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The ‘graphene rush’ that started almost a decade ago is far from over. The dazzling 

properties of graphene have long warranted a number of applications in various domains 

of science and technology. Harnessing the exceptional properties of graphene for practical 

applications however, has proved to be a massive task. Apart from the challenges 

associated with the large-scale production of the material, the intrinsic zero band gap, the 

inherently low reactivity and solubility of pristine graphene preclude its use in several 

high- as well as low-end applications. One of the potential solutions to these problems is 

the surface functionalization of graphene using organic building blocks. The ‘surface-only’ 

nature of graphene allows manipulation of its properties not only by covalent chemical 

modification but also via non-covalent interactions with organic molecules. Significant 

amount of research efforts have been directed towards the development of 

functionalization protocols for modifying the structural, electronic, and chemical 

properties of graphene. This feature article provides a glimpse of recent progress in 

molecular functionalization of surface supported graphene using non-covalent as well as 

covalent chemistry. 

 
I. Introduction: 

Graphene is a single atom thick sheet of sp2-hybridized carbon bonded in a honeycomb 

lattice.1 After its first successful isolation in the form of freestanding monolayer films in 

2004 together with the revelation of its unusual physics,2 graphene has garnered 

tremendous scientific interest from both fundamental as well as applied point of view. This 

is mainly due to its unique electronic, optical, mechanical and thermal properties, which 
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outperform most of the existing materials.3, 4 Graphene shows remarkably high electron 

mobility of 2.0 X 105 cm2V-1S-1 at room temperature.5 Furthermore, the symmetry of the 

conductance measurements indicates identical hole mobility. With a Young’s modulus of 1 

TPa and an intrinsic strength of 130 GPa, it is the strongest material ever known.6 At the 

same time it is flexible and can be stretched up to 20% of its initial length.7 Graphene is a 

perfect conductor of heat exhibiting isotropic thermal conductivity exceeding 3000 WmK-

1.8 Despite being only one atom thick, it absorbs a rather large percentage (2.3%) of white 

light.9 Moreover, graphene is completely impermeable to gases.10 Each of the 

aforementioned properties warrants a technological breakthrough. Numerous potential 

applications have been proposed for graphene such as in high-speed radio-frequency and 

logic devices,11 thermally and electrically conductive reinforced composites,12 chemical as 

well as biological sensors,13, 14 desalination membranes,15, 16 photocatalysis,17 transparent 

electrodes for liquid crystal displays18 and solar cells.19, 20 

However, the translation of these astounding properties, that are often realized on 

tiny flakes studied in laboratories, into applications on an industrial scale suffers from 

some major roadblocks. Although the large-scale synthesis of graphene21, 22 has been 

successfully carried out recently, the mass produced material is often inferior in properties 

compared to pristine graphene produced by the ‘scotch tape method’. There is an inherent 

contradiction in the properties of graphene when it comes to realization of applications. 

For example, the characteristic band structure leads to exceptionally high electron mobility 

thus allowing graphene transistors to process data at very high rates. But the lack of band 

gap also makes it difficult to turn off the flow of current-a serious impediment to logic 

operations. Given that such on-off switching lies at the heart of modern digital electronics, 

opening a small band gap in graphene has become indispensible.23 Secondly, handling and 

processing of graphene sheets is challenging since it is insoluble in most solvents. So far 

graphene has only been found to be soluble/dispersible in solvents with high surface 

tension (40-50 mJ m-2) such as N-methyl pyrrolidone, N,N-dimethylacetamide, γ-

butyrolactone and 1,3-dimethyl-2-imidazolidinone.24 Re-aggregation into graphite-like 

agglomerates via π-stacking interactions is a looming concern even in these special 

solvents. Liquid-phase exfoliation of bulk graphite has been studied extensively, which 
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involves use of ultrasonication in presence of intercalating compounds and/or surfactants. 

Although this method is up-scalable and versatile, the yield of SLG sheets is often low and 

requires long sonication times.25 The insolubility of graphene in most media is not 

conducive for its large-scale processability thus limiting its use in various applications. 

Finally, the reactivity of graphene is relatively low compared to other carbon allotropes 

such as carbon nanotubes (CNTs) and fullerenes. Theoretically, all the sp2-hybridized 

carbon atoms of graphene can undergo covalent addition reactions that convert them into 

sp3-hybridization. However, a strong coupling within all its pz orbitals leads to a giant 

delocalized π-bonding system and thus graphene remains relatively inert. As a 

consequence, basal plane covalent additions usually suffer from large energy barriers 

necessitating use of highly reactive species.26-30 

One of the many ways to circumvent the above-mentioned challenges is the chemical 

functionalization of graphene. The surface modification of graphene can be achieved either 

by physisorption of organic building blocks via non-covalent interactions or by 

chemisorption of reactive organic species via covalent bond formation onto its basal plane. 

Both approaches have their own advantages and disadvantages. Functionalization via 

physisorption is rather mild and does not lead to degradation of graphene properties. The 

availability of virtually endless list of organic molecules makes this approach versatile. A 

drawback of this strategy is the limited stability of such molecular networks since they are 

held together by relatively weak non-covalent interactions. On the other hand, covalent 

bond formation between adsorbates and the carbon atoms of graphene leads to rather 

robust functionalization. However, since the bond formation proceeds via sp2 to sp3 

rehybridization, it modifies the unique electronic band structure of graphene. Such 

modification is often detrimental to graphene properties, which reach their zenith only in 

pristine state with perfect atomic arrangement. Furthermore, given the use of highly 

reactive chemical species, the spatial control over covalent functionalization of graphene is 

often challenging.26-30 

Surface functionalization can transform pristine graphene into chemically sensitive 

and soluble material thus enabling its use in sensing technology13, 14 and composite 

materials. Covalent modification of graphene has been used to open its band gap31, 32 thus 
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facilitating its integration into electronic devices. Since graphene has no bulk, the 

delocalized πelectrons are heavily affected by adsorbates. As a consequence, adsorption 

of organic molecules with suitably placed HOMO and LUMO levels with respect to the Fermi 

level of graphene is used to manipulate the type and concentration of charge carriers in 

graphene.33-37 Such functionalized surfaces allow deposition of dielectrics38 thus creating 

well defined interfaces relevant for field effect transistors (FETs). Furthermore, atomic and 

molecular adsorption has also been used to modify band structure in graphene thereby 

opening a small band gap.39-42 Apart from these applied aspects, the organic 

functionalization of graphene is also intriguing from a fundamental point of view. Graphene 

provides an attractive test bed for comparing and contrasting the modification strategies 

used for similar carbon allotropes such as graphite, CNTs and fullerenes. In fact, most of the 

initial efforts towards graphene functionalization were based on previously well-

established protocols involving graphite,43, 44 CNTs45, 46 and fullerenes.47, 48 Despite the fact 

that all these materials consist of sheet(s) of sp2 hybridized carbon, significant differences 

exist between properties of these allotropes and graphene. For example, suspended 

graphene has both its surfaces available for functionalization in contrast to graphite. On the 

other hand, the properties of substrate-supported graphene are significantly influenced by 

the underlying substrate.  In addition, the high curvature of CNTs and fullerenes makes 

them relatively more reactive than graphene. Thus, the unique challenges and 

opportunities offered by the research on graphene functionalization render it a fertile area 

of fundamental research. 

