which arise for θ > 0.5 %, what 

strongly correlates with the broadening and Raman intensity increase as presented in Figure 

44.  

3.10.5 Combining electrostatic doping with Raman spectroscopy 

To gain additional independent evidence for the PL-modulated Raman response of 

functionalized graphene, the dependence of ID and IG on the π-state occupation for the case 

of oxo-G1 (θ ~ 50 %) at RT is studied. To facilitate this, the single flake of oxo-G1
139, 220 was 

lithographically contacted with Ti/Au electrodes on a SiO2 (300 nm) substrate as illustrated in 

Figure 79a. Applying a moderate temperature treatment during the lithographic contacting, a 

four contact device could be achieved as shown in the optical bright field images in Figure 

79b. It has to be noted that for the required measurement of the U-V curve (Figure 80b), only 

two working electrodes are necessary. To ensure that the structural integrity of highly 

temperature sensitive oxo-G was not altered, SRM analysis was carried out in the area shown 

in Figure 79c.  
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Figure 79: a) Schematic drawing of the measurement setup combining gate modulation and in situ 
Raman spectroscopy. b) Optical bright field image after lithographic contacting a single oxo-G1 flake 
(θ = 50 %) on a 300 nm thick SiO2 substrate with Ti/Au electrodes. The magnification in c) is showing 
the single layer nature of the device. d) Correlating SRM map after the lithography process proving the 

integrity and homogeneity. 

The Si backside of the chip was used as gate electrode to vary the charge density in the flake 

by up to ± 1.4×1013 cm-2. This corresponds to a shift of chemical potential by about 370 meV, 

respectively. Raman spectra were taken with 532 nm laser excitation at different gate voltages. 

This way, the excitation pathways of incident photons were directly controlled via electrostatic 

doping.265 This approach allows for changing the chemical potential within the monolayer 

without structural (functionalization) changes by possible photo- or electrochemical processes. 

To further exclude any alteration of the oxo-G1 flake during the measurement, several cycles 

were carried out, which lead to consistent and reproducible experimental data. 
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Figure 80: Change in Raman intensity with electrostatic doping of monolayer oxo-G1 (θ = 50 %) at RT. 
a) Raman spectrum at zero gate-voltage applied, the inset is showing a schematic drawing of the 
measurement setup combining gate modulation under in situ Raman spectroscopy. b) Respective 
current-voltage characteristic of oxo-G1. c) Raman ID/IG intensity ratio as function of the chemical shift 
indicating the alternation of the oxo-G1 caused by the modulation of the gate voltage. d) Raman 
intensities ID and IG as function of chemical potential shift. e) Raman spectra of oxo-50 %G1 recorded at 
Δ chemical shift = ± 370 meV (red and black, respectively). 

In Figure 80a, the Raman spectrum of oxo-G1 at zero gate voltage is shown, indicating the 

high degree of functionalization of about 50 %. The evolution of the D- and G-mode intensities 

with varying Δ chemical shift is shown in Figure 80d. Clearly, extracting electrons from oxo-

G1 leads to a continuous increase of the D-mode, which amounts to the total change of about 

65 % over the entire range of Δ chemical shift, what is impressively demonstrated regarding 

the spectra in Figure 80e recorded at Δ chemical shift ± 370 meV, respectively. In contrast, 

the G-mode is only weakly depending on Δ chemical shift. The latter implies that no chemical 

reduction occurred in the material during the experiment since the G-mode is less influenced 

by the intensity variation (Figure 78). This is a final proof of the PL origins for Raman intensity 

increase since electrostatic doping only changes the π-state occupancy.65 By knowing the 

average defect separation, the change of the number of electrons per sp2 domain associated 

with the observed intensity differences can be estimated. Based on Figure 80d-e, a 25 % 

increase in intensity correlates with an extraction of 0.28 electrons per sp2 domain. That is, 

only about one third of the assumed amount of islands that actually contribute to the observed 
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intensity increase and suggests that the intrinsic charge density of the oxo-50 %G1 is not differing 

significantly from 1014 cm-2. Also, this energy represents basically an activation energy which 

is well above the thermal energy at ambient conditions and thus consistent with the symmetric 

and nonlinear current-voltage characteristics (Figure 80b).266, 267 This energy values will later 

allow for the estimation of the size of the sp2 domains in highly functionalized graphene, what 

will be discussed in detail in chapter 3.10.7. 

 

3.10.6 Masking of graphite by highly functionalized graphene 

Having established a direct link between PL and Raman intensity for single monolayers of 

functionalized graphene, it is instructive to question how these findings can be translated to 

solution-processed bulk materials. For this purpose, a model system was developed consisting 

of oxo-G layers (θ ~ 50 %) transferred on top of HOPG (Figure 81a) by Langmuir-Blodgett 

(LB) technique. The Raman response of the system was measured for different numbers of 

stacked layers which were identified by AFM profile imaging (Figure 81b-c). Using a 532 nm 

laser excitation with 1 mW power, penetration depth of at least 30 layers into the HOPG was 

expected based on the transmittance of single layer graphene.32 Representative Raman 

spectra for HOPG, monolayer oxo-G1, bilayer oxo-G2, and trilayer oxo-G3 are showing an 

increase in peak intensities with each added layer (Figure 81e).  
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Figure 81: Model system for the quantification of the Raman intensity difference between defect free 
graphite and a defined number of oxo-G layers. a) Scheme for the sample preparation by deposition of 
a thin film of oxo-G on top graphite via LB technique. b) AFM image and c) related height profile of a 
HOPG crystal covered by oxo-G. Step heights of 1 nm indicate single flake nature for the quantification 
of the number of layers. d) Assignment of Raman spectra to the number of layers of oxo-G on HOPG. 
e) Average ID and IG for different number of layers. The intensity for both G- and D-mode is increasing 
linearly with every additional layer of oxo-G on HOPG. f) Respective data of a SRS analysis of the oxo-G 
film on HOPG as shown in b). By correlating the D- and G-mode intensity with the respective number of 

layers, a statistical statement about the constitution of the oxo-G film can be spectroscopically evaluated. 

The correlation between layer number and measured Raman intensity can consequently be 

used for a back-calculation of the film morphology of unknown numbers of stacked oxo-G 

layers. Applying SRS on a large area map, the spatial analysis of the film can be analyzed 

which allows for a statistical representation of the varying thickness after oxo-G layer 

deposition.180 based on the measured Raman intensity at each sport of the film. In the case of 

oxo-G on HOPG, the scatterplot in Figure 81f reveals that the LB film deposition leads to 40 % 

of monolayers, 32 % of bilayers, and 18 % of three or more layers, while 10 % of the substrate 

remains uncovered (I0 = HOPG).  

To further highlight the advancement and potential of SRS, a hyperspectral analysis of the 

model system in Figure 81 is presented. To differentiate between regions where a mixture of 

different number of layers of oxo-G on HOPG contributes to the Raman response, it is 

necessary to categorize spectra in an automated fashion. First, a principal component analysis 
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(PCA)268 is performed on the SRM maps, which enables the extraction of the main spectral 

components from the big dataset of 10,000 map points. This dimensionality reduced set can 

now be used as input for a Gaussian mixture model (GMM) clustering algorithm, which for 

each point on the sample returns in a maximum likelihood estimation for cluster responsibility. 

In Figure 82, the scatterplots are represented in three component distributions after the cluster 

analysis of the LB film in Figure 81b. The six scatterplots in Figure 82 show the ID/IG ratio 

versus the G-mode (top) and D-mode (bottom) in terms of a) phonon frequency, b) FWHM and 

c) fitted peak area. 

 

Figure 82: Results from GMM clustering Raman spectra obtained in a 100 µm² SRM map of oxo-G on 
top of HOPG. On the x-axis, the Raman ID/IG intensity ratio is given, while the y-axis reveals the G-mode 
(top) and D-mode (bottom) in terms of a) Raman shift, b) FWHM Γ and c) fitted area A. The six 
scatterplots in a)-c) depict the cluster responsibility, i.e., the likelihood for each map point to belong to a 
certain cluster. Since the Raman ID/IG intensity ratios of HOPG and oxo-G differ strongly, three clusters 
can be assigned containing mainly HOPG (red), regions with 1-2 layers oxo-G (orange) and three or 
more layers of oxo-G (green). 

It becomes apparent that highly functionalized materials like oxo-G1 (Raman ID/IG ratio ~ 1.1, 

ΓG > 20 cm-1 and ΓD > 30 cm-1) strongly differ in their spectral modes from graphene with low 

defects. In the scatterplots in Figure 82, the regions of HOPG (red), oxo-G1-2 (orange), and 

oxo-G3 (green) on HOPG are reflected as clusters with similar peak features, indicating that 

only within the region of 1-2 layers a weak contribution to the overall Raman signal of HOPG 

is remaining. However, already 3 layers of oxo-G3 are enough to completely dominate all 

Raman features in the mixed spectra which is in agreement with the single Raman spectrum 

of oxo-G3 on HOPG in Figure 81d. Upon closer inspection it turned out that while both FWHM 

and position vary only weakly within each cluster, the intensity varies a lot, especially in the 

cluster for oxo-G3/Gn. Besides the expected observations, namely upshift of the G-mode 

(Figure 82a) and defect induced broadening of both the D- and G-mode (Figure 82b) the 

evaluated increase on the Raman intensity area is statistically verified. This can be nicely seen 
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in Figure 82c, where a significant increase in the D- and G-mode area can be proved for areas 

with high density of defects.  

3.10.7 Estimation of the sp2 domain size in highly functionalized graphene 

In Figure 80, the combination of experimental Raman and electrostatic doping methods 

indicated that the Raman response is modulated by an additional contribution from 

photoluminescent π-conjugated domains surrounded by sp3 carbon regions. This perfectly 

matches the conclusions from the Raman interbands, which were observed upon increasing 

functionalization (Figure 44). The average size of the sp2 domains in oxo-G was estimated to 

be about 1 nm, however, the size and consequently the bandgap of those isolated luminescent 

islands may vary within a functionalization pattern. In order to demonstrate that the excitation 

of a continuous conglomerate of sp2 domains of varying size distributions generated by the 

functionalization process, Raman spectra of either single layer of oxo-G1 and the reduced 

derivative r-oxo-G1 with excitation at a) 457 nm, b) 473 nm, c) 532 nm, and d) 633 nm are 

shown in in Figure 83, respectively. 

 

Figure 83: Raman spectra of single layers of oxo-G1 (θ = 50 %) and its reduced derivative r-oxo-G1 (θ ≈ 
0.5 %) with varying laser excitation energies from a) 457 nm, b) 473 nm, c) 532 nm and d) 633 nm. It 
has to be noted that the sample inhomogeneity forbids a quantitative direct comparison of the intensities 
even at fixed parameters. 
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Excitation with 1.6 eV IR lasers do not lead to utilizable Raman spectra due to the band 

structure of oxo-G, while excitation in the regime of 1.8-2.8 eV excitation leads to similar PL 

contributions231 as for 532 nm. Thus, this energy represents basically an activation energy 

which is well above the thermal energy at ambient conditions and thus consistent with the 

symmetric and nonlinear current-voltage characteristics (Figure 80b).266, 267 Moreover, the 

effect of PL can be observed over the whole excitation range between 1.8 and 2.8 eV. This 

indicates a random distribution of different sp2 disks within the sp3 functionalized σ-lattice, 

where multiple laser energies match the PL excitations of distinct isolated π-systems. In 

principle, the sp2 domains can act as luminescence centers261 which is schematically illustrated 

in Figure 84.  

 

Figure 84: Illustration of random distribution of photoluminescent sp2 domains in graphene derivatives 
in the high stage of functionalization. The colors of the basal C(sp2) atom domains illustrate the change 
in band-gap with varying sizes of connected sp2 domains which contribute to the Raman response after 
local laser excitation. 

