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CHAPTER 1 

Introduction 
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Graphene is a two dimensional (2D) allotrope of carbon, in which carbon atoms 

are packed in a hexagonal crystalline lattice.1 Each carbon atom has four outer 

electrons, the s, px, and py orbitals which all participate in sp2 hybridization and 

form three σ bonds with three neighbor atoms, and the electron on the pz orbital 

forms a π bond. The π bonds result in an extended conjugated aromatic system 

over the entire graphene layer. Such electronic structure and, particularly, the π 

and π* bands give rise to the diversity of graphene’s remarkable electronic 

properties.2 First, ideal graphene is a zero-gap semiconductor, or a semimetal, 

with the valence and conductance bands meeting at the Dirac points (Figure 

1.1a).2,3 Unlike most semiconductors, graphene exhibits a linear energy 

dispersion relation (and, therefore, conical valence and conductance bands as 

opposed to parabolic, see Figure 1.1a), which implies that electrons are massless 

(or Dirac electrons, i.e. obeying the Dirac equation) and behave relativistically, 

moving with a speed close to the speed of light.2,3 Additionally, graphene shows 

outstanding hole and electron mobilities, reaching 15000 cm2 V−1 s−1 at room 

temperature.4 Anomalous Hall effect is another notable consequence of the 

unique electronic properties of graphene.5–7 Separately, the network of covalent 

C-C bonds makes graphene the strongest material, with a reported tensile 

strength of 130.5 GPa and a Young modulus of 1 TPa.8 Graphene is intrinsically 

rippled, with out-of-plane deformations up to 1 nm, as perfectly flat graphene is 

thermodynamically unstable.9–11 Due to its linear energy dispersion and conical 

band structure, graphene absorbs ~2.3% of light and thus can even be visible by 

naked eye (Figure 1.1b).12,13 Finally, graphene is one of the most thermally 

conductive materials with reported thermal conductivity values of 1500–2500 

Wm−1K−1.14,15 

The combination of these most prominent properties made graphene one of the 

most studied materials since it had been isolated in 2004.1 Graphene offers rich 

fundamental physics as well as vast application opportunities, including field 

effect transistors, gas sensors, wearable electronics, water filtration, DNA 

sequencing, to name a few.16–22 Most far reaching promises relate to the 

exploitation of its “all in one package” unique electronic properties, mechanical 

robustness, atomic thinness and large surface-to-volume ratio. 
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Figure 1.1. Electronic and optical properties of graphene. a) Dirac point and band 

structure of ideal monolayer graphene.23 b) Optical image of a monolayer graphene flake 

exfoliated from graphite and transferred to a silicon/silicon oxide wafer (n-doped, with a 

silicon oxide layer of 300 nm) using the scotch tape method.1 

 

1.1. Fabrication of graphene 

Mechanical exfoliation of graphite with scotch tape was the first successful 

method used to isolate a single layer of graphene (see Figure 1.1b for an example 

of mechanically-exfoliated monolayer graphene flake).1 Although a great number 

of fundamental physical properties were discovered using mechanically-

exfoliated graphene,7,24–27 the scotch-tape method only yields small micrometer-

sized monolayer flakes with a very low yield (although of high quality). The 

expanding research and industrial interests demand – instead – larger flakes and 

scalable processes for producing graphene. Since 2004, various graphene 

production methods have been developed: chemical vapor deposition (CVD),28–34 

chemical exfoliation of graphite and graphite oxide,35–37 epitaxial growth,38 total 

organic synthesis,39,40 liquid-phase exfoliation (sonication of graphite 

suspensions),41 pyrolysis42 and carbon nanotube slicing.43,44 Depending on the 

method, graphene is obtained in the form of continuous supported monolayers 

(CVD, epitaxial growth, carbon nanotube slicing), powders or suspensions 

(chemical and liquid-phase exfoliation, pyrolysis). Each of these production 
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methods yield graphene of various structural characteristics, such as number of 

layers, crystallinity, flake size, intrinsic roughness, presence of functional groups, 

adatoms and defects.45,46 Such diversification, on one hand, creates a versatile 

toolbox for the usage of graphene, but, on the other hand, results in graphene 

materials with appreciably different (electronic and mechanical) characteristics 

and overall performance in devices, which must be considered whenever the 

generic “graphene” term occurs.46  

Currently, CVD proved to be the most optimal method to fabricate graphene on a 

large scale.28–34 Essentially, graphene is produced through the dehydrogenation 

of a hydrocarbon precursor (usually methane or ethene) in presence of a metal 

catalyst, followed by the adsorption of carbon atoms on the surface of the 

catalyst, which in a last step arrange into the hexagonal graphene lattice (Figure 

1.2a). Typically, the growth process is self-limited, and terminates when the 

catalyst is passivated with a continuous graphene monolayer.47 In some cases, 

however, single islands of bi- and few-layers graphene may grow (Figure 1.2b),48 

particularly on a metal such as nickel in which the solubility of carbon is higher, 

compare to copper.33 Depending on the exact growth conditions, CVD can yield 

mono- or polycrystalline graphene with, in principle, controllable domain size and 

orientation,49 and with charge carrier mobilities almost as high as in mechanically 

exfoliated graphene.50,51 Advantageously to other production methods, the 

maximal size of the graphene sheet is only limited by the dimensions of the oven, 

reportedly reaching 5×50 cm2.49 
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Figure 1.2. Most common methods to produce and transfer graphene on a large scale. 

a) Illustration of chemical vapour deposition (CVD) for the growth of graphene on a metal 

catalyst.52 b) Atomic force microscopy (AFM) and scanning Kelvin probe microscopy 

(SKPM) images of CVD-grown graphene on a quartz substrate illustrating imperfections in 

graphene morphology common for CVD-grown samples: wrinkles, bilayers, grain 

boundaries.53 c) Schematics of the most commonly used polymer-assisted method to 

transfer graphene:54 1) graphene is grown on copper, 2) a support polymeric layer is 

deposited on graphene on copper, 3) copper is etched, 4) the polymer/graphene stack is 

transferred on a target substrate, and 5) the polymer support layer is removed. 