In this feature article, we discuss the progress made in the field of surface supported 

graphene functionalization by highlighting some examples from contemporary literature. 

We focus on studies where fabrication of nanostructured graphene surface was targeted 

using well-defined organic building blocks. Surface functionalization via physisorption is 

discussed in the context of doping graphene for manipulating charge carrier concentration 

and for opening band gap. We highlight those examples where the post-functionalized 

graphene surface was characterized using scanning probe microscopy methods. Covalent 

functionalization is discussed in the context of band structure engineering. This feature 

article does not cover substitutional doping, which involves replacement of carbon atoms 

Page 4 of 47Nanoscale



in the honeycomb lattice of graphene by nitrogen and boron atoms.49, 50 Also, organic 

functionalization of graphene in dispersions51 is not discussed here. A number of excellent 

review articles published in the recent past26-30 have summarized the influence of organic 

functionalization on properties of graphene whereas MacLeod et al.52 review the effect of 

epitaxially grown graphene on the process of molecular self-assembly. 

 

II. Non-covalent functionalization: 

Self-assembly of organic molecules on highly oriented pyrolytic graphite (HOPG) has been 

studied extensively for decades both theoretically as well as experimentally.53, 54 Given that 

graphite is a 3D material made up of stacked graphene layers, these previous studies are 

highly relevant for non-covalent functionalization of graphene. Care has to be taken 

however when indulging in direct one to one comparison between the two, since 

practically, graphene differs from the ‘top layer’ of graphite. While HOPG provides 

atomically flat terraces that extend several square micrometers, graphene grown on 

different substrates often shows high degree of roughness and defects which arise due to 

the synthesis method or are inherited from the substrate underneath. Moreover, SLG is 

supported by either a metal or an insulator surface whereas the ‘top-layer’ of HOPG has an 

equivalent graphene layer beneath. Thus, the structure as well as electronic properties of 

graphene are determined by the substrate on which it resides and thus deviate significantly 

from those of graphite.55 These similarities and differences make graphene a useful new 

substrate that will provide additional opportunities to extend the applications of surface-

confined supramolecular architectures. 

Non-covalent interaction of a wide variety of molecules and materials with graphene 

has been studied extensively in the recent past. These include organic as well as inorganic 

molecules, polymers, metals, metal oxides and different types of nanoparticles.26 In general, 

non-covalent interactions are sufficiently weak and thus preserve the unique electronic 

band structure of graphene. Moreover, the non-covalent functionalization of graphene 

using organic building blocks makes an otherwise inert and hydrophobic surface of 

graphene suitable for secondary functionalization such as growth of metal oxide layers. 

Such interfaces find important applications as dielectric layers in electronic devices56 and 
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as photocatalysts.17 The research on graphene functionalization via molecular 

physisorption has mostly focused on two aspects: (1) Molecular self-assembly on graphene 

studied mostly from a fundamental point of view, (2) Organic functionalization of graphene 

for specific purposes such as doping, band-gap opening and facilitating atomic layer 

deposition (ALD). In the following sections we discuss the functionalization of graphene 

using physisorbed monolayers of organic molecules. 

 

A. Molecular Self-Assembly on Graphene: Fundamental Aspects 

A number of early studies scrutinized the basics of molecular self-assembly on graphene 

under ultrahigh vacuum (UHV) conditions, especially epitaxial graphene (EG) grown on 

SiC(0001).57-60 The primary focus of these initial studies was to compare the assembling 

behavior of typical aromatic molecules on the basal plane of EG against that on HOPG and 

to study the influence of defects present in the EG surface on molecular self-assembly. 

EG/SiC remains the choice of graphene type for evaluating fundamental aspects of 

molecular self-assembly as it is few layers thick and typically provides relatively flat 

terraces in contrast to other graphene types such as chemical vapor deposited (CVD) 

graphene. 

A large body of initial work on molecular functionalization of substrate-supported 

graphene was devoted to UHV characterization of self-assembled monolayers of planar 

aromatic molecules using scanning tunneling microscopy (STM) and scanning tunneling 

spectroscopy (STS). In most of these studies, the molecule of interest was sublimed onto 

the graphene surface under UHV conditions. An archetypical π-conjugated molecule 

perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) remains one of the most widely 

studied systems on graphene. Following the first low temperature STM investigation of 

PTCDA monolayers on bilayer graphene grown on SiC(0001) by Lauffer and co-workers,57 

Hersam and co-workers38, 58, 60 have intensively studied the PTCDA-EG/SiC interface under 

UHV conditions. Room temperature UHV-STM measurements by Wang et al.58 revealed that 

PTCDA forms long-range ordered, defect-free self-assembled monolayers on the surface of 

EG in which the molecules are packed in a herringbone arrangement (Fig. 1). PTCDA is 

known to assemble in an identical fashion on HOPG.59 The molecules adsorb flat with their 
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aromatic backbone parallel to the graphene surface due to π stacking interactions. The 

intermolecular interactions are dominated by aromatic C-H---O-C hydrogen bonds. 

An important facet of PTCDA self-assembly on graphene that differs from that on 

HOPG is the behavior of the self-assembled network at step edges. In case of HOPG, the 

network is typically discontinuous across a step-edge.59 In other words, a step edge on 

HOPG interrupts the molecular domain and each terrace comprises of a separate domain. 

On the contrary, PTCDA networks were found to be in full compliance with the underlying 

graphene topology and thus seamlessly crossed surface steps (Fig. 1b), which are inherited 

by the underlying SiC substrate. This peculiar aspect of self-assembly on graphene has been 

confirmed later for a number of other systems such as the densely packed networks of 

phthalocyanines,61 pentacosadiynoic acid (PCDA)62 and low density networks of 

dehydrobenzo[12]annulene (DBA) derivatives.63 These findings indicate that the formation 

of continuous domains over step-edges is not a property of a given molecular system but is 

rather inherent to the graphene-substrate combination since rigid polycyclic aromatic 

(PTCDA, phthalocyanines) as well flexible alkyl substituted (PCDA, DBA) molecules exhibit 

identical behavior upon adsorption on graphene. 

The PTCDA monolayers were found to be unaffected by the intrinsic defects present 

in the EG passing unperturbed over subsurface nanotubes and six-fold scattering centers 

(Fig. 1c, 1d). Furthermore, in contrast to HOPG, where the molecular domains are typically 

oriented at multiples of 60° with respect to each other, the PTCDA domains on EG/SiC were 

found to be rotated by arbitrary orientations. This finding however, was contested later by 

Huang et al.59 in another low temperature UHV-STM investigation, which revealed the 

existence of typical 60° orientations within PTCDA domains. STS experiments suggested 

that the electronic structure of PTCDA remains unperturbed upon adsorption on EG/SiC 

thus implying only weak coupling with the underlying graphene layer.57-59 While the low 

temperature experiments57, 59 revealed weak electron transfer from graphene to the 

PTCDA monolayer, such n-type charge transfer doping was found to diminish upon 

approaching room temperature.58 The robust PTCDA adlayer on EG/SiC was further used 
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Fig. 1. Functionalization of EG/SiC using physisorbed PTCDA monolayer. (a) Molecular 

structure of PTCDA. (b) High-resolution STM image of the PTCDA monolayer on EG/SiC. 