The supposed arrangement of randomly distributed islands of sp2 clusters in the graphene 

framework227 is in agreement with recent reports about excited state dynamics in photo- and 

electroactive 2D domains in highly hydrogenated graphene.219 Considering an average sp2 

domain size of approximately 1 nm2 for oxo-G180, 220 (Figure 80), the addition of an extra 

electron will require at least 1.4 eV for the simplest case assuming metallic sp2 domains. This 

energy is of the same order of magnitude as the commonly used laser energy (532 nm) 

implying that PL excitations are energetically possible. Excitations by IR lasers do not lead to 

utilizable Raman spectra due to the band structure of oxo-G, while UV excitation leads to 

identical PL effects231 as for 532 nm. The relation between the Raman spectra (including its 

interbands) and the degree of functionalization has been already evaluated in Figure 44 and 

perfectly matches the results obtained in this section. 
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3.10.8 Annealing of functionalized restacked bulk samples 

The well-established Raman analysis of bulk powders after functionalization sequences has 

been used in literature for the estimation of a successful covalent reaction of various graphene 

based composite materials. Having demonstrated that functionalized graphene exhibits a 

pronounced increased Raman intensity, the quantification of any degree of functionalization of 

mixed multiple restacked graphene samples is not reliable. The effect of a pronounced PL 

contribution in a sample of stacked graphenes can be nicely demonstrated in bulk samples 

applying a SRS analysis of e.g. G(THF)(OH)(H) as demonstrated in Figure 85. Herein, the 

commonly used functionalization sequence including a standard workup procedure is 

presented in Figure 85a. Beyond the profound understanding of the synthesis and composition 

of G(THF)(OH)(H), a detailed investigation of the Raman signal of such samples has been 

explained in Figure 45, where defect site related additional modes were assigned to distinct 

sp3 bound functionalities. However, the absolute intensity of the Raman spectra has not been 

discussed yet. Figure 85b indicates the results from a SRS analysis plotting the G-mode 

intensity as function of the measured ID/IG Raman intensity ratios at RT. This clearly 

demonstrates the Raman signal enhancement of highly functionalized sample spots which can 

be attributed to PL of clustered sp2 domains.227 It also implies that no higher ID/IG ratio than 1.2 

can be observed, since the intensity ratio in the high stage of functionalization always 

converges to this value (c.f. Figure 76b). Since the ratio of sp3 to sp2 carbon can be lowered 

again upon defunctionalization, this process can be monitored by statistical TDRS. As 

illustrated in Figure 85a, annealing of G(THF)(OH)(H) does not reveal if the sample was 

intermediately exfoliated and restacked after successful bulk functionalization and 

defunctionalization (a-GA). As alternative, if no efficient exfoliation and functionalization 

occurred, only the surface of stacked KC8 crystals is covalently modified (a-GB). Recalling the 

solvent screening in chapter 3.8, the latter case is typically occurring in solvents which do not 

promote the exfoliation of GICs (toluene, NMP, and MTBE). For THF, an efficient exfoliation 

to mono- and FLG is expected prior to workup. Consequently, since THF is used herein, a 

restacking during the drying process and the formation of a-GA can be assumed upon 

annealing of G(THF)(OH)(H). Figure 85c contains the SRS mean spectra upon increasing 

temperature, Figure 85d the respective scatterplot representation. This clearly demonstrates 

the decreasing PL in the Raman response upon annealing and defunctionalization, which 

lowers the Raman intensity in the order of more than two magnitudes. 
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Figure 85: a) Synthesis of G(THF)(OH)(H) and subsequent annealing to the final defunctionalized 
product a-GA. For the thermal annealing, the powder is heated under inert gas and monitored by SRS. 
As explained in Figure 51, oxygen containing samples may evaporate upon CO2 release leaving back 
unfunctionalized graphite. b) SRS analysis at RT of G(THF)(OH)(H) as introduced in Figure 45. The 
statistical distribution of the G-mode intensity is plotted in a logarithmic y-axis as function of ID/IG. c) SRS 
mean spectra of G(THF)(OH)(H) upon annealing from RT up to 550 °C. d) Total Raman intensities for 
the D- and G-mode and ID/IG ratio as function of the sample temperature. The respective Raman intensity 
ratios as well as the TG-MS can be compared in Figure 45. 

The Raman bulk analysis of a functionalized and restacked sample like G(THF)(OH)(H) after 

workup therefore offers no clear statement about the composition of the sample. The surface 

and θ sensitive Raman spectroscopy of mixed multilayered and functionalized powders cannot 

distinguish between a sample, which was fully exfoliated and thus accessible for 

functionalization in the intermediate step (e.g. KC8 in DME or THF) and a sample, with a 

surface which was only chemically decorated with sp3 defects (e.g. KC8 in MBTE, NMP or 

toluene). In coupled defunctionalization experiments as illustrated in Figure 85a, the question 

of an entire 3D bulk degree of functionalization cannot be finally answered solely using Raman 

spectroscopy and has to be correlated with TDRS and TG-MS. Nevertheless, the number of 

restacked layers can be determined via reintercalation of potassium, what will be presented in 

chapter 3.11. 

To summarize the phenomena of photoluminescent driven Raman intensity enhancement in 

functionalized graphene within this thesis, it was demonstrated that the Raman ID and IG values 

in covalently modified monolayer graphene provide a more accurate measure of the basal 
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C(sp3) center content rather than their ratios. This represents a great advance to the insufficient 

model explained in Figure 13, which has up today been the only approach to quantify a degree 

of functionalization in graphene. 

The interconnection of using Raman and electrostatic doping provides a direct confirmation of 

a PL-modulated Raman intensity enhancement which is by large independent of the types of 

addends introduced. On that basis a model describing the dependence of the D- and G-mode 

intensity on the degree of functionalization  in monolayer derivatives was developed. 

Furthermore, it was also demonstrated that in the case of bulk materials such an ID and IG 

value based approach is limited to well defined and highly ordered systems.  

These findings now will lead to the answer of the questions which came up in the course of the 

SRS analysis of reductively aryl functionalized graphene in Figure 21. The results of the 

statistical Raman analysis of bulk samples with at least fractions of high stage functionalized 

(θ > 2 %) graphene can now be explained. 1) Reductive charging of graphite with at least 1 

electron per 8 carbon atoms allows a theoretical degree of functionalization of 12.5 % in the 

graphene layer. As demonstrated in chapter 3.6, the evolution of additional Raman interbands 

beginning in the middle stage of functionalization (θ > 0.5 %) leads to a further broadening of 

the Raman modes due to the formation of additional interbands, what becomes even more 

evident in the high stages θ > 2 %. Structurally, this can be explained by clustered sp3 defect 

sites, which also leads to the formation of isolated sp2 domains227 in random sizes (Figure 44). 

2) These sp2 domains can be regarded as substructures with an intrinsic local bandgap in the 

range of 1-2 eV, which are excited by the Raman laser. This additional luminescence 

contributes to the Raman response and thus leads to an intensity enhancement of highly 

functionalized graphene which is in the order of several magnitudes. 3) The Raman spectra 

for graphene with θ > 2 % all exhibit a Raman ID/IG ratio of ~1.2 (c.f. Figure 76b), moreover 

the statistical counting of intensity ratios in histograms does not consider the changes in overall 

spectral intensity. 4) In combination, these effects finally lead to the superimposition of all 

Raman responses from lower stages of functionalization present in the sample (θ < 0.5 %) that 

can be observed in all inhomogeneously functionalized bulk samples. Small regimes with a 

high degree of functionalization will certainly lead to a covering of less intense contributions, 

thus an estimation of θ even by statistical Raman spectroscopy is not possible and remains 

limited to well-defined systems like monolayer graphene. For all other cases, bulk material 

Raman analysis, either individual intensity or their ratio-based, requires the consideration of 

additional contributions associated with edges, interfaces, and random stackings. 
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3.11 Probing the number of layers in reaggregated samples 

The further investigation of typically derived samples after workup like G(THF)(OH)(H) as in 

Figure 85a, the stacking order and number of reaggregated functionalized sheets is still a task 

to be solved. After annealing, the remaining graphitic material presumably stems from either 

initially exfoliated sheets which are now restacked again (a-GA in Figure 85a). Recalling the 

possible oxo-functionalization of major fractions of the sample, the formation of CO2 leads to 

a partial decomposition of the sigma lattice as explained in Figure 51a. This can be captured 

as TG-MS trace for m/z 44 (Figure 45b). Consequently, if the functionality is dominated by 

hydroxylation, the remaining material after annealing must stem from unfunctionalized, never 

exfoliated and thus “still stacked” parts of the sample, termed a-GB. In this case, where only 

the surface was chemically modified because the core of the spherical powder graphite has 

never been exfoliated, the Raman signal after defunctionalization of a-GA and a-GB would not 

differ and finally lead to the Raman spectrum of graphite in both types. So the question how to 

trace back the intermediate composition of multiple restacked powders has to be solved with 

further techniques.  

For this purpose, a method based on Raman spectroscopy was developed for analyzing the 

typical number of graphene layers in a powder sample.143 Based on the work of Park et al.173, 

the 2D-mode can be used for the determination of the number of graphene layers. Using a 

controlled gas phase potassium intercalation, this technique enables the discriminiation 

between lightly doped stages, where the Raman modes of the undoped and the doped few-

layer graphene flakes coexist. The applicability of this reintercalation method is demonstrated 

on Gn (c.f. Figure 49) prepared by the chemical exfoliation of KC8 in DMSO as solvent finally 

leading to a sum of multiple restacked powders ∑ Gn after workup. The complete reaction 

scheme is summarized in Figure 86a. 

Principally, the polydisperse powder was reintercalated by potassium ions and monitored in 

situ by Raman spectroscopy. Figure 86b schematically shows the reintercalation into single, 

bilayer and trilayer stacks of graphene. Depending on the initial composition of a sample, the 

reintercalation of single layers would immedieately lead to stage I GIC, bilayer to stage II GIC, 

and so forth. 
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Figure 86: a) Synthesis of few-layered chemically exfoliated graphene: After exfoliation of KC8 in DMSO 
and workup, the multiple restacked conglomerate ∑ Gn is obtained. b) Experimental approach for the 
determination of the unknown composition of multiple restacked graphite sheets in bulk powders. 
Therefore, potassium is stepwise intercalated over intermediate stages Kinter@Gn until saturation doping 
to Ksat@Gn is achieved 

Starting from an undoped sample of chemically exfoliated conglomerates of stackings ∑ Gn, a 

controlled temperature-gradient driven potassium doping experiment was carried out under 

vacuum in order to unravel all possible doping stages via intermediate stages Kinter@Gn. Thus, 

the composition of present FLG aggregates can be resolved. According to the experimental 

data, the saturation doping to Ksat@Gn was achieved in ~10 steps. The corresponding Raman 

spectra recorded at 514 nm in the restacked FLG samples are depicted in Figure 87. The 

undoped sample displays a splitting in the 2D-mode. In accordance with the AFM image 

(Figure 33d), the splitting reveals that the sample is a mixture of flakes with different layer 

numbers. However, the Raman response of the undoped material is not sufficient to determine 

the exact distribution of the thicknesses.200 In Figure 87a, an analysis of the saturation doped 

chemically exfoliated sample Ksat@Gn is presented. The spectrum can be well fitted with the 

sum of an E2G2 Breit-Wigner-Fano component, a Lorentzian component around 1,560 cm-1, 
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and the CZ-mode and thus appears almost identical to the stage I GIC of pristine SGN18 

(Figure 18c). 

 

Figure 87: a) Scheme for the reintercalation of potassium into restacked multilayered graphene ∑ Gn 
after workup from the exfoliation of KC8 in DMSO. b) Raman spectra as a function of in situ K doping 
indicating the evolution of Kinter@Gn. Note that the lowest spectrum refers to undoped graphite. c) 
Raman spectrum of saturation potassium doped Ksat@Gn and the reference fit of KC8. 

The appearance of the Fano line at saturation doping is a signature of the presence of non-

single layer species in the powder. The Fano components fitted to the two spectra are similar 

with a phonon frequency ωph ≈ 1,510 cm-1, an asymmetry of q ≈ -1, and a damping of 

Γ ≈ 120 cm-1. Within the error bar of the analysis, these values do not differ from those found 

in KC8 as indicated in Figure 87c. The weak graphitic component around 1,560 cm-1 is a 

common feature with the GICs,255 and it is assigned to the stage II (KC24) level doping in 

Ksat@Gn. Regarding the CZ-mode around 560 cm-1, it is present in monolayer, few-layer 

graphene and in KC8.92, 255 This M-point mode is only Raman active for high intercalation levels. 

The large intensity of the CZ-mode is therefore a manifestation of successful maximal doping 

in the sample. Whereas the overall intensity in the two samples is comparable, the linewidth 

and the asymmetry differ in KC8 and in Ksat@Gn. The measure of the asymmetry, [1/q] is larger 

in Ksat@Gn, pointing to a larger coupling with the electronic continuum. This is plausible as the 

sum of a small number of aggregated layers increases the relative doping in Kinter@Gn. In 

parallel with this, the broader CZ-mode can be assigned to the larger vibration energy 

uncertainty of the system. 