 

1.2. Methods to transfer graphene 

The CVD method produces graphene on metallic (i.e. conductive) supports, while 

for most applications, especially in electrical circuits, an insulating layer 

underneath graphene is required. The routine transfer of an atomically thin layer 

from substrate to substrate, preserving the pristine excellent properties, is very 

challenging and stimulated the development of several transfer approaches. The 

earliest and the most common transfer method utilizes a polymer, typically 

poly(methyl methacrylate) (PMMA), as a support layer to preserve the integrity 

of graphene during the transfer (Figure 1.2c).54–57 After coating graphene with the 

polymer, the metal/graphene/polymer stack is placed floating on the surface of 

an aqueous solution of the metal etchant (Figure 1.2c). Then, once the metal 

support is fully etched, the graphene/polymer stack is transferred on the target 
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substrate (Figure 1.2c). In a last step, the polymer layer is dissolved in an organic 

solvent, typically acetone (Figure 1.2c). The use of a polymer support allows 

transferring large (centimeter-size) graphene sheets. The drawback, however, is 

that the polymer drastically contaminates the graphene surface,58,59 hindering its 

intrinsic thermal conductivity60 and reducing charge carrier mobilities due to 

introduced doping and additional scattering sites.61–64 Moreover, polymer 

supports also induce extrinsic roughness and other morphological defects in 

graphene, affecting its properties.65 Many potential applications of graphene are 

based on the exceptional sensitivity of its surface to the environment20 and, 

therefore, transferring graphene using a clean transfer methodology is crucial. 

To overcome the contamination introduced by polymers, several polymer-free 

strategies were developed.66–71 Generally, the transfer scheme resembles that of 

the polymer-assisted method, with the distinction that the polymer is substituted 

with a non-polymeric supporting layer, such as a metal,72 a naphthalene film,71 

liquid hexane,67 or even using graphite holders.66 The major drawbacks of all 

polymer-free methods, however, are the morphological distortion of the 

graphene surface (cracks, wrinkles, folds) caused by the capillary forces and 

conformational mismatch between graphene and the supportive layer, which not 

only prevent the scalability of the transfer methods, but also alter the electronic, 

mechanical, thermal and wetting properties of graphene.65,73  

In summary, despite active research efforts, the transfer and handling of 

graphene still pose nontrivial challenges on the way towards widespread 

application and production of graphene-based devices. For the physics 

community exfoliated graphene still represents the standard, particularly since 

the discovery of the so called van der Waals heterostructures.74 For larger 

graphene flakes, CVD graphene requires clean transfer methods. In Chapter 2 a 

new polymer-free transfer method is presented, which principally improved the 

quality of transferred graphene. In this method, the physical properties of 

cyclohexane were exploited to provide a soft and adaptable yet non-

contaminating support to transfer centimeter-sized graphene layers. The 

electrical characterization of graphene at the water/cyclohexane interface 

confirmed the superior cleanness and charge carrier mobilities of the graphene 

which were compared to other well established transfer techniques. 
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1.3. Graphene at liquid interfaces 

Graphene is atomically thin and, therefore, all the carbon atoms composing its 

surface are always in direct contact with the environment in which graphene is 

embedded. More precisely, each atom of graphene is always in contact with two 

media, the one at the bottom and the one on top of the graphene layer. The 

medium on one side of the graphene surface alters the work function (i.e. 

chemical potential) of graphene, which, in turn, affects the interactions between 

graphene and the medium on the other side. As a result, experimentally 

observed (electronic and chemical) properties of graphene are dictated not only 

by the electronic structure of graphene itself, but also by the combined effects of 

the interactions between graphene and the media from both sides. Furthermore, 

the interactions of any particular medium (solid surface, liquid, gas, molecules of 

adsorbate, etc.) with graphene must be interpreted in the context of the effect of 

the medium from the other side of graphene. For applications and research 

purposes where graphene cannot be free-standing in vacuum, understanding the 

interfacial physics and chemistry of graphene (especially CVD graphene) is, 

therefore, of paramount importance. Studying the physical and chemical 

phenomena at graphene interfaces, however, poses two main challenges: the 

uncontrollable alteration of the surface/physical/chemical properties of graphene 

introduced during transfer and handling, and the disentanglement of the intrinsic 

properties of graphene from the effects of the substrate and of the environment 

(even provided there are no transfer-related alterations).  