The monolayer continuously follows the graphene sheet despite the presence of step-edge 

in the underlying SiC substrate. (c) PTCDA monolayer covering a graphene-subsurface 

nanotube defect. (d) Another type of defect, namely a six-fold scattering-center defect, is 

also unable to disrupt the regular arrangement of PTCDA molecule. Reprinted with 

permission.58 (Copyright © 2009 Nature Publishing Group). 

 

as a chemical resist to create sub-5-nm shallow nanopatterns which were later filled with 

PTCDI molecules thus giving rise to heteromolecular organic nanostructures on EG/SiC.60 

Such deposition protocols that yield spatially periodic molecular patterns at the sub-5-nm 

length scale in registry with the graphene surface are considered to be desirable for band 

structure modification of graphene without degrading its charge carrier mobility.64, 65 
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Superposition of graphene lattice with that of the substrate often gives rise to an 

interference effect known as the moiré pattern. This pattern defines a superlattice, which 

has a periodicity larger than that of either of the individual lattices.  When the carbon 

atoms in the graphene lattice reside over the substrate atoms, the graphene-substrate 

electronic interaction is maximized. Such regions in the moiré pattern appear dark in STM 

images due to reduced density of states near the Fermi level. The bright regions on the 

contrary, appear in areas where the carbon atoms rest above the hollow sites (fcc as well as 

hcp) in the underlying substrate lattice (Fig. 2a). The moiré superlattice imparts structural 

and electronic modulation thus creating a spatially varying potential landscape on the 

graphene surface. Recent theoretical and experimental data have shown that the observed 

buckling on Ru(0001) is not only an electronic effect in the STM image, but in fact reflects a 

real height corrugation of 1.5 Å.66 The influence of such superlattice on molecular self-

assembly can be negligible or significant depending on whether the interaction of graphene 

with the underlying substrate is weak or strong, respectively. EG has weak interactions 

with substrates such as Ir(111) and SiC(0001) whereas it interacts strongly with Ru(0001) 

and Ni(111).67 Consequently, graphene presents a much more HOPG like adsorption 

landscape when grown on weakly interacting substrates. On the other hand, the moiré 

superlattice on strongly interacting substrates has been shown to influence molecular 

adsorption, especially at low temperature. 

The influence of graphene superlattice on molecular adsorption has been well-

documented52 and is reported for PTCDA as well. The herringbone films of PTCDA formed 

on EG/Ru(0001) show missing molecule defects which are located on top of the bright (H) 

sites in the graphene moiré pattern (Fig. 2). This effect was ascribed to the pronounced 

variation in the surface electronic structure imparted by the moiré pattern, which leads to 

lateral modulation in the adsorption potential along the graphene surface. The influence of 

moiré corrugation was found to be even more drastic in the case of 2-phenyl-4,6-bis(6-

(pyridin-3-yl)-4-(pyridin-3-yl)pyridin-2-yl)pyrimidine (3,3'-BTP, Fig. 3a) and 2,4’-

bis(terpyridine)(2,4’-BTP, Fig. 3d) adsorption. These two molecules form supramolecular 

networks based on C-H---N type hydrogen bonding. Due to the different locations of 

nitrogen atoms within the molecular backbone, the two molecules are known 
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Fig. 2. Influence of moiré superstructure of graphene on PTCDA self-assembly. (a) 

Atomically resolved STM image showing the moiré superstructure of EG/Ru(0001). ‘H’ 

stands for ‘hills’ and ‘V’ indicates the ‘valleys’ in the moiré corrugation. (b) STM image of 

PTCDA monolayer on EG/Ru(0001). Missing molecule defects are often found on the bright 

‘H’ sites. Reproduced according to the Creative Commons license.68 

 

to form fundamentally different supramolecular structures.69,70 Adsorption of 3,3'-BTP on 

EG/Ru(0001) however, resulted in formation of multiple random architectures that include 

triangular, circular and linear structures (Fig. 3b) wherein the molecules exclusively 

occupied the ‘valley’ sites while most of the bright ‘hill’ sites remained vacant. This 

behavior is in stark contract to that observed on HOPG, where long-range ordered 2D 

monolayers were obtained.69 The peculiar adsorption behavior on EG/Ru(0001) was 

explained using force field calculations, which revealed a difference of the order of -0.625 

to -0.985 eV per molecule in the adsorption energy between the ‘hill’ and ‘valley’ sites.68 

2,4’-BTP, on the other hand, formed hydrogen bonded 1D chains on EG/Ru(0001) (Fig. 3e) 

due to appropriately placed N atoms on the molecular backbone. STM images revealed that 

similar to 3,3’-BTP, the linear chains formed by 2,4’-BTP selectively occupied the valley 
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Fig. 3. Influence of moiré superstructure on the self-assembly of 3,3’-BTP (a) and 2,4’-BTP 

(d). (b) STM image of 3,3’-BTP physisorbed on EG/Ru(0001) surface. Within the different 

supramolecular structures formed, 3,3’-BTP molecules avoid adsorption onto the hill sites 

of the moiré corrugation as shown in (c). (e) 2,4’-BTP monolayer on EG/Ru(0001) also 

shows preferential adsorption in the valley sites as shown in (f). Panels (b) and (c) 

reproduced according to the Creative Commons license.68 (e) and (f) Reprinted with 

permission.71 (Copyright © 2011 American Chemical Society) 

 

sites. The energetic preference for adsorption in the valley sites was explained once again 

by using force field calculations, which revealed that the hill sites offer weaker adsorption 

sites (Ehill = -3.45 eV) compared to the valley sites (Evalley = -4.08 eV). The authors also 

noted that the total intermolecular interaction energy of extended BTP networks on HOPG 

is much smaller than the pronounced energy variation within the moiré corrugation.71 
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Although molecular self-assembly has been extensively studied on EG, CVD 

graphene grown on copper (CVD-G/Cu) has garnered significant attention in the recent 

past. The reason behind the rapidly increasing popularity of such graphene type is its mass 

producibilty and relatively cheaper production cost compared to EG. Typically, CVD 

graphene is grown on polycrystalline copper foils which can then be transferred to a 

variety of different substrates making this graphene type an attractive platform for various 

applications.72 The most commonly used insulating substrate for transferred graphene is 