To gain deeper insight into the composition of the multiple restacked ∑ Gn by the potassium 

reintercalation technique, the Raman response of lightly doped stages of Kinter@Gn are 

analyzed in detail in Figure 88. Upon light K doping, the Raman spectrum (Figure 88a) 

changes significantly, since a splitting of both the G- and the 2D-mode is observed. In 

potassium doped GICs the upper and lower G lines are attributed to charged (Gc) and strained 

layers (Gs), respectively. According to Chacon et al.98, the charges transferred from potassium 

accumulate on the potassium boundary carbon layers. The charge transfer to the rest of the 
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layers (the so-called inner layers) remains low and varies with the stage number of the GIC 

(c.f. Figure 9). Whereas the appearance of the splitted Gc- and Gs-modes corresponds to the 

presence of the multilayer species, this mode splitting can be evinced in inhomogeneously 

potassium doped monolayer graphene and can therefore be used for the determination of the 

number of layers in the investigated restacked bulk sample.92 

 

Figure 88: a) Raman spectra of in situ potassium doped Gn from undoped (bottom) to saturation doped 
Ksat@Gn (top) measured with at 514 nm laser excitation. b) Simulation of an intermediately doped few-
layered graphene Raman spectrum Kinter@Gn as superposition of undoped and stage III single crystal 
Raman spectra. c) Gs and Gc line positions in single crystal graphite98 and the two G-mode positions in 
Gn. Note that the position of the lower G-mode in Gn does not change upon doping. d) Phonon frequency 
difference of the Gc- and the Gs-modes in Gn and the reference graphite SGN18 at all measured 
wavelengths and for all doping stages. The dashed line is the stage III (KC36) single crystal value.98 

At higher doping levels, the intensity of the double resonant 2D-mode components is 

suppressed. At the highest doping stage, a Fano resonance line around ~1,400 cm-1 and the 

CZ dominates the spectrum. Whereas the Fano and the CZ-modes are present in the spectrum 

of KC8,255 the Fano line is absent in doped mono- and few-layer graphene.92 This observation 

is a direct proof that the reaggregated sample after exfoliation of KC8 in DMSO yielding ∑ Gn 

contains a sizeable amount of the bulk multiple restacked graphene flakes after workup. 

As the charge transfer happens predominantly from the alkali intercalant to the neighboring 

graphene layer, the intensity ratio of the strained and charged G-modes (R = I(Gs)/I(Gc)) can 
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be correlated with the GIC stages. According to literature,98, 269 a linear increase of R relates 

to a function of stage number independently of the alkali metal intercalant. Therein, it was 

shown that it is valid to use the linear dependence of this ratio R for the identification of the 

different stages. The fit to the G-modes of the lightly doped Raman spectra of Kinter@Gn in 

Figure 88b indicate an intensity ratio R ≈ 1, which is significantly larger than the R ≈ 0.4 

observed in Stage VI potassium GIC (KC72). Thus, it evidences an approximate KC200 doping 

level in the first doping step. The 2D-mode is only present in KC36 (stage III) and in higher GIC 

stages, as the mode arises from the uncharged inner carbon layers. The downshift of the 

2D-mode components can be derived from the gradually increasing biaxial strain due to the 

lattice expansion upon potassium doping.98 The downshift by about 40 cm-1 found in KC36 is 

notably smaller than the downshift by about 70 cm-1 measured in the lightly doped Kinter@Gn 

(see fits in Figure 88b contradicting to the doping level of K:C = 1:200 determined for the 

G-modes). Two scenarios are conceivable to resolve the disagreement: a) the biaxial strain in 

Gn might be larger than in single crystal graphite or b) the Raman spectrum of the doped Gn 

can be described as a sum of two components. That of undoped few-layer graphene sheets 

and that of multi-layer graphene sheets doped to stage III. The former scenario can be 

excluded, as the local strain is expected to be smaller in Gn than in single crystal graphite, as 

the tension is reduced easily on the smaller flakes.77, 98 

In Figure 88b, the Raman spectrum of Kinter@Gn was simulated as sum of stage III single 

crystal as well as undoped Gn. The reference fitting curves (“Undoped” and “KC36”) are shown 

together with the sum of these two components (“simulation”). The experimental curve for 

Kinter@Gn is well reproduced with this sum. The splitting into 2 modes Gs and Gc for lightly 

doped Kinter@Gn can therefore be used for the determination of their intensity ratio R in 

comparison with GICs of known staging composition. Similarly to the other case, the simulated 

spectrum in Figure 88b (sum of two components) describes well the experimental one. In the 

Raman spectrum of intermediately doped Gn, the intensity ratio is IGs/IGc ≈ 0.8, whereas it 

changes significantly in single crystals. For SGN18 graphite, both Gc and Gs lines exhibit a 

slight downshift upon doping as shown in Figure 88c. This provides an additional method to 

compare single crystals with wet chemical exfoliated bulk Gn. The position of the upper G-mode 

corresponds to high (around stage III), whereas the lower G-mode to lower doping. To compare 

the G-modes of the SGN18 graphite powder and that of the chemically exfoliated Gn, the 

phonon frequency difference of the Gc- and the Gs-modes (ΔωG = ωGc - ωGs) for all doping 

steps and for three Raman laser excitation wavelengths is presented in Figure 88d. In order 

to facilitate the comparison, the reference ΔωG value in KC36 is also shown as dashed line for 

comparison.98 The Raman shift differences in SGN18 have a minimum at the single crystal 

value, while it is a maximum for Gn within the error bar of the analysis. Hence, the Raman 

spectra for Gn are, in average, the mixtures of lower Gc and higher Gs-modes than those found 
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in SGN18. The lower Gc lines stem from highly charged (close to KC36), the higher strained the 

higher Gs lines arise from unstrained few-layer flakes. This is in perfect agreement with the 

observations for Figure 88c. 

To conclude the reintercalation experiment to determine n in conglomerates of multiple 

restacked Gn obtained from exfoliation of e.g. KC8 in DMSO (Figure 86a), the sample is mostly 

containing one to four layer graphene as illustrated in Figure 86b. Higher stages are not 

observed in the material, thus the wet chemical synthesis of graphene in this system leads to 

a maximum of 5-layer thick graphene aggregates. However, this corresponds only to a small 

portion of the material, while the majority of Gn is FLG with n < 5. This conclusion is nicely 

supported by the microscopic analysis of graphene films derived from KC8 in DMSO which are 

deposited on a Si/SiO2 wafer (c.f. Figure 33 in chapter 3.5.1) 

In summary, a new Raman spectroscopy based technique was developed which is readily 

applicable to identify the largest amount of layers in bulk samples of reductively exfoliated 

restacked materials via in situ K doping. This enables for the first time a tool for the 

determination of the sample composition after workup. Thus, this approach will support 

resolving the structural composition in any graphenide solution based system even after 

workup, which represents a major advantage to former in situ characterization tools.  
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4. Summary 

This thesis solved fundamental aspects regarding the chemistry and analysis of the reductive 

exfoliation of graphite for the wet chemical production of graphene. Moreover, the presented 

results comprise a detailed picture of the concomitant covalent functionalization of the 

graphenide intermediates. The application and improvement of modern characterization 

techniques for the determination of the properties of the yielded derivatives of graphene has 

been accomplished successfully, while innovative developments have been achieved novel 

and unprecedented levels. For a better understanding of the underlying processes leading to 

the final graphene derivative, a wide set of analytical tools has been applied, adapted and 

improved. By refining existing characterization techniques – especially Raman spectroscopy – 

the composition and properties of reductively exfoliated samples were analyzed in detail. This 

raised the understanding of the covalent functionalization of graphene to a new level which 

has been carefully worked out within this work. 

At first, the starting material for all reactions in this work was analyzed in detail in chapter 3.1. 

The pristine powder graphite SGN18 was characterized using Raman spectroscopy and 

TG-MS. The obtained data served as general reference to all samples obtained after wet 

chemical processes presented in this work. 

Subsequently, the synthesis of a stage I graphite intercalation compound using potassium 

metal in the ratio of K:C = 1:8 was described in chapter 3.2. At this section, the use of in situ 

Raman spectroscopy for the verification of complete metal intercalation was established in this 

work, since the handling and characterization of air-sensitive compounds requires particular 

inert vacuum conditions. This analytical standard condition has been established at this section 

of the work and was further used as prerequisite for the synthesis and analysis of air sensitive 

samples in this thesis.  

In order to address the essential goal of determining the degree of functionalization θ of various 

graphene derivatives, statistical Raman spectroscopy (SRS) was developed in chapter 3.3. 

SRS represents a systematic method for the quantitative and reliable characterization 

especially of inhomogeneously functionalized samples. Based on geometric considerations, a 

correlation between the mean distance of defects of densely packed point defects and the 

Raman ID/IG ratio was developed. From this ratio an average distance of defects LD can be 

deduced, although there exist two equations and therefore two possible solutions for LD. Thus, 

the existing model is mostly suitable for low degrees of functionalization (θ < 0.5 %) and 

therefore was further extended to the complete range of θ at the end of this work.  

Another key issue in this work was the improvement of the reductive functionalization of 

graphene for the control and tailoring of the electronic properties. Therefore, detailed 

investigations of several steps during the synthesis protocols are provided in chapter 3.4. For 
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a sufficient exfoliation and maximized degree of functionalization, the saturation doped stage I 

of the GIC (KC8) is required, while an excess of potassium does not lead to a further increase 

of the degree of functionalization.  

As described in chapter 3.5, the exfoliation of KC8 in DMSO leads to mostly one to four layers 

of graphene. It has been demonstrated that the exfoliation can be supported by mechanical 

input on the graphenide intermediate, although combined Raman and EPR studies revealed 

no significant difference between ultrasound, shear mixing and stirring. Since the covalent 

functionalization via reoxidation leads to a decrease in Coulomb repulsion, the resulting 

reaggregation of reoxidized, functionalized graphene layers has to be prevented. This can be 

achieved by stabilization e.g. on suitable substrates. As key prerequisite for the reductive 

exfoliation without undesired side reactions, the absolute purification of all involved chemicals 

has therefore to be ensured. Solely perfect reaction conditions and cleanliness enables control 

over the reaction and thus purity of the sample. 

A further fundamental achievement in the characterization of functionalized graphene was 

reported in chapter 3.6. Therein, a comprehensive analysis comprising in situ Raman 

spectroscopy supported by quantum mechanical calculations has been worked out. In order 

to exactly monitor the covalent binding mechanism to the negatively charged graphene sheets, 

a spectroscopic analysis with unprecedented precision under inert conditions has been 

developed. This methodology is very general and allows for the fast evaluation of suitable 

reaction conditions for the covalent functionalization of graphene. As model reaction, the 

hydrogenation of KC8 with H2O was chosen and compared with the corresponding exposure 

to H2 and O2. The early steps of graphene hydrogenation are accompanied by the evolution of 

a series of so far undiscovered defect site related modes (D1-D5). Using quantum mechanical 

calculations, it was possible to unambiguously assign these bands to distinct lattice vibration 

in the neighborhood of the covalently bound addend. It was demonstrated that basal plane 

carbon atoms in the local vicinity of a sp3 bound addend are directly influenced by the grafted 

functional group. Thus, the phonon frequency of surrounding lattice carbon atoms is shifted in 

between the region of the D- and G-mode in the Raman spectrum, while the relative intensities 

of such additional interbands is solely dependent on the nature of the functional group.  

Interestingly, the exposure of KC8 to H2 and O2 didn’t result in covalent grafting but intercalation 

of molecular hydrogen or partial oxidation by oxygen, respectively. A combination of H2O and 

O2 treatment led to formation of additional hydroxyl functionalities and thus provided evidence 

for the proposed mechanism. This important process has so far never been analyzed in detail. 

It was further demonstrated that the fundamental mechanistic investigation enables the 

simulation and assignment of the spectroscopic signatures of both bulk functionalized and 

related single layer graphene derivatives. Finally, the improved Raman analysis was applied 
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to covalently functionalized graphene with different compositions (e.g. degree of 

functionalization and nature of covalent addend) demonstrating the generality of the method. 

A major challenge was also the satisfactory characterization of reaction products. In the case 

of reductive exfoliation via graphenide solutions, the final product could until now only be 

analyzed after the complete reoxidation of the graphenides has been accomplished. This 

synthesis typically yields high degrees of functionalization which are reflected in a diminishing 

of the defect site related Raman signals resulting in broadened and superimposed modes. A 

clustering of the sp3 defect sites is assumed based on the observation of the characteristic 

Raman fingerprint indicating sp3 functionalization for degrees of functionalization in the percent 

range. As a consequence of clustered sp3 carbon arrays, conjugated sp2 domains are 

remaining, which strongly influence the electronic properties and originate additional 

photoluminescence contributions to the spectrum. In the special case of oxo-graphene with 

50 % of lattice defects, the measurement of current-voltage characteristics of a single 

contacted flake revealed the presence of metallic sp2 domains with ~1 nm average size 

separated by sp3 carbon atoms in the honeycomb lattice.  