Specifically, research focused on understanding the effect of the substrate on the 

properties of graphene. Strain and doping induced by the underlying substrate 

were found to play the most important roles in affecting the electronic band 

structure and phononic properties of graphene (Figure 1.3).75–81 In fact, 

unintentional non-uniform strain inevitably occurs due to the corrugations of the 

graphene sheet caused by the mismatch in structure79,81 and thermal expansion 

coefficients83,84 between the graphene and the substrate. Additionally, doping by 

the substrate is also ubiquitously present in supported graphene.80,85  
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Figure 1.3. Effect of strain on the electronic properties of graphene. Gate voltage (Vbg) 
dependent sheet conductance measured at T=1.5 K and V=100 μV for a) unstrained 
graphene and b, c) for graphene under applied uniaxial strain of different magnitudes.81 

In contrast to graphene on solid supports, studies of graphene’s behavior at 

liquid interfaces are scarce, and mostly limited to studies of the wettability of 

graphene on solid substrates (i.e. graphene at solid/liquid interfaces).86 In 

Chapter 2 the properties of graphene at liquid/liquid interfaces were probed for 

the first time by measuring charge carrier mobilities of graphene free-floating 

directly at a liquid/liquid interface. A significant enhancement of the mobilities 

compared to graphene supported by conventional solid supports was observed at 

a water/cyclohexane interface. Next, in Chapter 3 confocal Raman spectroscopy 

was used to characterize graphene at liquid/air and liquid/liquid interfaces. It is 

shown that, in stark contrast to solid supports, liquid supports induce very small 

to zero strain and doping in graphene, which is in excellent agreement with the 

enhanced charge carrier mobilities reported in Chapter 2. Additionally, Chapter 3 

exemplifies how the strain relaxation induced by liquid supports could be used to 

monitor hydrogenation or other functionalization of graphene.  

Furthermore, Chapters 4, 5 and 6 present new insights and strategies for studying 

the wettability of supported, free-standing and free-floating graphene in water. 

Specifically, Chapter 4 reports the contact angle of fully free-standing graphene in 

air, Chapter 5 studies the wettability of graphene in water, particularly the 

diverse factors affecting the wetting of supported graphene, and Chapter 6 

compares the interactions between graphene and water at a molecular and bulk 

levels. 
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1.4. Wettability of graphene. 

The wettability of a solid surface characterizes its affinity to water and provides 

an indication about possible interactions with molecules other than water.87,88 

For graphene, however, a simple measurement of the water contact angle 

yielded a remarkably wide range of values – from hydrophilic to hydrophobic89–92 

– and an extensive debate over the origin of the contact angle discrepancies, 

which still seems not resolved. Most researchers now agree that, due to the 

atomic thickness of graphene, the underlying substrate has a critical effect on the 

apparent wettability of graphene.91,93–97 On the other hand, the extent to which 

graphene is transparent to wetting is still debated – graphene has been reported 

to be fully wetting transparent,93 partially wetting transparent96,98,99 and fully 

opaque.91,92,100 As discussed previously, the apparent (i.e. observed 

experimentally) wettability of graphene is determined by the intrinsic wettability 

graphene and external factors. The intrinsic wettability of graphene is dictated 

solely by the properties of pristine and isolated graphene, a situation which does 

not occur practically. All external factors altering the intrinsic wettability of 

graphene can be categorized into 1) fundamental substrate effects and 2) 

environmental effects. The substrate effects include well-defined (as opposed to 

environmental) effects of the polarity101 and doping of the substrate.102,103 In 

principle, the intrinsic wettability and the substrate effects are sufficient to 

describe the wettability of supported graphene. They are, however, often 

hindered by the environmental effects, which are induced unintentionally during 

sample preparation (different graphene production methods,104,105 transfer and 

handling-related contamination and structural irregularities57) and measurement 

conditions (adsorption of air contaminants98,106). Environmental factors do not 

represent the properties of graphene, nor of the substrate, and often cause non-

negligible sample-to-sample variations and, therefore, must be minimized.106 In 

practice, however, the contributions of the substrate and of the environment are 

difficult to disentangle. The following subchapters will introduce the intrinsic 

wettability of graphene, and discuss how it is affected by the substrate and the 

environment. 
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In addition to the conventional characterization of wettability in ambient by 

means of contact angle measurements, interactions between graphene and other 

molecules in ultra-high vacuum (UHV) were also investigated using surface 

science methods.107–113 For example, the comparison between the UHV and the 

ambient studies demonstrated that microscopic hydrophobicity does not 

straightforwardly translate into macroscopic hydrophobicity, but rather provides 

complementary insights. 

 

1.4.1. Thermodynamics of graphene wetting 

The surface energy of a solid σS  is the interfacial tension of solid-gas interface σSG 

and is defined as an excess energy of its surface compared to the bulk, and 

related to the contact angle θ with the Young equation (Figure 1.4a): 

σSG - σSL – σLG cosθ = 0, 

where σSL is solid-liquid interfacial energy and σLG is liquid-gas interfacial energy 

(or surface tension of the liquid σL). 

Graphene and other two-dimensional (2D) materials do not have a bulk phase, 

and, therefore, the definition of the surface energy cannot be applied to describe 

a completely isolated monolayer graphene. The contact angle and the surface 

energy of graphene, therefore, must be always regarded in the context of the 

underlying substrate (or liquid and gaseous medium underneath graphene). In 

fact, similarly to the water contact angle measurements, attempts to determine 

the surface energy of graphene resulted in very sparse and spreaded values. As a 

few examples, the surface energy was reported to be 46.7 mJ/m2 for graphene 

on a silicon substrate (chemically exfoliated flakes),114 62.2 ± 3.1 mJ/m2 for 

graphene on copper (CVD),98 40.4 mJ/m2 for graphene on PDMS (CVD),96 48.8 

mJ/m2 for graphene on glass96 and 115±4 mJ/m2 for suspended graphene 

(CVD).115 These examples demonstrate that the deviations from the structurally 

ideal non-contaminated graphene surface, caused by the environmental 

(production method, transfer, environment) factors and by the effect of the 

underlying substrate, result in graphene interfaces with significantly different 
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wetting properties. Theoretical studies also show disagreement: molecular 