SiO2. While the surface roughness of graphene on SiO2 is relatively high with corrugation 

amplitude reaching almost 1 nm, this combination nevertheless is being extensively 

studied due to the importance of SiO2 in existing semiconductor technology. Molecular 

functionalization of CVD graphene has been examined both under UHV as well as ambient 

conditions. Some research groups have investigated self-assembly on CVD graphene grown 

on Cu foil,61, 73 while others have used CVD graphene transferred on SiO2 or hexagonal 

boron nitride (h-BN).74 

Phthalocyanines constitute another class of planar aromatic compounds that have 

been studied in depth on epitaxial graphene grown on metal substrates such as 

Ru(0001),75, 76 Ni(111),77 Ir(111)78 as well as on SiC.79 In these studies also, the self-

assembled structures were correlated with the moiré corrugation of the graphene surface, 

which provide trapping sites for molecules. One of the notable findings is the observed 

preferential adsorption of copper hexadecafluoro-phthalocyanine (F16CuPc) on SLG in 

presence of bilayer graphene when the adsorption experiments were carried out on 

EG/SiC.79 Only when the SLG terraces were fully occupied, the F16CuPc molecules were 

found to start adsorption on bilayer graphene terraces. This peculiar behavior arises due to 

a subtle difference in the electronic structure of SLG and bilayer graphene, which in turn 

affects the adsorption energies. First principle calculations revealed that the adsorption 

energy of F16CuPc on SLG is 0.3 eV higher than that on bilayer graphene. 

Järvinen et al. compared the self-assembly behavior of cobalt phthalocyanine (CoPc) 

on CVD grown graphene transferred onto SiO2 and h-BN using low temperature UHV-

STM.74 While CoPc formed a square lattice on both the substrates, the assembly behavior at 

the level of domains was found to be drastically different. The CoPc domains were 

Page 12 of 47Nanoscale



interrupted by the corrugation of the CVD graphene whereas adsorption on G/h-BN lead to 

formation of flawless domains that extended over the entire terraces of the underlying h-

BN. Interestingly, the moiré pattern of h-BN did not affect the adsorption behavior of CoPc 

thus suggesting the possibility of achieving single domain molecular layers on device scale. 

The authors concluded that graphene on h-BN is an ideal substrate for molecular self-

assembly in the context of controlling the electronic properties of graphene via engineered 

potential landscapes.74 

Although a majority of molecular self-assembly experiments on surface supported 

graphene have been carried out under UHV environment, increasing attention is being paid 

to development of functionalization protocols that work under ambient conditions. 

Typically, such procedure involves bringing the molecules in contact with the graphene 

surface in an organic solvent. Such solution processing approach has an advantage of 

scalability over the often-used UHV deposition method via sublimation. Apart from being a 

straightforward experimental approach, self-assembly at the organic liquid-solid 

interface54 also relaxes the upper limit on the molecular weight of the compounds that can 

be used for functionalization, since the sublimation of higher molecular weight compounds 

is often challenging.  The solution based deposition approach is expected to gain popularity 

as it is rapid and can build on the wealth of information already available from numerous 

studies carried out at the organic solution-HOPG interface.80 Although only few in number 

so far, reports describing functionalization of graphene under ambient conditions indicate 

that the liquid-solid interface is an interesting medium for constructing ordered 

supramolecular networks on graphene and holds promise for large-scale functionalization. 

Li et al. were one of the first to capitalize on molecular self-assembly at the organic 

solution/graphene interface. The network formation of a DBA derivative possessing long 

alkoxy chains containing diacetylene units (DBA-DA25, Fig. 5a) was investigated on 

different types of graphene namely, EG/SiC, CVD-G/Cu and exfoliated graphene on mica 

using a combination of STM and AFM.63 DBA-DA25 formed stable self-assembled networks 

on all three types of graphene substrates (Fig. 5b-5c). In contrast to most previous 
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Fig. 4. Comparison of CoPc adsorption on CVD graphene transferred onto SiO2 and h-BN. 

(a) and (b) show, the STM images of CVD-G/SiO2 and CVD-G/h-BN, respectively before the 

deposition of molecules. (c) Height histograms obtained from the STM images shown in 

panels (a) and (b) indicating that CVD-G/h-BN offers relatively smooth surface compared 

to that on SiO2. (d) Molecular structure of CoPc. (e) and (f) show representative STM 

images of CoPc monolayer on CVD-G/SiO2 and CVD-G/h-BN, respectively. Reprinted with 

permission.74 (Copyright © 2013, American Chemical Society). 

 

reports that dealt with densely packed molecular layers, DBA-DA25 self-assembly 

furnished porous networks that expose the pristine graphene surface in spatially repetitive 

fashion at the nanoscale. The networks are sustained by van der Waals interaction between 

interdigitating alkyl chains that show the same type of epitaxial relationship with graphene 
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Fig. 5. DBA-DA25 self-assembly on different types of graphene substrates. (a) Molecular 

structure of DBA-DA25. Porous supramolecular networks of DBA-DA25 formed on (b) 

EG/SiC, (c) CVD-G/Cu and (d) exfoliated graphene on mica using solution deposition under 

ambient conditions. Reprinted with permission.63 (Copyright © 2013, American Chemical 

Society). 

 

as they do with HOPG. In line with UHV studies that were mostly carried out on rigid 

polycyclic aromatic compounds, the relatively flexible DBA-DA25 networks also conform to 

the steps and wrinkles on graphene surface. Furthermore, these monolayer thick films 

were found to be stable under liquids as well as upon prolonged exposure to ambient air. 

The low-density DBA-DA25 monolayers are promising for carrying out secondary 

functionalization of graphene using other molecules that can adsorb within the voids, thus 

invoking applicability in sensing. This investigation not only identified a robust molecular 

system that survives washing/drying under ambient conditions but provided a much-

needed comparison of the self-assembly of a single building block on graphene supported 

by different substrates.63 To date this remains only one of three porous supramolecular 

systems assembled on graphene, the other two being bimolecular porous networks of 

melamine-PTCDI prepared under UHV on EG-SiC reported by Karmel et al.81 and trimesic 

acid monolayers on graphene/SiO2 studied under ambient conditions by Zhou et al.82 

An intriguing structural facet of the porous networks of DBA-DA25 is the presence 

of diacetylene units that can undergo light-induced polymerization83 to yield robust porous 

networks in which the molecules are connected to each other via covalent bonds. While 
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this is an exciting possibility and can be explored in the context of graphene 

functionalization, such so called ‘covalent organic frameworks’  (COFs) are routinely 

synthesized for their use in gas storage, photonic and catalytic applications. COFs are a 

class of highly crystalline porous materials and their cavity size can be tuned with 

nanometer accuracy. The 2D variant of such materials, 2D COFs, are appealing for graphene 

functionalization due to their robustness relative to supramolecularly assembled 

structures. A major drawback however, is that a majority of COFs are synthesized as bulk 

powders and therefore their controlled deposition on graphene remains a challenge.84 