A guide to an improved understanding of wet chemical functionalization of graphene was 

revealed in chapter 3.7. Since oxygen and water were identified for the introduction hydroxyl 

and hydrogen defect sites in the lattice which lead to amphiphilic, polydisperse products, the 

use of functionalization agents is inevitable to quench the charges prior to exposure of the 

graphenide solution to ambient conditions. Another important issue is considered in this 

section, since the redox potential of various reagents is not sufficient to quench all charges 

from the graphenide solutions. A crucial consequence of the covalently bound functionalities 

stemming from side-reactions with H2O/O2 was demonstrated for such an oxo-functionalized 

single layer graphene flake. In the presence of hydroxyl groups, the reversibility upon 

annealing is not retained anymore and accompanied by a decomposition of the σ-lattice. This 

drawback inevitably leads to the demand of a quantitative and controlled removal of all 

negative charges from the graphenide intermediates, which was solved at the end this work.  

Considering the high reactivity of negatively charged graphenides, a screening of eight 

different solvents was carried out in chapter 3.8 with respect to the wet chemical synthesis 

and concomitant functionalization of graphene. Based on the already refined characterization 

techniques, the interaction of KC8 with the solvents in terms of exfoliation, functionalization 

with hexyl chains, and reactivity towards the solvent itself was investigated in detail. A general 

observation was that the efficiency of the exfoliation determines the final degree of 

functionalization. These could be achieved best in the solvents DMSO, THF, DME. In contrast, 

toluene, MTBE, NMP and MeCN did not dissolve KC8, although in MeCN a successful 

functionalization with hexyl groups could be demonstrated. However, no reoxidation reaction 

was revealed which would circumvent covalent functionalization or prevent from the side-
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reactions of the remaining charges upon exposure to ambient conditions, which again would 

require an inert oxidation agent. 

Therefore, the important milestone of the wet chemical oxidation of negatively charged 

graphene samples was worked out in chapter 3.9. Therein, the discovery of a facile and 

quantitative electron trapping from reduced graphite forms such as GICs, graphenide 

dispersions, and graphenides deposited on surfaces by the simple exposure to benzonitrile 

opens unprecedented perspectives in graphene engineering. At the same time, the red colored 

benzonitrile radical anion PhCN.- serves as an ideal reporter molecule for the quantification in 

of the amount of negative charges on GICs or graphenides using absorption spectroscopy. 

Associated with the discharging of the GICs and the documented conversion to the parent 

graphite is the quantitative migration of the interlayer potassium cations into the liquid phase. 

The ability of oxidation without functionalization enables, for the first time, the straightforward 

formation of graphene from graphenides deposited on surfaces. The advantage of this 

straightforward and inexpensive graphene production surpasses previous wet chemical 

methods accessing perfect large area graphene flakes directly from solution. This discovery 

represents a rather mild and scalable method for the wet chemical production of graphene with 

tailored electronic properties. Considering future studies in the field of reductive carbon 

allotrope functionalization, the exact energetic processes in the SET reactions with a broad set 

of reagents and solvents can now be resolved. The quantification of remaining charges with 

benzonitrile moreover enables the collection of a broad library of reaction effectiveness as well 

as purification of functional derivatives in many reduced SCAs and to gain control over 

excessive, undesired high degrees of functionalization and side reactions. 

Considering the previously described formation of luminescence centers in highly 

functionalized graphene derivatives, the consequence of such isolated domain structures is 

described in detail in chapter 3.10. This intrinsic property inevitably leads to a significant 

enhancement of the optical response in virtually every spectroscopy by an additional 

photoluminescence contribution. This general approach has been quantified experimentally for 

the first time and was further supported by a profound model which unambiguously correlates 

the individual Raman intensities to the degree of functionalization. In detail, the Raman 

intensities of the D- and G-mode provide a more accurate measure of the basal sp3 content 

rather than the ID/IG ratio which was commonly used up today. On that basis, a model 

describing the dependence between the signal intensity and θ in monolayer derivatives was 

developed. This correlation enables the determination of θ over the complete range 

independent from the chemical nature of the functional groups. This experimental and 

theoretical description is consequently an outstanding achievement in the field of the 

characterization of functionalized graphene derivatives. Although the determination of θ in 
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multiple stackings and polydisperse samples like in e.g. graphene powders still remains 

elusive, this model now allows for approaching such values in future works. 

The latest chapter 3.11 presents a novel approach for the determination of the number of 

primarily exfoliated and subsequently reaggregated graphene layers which are e.g. emerging 

in graphene powders. The developed method is based on the reintercalation of potassium into 

the sheets, while in situ Raman spectroscopy is carried out to verify the formed stages of GICs. 

This indirect technique allows drawing conclusions about the initial degree of exfoliation in (re-

) stacked samples. 

Altogether, this work revealed fundamental aspects of the synthesis, mechanism, properties, 

and characterization of covalently functionalized graphene. It combines major breakthroughs 

in the spectroscopic analysis and solved several hurdles in the field of covalent mono- to 

multilayer functionalization. Moreover, all relevant factors during the synthesis – including the 

mechanism and structural formations – were revealed. As a noteworthy highlight, a setup for 

in situ Raman spectroscopy of reactions of air sensitive samples was developed to gain insight 

into the reaction mechanism of intermediately charged graphite forms. Besides the family of 

synthetic carbon allotropes, also novel materials like black phosphorous or TMCs can now be 

analyzed under inert gas atmosphere as well as under varying reaction conditions, which is an 

outstanding technical benefit achieved in this work. Besides the refinement of existing synthetic 

protocols, the strongly demanded solution of wet chemical discharging of reduced graphite 

forms was worked out using benzonitrile as key molecule. In the scope of determining the 

exact degree of functionalization, this work achieved another milestone in the characterization 

of virtually all derivatives of graphene. Moreover, the tailoring of the properties of exfoliated 

graphene has been raised to new levels in this work and will lead to essential progress in the 

field of carbon allotrope chemistry as well as further 2D materials beyond carbon.  
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5. Zusammenfassung 

Die vorliegende Arbeit beleuchtet neue fundamentale Aspekte der reduktiven Exfoliierung von 

Graphit zur nasschemischen Darstellung von Graphen. Dabei wurden die damit verbundenen 

Prozesse bei der kovalenten Funktionalisierung von Graphenid Intermediaten eingehend 

analysiert. Die Anwendung moderner Charakterisierungsmethoden für die schlussendliche 

Bestimmung der finalen Zusammensetzung der erhaltenen Graphen Derivate wurde mittels 

innovativer Forschung und Entwicklung erfolgreich umgesetzt. Für ein tieferes Verständnis der 

zugrunde liegenden Mechanismen, die zu funktionalisiertem Graphen führen, wurde ein 

breites Spektrum an analytischen Instrumenten modifiziert und verbessert. Durch die 

Weiterentwicklung bereits existierender Charakterisierungsmethoden - insbesondere der 

Raman Spektroskopie - konnten Zusammensetzung und Eigenschaften reduktiver exfoliierter 

Proben in einer Qualität untersucht werden, die bis dato einzigartig ist. 

Zu Beginn dieser Arbeit wurde in Kapitel 3.1 eine detaillierte Analyse des verwendeten 

Ausgangsmaterials, dem Pulvergraphit der Marke SGN18, vorgestellt. Die Raman und TG-MS 

Daten dienen dabei als grundlegende Referenz für alle Proben, die in dieser Arbeit 

nasschemisch erhalten wurden. 

Anschließend wurde in Kapitel 3.2 die Herstellung einer Graphit Interkalationsverbindung 

(GIV) der Stufe I mit einem Kalium zu Kohlenstoff Verhältnis von 1:8 beschrieben. In diesem 

Abschnitt wurde auch erstmals die Anwendung von in situ Raman Spektroskopie eingeführt, 

da die spektroskopische Untersuchung luftempfindlicher Proben spezielle inerte Vakuum 

Umgebung erfordert. Diese analytischen Standardbedingungen wurden an dieser Stelle der 

Arbeit etabliert und stellen ab hier eine Grundvoraussetzung für die Charakterisierung reaktiver 

Intermediate dar. 

Um die grundlegende Zielsetzung der Bestimmung des Funktionalisierungsgrads von 

verschiedensten Graphen Derivaten zu erreichen, wurde in Kapitel 3.3 die statistische Raman 

Spektroskopie (SRS) eingeführt. Diese stellt eine systematische Methode zur quantitativen 

und verlässlichen Charakterisierung von inhomogenen Graphen Proben dar. Ausgehend von 

geometrischen Überlegungen konnte ein Zusammenhang zwischen dem mittleren Abstand 

von Defekten und dem Raman ID/IG Verhältnis entwickelt werden. Aus diesem Quotienten 

wurde der durchschnittliche Defektabstand LD errechnet, obwohl mittels dieser Methodik noch 

immer zwei Gleichungen und daher zwei Lösungen für LD möglich sind. Da das bestehende 

Modell besonders für geringe Funktionalisierungsgrade (θ < 0,5 %) geeignet ist, wurde dessen 

Bestimmung in dieser Arbeit weiter verfeinert und auf alle Funktionalisierungsgrade 

ausgeweitet. 
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Ein weiteres zentrales Thema dieser Arbeit stellt die Optimierung der kontrollierten reduktiven 

Funktionalisierung von Graphen mit maßgeschneiderten elektronischen Eigenschaften dar. 

Dafür wurde zunächst eine genaue Evaluation einiger relevanter Syntheseparameter im 

Kapitel 3.4 ausgearbeitet. Um eine effiziente Exfoliierung und einen hohen 

Funktionalisierungsgrad zu erzielen, ist als Ausgangsmaterial die GIV der Stufe I (KC8) 

erforderlich, wobei gezeigt werden konnte, dass ein Überschuss an Kalium nicht zu einem 

weiteren Anstieg des Funktionalisierungsgrads führt. 

Wie in Kapitel 3.5 beschrieben führt die Exfoliierung von KC8 in DMSO durchschnittlich zu ein 

bis vier Graphenlagen. Die Exfoliierung kann durch mechanische Einwirkung auf das 

Graphenid Intermediat unterstützt werden, wobei eine Kombination aus Raman und ESR 

Untersuchungen keine signifikanten Unterschiede zwischen Ultraschall, Schermixer und 

Rührer feststellen konnte. Da mit der Funktionalisierung mittels Reoxidation stets eine 

Verminderung der Coulomb Abstoßung einhergeht, muss die daraus resultierende 

Reaggregation der funktionalisierten Einzellagen verhindert werden. Dies kann durch eine 

Stabilisierung beispielsweise auf Substraten erzielt werden. Die Grundvoraussetzung einer 

sauberen Exfoliierung ohne unerwünschte Nebenreaktionen ist daher die Reinigung aller 

Chemikalien, Lösungsmittel und Reagenzien, bis hin zur absoluten Trockenheit. Nur dies 

garantiert am Ende die Reinheit der Probe und somit die Kontrolle über die Reaktion. 

Eine weitere grundlegende Errungenschaft bei der Charakterisierung von funktionalisiertem 

Graphen wird in Kapitel 3.6 in Form einer umfassenden Analytik vorgestellt, die die in situ 

Raman Spektroskopie unterstützt durch quantenmechanische Berechnungen einschließt. Um 

den Mechanismus der kovalenten Bindungsbildung mit Graphen genau aufzeichnen zu 

können, wurde eine spektroskopische Methode mit bisher unerreichter Präzision 

ausgearbeitet. Diese Vorgehensweise kann generell angewendet werden und erlaubt ein 

schnelles Evaluieren geeigneter kovalenter Funktionalisierungsreaktionen. Hierfür wurde die 

Hydrierung von KC8 mit Wasser als Modellreaktion verwendet und mit der Umsetzung mit den 

entsprechenden Gasen Wasserstoff und Sauerstoff verglichen. In den ersten 

Hydrierungsstufen entstehen dabei zusätzlich zur D- und G-mode bisher unentdeckte Raman 

Moden (D1-D5), die der Bildung von sp3 Defekten zugeordnet werden können. Mittels ab initio 

Rechnungen war es möglich, diese Moden eindeutig bestimmten Gitterschwingungen in der 

Umgebung eines sp3 funktionalisierten Gitterkohlenstoffatoms zuzuordnen. Es konnte sogar 

gezeigt werden, dass die Kohlenstoffatome in der lokalen Umgebung einer Funktionalgruppe 

direkt in ihrer Schwingungsenergie beeinflusst werden. Dadurch entstehen zusätzlichen 

Moden im Raman Spektrum, welche obendrein durch quantenmechanische Berechnungen 

untermauert wurden. Durch die konstant bleibende Verschiebung kann dieser Fingerabdruck 

im Spektrum als generelle Charakteristik einer sp3 gebundenen Gruppe angesehen werden, 
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wobei sich lediglich das Intensitätsverhältnis der neu entdeckten Moden mit der chemischen 

Natur des Addenden ändert.  