dynamic (MD) simulations predict a surface energy of zero,116 whereas quantum 

Monte Carlo and advanced density-functional first-principles calculations predict 

values in the range 144-171 mJ/m2.117,118 The type of interactions between 

graphene and a wetting liquid can be determined from the contributions of polar 

(hydrogen bonding, dipole-dipole and dipole-induced dipole) and dispersive 

(London-van der Waals) interactions to the total surface energy,119 by measuring 

multiple contact angle measurements with liquids of different polarities as 

described in Fowkes,120 Owens-Wendt121 or Neumann model (Figure 1.4b).122–124 

Interestingly, such an approach yielded more consistent results than determining 

the total surface energy (i.e. the sum of dispersive and polar contributions): most 

studies agree, in qualitative terms, on the dominance of the dispersion forces in 

the surface energy of graphene.96,98,101,125 Moreover, by comparing polar (σS
P) and 

dispersive (σS
D) components of graphene-on-a-substrate (σS2

D and σS2
P in Figure 

1.4c) and those of the bare substrate (σS1
D and σS1

P in Figure 1.4c), the 

transmittance of graphene to specific interactions (polar or dispersive) can be 

estimated (Figure 1.4c),126 providing new insights into the chemical origin of the 

wetting transparency of graphene. 

 



18 

 

 

Figure 1.4. Thermodynamics of graphene wetting. a) Three phase equilibrium diagram in 

the sessile drop technique: θC is the contact angle and σSL, σLG and σSG are the interfacial 

tensions at solid-liquid, liquid-gas and solid-gas interfaces respectively. b) Model of polar 

and dispersive interactions between a solid and a liquid represented by the polar (σS
P and 

σL
P) and dispersive (σS

D and σL
D) components of the surface tensions σS and σL. Blue and 

red lines depict the contributions of dispersive and polar interactions respectively. c) 

Illustration of the effect of graphene transmitting polar and dispersive components of the 

surface energy of the solid substrate. The addition of a graphene layer on top of the solid 

changes the contributions of polar and dispersive interactions from σS1
D and σS1

P to σS2
D 

and σS2
P. 

Chapter 5 demonstrates that in the case of a clean non-corrugated graphene-

substrate interface (i.e. when the interface was not exposed to air and was not 

subjected to any transfer-related contamination and mechanical deformation), 

the graphene is transparent to both polar and dispersive interactions 

independently of the polarity of the substrate. Remarkably, graphene was almost 

entirely opaque to polar interactions when it was transferred on a substrate using 

PMMA transfer, presumably due to contamination and morphological distortions.  
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1.4.2. Wetting of free-standing graphene 

The characterization of the intrinsic wetting properties of graphene is technically 

complicated, because both the environmental factors and the substrate 

contribute to the observed wetting characteristics. The influence of the substrate 

can be eliminated in a free-standing geometry. However, so far, it was only 

possible to make graphene free-standing over a few square micrometers, 

rendering difficult to measure the contact angle of a microliter droplet (with a 

millimeter range diameter). Simulations of the contact angle of water on free-

standing graphene have been challenging as well and were shown to highly 

depend on the choice of the graphene-water interaction model. Suchwise, 

independent MD simulations resulted in the contact angles of suspended 

graphene as different as 90-127° 91,127,128 and 45.7°±1.3°.129  

Only a few experimental approaches attempting to circumvent the complications 

of the conventional contact angle measurements yielded information on the 

intrinsic wettability of suspended graphene.73,90 In the first study, graphene was 

suspended over hydrophilic and hydrophobic nanopatterned silicon substrates 

(Figure 1.5a) with varying area fractions of suspended graphene. By extrapolation 

of the contact angle values of partially suspended graphene, the water contact 

angle for fully suspended graphene was estimated to be 85°±5°. Interestingly, the 

contact angle of partially suspended graphene did not depend on the area of 

suspended graphene (i.e. it was 85°±5° for all measured area fractions, Figure 

1.5b), and neither on the wettability of the underlying substrate (Figure 1.5b).73 

The major drawback of using partially suspended graphene, however, is that the 

deposition of monolayer graphene on such sharply patterned structures (the 

conical pillars were 5-15 nm in width, spaced by 10 nm, Figure 1.5a) and the 

water-based transfer method that was used, created a large density of wrinkles, 

pinholes and cracks which certainly alter the structural properties of the 

graphene surface.73 Moreover, the ability of such suspended graphene structures 

to sustain the weight of a water droplet, particularly for contact angle 

measurement, was not supported experimentally and is, therefore, questionable.  



20 

 

 

Figure 1.5. Experimental water contact angle measurements on free-standing graphene. 

a) Scanning Electron microscopy (SEM) image of a graphene monolayer partially 

suspended over nanopatterned silicon pillars.73 The scale bar represents 200 nm. b) 

Contact angle as a function of solid area fraction at the top of the texture.73: water 

contact angle values for bare hydrophilic pillars (θS) are represented by filled red circles, 

for bare hydrophobic pillars – by hollow red circles; water contact angle values for 

graphene deposited on hydrophobic and hydrophilic substrates (θGS) are represented by 

hollow and filled blue circles respectively. c) Graphene (reduced graphene oxide) 

nanopowders of monolayer (top) and 4-5 layers (bottom) flakes in contact with a water 

droplet, i.e. the “liquid marble”experiment.90 The scale bars represent 2 mm. 