An attractive alternative is to carry out the synthesis of 2D COFs in presence of 

graphene such that the layered material gets deposited on graphene as it is formed in 

solution. Colson et al. used this strategy to functionalize SLG supported by different 

substrates such as Cu, SiC and transparent fused silica with COFs. Boronic acid chemistry 

was used under solvothermal conditions to synthesis 2D COFs in presence of SLG. The 

coverage and thickness of the COF films was evaluated by scanning electron microscopy, 

which showed complete coverage of the SLG but indicated formation of thick films that 

correspond to few hundred layers of COF. Grazing incidence diffraction measurements 

confirmed the formation of highly crystalline materials in which the hexagonal pores are 

aligned orthogonally to graphene.85 The thickness of the film may constitute a challenge is 

using such COF functionalized graphene in top gated FETs. Limiting the concentration of 

precursors available at the solution-graphene interface can in principle circumvent this 

problem and yield monolayer thick COFs on graphene. A recent noteworthy example in this 

context is demonstration of monolayer COF formation graphene. Using purely surface 

science approach, Xu et al. achieved decoration of CVD-G/Cu with a 2D COF obtained using 

Schiff base chemistry. STM measurements confirmed the formation of porous COF on the 

graphene surface.86 While numerous exciting possibilities exist for functionalization of 

graphene using COFs, this area remains largely unexplored. 
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B. Non-covalent functionalization of Graphene: Doping via physisorption 

An important motivation behind studying molecular assembly on graphene has been the 

prospect of opening a band gap in graphene, which is otherwise a semi-metal, as well as to 

achieve precise control over the charge carrier type (p- or n-type) and density. Graphene 

can be doped by adsorption of gases, certain alkali atoms such as potassium, organic 

molecules and also by the substrate on which it resides. Under ambient conditions there is 

always some degree of p-type doping due to adsorption of water and molecular oxygen.87 

The doping upon gas adsorption has been utilized in gas sensors which show extremely 

low detection limits, down to single molecule level.88 Alkali atoms, such as potassium, are 

very strong electron donors and form ionic bonds resulting in n-type doping of graphene.89 

The distribution of metal atoms however, is often inhomogeneous and the charge carrier 

mobility degrades upon adsorption due to increased charged-impurity scattering.90 

Apart from the aforementioned dopants, the solid substrate that supports graphene 

also influences its band structure. Typical substrates such as SiC, SiO2 and different metals 

are known to modify the band structure of graphene via electronic coupling.91, 92 However, 

the type and extent of charge carrier modification in each case depends on the specific 

preparation conditions and thus it is difficult to predict. In view of the challenges 

associated with controlling/tuning the extent of doping exerted by gases, metal atoms and 

substrates, doping by physisorption of organic molecules is being considered superior as it 

allows precise control over molecular organization using well-established principles of 

supramolecular chemistry. Due to the large specific surface area of a graphene sheet, the 

electronic influence of adsorbed molecules becomes significant, providing a simple, 

effective and non-destructive way to tailor the band structure of graphene. 

Besides weak dispersive interactions, organic molecules possessing electron 

withdrawing or donating functional groups can have strong charge transfer interactions 

with graphene thus leading to its doping. This type of doping takes place via charge 

transfer from the adsorbed dopant (graphene) to graphene (dopant). Whether the charge 

transfer will take place is determined by the relative position of density of states (DOS) of 

the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital  
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Scheme 1.  A schematic showing the relation between positions of the HOMO-LUMO levels 

of dopants with respect to the Fermi level of graphene relevant for n- and p-type doping of 

graphene (see text for details). 

 

(LUMO) of the dopant and the Fermi level of graphene (Scheme 1). Charge is transferred 

from the dopant to the graphene layer, if the HOMO of the dopant is above the Fermi level 

of graphene resulting in n-type doping. On the other hand, for dopants with LUMO below 

the Fermi level of graphene, charge transfer occurs from graphene layer to the dopant 

amounting to p-type doping. p-type doping drives the Dirac point of graphene above the 

Fermi level, and n- type doping drives the Dirac point below the Fermi level. Apart from the 

exact separation of the HOMO/LUMO levels of the dopants with respect to the Dirac point 

of graphene, the amount of charge transferred per molecule also depends on the 

orientation and distance of the adsorbate with respect to the graphene plane. 

Tetrafluoro-tetracyanoquinodimethane (F4-TCNQ), a strong electron acceptor, 

remains one of the most intensively studied organic dopant on graphene.35, 36, 93, 94 The 

electron affinity of F4-TCNQ is 5.24 eV and thus its LUMO lies well below the Dirac point of 

graphene. Chen et al.35 first demonstrated the utility of F4-TCNQ for p-doping EG/SiC. The 
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charge transfer between thin films of F4-TCNQ and EG/SiC was studied using synchrotron-

based high-resolution photoemission spectroscopy (PES). Photoemission spectra revealed 

electron transfer from EG/SiC to the F4-TCNQ layer, which is consistent with the strong 

electron withdrawing nature of F4-TCNQ. In other words, an electron rich layer 

accumulates in the F4-TCNQ adlayer whereas an electron depleted layer is localized on the 

other side of the interface in EG/SiC thus effectively doping the graphene with holes. Coletti 

et al.36 approached the F4-TCNQ/EG system from a different perspective. They reasoned 

that the strong p-doping effect of F4-TCNQ could be used to negate the n-type doping 

exerted by the underlying SiC substrate. Angle resolved photoemission spectroscopy 

(ARPES), which measures distribution of electrons in reciprocal space, provided direct 

evidence to the negative charge compensation of EG/SiC by F4-TCNQ. Gradual increase in 

the F4-TCNQ layer thickness revealed complete neutralization of substrate-induced n-type 

doping at a thickness of 0.8 nm. Both the studies revealed saturation in the work function 

after a certain film thickness was reached, indicating that the electron transfer occurs only 

at the F4-TCNQ/graphene interface whereas the bulk of the film remains uncharged.35, 36 

p-type doping of graphene has also been accomplished under ambient conditions 

via solution based deposition of organic molecules. Prado et al.95 scrutinized the 

assembling behavior as well as the doping capability of long chain alkylphosphonic acids 

using a combination of AFM, Raman spectroscopy and first principle calculations. 2D 

crystals of these compounds were formed by dropcasting ethanol solutions on 

mechanically exfoliated graphene flakes supported by SiO2, followed by evaporation of the 

solvent. AFM revealed well-ordered striped domains of tetradecyl- as well as octadecyl 

phosphonic acid (OPA, Fig. 6a, b) on exfoliated graphene. Raman spectroscopy analysis of 

the flake deposited with octadecylphosphonic acid further revealed that the position of the 

G peak of graphene shifts to higher wavenumbers and also the full width at half maximum 

of this peak is reduced compared to pristine graphene flake. Moreover, the ratio of peak 

intensities of the G and 2D peaks was reduced by 60% upon deposition of OPA further 

corroborating electron transfer from graphene to the phosphonic acid monolayer, which 

effectively p-dopes graphene (Fig. 6c). The assembly structure as well the doping effect was 

corroborated by first principle calculations.95 
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Fig. 6. Charge transfer doping (p-type) of exfoliated graphene using alkylphosphonic acids. 