Interessanterweise führt Wasserstoff bei KC8 zu keiner Reaktion sondern lediglich zu einer 

Interkalation. Reiner Sauerstoff führte ebenfalls nur zu einer partialen Reoxidation, jedoch 

ohne dabei geordnete Graphit Strukturen zurück zu gewinnen. Erst eine Kombination aus H2O 

und O2 führte zur Funktionalisierung von Graphen mit Hydroxylgruppen, wodurch der 

vermutete Reaktionsmechanismus experimentell bestätigen konnte. Dieser wichtige Prozess 

wurde bisher nicht in dieser Genauigkeit untersucht und konnte so in dieser Arbeit erfolgreich 

aufgelöst werden. Es konnte weiterhin gezeigt werden dass der grundlegende Mechanismus, 

der beobachtete spektroskopische Fingerabdruck sowie dessen Simulierung eine 

Identifizierung von funktionellen Gruppen in allen existierenden Graphenderivaten ermöglicht. 

Dies wurde abschließend anhand verschiedenster funktionalisierter Proben (mit variierendem 

Funktionalisierungsgrad oder Addenden) angewandt. Um die universelle Gültigkeit der 

Methode zu unterstreichen konnte durch diese Methode nun auch die bis dato große 

Herausforderung, Ramanspektren polydisperser Reaktionsprodukte zu interpretieren, gelöst 

werden. Im Falle von reduktiv exfoliiertem Graphen konnten die Analytik bisher lediglich nach 

vollständiger Reoxidation, d.h. der maximal erreichbaren Dichte an Funktionalgruppen, 

durchgeführt werden. Dieser hohe Funktionalisierungsgrad führt typischerweise zu 

verbreiterten, sich überlagernde Raman Banden, die mit dem Spektrum von Graphenoxid 

vergleichbar sind. Durch die Identifizierung des Fingerabdrucks kann auch die vermutete 

Zusammenlagerung von sp3 Defekten im Graphen Gitter angenommen werden, was oberhalb 

eines Funktionalisierungsgrads der Prozentmarke beobachtet werden kann. Als direkte 

Konsequenz bleiben konjugierte sp2 Domänen übrig, die starken Einfluss auf die 

elektronischen Eigenschaften haben und zusätzliche Lumineszenz zum Spektrum beitragen. 

Im Fall eines oxidierten Graphenderivats (θ ≈ 50 %) konnte mittels Messung der 

charakteristischen Strom-/Spannungskurve einer lithographisch kontaktierten Monolage 

nachgewiesen werden, dass isolierte, metallische π-Domänen existieren. Diese haben 

demnach einen durchschnittlichen Durchmesser von ungefähr 1 nm und werden durch die 

zusammengelagerten sp3 Kohlenstoffatome voneinander abgegrenzt. 

Für ein vertieftes Verständnis der nasschemischen Graphen Funktionalisierung wurde in 

Kapitel 3.7 ausführlich auf die jeweiligen Reaktionsschritte bei der reduktiven Exfoliierung 

eingegangen. Nachdem die Kombination Wasser und Sauerstoff eindeutig als Verursacher 

der kovalenten Hydrierung und Hydroxylierung identifiziert wurde, die letzten Endes zu 

amphiphilen, polydispersen Proben führt, muss der Reaktion mit Umgebungsluft durch Zugabe 

von elektrophilen Abfangreagenzien zuvor gekommen werden. An dieser Stelle muss auch 

berücksichtigt werden, dass das Redoxpotential vieler Abfangreagenzien nicht ausreicht, um 

alle Ladungen quantitativ von der GIV zu oxidieren. Die stark reduktiven Bedingungen führen 
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ansonsten zu der nachgewiesenen, unerwünschten Nebenreaktion mit der Umgebungsluft. 

Die daraus entstehenden -H/-OH Gruppen haben große Auswirkungen auf die weitere 

Prozessierung, was anhand einer mit oxo-funktionalisierten Monolage Graphen gezeigt wurde. 

Sobald sauerstoffhaltige Gruppen wie Hydroxide in relevanter Zahl kovalent gebunden sind, 

ist die Reversibilität bei Erhitzen unter Inertgas nicht mehr gegeben und das σ-Gitter des 

Graphens zersetzt sich. Eine solche Hydroxylierung tritt stets dann auf, wenn Ladungen vor 

der Aufarbeitung der Probe nicht vollständig reoxidiert werden konnten und das Graphenid 

anschließend einer Kombination aus Wasser und Sauerstoff ausgesetzt wird. Die Entwicklung 

einer quantitativen Oxidation von Grapheniden noch vor der Aufarbeitung kehrt daher als 

zentrales Problem der reduktiven Exfoliierung wieder, das am Ende dieser Arbeit vollständig 

gelöst werden konnte. 

In Kapitel 3.8 wurde hinsichtlich der hohen Reaktivität von Grapheniden eine Vergleichsstudie 

von acht verschiedenen organischen Lösungsmitteln durchgeführt, deren Ergebnisse jeweils 

mit dem Ziel der Gewinnung von funktionalisiertem Graphen diskutiert wurden. Mit den in 

dieser Arbeit verbesserten Charakterisierungsmethoden konnte somit die Interaktion von KC8 

mit den Lösungsmitteln mit Bezug auf Exfoliierung, Funktionalisierung mit Hexylketten und der 

Reaktion mit dem Lösungsmittel selbst detailliert untersucht werden. Eine grundsätzliche 

Beobachtung war, dass der Exfoliierungsgrad maßgeblich den späteren 

Funktionalisierungsgrad bestimmt. Beides funktionierte am besten in den Lösungsmitteln 

DMSO, THF und DME. Im Gegensatz dazu war es nicht möglich, KC8 in Toluol, MTBE oder 

NMP zu exfoliieren. In Acetonitril war eine Exfoliierung nur möglich, wenn gleichzeitig eine 

Funktionalisierung mit Hexylketten durchgeführt wurde. Allerdings konnte in keinem System 

eine Reoxidationsreaktion gefunden werden, die eine kovalente Modifikation umgehen oder 

gar die bereits erläuterten Nebenreaktionen verbleibender Ladungen unter Umgebungs-

bedingungen verhindern könnte.  

Einem wichtigen Meilenstein im Bereich der Darstellung von Graphen mittels reduktiver 

Exfoliierung widmet sich das Kapitel 3.9. Um eine präzise Kontrolle über den späteren 

Funktionalisierungsgrad bei der Exfoliierung von Graphen aus KC8 zu ermöglichen, bedarf es 

einer Methode die intermediären Graphenide nasschemisch zu entladen, ohne dass durch 

diese Oxidation später Defekte im Gitter erzeugt werden. Die Entdeckung eines einfachen, 

aber quantitativen Elektroneneinfangs ist anwendbar an allen existierenden reduzierten 

Formen des Graphits. Die nasschemische Behandlung reaktiver Intermediate wie GIVs, 

Grapheniden, oder Monolagen von Graphenid auf Substraten mit dem organischen 

Lösungsmittel Benzonitril eröffnet noch nie da gewesene Möglichkeiten für die Synthese von 

Graphen. Im gleichen Atemzug fungiert das entstandene Benzonitril Radikalanion PhCN.- als 

ideales Reportermolekül, um die Anzahl an negativen Ladungen mittels Absorptions-

spektroskopie zu quantifizieren. Verbunden mit dem Entladen von GIV und der 
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nachgewiesenen Umwandlung von GIV zurück in Graphit ist die quantitative Migration der 

interkalierten Kaliumionen in das umgebende Lösungsmittel. Die neue Möglichkeit der 

Oxidation – ohne dabei kovalent zu funktionalisieren – ermöglicht zum ersten Mal die direkte 

Abscheidung von defektfreiem Graphen auf Substrate ausgehend von negativ geladenen 

Grapheniden. Der Vorteil dieser simplen und billigen Methode übertrifft die bisher etablierten 

nasschemischen Methoden und ermöglicht den Zugang zu großflächigen Graphenlagen in 

perfekter Struktur direkt aus Lösung. Diese Entdeckung stellt daher eine milde, skalierbare 

und günstige Methode für die nasschemische Graphenproduktion dar, die obendrein die 

Modifikation von maßschneiderten elektronischen Eigenschaften ermöglicht. Zukünftige 

Arbeiten auf dem Gebiet der reduktiven Funktionalisierung von Kohlenstoffallotropen können 

mit der hier gewonnenen Erkenntnis die exakten energetischen Prozesse der 

Elektronentransferreaktionen von Reaktionspartnern und Lösungsmitteln auflösen. Die 

Quantifizierung jeglicher vorhandener negativer Ladung durch Benzonitril ermöglicht die 

Erstellung einer Bibliothek über die Effizienz von Funktionalisierungsreaktionen. Des Weiteren 

lassen sich sämtliche reduktiv geladene Kohlenstoffallotrope schon vor der Aufarbeitung 

entladen. Somit kann eine deutliche Verbesserung der Reinheit und Probenqualität erzielt 

werden und ein übermäßig hoher Funktionalisierungsgrad wird kontrollierbar. 

In Betracht der bereits beschriebenen Entstehung von Lumineszenz Zentren in hoch 

funktionalisierten Graphenderivaten führt diese Materialeigenschaft zwangsläufig zu einer 

signifikanten Erhöhung der gemessenen Intensität in so gut wie jeder optischen 

Spektroskopie. In Kapitel 3.10 wird dieser Zusammenhang genau beschrieben. Die im 

Spektrum beobachtete Photolumineszenz wird dabei ausgenutzt um den 

Funktionalisierungsgrad mittels Raman Spektroskopie zu quantifizieren. Anhand eines breiten 

Satzes an Graphenderivaten unterschiedlicher Funktionalisierungsgrade konnte die Resonanz 

am Detektor bestimmt und die jeweilige Intensität eindeutig mit einer Modellrechnung korreliert 

werden. Mit der experimentell gemessenen Stärke des Ramansignals kann somit exakt der 

Funktionalisierungsgrad jeder beliebigen Graphenprobe bestimmt werden. Dieses Modell stellt 

eine deutliche Verbesserung der bisherigen, auf vielen Annahmen basierenden 

Literaturprozedere dar. Diese Modelle beruhten dabei lediglich auf dem normierten ID/IG 

Verhältnis, das mit einem mikroskopisch ermittelten Defektabstand korreliert wurde. Die 

exakte Anwendung war deshalb bisher auf niedrige Funktionalisierungsgrade (θ < 0.5 %) mit 

isotroper Verteilung der Defekte limitiert. Die in dieser Arbeit entwickelte Methode bietet somit 

erstmals eine allgemein gültige und uneingeschränkt (hinsichtlich θ) gültige Korrelation 

zwischen Ramansignal und Funktionalisierungsgrad. Dies stellt eine herausragende 

Errungenschaft im Bereich der Charakterisierung von kovalent funktionalisierten Graphen 

Derivaten dar. Obwohl die Bestimmung von θ in Multilagen wie z.B. polydispersen Pulvern 
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immer noch eine Hürde darstellt, ist dies in Zukunft mit Hilfe des hier entwickelten Modells 

machbar geworden. 

Das letzte Kapitel 3.11 stellt passend zum Aspekt der unbekannten Zusammensetzung von 

polydispersen, mehrlagigen Pulvern eine neue Technik zur indirekten Bestimmung der 

Lagenzahl vor. Die neu entwickelte Methode basiert auf der erneuten Interkalation von Kalium 

in die vormals exfoliierten Schichten. Währenddessen werden die dabei gebildeten Stufen der 

GIVs mittels in situ Raman Spektroskopie analysiert. Dadurch können Rückschlüsse auf den 

ursprünglichen Exfoliierungsgrad der reaggregierten Proben gemacht werden. 