 

In a second study, the wetting properties of suspended graphene were 

characterized based on the ability of graphene nanopowders to absorb water.90 

Graphene nanopowders consisted of nanoflakes of reduced graphene oxide 

separated by air cavities and, therefore, represented free-standing graphene. 

Remarkably, water adsorption measurements on such graphene nanopowders of 

different thicknesses (i.e. flakes with different number of stacked graphene 

monolayers) yielded contact angles of 179°±2° (for nanopowders with monolayer 

flakes), 163°±2° (for nanopowders with the flakes of 4-5 layers) and 140°±2° (for 

nanopowders with the flakes of 25 layers).90 The “liquid marbles” experiments, in 

which the ability of a powder to adsorb on a water droplet is tested, also showed 
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that the nanopowder composed of monolayer flakes is superhydrophobic (no 

flakes adsorbed on the surface of the droplet, Figure 1.5c) while nanopowder 

samples with 4-5 layers flakes showed a hydrophobic character (the flakes indeed 

adsorbed on the surface of the droplet, without intruding inside the droplet, 

Figure 1.5c). Although the experimental approach was clever from a 

methodological point of view, reduced graphene oxide powders are, however, 

different from pristine graphene monolayer as they are structurally disordered 

materials containing significant amount of oxidized edges (based on Raman 

spectroscopy and chemical analysis) particularly the powder containing the 

thinnest flakes (~one layer). 

In addition, besides still being indirect indications of the wettability of free-

standing graphene, the two approaches described above do not take into 

account the adsorption of airborne hydrocarbons which are known to 

substantially alter wetting of graphitic surfaces.129,130  

In Chapter 4 a direct contact angle measurement on fully free-standing graphene 

in air was realized using the so-called captive bubble method, which avoids the 

mechanical tearing of graphene because of the droplet weight. The captive 

bubble approach also prevents handling-related structural deformations and 

contamination of graphene, and, importantly, airborne hydrocarbons adsorption. 

Essentially, in the captive bubble method an air bubble is injected underneath a 

graphene monolayer floating at the water-air interface, intrinsically forming a 

millimeter-scale air-suspended graphene, allowing for the direct measurement of 

the contact angle, and hence the wettability of free-standing graphene. In 

contrast with the studies on partially suspended graphene and nanopowders of 

reduced graphene oxide, the captive bubble method showed that graphene is 

hydrophilic with a measured water contact angle of 42°±3°. Distinctively, the 

captive bubble experimental design provides measurements on large area of 

smooth (i.e. graphene floats on the surface of water) fully free-standing graphene 

avoiding any transfer-related contamination and adsorption of hydrocarbons.106 
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1.4.3. Effects of the substrate on the wettability of graphene 

The substrate on which graphene is transferred or grown has a strong influence 

on the wettability of graphene. In fact, the underlying substrate alters the 

electronic structure and, consequently, the chemical potential of graphene. The 

first MD modelling of van der Waals (vdW) interactions between a liquid and a 

graphene sheet introduced the “wetting translucency” as opposed to the 

“wetting transparency” of graphene and suggested that wetting transparency 

does not occur when graphene is supported by superhydrophobic or 

superhydrophilic substrates.95 The model, however, assumes that the solid-liquid 

interactions are dominated by vdW forces and does not take into account the 

electrostatic interactions or hydrogen bonding between liquids and solids, which 

could also contribute to the wetting properties. 

Interestingly, density-functional theory (DFT) calculations showed that the dipole 

moment of water does not affect the electronic structure and doping in fully 

suspended graphene.89,132 However, if a solid substrate is present (namely, SiO2
132

 

and copper101), the subsequent charge transfer between the substrate and the 

graphene triggers the polarization effect of water on graphene132 and modulates 

the Fermi level of graphene,101,133 all of which result in altering the graphene-

water interactions and, therefore, the apparent macroscopic wettability. 

Finally, experimental studies also confirmed that inducing p- or n-doping by 

applying a gate voltage (Figure 1.6a),102 or by introducing a layer of metal or 

polyelectrolytes (namely poly(sodium 4-styrenesulfonate), poly(acrylic acid), 

poly(allylamine hydrochloride) and poly-L-lysine) between graphene and the 

substrate, and by fabricating metal-graphene heterojunctions,103 alters the 

properties of graphene towards more hydrophilic (Figure 1.6b).102,103 According to 

DFT and molecular dynamics calculations, the induced doping modulates the 

charge carrier density in graphene and binding energy between graphene and 

water, which affects the wettability of graphene.103 
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Figure 1.6. Effect of doping on the water contact angle of graphene. a) Illustration of the 

effect of the doping-induced shift of the Fermi level of graphene on the measured water 

contact angle.103 b) Water contact angle and work function of undoped graphene on SiO2 

substrate and of graphene doped by introducing a layer of poly(sodium 4-

styrenesulfonate) (PSS), poly(acrylic acid) (PAA), poly(allylamine hydrochloride) (PAH) and 

poly-L-lysine (PLL) between graphene and the SiO2 substrate.103 

 

1.4.4. Environmental factors affecting the wettability of graphene 

Environmental factors are the factors responsible for the variability of reported 

contact angles due to sample preparation and measurement conditions 

(adsorption of airborne hydrocarbons, growth and transfer of graphene). 