(a) Molecular structure of OPA. (b) AFM topography image of OPA self-assembled network 

(yellow-green) that partially covers the graphene flake (blue). (c) Raman spectra obtained 

on the graphene flake before and after OPA functionalization illustrating p-type doping. 

Reproduced with permission.95 (Copyright © 2011 American Chemical Society). 

 

In a slightly different approach, alkylthiol monolayers, which adsorb in an identical 

fashion to alkylphosphonic acids on graphene, were used to realize sensing capabilities of 

the organic monolayer/graphene interface. Zhang et al.96 functionalized GFETs prepared 

from exfoliated graphene flakes with 1-octadecanethiol using spin coating of chloroform 

solution. Given the high affinity of the thiol groups towards mercury, the well-ordered self-

assembled networks of 1-octadecanethiol could be used for capturing mercury ions from a 

solution. The incorporation of the mercury ions in the monolayer resulted in a measurable 

shift of the charge neutrality point to more positive potentials due to p-type doping. 

Given the relatively low work function of graphene (-4.6 eV), n-type doping is 

perceived to be more challenging than the p-type. A noteworthy example is that of self-

assembled monolayers of cis-1-amino-9-octadecene, a molecule commonly referred to as 

oleylamine (Fig. 7a). This molecular system consists of an electron rich primary amino 

group that serves as the n-type dopant whereas the long alkyl chain facilitates its 

adsorption onto graphene. A combination of STM, AFM and electrical characterization of  
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Fig. 7. Charge transfer doping (n-type) of exfoliated graphene using oleylamine. (a) 

Molecular structure of oleylamine. (b) and (c) show large- and small-scale AFM images of 

oleylamine monolayers adsorbed on HOPG. (d) Molecular resolution STM image of 

oleylamine on HOPG. (e) A schematic showing the graphene device decorated with 

oleylamine monolayer. Lower half of panel (e) shows optical micrograph of the GFET. (f) 

Ids–Vg characteristics of a graphene FET device before and after several OA treatments and 

after OA removal taken at a source–drain bias (Vds) of 5 mV under ambient conditions. 

Reproduced with permission.37 (Copyright © 2013 Royal Society of Chemistry). 

 

GFETs was used to assess the adsorption behavior and n-doping effect of oleylamine. AFM 

and STM revealed large area, well-ordered self-assembled monolayers of oleylamine on 

HOPG (Fig. 7b-7d) and EG/SiC. Back-gated GFETs made from exfoliated graphene (Fig. 7e) 

were functionalized with oleylamine using identical deposition protocol. The electron 

accumulation in the graphene channel was found to increase upon adsorption of 

oleylamine which essentially amounts to n-type doping. The n-type doping achieved upon 

Page 21 of 47 Nanoscale



deposition of approximately one monolayer could be improved further upon an additional 

second deposition on the device (Fig. 7f). The functionalized devices were stable and the 

doping levels as well as the carrier mobilities remained constant upon exposure to high 

vacuum conditions for prolonged period confirming the robustness of the deposit. An 

important aspect of this investigation is that the pristine device characteristics could be 

regained by sonication of the device in hexane showing that electron doping by oleylamine 

can be reversed. This study highlighted the important relationship between molecular 

structure, supramolecular ordering of the dopant on graphene surface and the resulting 

device performance of GFETs.37 

Zhou et al. targeted local n-type doping by patterning exfoliated graphene with 

Rhodamine 6G (R6G) using dip-pen nanolithography (DPN). DPN is a scanning probe 

lithography technique in which an AFM tip is used to transfer molecules onto substrates of 

interest to create patterns in a well-defined fashion. Narrow lines of R6G were ‘written’ on 

top of exfoliated graphene supported by SiO2. Comparison of back-gate field-effect 

measurements on two terminal graphene devices before and after bulk functionalization 

with R6G revealed a shift of the Dirac point to negative gate voltages indicating n-type 

doping. Raman spectroscopy measurements were used to corroborate the electrical 

measurements. The local doping effect by narrow R6G lines was further confirmed by 

employing Kelvin probe force microscopy (KPFM)-another scanning probe technique that 

measures the contact potential difference (CPD) between the surface and a conducting AFM 

probe. KPFM measurements revealed decrease in the CPD when measured over R6G lines 

relative to pristine graphene surface, confirming the localized nature of the n-doping 

effect.97 n-type doping of graphene has also been accomplished using physisorption of 

other molecules such as saturated alkylamines,98 1,5-naphthalenediamine, 9,10-

dimethylanthracene,34 and p-toluenesulfonic acid.99  
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C. Non-covalent functionalization of Graphene: Band gap opening 

One of the illustrious properties of graphene, its excellent charge carrier mobility, is not 

perceived as its most compelling feature by the electronic-device community, in part due to 

its semi-metallic nature.23 The integration of graphene into various electronic and photonic 

applications necessitates opening of an electronic band gap. Attempts to open a bandgap in 

graphene have been mostly centered around three approaches: (1) confining graphene in 

one dimension to form graphene nanoribbons (GNRs).100 (2) biasing bilayer graphene101 

and (3) applying strain to graphene.102 The first approach has stimulated a lot of interest in 

the chemistry community as the well-established principles of synthetic polymer chemistry 

can be put to test to produce such narrow GNRs. In fact, Narita et al. recently demonstrated 

solution phase bottom-up synthesis of long (>200 nm) GNRs with a large bandgap of 1.88 

eV.103 While the bottom-up approach to GNRs is promising, the scalability of GNR synthesis 

as well as the incorporation of such material in devices remains largely unexplored. Apart 

from the three strategies mentioned above, molecular functionalization can also be used to 

open a band gap in graphene. Covalent attachment of molecules to the basal plane of 

graphene, which is described later in this article, has been used for opening a band gap in 

graphene. In the following paragraphs we discuss the experiments that targeted band gap 

opening using molecular physisorption. 

Band gap engineering via physisorption of organic molecules has been reported for 

both bilayer and monolayer graphene. In bilayer graphene the two graphene layers are 

typically Bernal (AB) stacked and just like SLG, pristine Bernal stacked bilayer graphene is 

a also a gapless semiconductor. However, when an external electric field is applied normal 

to the graphene plane, a band gap is opened due to breaking of the inversion symmetry 

between the layers.101 Similarly, a band gap is also opened by an interlayer electric field 

induced by molecular dopants adsorbed on the bilayer graphene surface41 and therefore, 

strategies for doping graphene discussed in the previous section could as well be applied 

for opening a band gap in bilayer graphene.  Self-assembly in conjunction with opening the 

band gap of graphene has not been experimentally demonstrated yet, though a few 

research groups have attempted band gap engineering using organic adsorbates. 
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Zhang et al. used thin layers of triazine thermally evaporated on exfoliated bilayer 

graphene to open an electrical band gap and improve the on-off characteristics of GFETs.41 

The band-gap opening was linearly proportional to the amount of doping and varied as 70 

meV/1013 cm-2, resulting in a band gap of ≈111 meV at the maximum doping 

concentration. A notable aspect of this investigation is that the improvement in the on/off 

ratio was critically dependent on the exposure to ambient air. Blocking the access of 

air/moisture to the bottom layer of bilayer graphene (interface of graphene with SiO2) led 

to decrease in the on/off ratio, which indicated that ambient p-type doping by oxygen or 

water plays a crucial role in the creation of charge asymmetry between the top and the 

bottom layers. This gap nevertheless is still far from the desired minimum (0.4 eV)23 and 

resulted therefore, only in a limited improvement of the on/off ratio. Thus the selection of 

dopants is crucial for improvement of the on/off ratio of GFETS since the band gap opening 

is limited by the doping concentration. 