Alles in allem enthüllt diese Arbeit grundlegende neue Aspekte der Synthese von kovalent 

funktionalisiertem Graphen, der reduktiven Exfoliierung zugrunde liegenden Mechanismen, 

den Eigenschaften und der Charakterisierung der Reaktionsprodukte und beschreibt eine 

essentielle Verbesserung bestehender Analytik. Die Korrelation von Spektroskopie und 

Materialeigenschaften stellt einen bedeutenden Durchbruch im Verständnis und 

Charakterisierung von kovalenter Mono- und Multilagen Funktionalisierung dar. Darüber 

hinaus wurden alle bei der Synthese relevanten Faktoren, einschließlich des Mechanismus 

und der Struktur, eindeutig aufgezeigt. Als bemerkenswerte Errungenschaft wurde ein Setup 

für die in situ Beobachtung der Reaktion von Kalium GIVs mit verschiedenen Reaktanden aller 

Aggregatszustände entwickelt. Durch das etablierte Arbeitsprinzip dieses Setups kann nun ein 

weites Feld an Reaktionen von luftempfindlichen Proben spektroskopisch in Echtzeit verfolgt 

werden. Neben der Familie der synthetischen Kohlenstoffallotrope können nun beispielsweise 

auch chemische Reaktionen von schwarzem Phosphor oder Übergangsmetall Chalkogeniden 

auf einfache Weise und effektiv untersucht werden. Dies kann sowohl unter Vakuum, als auch 

unter Inertgas oder jeder anderen gewünschten Atmosphäre erfolgen. Neben der 

Verbesserung der bestehenden Synthesewege wurde die lang ersehnte Methode der 

nasschemischen Entladung reduzierter Kohlenstoffspezies entdeckt und ausgearbeitet. Der 

Einsatz von Benzonitril als inerte, Oxidationsmittel eröffnet vielerlei Möglichkeiten bei der 

reduktiven Graphenproduktion und stellt einen großen Durchbruch in diesem 

Forschungsgebiet dar. Für die spätere Bestimmung von Funktionalisierungsgraden in 

Graphenderivaten wurde ebenfalls ein Meilenstein bei der Charakterisierung erzielt. Diese 

Arbeit leistet daher einen essentiellen Fortschritt auf dem Gebiet der reduktiven Chemie an 

Kohlenstoffallotropen und neuartigen 2D Materialen und bildet einen nachhaltigen und soliden 

Grundstock für weitere Forschungen und Materialentwicklungen. 
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6. Experimental part 

Chemicals and solvents 
 
Graphite: As starting material, a spherical synthetic graphite SGN18 (Future Carbon®, 

Germany) with 99.99 % C, <0.01 % ash, a comparatively small mean grain size of 18 µm (see 

SEM image in the inset of Figure 17d), a high specific surface area of 6.2 m2/g, and a resistivity 

of 0.001 Ω*cm was chosen.  

CVD graphene was purchased from Graphenea® on a 0.5 cm2 Si/SiO2 substrate (300 nm thick 

oxide layer). 

Potassium, Lithium, and Sodium chunks were bought from Sigma-Aldrich Co. (Germany) 

and used as received (99.99 % purity). 

Chemicals were purchased from Sigma Aldrich Co. (Germany) in HPLC quality and used as-

received if not stated otherwise.  

Solvents were received anhydrous from Sigma-Aldrich and dried over molecular sieves (3 Å) 

for 3 days. If necessary, they were distilled multiple times over CaH2 and/or Na/K alloy in the 

glovebox to completely exclude stabilizers and water residuals. Finally, pump-freeze technique 

was used to completely degas the solvents prior to the reaction until absolute quality (<1 ppm 

H2O, <1 ppm O2) was achieved. Finally, pump-freeze technique was used to completely degas 

the solvents prior to the reaction. To determine the complete removal of water, Karl-Fischer 

titration was carried out to proof the absolute purity. 

Functionalization reagents were dried to absolute quality (<1 ppm H2O, <1 ppm O2) over 

molecular sieves (3 Å). If necessary, they were distilled multiple times over CaH2 and/or Na/K 

alloy to completely exclude stabilizers and water residuals. Finally, pump-freeze technique was 

used to completely degas the solvents prior to the reaction.  

Oxygen 4.5 (O2) and Hydrogen 5.0 (H2) were received as lecture gas bottles (Minican) from 

Linde AG (Germany) and directly connected to the gas bottle connection of the in situ Raman 

measurement setup presented in Figure 35. 

NH3 (5.0) was obtained by Riesner-Gase GmbH + Co KG (Germany). 

CO2 (4.5) was received from Westfalen AG (Germany). 

Water (H2O) was received from Sigma-Aldrich Co. (Germany) purified, deionized, and 

bidistilled. Pump-freeze technique was carried out 3 times to completely remove gases from 

the water. 
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Glovebox: Sample preparation, solvent processing, and functionalization was carried out in 

an argon filled Labmaster SP glovebox (MBraun®), equipped with a gas filter to remove 

solvents and an argon cooling system, with an oxygen and water content <0.1 ppm.  

Na/K alloy: For the synthesis of liquid Na/K alloy, 3.9 mmol Na and 7.7 mmol K were melted 

for the formation of the eutectic mixture under an argon atmosphere. After cooling down to RT, 

the liquid alloy was freshly used for further reduction of graphene on substrates (Figure 23 & 

Figure 24) or in dry DME (Figure 19 & Figure 52). Therefore, 0.45 mL of Na/K alloy was 

stirred in 150 mL DME in a flame dried round bottom flask at RT. After a short ultrasonic pulse, 

24 mg (2.0 mmol carbon) SGN18 graphite were added to the deep-blue solution and stirred 

for 3 days, before the reaction mixture was treated with an excess of phenyl iodide and stirred 

overnight. Sodium and potassium salts as well as the excess of the trapping reagent were 

removed by transferring into a separation funnel filled with cyclohexane (100 mL) and washing 

with distilled water (200 mL). The organic layer containing the carbonaceous material was 

filtered through a 0.2 μm reinforced cellulose membrane filter (Sartorius®) and thoroughly 

washed with DME, isopropanol, ethanol, and water (50 mL each). The resulting black solid 

was dried at 75 °C overnight.  

For the reductive functionalization of CVD graphene (Figure 24 & Figure 72) using Na/K as 

reducing agent, the alloy was added to 20 mL of DME and stirred for 12 h to give a deep blue 

solution. One drop of this solution was transferred on the CVD graphene sheet on a Si/SiO2 

wafer. Afterwards, a drop of I-Ph (Figure 24) or I-Hex (Figure 72) was added, respectively. 

The wafer was removed from the glovebox after one hour reaction time and washed twice with 

isopropanol and once with acetone. The resulting black solid was dried at 75 °C overnight. 

Modified Birch-type reaction: For the reductive exfoliation of graphite using Li in liquid NH3 

(Figure 19 & Figure 52), a flame-dried and argon purged four-necked round-bottomed flask 

(250 mL) equipped with two gas inlets and pressure compensation, 100 mL anhydrous THF 

were cooled to -78 °C and ammonia (100 mL) was condensed. After the addition of 5 equiv. 

lithium (35 mg, 5.0 mmol) a deeply blue colored solution was formed wherein 12.0 mg 

(1.0 mmol carbon) of SGN18 graphite was added. After stirring for 1 h a blue-black dispersion 

was obtained and the cooling was removed. After complete evaporation of ammonia the 

remaining lithium-bronze was removed by a syringe and the dispersion was ultrasonicated for 

20 minutes in a bath type sonicator. For the functionalization of mechanically exfoliated 

graphene on Si/SiO2 (Figure 23), the wafer was directly placed in the sample holder (similar 

to Na/K in Figure 23c) prior to condensation of ammonia in THF. The final arylation reaction 

was achieved by treatment with 6 equiv. I-Ph (1.35 mL, 12.0 mmol) and stirring overnight. 

Lithium salts as well as the excess of the trapping reagent were removed by transferring into 

a separation funnel charged with cyclohexane (100 mL) and washing with distilled water 
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(200 mL). The organic layer containing the carbonaceous material was filtered through a 

0.2 μm reinforced cellulose membrane filter (Sartorius®) and thoroughly washed with THF, 

isopropanol, ethanol, and water (50 mL each). The resulting black solid was dried at 75 °C 

overnight. 

Synthesis of KC8: For the synthesis of a solid state GIC mother batch used for all respective 

reactions in this work, 480 mg (40.0 mmol carbon) spherical graphite SGN18 and 195 mg 

(5.0 mmol) potassium were heated to 200 °C in a glass vial in the glovebox (Figure 18). The 

formation of the final stage I GIC was verified by in situ Raman spectroscopy and XRD analysis 

under inert conditions, respectively. After the complete formation of the stage I GIC, the powder 

was allowed to cool to ambient temperature for further usage. 

Synthesis of graphenide solutions: For the general exfoliation of KC8 in the solvents used 

in this work, 1.0 mmol of freshly produced stage I GIC KC8 (16.8 mg) was dissolved in 100 mL 

of each absolute solvent (0.17 mg/mL) by brief ultrasonication (5 minutes, 20 kJ, 1 s pulse). 

Synthesis of KC(1:n): For the synthesis of the GICs with varying potassium/carbon ratios 

(Figure 28), the following stoichiometric ratios were weighted in (c.f. Table 5): 

G(1:4) [K:C : 
1

4
 ]; G(1:8) [K:C : 

1

8
 ], G(1:10) [K:C : 

1

10
 ], G(1:24) [K:C : 

1

24
 ], G(1:48) [K:C : 

1

48
 ] 

Afterwards, the respective salt was allowed to cool to RT and isolated as a beige [K:C = 1:4], 

bronze [K:C = 1:8, 1:10] or black/grey [K:C = 1:24, 1:48] material (Figure 89). 

Table 5: GICs obtained by the variation of the stoichiometric carbon/potassium ratio. 

K:C m (SGN18) / mg m (K) / mg n (GIC) / mmol 

1:4 240 195 5 

1:8 480 195 5 

1:10 480 156 4 

1:24 576 78 2 

1:48 576 39 1 
 

 

Figure 89: Photograph of various stoichiometric ratios of potassium doped graphite of the stoichiometric 

ratio K:C = 1:4 (left) to 1:48 (right). 
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Synthesis of G(1:n)Ph: For the synthesis of the graphenide solutions in Figure 27, 1.0 mmol 

of the respective GIC (21.8 mg G(1:4), 16.9 mg G(1:8), 15.9 mg G(1:10), 13.6 mg G(1:24), 12.8 mg 

G(1:48)) was dissolved in 150 mL of absolute THF by mild tip sonication (Bandelin UW 3200, 20 

J/min, pulse rate 1 s, 5 min). Subsequently, 2 equiv. of I-Ph (408 mg) were added and the 

reaction mixture was stirred at RT overnight. Afterwards, the reaction mixture was transferred 

from the glovebox and 50 mL of water and a few drops of HCl (until pH = 7 is reached) were 

added to the dispersion. The reaction mixture was transferred to a separation funnel with 

100 mL of cyclohexane. The phases were separated and the organic layer containing the 

functionalized material, and purged three times with distilled water (200 mL each). The organic 

layer was filtered through a 0.2 µm reinforced cellulose membrane filter (Sartorius®) and 

washed three times with THF, ethanol, isopropanol, and water (50 mL each). The resulting 

black solid was dried at 75 °C overnight. 

Synthesis of nK+C8
(n-m)-Xm: The vapor pressure controlled exposure of H2O (Figure 36), O2, 

and H2 (Figure 39) was carried out in the specialized setup in Figure 35. To achieve an 

efficient monitoring of the reaction between KC8 and the respective reagent, the reservoir valve 

was opened until the pressure in the chamber was lowered from 10-8 to 10-5 mbar. To further 

increase the concentration of reagent to the sample, a stepwise increase to normal pressure 

for a complete floating of the sample by the reagent was adjusted.  

Synthesis of G(THF)(OH)(H): The general procedure for graphenide solutions of a stage I 

GIC in THF directly exposed to ambient conditions is presented in Figure 43, Figure 45, and 

Figure 85, respectively. For the synthesis, 16.8 mg of KC8 (1.0 mmol of carbon) were 

dispersed in 100 mL THF and subsequently exposed to oxygen and water under ambient 

conditions. After 1 h of reaction time, workup was conducted via removing solvent and 

potassium salts by transferring the material into a separation funnel charged with cyclohexane 

(100 mL) and washing with distilled water (200 mL). The aqueous layer containing the 

carbonaceous material was filtered through a 0.2 μm reinforced cellulose membrane filter 

(Sartorius®) and thoroughly washed with THF, isopropanol, ethanol, and water (50 mL each). 

The resulting black solid was dried at 75 °C overnight. 

Synthesis of G(THF)(O-TC)(H). For the coupling reaction presented in Figure 47, 6.0 mg 

(~0.5 mmol of carbon) G(THF)(OH)(H) were dispersed in 50 mL THF under inert gas 

atmosphere by the aid of a short tip ultrasonication treatment. Afterwards, 396 mg (5.0 mmol) 

absolute pyridine and 0.73 g 2-thiophene carbonyl chloride TCCL (5.0 mmol) were added. The 

reaction mixture was refluxed overnight until the final coupling product G(THF)(O-TC)(H) was 

obtained after workup and dried at 75 °C overnight. 
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Synthesis of G(OH*): For the reference reaction of pristine graphite SGN18 with potassium 

superoxide (Figure 48), the required 18-crown-6 was recrystallized 3 times with absolute 

acetonitrile yielding a pure white solid. For the reaction, 24.0 mg (2.0 mmol) SGN18 were 

dispersed in 50 mL absolute THF in the glovebox by mild tip sonication (15 min, 40 J). 