The adsorption of airborne hydrocarbons is the major cause of the false apparent 

hydrophobicity of graphitic surfaces and false apparent contact angle of 

~90°.106,129,133–136 In fact, ellipsometry and attenuated total reflectance-Fourier 

transform infrared spectroscopy (ATR-FTIR) studies showed that a 5 Å thick layer 

of hydrocarbon contaminants forms on graphite upon exposure to air.138 

Disproving the long-held belief, first, graphite,130 and then graphene98,106 were 

demonstrated to be intrinsically mildly hydrophilic exhibiting contact angles of 

~60° and ~40° (for graphene on copper) respectively, when the measurements 

were conducted on contamination-free samples (Figure 1.7a). Hydrocarbons are 

https://www.sciencedirect.com/topics/materials-science/attenuated-total-reflectance-fourier-transform-infrared-spectroscopy
https://www.sciencedirect.com/topics/materials-science/attenuated-total-reflectance-fourier-transform-infrared-spectroscopy
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ubiquitously present in the environment. Even storing graphene samples in a 

plastic Petri dish as opposed to a glass one results in a noticeable increase of the 

contact angle in the course of fifteen minutes (Figure 1.7b).106 Thermal annealing, 

ultraviolet ozone treatment106 and hydrogen plasma139 can be utilized to remove 

the adsorbed hydrocarbons from graphene (Figure 1.7c). Another way to 

preserve the intrinsic wettability of graphene is to store graphene at low 

temperature (-15°C): a protective layer of ice forms on the graphene surface 

preventing hydrocarbon adsorption.140 Contact angle measurements (and any 

other surface inspection) on graphene samples must, therefore, be conducted 

within minutes after growth or using the surface treatments mentioned above.  

Separately, the broad diversity of synthetic104 and transfer57 methods yield 

graphene materials with different surface properties.45,105 Most wettability 

studies were performed on CVD grown graphene, as CVD is the most convenient 

method to produce large sheets of monolayer graphene up to now, suitable for 

contact angle measurements.28–34 However, even considering only CVD graphene 

samples, varying the growth conditions (catalytic metal, morphology of the 

substrate, temperature, pressure, annealing conditions, precursor gas, gas flow, 

presence of oxygen and hydrogen) results in different number of layers, domain 

size and orientation, type and density of defects, density of oxidized carbon 

atoms, size and density of wrinkles and other morphological features, which 

affect the wetting behavior of graphene.141 For example, the introduction of point 

defects in the graphene lattice using an oxygen plasma changed the contact angle 

of graphene on SiC from 92.5° to 55.1°, and the subsequent restoration of the 

graphene lattice upon annealing in UHV increased the contact angle to 87.3°, 

close to the pristine value.100 Separately, the effect of line defects (dislocations 

and grain boundaries) on the wetting of graphene was probed by scanning 

tunnelling microscopy (STM) and indicated that interactions between water and 

line defects in graphene caused water to intercalate and split the graphene into 

fragments.142 Interestingly, this phenomenon was shown to be substrate-

dependent and was observed for graphene on Ru(0001) but not on Cu(111), with 

copper known to interact more weakly with graphene.142 Also, a number of MD 

studies reported that the imperfections in graphene, such as multilayers,126 

holes143 and roughness99,126 generate a variety of wetting states (Figure 1.7d), 
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naturally implying that varying their concentrations and dimensions would result 

in different wettabilities. 

 

Figure 1.7. Environmental effects affecting the wettability of graphene. a) Water contact 

angle of monolayer graphene-on-copper upon exposure to ambient air after CVD 

growth.106 b) Water contact angles of graphene-on-copper stored in plastic and glass Petri 

dishes as a function of storage time.106 c) Effect of annealing at 550°C in argon 

atmosphere on the water contact angle of graphene on copper.106 d) MD simulation of 

the effect of surface morphology on the water contact angle of graphene.126 e) AFM 

images of wrinkles, folds, contamination and other imperfections in graphene transferred 

on a Si/SiO2 substrate using the PMMA-assisted method before (left) and after (right) 

hydrogen plasma.139 

Yet, the transfer of graphene from the growth catalyst to a target substrate 

induces even larger irregularities (ripples, folds, cracks, contamination) in the 

graphene structure and graphene-substrate interface, and causes additional 

sample-to-sample variations (Figure 1.7e).62,138,144 The most widely used polymer-

based transfer methods irreversibly contaminate the surface with polymer 

residues (Figure 1.7e),144,146–148 whereas alternative polymer-free transfer 
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methods provide minimal contamination,66–70 but often at the cost of disintegrity 

and formation of micrometer-sized folds and wrinkles in the graphene layer.64 

Chapter 5 presents a comparative study of three types of samples: non-

transferred graphene samples, graphene transferred using a polymer-free 

method and samples transferred using PMMA. Interestingly, non-transferred 

graphene samples were transparent to wetting, graphene transferred using a 

polymer-free method significantly altered the contact angle and surface energy 

of the substrate, and samples transferred using PMMA yielded irreproducible 

wetting behavior, suggesting that transfer, contamination and handling yield 

graphene with large sample-to-sample variation from very hydrophilic to 

hydrophobic. 

 

1.4.5. Microscopic wettability of graphene  

In parallel with the macroscopic investigations in ambient atmosphere, surface 

science methods were also employed to probe the affinity of water molecules to 

graphene under UHV conditions, the so-called “microscopic wettability” or 

wettability at the molecular level.107–113,149–151 Measurements under UHV provide 

extreme pureness of the environment and sensitivity and can, in principle, allow 

the accurate probing of the interactions between graphene and single water 

molecules. Temperature programmed desorption (TPD) is a method typically 

used for investigating the microscopic wettability of surfaces.152 Essentially, a TPD 

experiment yields a desorption curve which represents the amount of water 

molecules (or of other adsorbate) desorbing from a surface upon heating. 