The sensitivity of the graphene band structure to lattice symmetry has been 

exploited to open a band gap in SLG using controlled adsorption of water molecules. Yavari 

et al. measured temperature dependent transport properties of SLG in an atmospheric 

chamber with precise control of humidity. By extracting the activation energy from T-

dependent conductivity plots, they could indirectly infer the opening of a band gap of up to 

0.206 eV. The band gap opening in this case was speculated to be result of breaking of the 

sub-lattice symmetry due to adsorption of water. The authors claim that adsorption of 

water molecules both above the graphene surface as well as in between the graphene and 

SiC substrate leads to breaking of the chemical equivalency of the A and B sites in graphene 

consequently reducing the symmetry at the Dirac point. Theoretical aspects of band gap 

formation in graphene through such sub-lattice modification have been recently 

reviewed.104 It must be noted however, that so far only limited experimental evidence is 

available that proves creation of a sizeable band gap in SLG using molecular 

physisorption.39 
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D. Molecular Self-Assembly on Graphene: Atomic Layer Deposition 

A FET constitutes a major workhorse in the modern semiconductor industry. Most work 

carried out on graphene devices to date relates to FETs. Integration of graphene into FETs 

often requires growth of a high dielectric constant (high-k) material such as SiO2, Al2O3 or 

HfO2 that acts as the top gate insulator. The performance of a FET often critically depends 

on the quality of these high-k films, which are expected to be ultrathin, uniform and pinhole 

free. ALD is a preferred thin film technique used for deposition of high-k materials, which 

employs self-limiting sequential surface chemistry to enable atomic scale control over the 

deposition of thin films.105 However, ALD on pristine graphene is challenging due to its 

inert and hydrophobic nature resulting in poor-quality, non-uniform and leaky films which 

lead to sub-optimal electrical performance.56 

Several surface pretreatment strategies have been suggested to improve the ALD 

film quality. These include deposition and oxidation of metal films on graphene prior to 

ALD,106 oxidation of graphene using ozone107 and spin coating of polymer films108 as 

seeding layer. However, the former two approaches damage graphene and result in 

degradation of its electronic properties, while spin coating of polymers is difficult to 

control in terms of layer thickness, surface coverage and density of nucleation sites. 

Moreover, due to increased gate thickness and a reduced effective k value, these polymer 

layers decrease the overall capacitance of the gate dielectric layer.108 As a result, molecular 

physisorption has been explored as a surface modification protocol for rendering graphene 

suitable for ALD growth without increasing the gate thickness significantly. 

Dai et al. delineated the challenges associated with ALD of metal oxides on pristine 

graphene. ALD of Al2O3 on graphene flakes on SiO2 revealed that growth of the oxide layer 

occurs only at edges of the graphene flake or defects on the basal plane since pristine 

graphene lacks dangling bonds or any other surface functionality.56 The selectivity of ALD 

growth on defect sites was proposed as a simple tool to locate surface defects on graphene 

basal plane. The flakes were then functionalized with 3,4,9,10-perylene tetracarboxylic 

(PTCA) acid by dip coating to achieve uniform growth of Al2O3. ALD on such PTCA 

functionalized flakes revealed formation of uniform ultrathin Al2O3 deposition on graphene  
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Fig. 8. Physisorbed monolayers for ALD of ZnO and Al2O3 on EG/SiC. (a) Molecular 

structure of PCDA. (b) STM image of PCDA monolayer on EG/SiC. Inset shows high 

resolution STM image. (c) AFM image of the PCDA modified graphene surface after ZnO 

deposition. (d) XPS spectrum obtained after ALD of ZnO showing presence of Zn. (e) AFM 

image showing a non-uniform lamellar morphology of PCDA-EG/SiC surface after 

deposition of Al2O3. (f) AFM image of the monolayer after photopolymerisation of PCDA 

molecules. The inset shows high-resolution STM a cross-linked strand can be seen together 

with another strand where polymerization has not occurred. (g) AFM image showing 

uniform deposition of Al2O3 films obtained on polymerized PCDA monolayers. Reproduced 

with permission.109 (Copyright © 2013 American Chemical Society). 

 

thought to be facilitated by the carboxylate groups of PTCA that serve as nucleation sites 

for ALD. 

The functionalization strategy to facilitate ALD was then intensively explored by 

Alaboson et al. who used well-ordered self-assembled networks of organic molecules on 

EG/SiC. Monolayers of aromatic (PTCDA) as well as aliphatic (PCDA, Fig. 8a) compounds 

were used for the nucleation of ALD precursor species on graphene. Smooth and highly 

uniform films of HfO2 and Al2O3 could be obtained on EG/SiC functionalized with PTCDA.38 
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Adhesion and inherent stability of the dielectric films were confirmed by contact 

conductive AFM measurements. Specular X-ray reflectivity further revealed that the 

underlying PTCDA monolayer remains structurally intact in terms of layer occupation and 

stacking after the ALD process. Parallel-plate metal-oxide-graphene capacitors fabricated 

using PTCDA modified graphene exhibited high capacitance and low leakage currents. 

The versatility of this approach for ALD growth was demonstrated by using PCDA 

monolayers that consist of long alkyl chains with carboxyl groups. PCDA modified EG/SiC 

could be efficiently coated with uniform ZnO as well as Al2O3 films (Fig. 8).109 Grazing 

incidence small/wide angle X-ray scattering confirmed that the Zn coordinates with 

neighboring carboxylate groups of adjacent PCDA molecules forming ZnO chains, which are 

oriented along specific graphene lattice directions. In contrast, the growth of Al2O3 (using 

trimethyl aluminium, TMA) was found to be continuous but disordered. It was observed 

that TMA attacks and removes the acetylene group of the PCDA molecules, the principal 

contribution to the monolayer stability. The quality of Al2O3 films grown on PCDA modified 

graphene was improved by photochemical crosslinking of PCDA molecules with UV light62 

which allowed for more ordered and thicker films. 

 

III. Covalent functionalization: 

Physical engineering methods such as lithography have severe limitations when it 

comes to large scale processing of graphene and thus the precise molecular level 

modification of graphene falls within the realm of organic chemistry. Covalent attachment 

of organic molecules onto the basal plane of graphene is an intensively researched area and 

is often perceived as relatively more robust approach towards graphene functionalization. 