Subsequently, 711 mg potassium superoxide (10.0 mmol) and 264 mg 18-crown-6 (1.0 mmol) 

were added and the reaction mixture was stirred for 1 day. Afterwards, the reaction mixture 

was transferred to a separation funnel with cyclohexane and water (50 mL each). The organic 

cyclohexane phase was discarded and the water/THF layer with the functionalized G(OH*) 

was purged three times with cyclohexane. The organic layer containing the carbonaceous 

material was filtered through a 0.2 μm reinforced cellulose membrane filter (Sartorius®) and 

thoroughly washed with THF, isopropanol, ethanol, and water (50 mL each). The resulting 

black solid was dried at 75 °C overnight. 

Synthesis of G-(COOH)n (not yielded): The synthesis of polycarboxylated graphene 

G-(COOH)n via reductive exfoliation of graphite to graphenide solutions was approached under 

14 different conditions (Table 6). The reaction scheme with 3 different reduction/exfoliation 

steps A (Li in NH3/THF), B (Na/K in DME), C (KC8 in THF) followed by trapping of the negatively 

charged graphene sheets with CO2 (#1-14) is shown in Figure 52. 

Table 6: Different reaction conditions for the synthesis approach of polycarboxylated graphene as 
illustrated in Figure 52. 

Synthesis of [G-]ic # c [C] (mg/mL) Reaction conditions of [G-]ic 

A (Li in NH3 & THF) 1 0.096 4h bubbling @ 1 bar 

A 2 0.24 4h bubbling @ 1 bar 

A 3 0.12 4h bubbling @ 1 bar @ -78°C 

A 4 0.12 4h @ 30 bar (autoclave) 

A 5 0.048 100 eq. CO2 (solid dry ice) 

A 6 0.048 injection into CO2 saturated THF @ -78°C 

A 7 0.096 injection into CO2 saturated THF @ -78°C 

A 8 0.24 injection into CO2 saturated THF @ -78°C 

A 9 0.048 10 eq. Li2C2O4 

B (Na/K in DME) 10 0.24 4h bubbling at 1 bar 

B 11 0.12 4h @ 30 bar autoclave 

C (KC8 in THF) 12 0.12 4h bubbling @ 1 bar 

C 13 0.12 4h @ 30 bar autoclave 

C 14 0.12 4h @ 45 bar autoclave 
 

Synthesis of G(Hex)(SOLV)(OH)(H): For the screening of various solvents (Figure 58), 

1.0 mmol of the stage I intercalation compound (16.8 mg) was dissolved in 100 mL of each 

absolute solvent (0.17 mg/mL) by brief ultrasonication (5 minutes, 20 kJ, 1 s pulse). The 
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obtained graphenide solutions [G(SOLV)]ic were subsequently either exposed to ambient 

conditions leading to G(SOLV)(OH)(H). For the synthesis of G(Hex)(SOLV)(OH)(H), 2.0 mmol 

of 1-iodohexane was added (0.3 mL, 424 mg) to the respective intermediates [G(SOLV)]ic. In 

Figure 90, a photograph of the air-sensitive intermediate graphenide solutions is shown for 

each solvent, respectively. 

 

Figure 90: Photographs of the graphenide solutions of the solvents 1-8 under inert conditions. The left 
flask relates to [G(SOLV)]ic, the right flask to [G(Hex)(SOLV)]ic, respectively. The correlating carbon 
uptake is plotted in Figure 58b.  

All mixtures were left overnight under magnetic stirring. Afterwards, the in situ UV/Vis and 

microscopic analysis was carried out in sealed cuvettes to exclude air exposure to get a direct 

comparison of the carbon uptake. Therefore, the absorption intensity at 660 nm was taken as 

standard reference (Figure 58b-c). For the final analysis, all samples were transferred out of 

the glovebox for final workup for TG-MS (Figure 59) and SRS (Figure 60) analysis. Any 

residual potassium salts as well as the excess of the trapping reagent were removed via 

transfer into a separation funnel charged with cyclohexane (100 mL) and copious washing with 

distilled water (200 mL). The organic layer containing the carbonaceous material was filtered 

through a 0.2 μm reinforced cellulose membrane filter (Sartorius®) and thoroughly washed with 
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the respective solvent, isopropanol, ethanol, and water (50 mL each). The resulting black solid 

was dried in a furnace at 75 °C overnight. 

Synthesis of SGN18@(SOLV): For each solvent, a reference dispersion was investigated 

without the intermediate potassium intercalation to KC8 in order to compare the carbon uptake 

and possible intercalation of solvent molecules or 1-iodohexane in the graphitic sheets. 

Therefore, a similar concentration (0.17 mg/mL) of SGN18 graphite in each solvent was 

produced both without (SGN18@(SOLV)) and with I-Hex ((SGN18@(Hex)(SOLV)) and treated 

under equal conditions by brief ultrasonication (5 minutes, 20 kJ, 1 s pulse). With these 

reference samples at hand, any influence of ultrasonication and solvent intercalation can be 

referred to the values of the graphenide solutions for the further characterization (in situ UV/Vis, 

SRS, TG-MS). 

Synthesis of G(DMSO): In the special case of bulk exfoliation of KC8 in DMSO for the 

investigation of magnetic properties (Figure 34), the common workup procedure was replaced 

by freeze-drying technique. Therefore, the intermediate graphenide solution G[(DMSO)]ic was 

removed from the glovebox, cooled to -196 °C via liquid nitrogen and subsequently connected 

to the argon filled freeze-drying setup. After complete sublimation of the DMSO, the remaining 

sample was exposed to ambient conditions for further characterization. 

Synthesis of KCn in PhCN: The different intercalation compounds were dissolved in absolute 

benzonitrile (0.15 mg/mL) by brief ultrasonication (5 min., 20 kJ, 1 s pulse) (Figure 63). 

Afterwards, the in situ UV/Vis characterization was carried out in sealed cuvettes to exclude 

any air exposure. The concentration in the dilution series of solid potassium as well as for KCn 

in PhCN is given in Table 7. 

Table 7: Dilution series of benzonitrile and KCn with n = 0 (solid K, Figure 63b), n = 8,16,24,48 (Figure 
63c) for optical absorption measurements under inert conditions. The identical extinction at 390 nm was 
determined as 4000 for each system (Figure 63d). 

GIC concentration of [K] in mol/l PhCN 

K(s) 5.1 · 10-4 3.4 · 10-4 2.6 · 10-4 2.1 · 10-4 1.6 · 10-4 1.4 · 10-4 1.2 · 10-4 

KC8 7.4 · 10-4 3.7 · 10-4 2.5 · 10-4 1.9 · 10-4    

KC16 4.3 · 10-4 2.6 · 10-4 1.9 · 10-4 1.5 · 10-4    

KC24 4.6 · 10-4 3.1 · 10-4 1.6 · 10-4     

KC48 2.0 · 10-4 1.7 · 10-4 1.3 · 10-4 1.0 · 10-4 6.8 · 10-4   

 

Synthesis of G(THF)(OH)(H) and G(THF) (Figure 67): 24.0 mg of KC8 were dispersed in 

200 mL absolute THF by tip ultrasonication (15 minutes, 20 kJ, 1 s pulse). The sample was 

divided into 2 parts of 100 mL, each. For G(THF), an excess of 10.0 mL PhCN was added to 

completely trap all charges from the graphenide. For homogenization, the sample was 
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subsequently treated by mild ultrasonication (5 minutes, 20 kJ, 1 s pulse). Afterwards, both 

samples were exposed to air followed by workup with 50 mL H2O to remove residual salts. The 

dispersions were filtrated and the resulting black powders were dried at 75° C overnight for the 

final Raman and TG-MS analysis. 

Synthesis of G1 and G1(OH)(H) (Figure 68 & Figure 69). The large area graphene films were 

produced by dissolving 12.0 mg KC8 in 100 mL DMSO. After 2 h of sedimentation, graphene 

films on Si/SiO2 wafers were formed via dropcasting of 1 drop onto the warmed-up substrate 

(~50 °C). One wafer was exposed directly to air, while the other one was placed in PhCN for 

5 minutes. Afterwards, both coated wafers were exposed to ambient conditions prior to SRM 

analysis. 

Arylated CVD graphene (aryl-G1): For the laser induced arylation (Figure 71), 

bis-(4-tert-butylphenyl) iodonium hexafluorophosphate was deposited from solution (CH2Cl2) 

on a monolayer flake of r-oxo-G1 on a Si/SiO2 wafer. The reaction of 4-tert-butylphenyl (tBP) 

cations was subsequently activated by a laser pulse (532 nm, 5 s, 10 mW) within the Raman 

spectrometer. Generated phenyl cations reacted with the carbon lattice of graphene by 

covalent bond formation.262 The resulting spectral values are presented in Table 8. 

Table 8: Characteristic Raman mode values for the oxidative functionalization of graphene on SiO2 
(Figure 71) before and after chemical functionalization. The modes are each fitted by a single Lorentzian 
curve to deconvolute the integrated peak areas as explained in Figure 71c. 

spectrum θ (%) AD AG AD* A2D AD/AG AD*/AG A2D/AG 
0.05 %G1 0.05 51.2 23.1 3.5 70.7 2.21 0.15 3.06 

tBuPh-0.52 %G1 0.52 315.2 104.9 33.2 50.7 3 0.31 0.48 

spectrum ΓD ΓG ΓD* Γ2D νD νG νD* ν2D 
0.05 %G1 21.4 15.9 9.1 32.8 1,340 1,594 1,626 2,706 

tBuPh-0.52 %G1 46.3 36 15.5 72.6 1,337 1,590 1,618 2,702 

 

Synthesis of oxo-graphene. For the synthesis of oxo-G1 and the respective reduced 

derivatives r-oxo-G1 (Figure 74), the bulk oxo-G with θ = 50 % was synthesized from natural 

graphite in sulfuric acid with potassium permanganate as oxidant,139 for oxo-G with θ = 6 % 

the starting material was graphite sulfate.228 The spectral fitting values are given in Table 9. 

Monotopic hexyl functionalized CVD graphene (hexyl-G1), hexyl- and aryl functionalized 

CVD graphene (hexyl/aryl-G1): The reductively functionalized graphene derivatives in Figure 

74 were synthesized according to Knirsch et al.121 Laser-induced thermal defunctionalization 

of hexyl-G1 was carried out with laser line of 532 nm and 15 mW power. The spectral fitting 

values are given in Table 9. 

Instrumentation 
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Raman Spectroscopy. Raman spectroscopic characterization was carried out on a Horiba 

LabRAM Aramis® confocal Raman microscope (λexc = 532 nm) with a laser spot size of about 

1 µm (Olympus LMPlanFl 50x, NA 0.50) in backscattering geometry. The incident laser power 

was kept below 1 mW to avoid structural sample damage. Spectra were recorded with a CCD 

array at -70 °C and a grating with 600 grooves. A charge coupled device is used to detect the 

signal after analyzing the signal via a monochromator. The spectrometer was calibrated in 

frequency using a HOPG crystal.  

SRS. For a statistical significant bulk analysis, Raman spectra were obtained from a 

100 x 100 µm area with 1 µm step size in SWIFTTM mode for low integration times. Sample 

movement was carried out by an automated XY-scanning table. Initial data reduction and 

optimizations like offset and noise corrections were performed directly inside the LabSpec® 5 

software.  

SRM. Scanning Raman microscopy measurements were obtained through a motorized x-y 

table in a continuous linescan mode (SWIFTTM) in order to obtain faster measurements. The 

incident laser power was kept as low as possible to avoid structural sample damage. The 

spatially resolved spectroscopic information was further analyzed after export into OriginPro® 

9.0G software as 2D data matrices. All following arithmetic operations, statistic treatment, and 

graphics export were conducted within this software suite. 

TDRS. Temperature depending Raman measurements were performed in a Linkam stage 

THMS 600, equipped with a liquid nitrogen pump TMS94 for temperature stabilization under a 

constant flow of nitrogen. The measurements were directly carried out on powder material 

(sealed between two glass slides) with a heating rate of 10 K/min.  

In situ doping in the Raman spectrometer for the analysis of pristine SGN18 (Figure 18) and 

potassium reintercalation into functionalized restacked multilayered graphene (Figure 87) was 

conducted after cleaning of the undoped samples under high vacuum (10-7 mbar) at 400 °C for 

1 h to get rid of the remaining solvent and impurities. Subsequently, potassium was evaporated 

to the sample in several stages in a controlled in situ process. At each stage, potassium was 

exposed for 2 minutes applying decreasing temperature gradient. The maximal doping was 

achieved in all cases in ~10 steps.  

In situ Raman Spectroscopy. The in situ Raman spectroscopy analysis in the specialized 

setup (Figure 35) was carried out inside a quartz tube through a flat (0.7 mm thick) optical 

window of borosilicate glass (PGO GmbH, Germany) in a high vacuum (UHV) chamber at 

∼4x10-8 mbar where the intercalated GIC was placed in a sample boat. The Raman 

measurements were performed at RT using a HORIBA LabRam spectrometer with a 514 nm 
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excitation wavelength at 0.5 mW between 300 and 3,000 cm-1. To avoid laser induced 

deintercalation and photochemistry, the laser power was kept below 1 mW. 