Typically, a set of curves is recorded at different initial partial pressures of water 

in the UHV chamber (that is, different coverages of the studied surface with 

water). The onset temperature at which molecules start desorbing, the shape of 

the curves and the evolution of the curves with increasing coverage (alignment of 

the leading edges, tails etc.) provide information about the desorption energy, 

the kinetic order of desorption, the binding energy and the ordering of the 

adsorbate molecules in the first and subsequent adsorbate layers.152 

It must be noted, however, that the wettability at the molecular level cannot be 

directly compared with the macroscopically observed wettability, as 
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experimental conditions are different (i.e. UHV versus ambient) and TPD studies 

refer to different molecular events (i.e. the adsorption of single molecules versus 

a collective adsorption of molecules in contact angle measurements). The 

difference between desorption and reaction mechanisms in UHV and ambient 

atmosphere, the so-called “pressure gap”, is an interesting subject on its own, 

and most recent advances in understanding its physical nature can be found 

elsewhere.153 

A number of thorough studies reported on the desorption kinetics of water,109 

methanol,109 ethanol,109 Ar,111 Kr,111 Xe,111 N2,111 O2,111 CO,111 methane,111 

ethane,111 propane,111 benzene112 and cyclohexane112 from graphene grown on 

Pt(111) in situ in a UHV chamber. Interestingly, while most adsorbates showed 

kinetic orders and desorption energies very similar to those on highly oriented 

pyrolitic graphite (HOPG),154 water displayed a more complicated behavior at 

submonolayer coverages (i.e. when the amount of water molecules is not enough 

to form a continuous monolayer): misaligned leading edges, “dips” and “bumps”, 

peak shifts to higher temperatures upon desorption of the second and 

subsequent layers. It was reported that the first monolayer of water forms a new 

ice polymorph on graphene, in which planar hexagons of water molecules are 

stacked directly on top of each other, maximizing the number of hydrogen bonds 

(at the expense of their weakening), as opposed to normal puckered three 

dimensional (3D) hexagonal ice (Figure 1.8a).107,109 Although this phenomenon 

was previously predicted as a result of the confinement of water between two 

hydrophobic surfaces,155,156 the low energy electron diffraction, 

reflection−absorption infrared spectroscopy and rare-gas adsorption/desorption 

measurements showed that the surface of graphene actuates the unusual planar 

ordering of water molecules without any confinement. All other adsorbates 

(except benzene) manifested zero order kinetics desorption from graphene-on-

platinum (111), indicating formation of the islands of condensed adsorbate in 

equilibrium with individual adsorbate molecules.109,111,157 In contrast, benzene 

showed a first order kinetics at submonolayer coverages on graphene-on-

platinum (111), which transitions to zero order for the second and subsequent 

adsorbed layers, indicating that island formation (i.e. when the adsorbate forms 

multilayer islands instead of continuous monolayer) is unfavorable for aromatic 

molecules due to the weaker adsorbate-adsorbate (compared to adsorbate-
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substrate) attractive interactions.112 In that respect, benzene wets graphene on 

Pt(111) similarly to HOPG.158 Methanol and ethanol, on one hand, have similar 

desorption energies on graphene and on HOPG, but on the other, presented a 

zero kinetic order on graphene, as opposed to the fractional kinetics orders on 

HOPG (0.26 and 0.08 respectively).109,159,160 

By comparing the desorption characteristics of graphene on various substrates 

with those of the bare substrates, the substrate effect and the wetting 

transparency were assessed.113,150,151 Interestingly, the transparency of graphene 

to desorption was shown to strongly depend on the adsorbate. Particularly, 

silicon and copper substrates strongly affect desorption of benzene,150 n-

pentane,113 butane151 and water149 from graphene, even manifesting full 

transparency in the case of benzene (no data was presented for the desorption of 

n-pentane and butane from bare substrates thus no conclusion about wetting 

transparency in these cases could be made). The effect of the substrate on the 

microscopic wettability of graphene can be deduced as a difference between 

desorption energies of an adsorbate from graphene-on-a-substrate and from the 

bare substrate.113,150,151 For example, the desorption energies and their coverage 

dependences of benzene on copper and on silicon were not affected by the 

graphene layer at all (Figure 1.8b and c).150 Water, in contrast, exhibits different 

desorption characteristics (kinetic order and desorption energy) on substrates 

(namely, silicon and copper) with and without graphene layer.149 Interestingly, 

graphene-coated SiO2 appeared to be more hydrophilic than bare SiO2, and 

graphene-coated copper appeared to be more hydrophobic than bare copper.149 

Also, a complex desorption behavior of graphene on ruthenium (0001) was 

reported: no transparency to the desorption of water110 and benzene,108 but full 

transparency to desorption of n-butane.151 These findings can be related to the 

fact that water intercalates and splits graphene on Ru(0001), as it was observed 

by STM.142 

Finally, the preparation and the quality of graphene samples must be taken into 

consideration in microscopic wettability studies as it is in the macroscopic contact 

angle measurements. In fact, graphene on Pt(111) and Ru(0001) were grown in 

situ in the UHV chamber, graphene on copper was grown using the CVD method 

and then mounted in the UHV chamber for desorption measurements, and 

graphene on SiO2 was grown by CVD and then transferred using the PMMA-
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assisted method (with polymer residues inevitably adsorbed on the graphene 

surface). Certainly, graphene grown in situ in UHV on well-defined smooth and 

extremely clean metallic surfaces is expected to be of higher quality and to 

represent properties of a single layer of ideal (non-contaminated and free of bulk 

defects) graphene. Such samples, however, are only relevant to fundamental 

UHV studies, and there are no available contact angles for a comparative analysis. 