Multi-frequency Raman spectroscopy. The Raman spectroscopic characterization in Figure 

43 of the sample exposed to ambient conditions after workup and in Figure 83 were carried 

out on a Horiba Jobin Yvon LabRAM Evolution® confocal Raman microscope (excitation 

wavelengths: 405, 457, 473, 532, and 633 nm) with a laser spot size of ~1 μm (Olympus 

LMPlanFl 100x, NA 0.80). Raman measurements were carried out using a micro-Raman setup 

in backscattering geometry. A charge coupled device is used to detect the signal after 

analyzing the signal via a monochromator. The spectrometer was calibrated in frequency using 

a HOPG crystal before every acquisition and moving grid. 

Fitting of Raman modes. The raw spectroscopic information was analyzed after export into 

OriginPro® 9.0G software. All following arithmetic operations, statistic treatment, and graphics 

export were conducted within this software suite. Raman D-, G-, D*-, and 2D-modes are 

deconvoluted and fitted by single Lorentzian curves as illustrated in Figure 71c if not stated 

otherwise. Raman interbands (Figure 36, Figure 41) were fitted with Voigt curves to account 

for the Gaussian broadening. For the quantification of Raman intensities in Figure 77, 

principally a deconvolution of the Raman signal centered around 1,580 cm-1 – 1,620 cm-1 could 

be attempted. However, the experimental spectra revealed that such an approach is only 

feasible in a narrow range of degree of functionalization (0.05 % to 0.5 %). Therefore the fitting 

with a single Lorentzian was used as standard fitting curve for adequate comparison. This 

analytical approach which carries a systematic error (accounted for in data error bars), but has 

the advantage to cover the entire degree of functionalization range. Raman spectra presented 

in Figure 75 (values see Table 9) were taken at fixed experimental conditions with a 532 nm 

laser, 1 s acquisition time, 1 mW power, at RT and constant slit, pin hole and Olympus 

LMPlanFl 100x, NA 0.90 objective. 
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Table 9: Characteristic Raman mode values for various single layer flake analysis under standard 
measurement setup in Figure 74. The respective spectra are given in Figure 75. 

# 
graphene derivative 

(Figure 75) 
θ (%) 

ID 

(a.u.) 

IG  

(a.u.) 

AD 

(counts) 

AG 

(counts) 

A2D 

(counts) 

a) 0.0 %G1 0.0 - 12 - 266 1,173 

b) hexyl-0.009 %G1 0.009 27 64 643 1,240 5,635 

c) 
hexyl/phenyl-

0.024 %G1 
0.024 58 60 1,851 1,402 5,898 

d) 
hexyl/phenyl-

0.092 %G1 
0.092 209 46 7,249 2,193 4,427 

e) r-oxo-0.069 %G1 0.069 124 61 4,556 1,591 3,459 

f) r-oxo-0.436 %G1 0.436 266 74 14,299 4,224 2,240 

g) tBuPh-1.2 %G1 1.2 734 669 58,144 45,263 10,672 

h) oxo-6.0 %G1 6 1005 907 123,724 79,629 49,706 

i) oxo-50.0 %G1 50 1296 1178 177,720 107,248 58,969 

# graphene ID/IG AD/AG A2D/AG 
ΓD 

(cm-1) 
ΓG (cm-1) Γ2D (cm-1) 

a) 0.0 %G1 0 - 4.41 - 14.4 25.5 

b) hexyl-0.009 %G1 0.41 0.52 4.54 15.3 12.3 24.3 

c) 
hexyl/phenyl-

0.024 %G1 
0.96 1.32 4.21 20.5 15.0 25.5 

d) 
hexyl/phenyl-

0.092 %G1 
4.52 3.31 2.02 22.0 30.0 36.5 

e) r-oxo-0.069 %G1 2.01 2.86 2.17 23.5 16.5 40.3 

f) r-oxo-0.436 %G1 3.59 3.39 0.53 34.0 36.2 72.3 

g) tBuPh-1.2 %G1 1.10 1.28 0.24 39.2 57.2 52.6 

h) oxo-6.0 %G1 1.10 1.55 0.62 91.9 60.2 228.8 

i) oxo-50.0 %G1 1.10 1.66 0.54 85.8 59.7 186.7 
 

TG-MS (Netzsch®). For the analysis of m/z < 45 (2; 15; 17; 29; 44) the TG-MS data was 

recorded on a Netzsch STA 409 CD instrument equipped with a Skimmer QMS 422 mass 

spectrometer (MS/EI) with the following programmed time-dependent temperature profile: 30-

700 °C with 20 K/min gradient and cooling to 30° C. The initial sample masses were adjusted 
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at 5.0 (±0.1) mg and the whole experiment was executed under inert gas atmosphere with a 

He gas flow of 80 mL/min. The obtained data was processed with the Netzsch Proteus Analysis 

software. 

TG-MS (Perkin Elmer®). For the TG-IR as well as the GC/MS coupled system, the 

thermogravimetric analysis of all traces of m/z > 45 were carried out on a Perkin Elmer Pyris 1 

TGA instrument (Figure 15). Time-dependent temperature profiles in the range of 30 °C and 

600 °C (20 K/min gradient) were carried out under a constant flow of N2 (70 mL/min). About 

2.0 mg initial sample mass was used.  

Online bypass mode. The direct transfer to the MS (Figure 15) was carried out with a GC-

Clarus 680 with an Elite-5MS glass capillary column: 30 m length, 0.25 mm diameter.  

Gas-chromatographic separation (GC). The evolved gases detached from the respective 

sample in combination with the N2 carrier gas is transferred into the GC system through a 

TL9000 TG-IR-GC interface at a constant temperature of 280 °C. The gas-chromatographic 

separation was achieved by a GC-Clarus 680 with a polysiloxane-coated Elite-5MS capillary 

column: 30 m length, 0.25 mm diameter, 0.25 μm film thickness. A GC injection fraction of 

1 mL was collected at the respective TG temperature. GC parameters: injector zone = 280 °C, 

detection zone = 250 °C, split = 8.2 mL min-1, flow rate helium = 10 mL min−1, temperature 

profile = 34 min total run time, dynamic ramp = 24 min, 40-280 °C with a 10 K min−1 gradient 

followed by an isothermal step of 10 min at 280 °C. 

MS measurements of m/z > 45 were performed on a MS Clarus SQ8C (Multiplier: 1,800 V). 

The obtained data was processed either as selected ion recording (SIR) and total ion current 

(TIC) with the TurboMass software. 

XRD. X-ray diffraction was performed by placing the material in a glove box into glass 

capillaries with 1.5 to 2 mm diameter and 10 micron wall thickness (Hilgenberg, Germany) and 

subsequent sealing. X-ray patterns were measured using a microfocus X-ray source with a 

copper target (λ = 1.542 Å) equipped with a pinhole camera (Nanostar, Bruker AXS) and an 

image plate system (Fujifilm FLA 7000). All two-dimensional WAXS patterns were radially 

averaged and background corrected to obtain the scattering intensities in dependence on the 

scattering angle 2θ. 

EPR. For electron paramagnetic measurements (Figure 34), a Bruker Elexsys E580 X-band 

spectrometer was used at RT. The in situ ESR measurements were carried out using a 

Magnettech MS400 spectrometer to follow the doping process in the bulk. The potassium 

doping was performed in a circular quartz tube.  
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IR spectroscopy. For infrared spectra (Figure 54e), FT-IR spectra of bulk samples were 

measured on a Bruker Tensor 27 FT-IR spectrometer equipped with ZnSe windows. 

UV/Vis. Absorption spectroscopy was carried out on a Perkin Elmer Lambda 1050 cells 

made with 10 mm path length. For in situ UV/Vis (Figure 58 & Figure 63), the precision quartz 

cells (Hellma, Germany) were sealed with Teflon caps and Parafilm. 

Optical Microscopy. The optical microscopic images were acquired with a Zeiss Axio Imager 

M1m with white light illumination (100 W halogen lamp, HAL100) using bright imaging modes 

and 0.80 NA objectives. For the recording of the images, a Zeiss AxioCam MRc5 has been 

used. 

Zeta Potential. Zeta potential measurements in Figure 54f were carried out on a Malvern 

Zetasizer Nano system at RT equipped with a 633 nm He-Ne laser. The electrophoretic 

mobility (μ) was measured using a combination of electrophoresis and laser Doppler 

velocimetry techniques in folded capillary cells. The electrophoretic mobility describes the 

relation between the drift velocity of a colloid (ν) to the applied electric field (E) by the equation 

ν = μE. The zeta potential ζ is related to the measured electrophoretic mobility μ according to 

the Smoluchowski approximation. The pH titration was carried out with a MPT2 autotitrator that 

increased the pH in steps of 0.5 by the addition of the appropriate amount of 0.1 M NaOH. For 

the ζ measurement, 0.1 mg/ml of the bulk sample G(COOH)n were dispersed in water, and the 

pH was adjusted to 2 by the addition of HCl. At each addition step, ζ was recorded three times, 

while the data points in the zeta potential vs. pH plot constitute the average of two independent 

titrations in order to average over sedimentation effects. 

AFM. Atomic force microscopy was carried out on a Solver Pro scanning probe microscope 

equipped with NSG-10 cantilevers (NT-MDT) and a Sony Exwave HAD camera optical zoom 

(6.5) in tapping mode. 

SEM: Scanning electron microscopy was carried out in the large chamber SEM at the Joint 

Institute of Advanced Materials and Processes (ZMP) at the chair of General Materials 

Properties. 

Langmuir-Blodgett Films of oxo-G on SiO2 and HOPG (Figure 81) were prepared using 

Langmuir-Blodgett Minitrough from KSV NIMA. Oxo-G was dissolved in methanol/water 

mixtures. The subphase was water. Oxo-G transfer was carried out at the pressure of 

10 mN m-1.  

Freeze-drying was accomplished on an ALPHA 1-4 LDplus from Martin Christ (Germany). 
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Electrical contacting of single layer oxo-G (θ = 50 %) and in situ Raman and electrostatic 

gating (Figure 80). After LB deposition of oxo-G1 on SiO2 (300 nm)/Si (n++) substrate, definition 

of electrodes by electron-beam lithographical means (Zeiss Supra40 equipped with Elphy 

lithography attachment) followed by e-beam deposition of the contact material (Ti/Au; 5 nm/30 

nm). The highly doped Si backside served as global backgate (shift in carrier-density/chemical 

potential). To facilitate in situ measurements, first the samples were transferred onto 

commercially available chip-carriers and wire-bonded, second inserted into a dedicated socket 

located directly in the laser path of the Raman spectrometer. The socket was connected to a 

standard electrical characterization setup. Assuming the π-conjugated C(sp2) domains to be 

2D metallic discs, based on the self-capacitance given by 𝐶𝑠𝑒𝑙𝑓 = 8𝜀0𝜀𝑟𝑅 (radius R ≈ 0.5 nm, 

𝜀0 the vacuum permittivity, 𝜀𝑟≈ 3.5 for the C(sp3) matrix), the charging energy 𝑒2/𝐶𝑠𝑒𝑙𝑓 (e – 

elementary charge) can be estimated to be about 1.4 eV. 

Computational Details. For the geometrical calculation (Figure 40d, Figure 42 and Figure 

43b), density-functional theory (DFT) was implemented in the “Vienna ab initio Simulation 

Package” (VASP),270, 271 which employs a plane-wave basis set and the projected augmented 

wave method. In order to allow more flexibility in the description of the valence electrons, “hard” 

pseudopotentials with a smaller core region as well as an energy cut off 600 eV were used. 

Electronic structures and geometries were converged below 1×10-8 eV and 0.001 eV/Å with 

respect to total energies and forces acting on ions, respectively. Finally, vacuum layers of 15 Å 

were applied in order to decouple periodic images from each other along the z direction. The 

Brillouin zone was sampled by 5×5×1 Monkhorst-Pack K-point grids272 for hexagonal (4×4) unit 

cells with 32 carbon atoms. The vibrational frequency calculations were performed using DFT 

finite difference method. Raman intensities are calculated from the change in polarizability 

upon following the Eigen mode of the phonon using VASP-Raman.273 This procedure is based 

on a finite difference method with backward and forward calculations of each Eigen mode 

displacement. The dielectric tensor is reduced to a scalar in the far-from-response Raman 

approximation. The gamma point centered phonon modes were weighted by computational 

spectral intensity and convolved with Gaussian which finally leads to the simulated Raman 

spectra for pristine graphene is shown in Figure 42a.  
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