Samples which were exposed to air and underwent a transfer step (graphene on 

copper and SiO2), on the other hand, are widely used and studied, but have 

structural defects and contamination, especially for graphene on SiO2. 

Overall, surface science methods allow probing the interactions between 

graphene and individual molecules in ultra-pure environment and determination 

of the energy of desorption (which characterizes the strength of the interactions) 

and kinetic order of desorption (indicates how the molecules pack on the 

graphene surface). However, correlating the interaction parameters of individual 

molecules in UHV with the macroscopic wettability of graphene in ambient 

atmosphere is not straightforward. As well as in the case of macroscopic 

measurements, inconsistencies associated with the sample preparation pose a 

real challenge for the interpretation and the comparison between different sets 

of data, especially between microscopic (samples are prepared in UHV) and 

macroscopic (samples are exposed to air) studies. A systematic comparative 

analysis, which takes into consideration the effect of the sample preparation, is, 

therefore, needed. 

In order to bridge the gap between the macroscopic and microscopic approaches, 

in Chapter 6 a comparative study was conducted on the effect of the 

irregularities in the graphene surface introduced during the transfer of graphene 

with the wettability both at a microscopic (water desorption measurements 

under UHV) and at the macroscopic level (contact angle measurements). Testing 

exactly the same samples in both TPD and contact angle measurements ensured 

the possibility to systematically compare the two approaches. Interestingly, the 

transparency of graphene to macroscopic wetting does not necessarily translate 

into the transparency to desorption of individual water molecules. While 

variations in roughness of the substrate seem to be of primary importance for the 

interactions between graphene and individual water molecules in vacuum, the 
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macroscopic wettability of graphene, in contrast, depends more strongly on the 

chemical composition of the substrate. 

 

Figure 1.8. Molecular adsorption on graphene or microscopic wettability of graphene 

under UHV. a) Calculated structures (side view) of the planar two-layers polymorph of 

water ice that forms on graphene (top) and normal three-dimensional hexagonal water 

ice (bottom).107 b) Desorption energy (Edes) as a function of benzene coverage (with ML 

depicting the number of benzene monolayers desorbed from the surface) for desorption 

of benzene from bare copper and graphene-on-copper.150 c) Desorption energy (Edes) as a 

function of benzene coverage (ML – number of benzene monolayers desorbed from the 

surface) for desorption of benzene from bare SiO2 and graphene-on-SiO2.150 
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1.5. Aim and outline 

In this thesis unconventional tools based on fluidic interfaces were developed to 

study the surface and interfacial chemistry of graphene, to characterize the 

intrinsic properties of graphene, to disentangle the effects of substrate and of the 

environmental factors, and to improve handling protocols towards the 

preservation of the graphene cleanliness, morphology and electrical properties. 

In Chapter 2 a liquid biphasic system was developed to transfer graphene without 

using a polymer support. Additionally, by probing electrically graphene in situ at a 

water/cyclohexane interface, an enhancement of charge carrier mobilities 

compared to supported graphene was observed, which was the first indication of 

the benefit of using a liquid interface to preserve the properties of pristine 

graphene. 

Chapter 3 demonstrates how confocal Raman spectroscopy can be used to study 

graphene at a liquid/air and liquid/liquid interface, and presented a correlation 

study of graphene Raman bands. The results demonstrated that, unlike solid 

substrates, liquids do not induce strain and doping in graphene and are ideal 

supports for preserving the intrinsic electronic properties of graphene. 

Chapter 4 further exemplifies how a liquid support can be used to probe the 

wettability of free-standing graphene revealing that graphene is inherently mildly 

hydrophilic.  

Chapter 5 introduces ice and hydrogels as alternative supports for studying 

graphene-water interactions. The results show that graphene is hydrophilic in 

water and fully transparent to water-water interactions. Additionally, the 

selective transmittance of polar and dispersive interactions through graphene 

layer was investigated. Interestingly, while being fully transparent to dispersive 

interactions, graphene screens polar interactions in the samples that underwent 

a transfer step, presumably due to the structural distortions in the graphene 

layer induced by the transfer. 

Finally, in Chapter 6 the macroscopic wettability in ambient atmosphere and the 

microscopic wettability under UHV conditions were systematically compared. The 

analysis showed that, while providing insights into the fundamental parameters 
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of graphene-water interactions, the microscopic wettability cannot characterize 

the macroscopic wettability of graphene. Additionally, the roughness of the 

underlying substrate was shown to affect the microscopic wettability and wetting 

transparency of graphene in UHV. 

The use of liquid interfaces in graphene research is now emerging, and this thesis 

shows that the structural adaptability, molecular smoothness and weaker 

(compared to solids) intermolecular bonding of fluidic interfaces allow for 

experimental designs radically different from those involving solid substrates. By 

demonstrating that fluidic interfaces preserve graphene clean, smooth, 

unstrained and undoped, and by exploiting these advantages, a step forward was 

made to the design of (more) accessible and efficient graphene-based devices 

and technologies.  
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