A major trade-off, of course, is the disruption in the sp2-hybridized backbone of graphene 

upon basal plane covalent addition, which is often accompanied by decrease in its charge 

carrier mobility. However, not all applications need high charge carrier mobility and thus 

significant amount of research efforts have been directed towards covalent 

functionalization of graphene. Apart from band structure modification, the general 
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motivation behind organic covalent functionalization of graphene has been to increase its 

solubility and for making composites of graphene with other materials. 

Graphene benefits from the rich functionalization protocols developed for 

structurally related allotropes such as fullerenes and CNTs. Past experience with these 

materials indicates that the most attractive species for the reaction with sp2 carbons of 

graphene are organic reactive intermediates such as free radicals, carbenes, nitrenes, and 

arynes. These species form covalent adducts with graphene through free radical addition, 

CH insertion or cycloaddition reactions.110 Furthermore, graphene has also been used as a 

versatile Diels-Alder substrate that can function as either the diene or the dienophile 

depending on the choice of reaction conditions.111 Apart from organic molecular 

functionalization, a wide community of researchers has also pursued atomic covalent 

functionalization, which involves hydrogenation, oxygenation and halogenation reactions 

on the basal plane of graphene.112 A number of recent review articles have summarized the 

different types of covalent chemistries carried out on graphene.26-30 In the following 

sections we discuss the covalent modification of surface supported graphene with a focus 

on fundamental aspects and applicability in band structure modification. 

 

A. Covalent functionalization of Graphene: Fundamental aspects 

Synthetic methods for covalent modification of graphene have progressed 

substantially in the past few years. A number of these investigations however, focused on 

solution chemistry of graphene flakes where the covalent chemistry was usually preceded 

by dispersion of graphite into graphene using typical intercalation methods.113 Covalent 

modification of graphene supported by standard substrates such as SiC, SiO2 etc. is relevant 

for applications in electronic devices since DFT calculations114 predict that such 

modification would create a large band-gap (∼ 1-2 eV) in graphene-a longstanding goal in 

the field. Diazonium chemistry has been particularly popular for covalent attachment of 

aryl groups to the basal plane of graphene, with the largest number of publications to 

date.31, 32, 113, 115-125 Raman spectroscopy, which has been an integral part of graphene 

research in general, serves even better in characterization of covalently grafted samples of 
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graphene. Generation of sp3-hybridized defects in graphene is associated with the 

appearance of characteristic D-band at around 1350 cm-1 together with changes in G and 

2D bands.126 

The usefulness of aromatic diazonium salts for covalent modification of carbon 

surfaces has been known since the 1990s. Savéant and co-workers have documented the 

covalent modification of carbon surfaces by aryl radicals generated from the 

electrochemical reduction of diazonium salts.43 The aryldiazonium salts however, also 

react spontaneously with graphene. The reaction mechanism involves transfer of an 

electron from graphene to the aryl diazonium cation, which converts the latter into an aryl 

radical with the loss of N2. The aryl radical then attacks the sp2-hybridized carbon of the 

graphene lattice thereby covalently attaching itself onto the basal plane. A side reaction in 

this process involves formation of oligomers via covalent bond formation between aryl 

radicals and already grafted aryl species on the graphene surface. The covalent bonding to 

the graphene carbon leads to slight buckling of the graphene layer displacing the newly 

formed sp3 carbon out of plane by ∼ 0.7 Å. DFT calculations predict favorable attachment of 

the next aryl radical in the para-position. Assuming such (1,4) configuration of grafting, a 

maximum coverage of 11% is achievable theoretically for attachment of phenyl radicals, 

largely attributed to steric hindrance.127 Although the DFT calculations predict long-range 

ordering based on the thermodynamics of the reaction, the highly reactive nature of the 

radicals ensures that the reaction proceeds under kinetic control and thus long range 

ordering has been reported rarely.124 

The spontaneous grafting of aryl radicals onto EG/SiC was first evaluated by 

Bekyarova et al. using immersion of the EG substrates in acetonitrile solutions of 4-

nitrophenyl diazonium tetrafluoroborate (4-NBD).118 The presence of grafted nitrophenyl 

radicals was confirmed by the NO2 symmetric and asymmetric stretching modes in FT-IR, 

as well as the XPS peaks of the N atoms of NO2. Cyclic voltammetry (CV) measurements 

indicated good surface coverage of the grafted species and were further used to confirm the 

durability of such covalent modification by carrying out the reduction of the grafted aryl 

NO2 groups to NH2. The robustness of the material was demonstrated by heating the 

nitrophenyl modified EG at 200 °C in vacuum followed by XPS characterization, which 
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confirmed the presence of NO2 groups after heating. In line with the expected degradation 

of charge carrier mobilities upon introduction of defects in the graphene lattice, the 

covalent modification with nitrophenyl moieties resulted in doubling of the room 

temperature resistance of EG. 

Since the spontaneous attachment of aryl radicals to graphene essentially depends 

on the electron transfer from graphene to the diazonium salt, the rate of the reaction is 

governed by various factors such as the density of states of the diazonium salt relative to 

the Fermi level of graphene, the number of graphene layers, defects, edge states and the 

electrostatic environment of graphene which is often dictated by the underlying substrate. 

Wang et al. studied the influence of substrate on the reactivity of monolayer graphene. 

CVD-G/Cu transferred to arbitrary substrates such as SiO2, Al2O3, h-BN and an alkyl-

terminated SiO2 substrate were subjected to reaction with 4-NBD (Fig. 9). Raman 

spectroscopy was used to monitor the integrated intensity ratio of the G and D peaks, 

which is a measure of concentration of covalent defect sites. Raman spectra of the graphene 

samples supported by different substrates before and after functionalization revealed that 

graphene supported by SiO2 and Al2O3 is more reactive towards covalent functionalisation 

compared to that on h-BN or on an alkyl-terminated SiO2. 

The difference in the reactivity arises due to varying level of influence of each 

substrate on the local density of states of graphene. Since the rate limiting step is the 

electron transfer, the Fermi level of graphene determines the influence of each substrate on 

graphene reactivity. Analysis of 2D peak positions of Raman spectra of pristine graphene 

samples revealed that the charge impurity puddles are stronger in graphene supported by 

SiO2 and Al2O3 compared to the other two substrates. Such substrate induced electron-hole 

puddles are known to dope graphene thereby shifting its Fermi level. The authors also 

demonstrated micrometer level spatial control of reactivity using patterned substrates 

(Fig. 9c-e). Graphene transferred onto a SiO2 substrate patterned with 2 μm wide lines of 

octadecyltrichlorosilane (OTS) was subjected to grafting by nitrophenyl radicals. Raman 

spatial map of the covalently modified graphene revealed strong functionalization of 

graphene residing over the SiO2 gaps compared to that resting on the alkyl chains of OTS.117 
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Fig. 9. Influence of substrate on diazonium chemistry of graphene. (a) Reaction scheme 

showing covalent functionalization of graphene using 4-NBD. (b) Representative Raman 

spectra of CVD-G transferred to different substrate materials before and after diazonium 

functionalization, normalized to the G peak height. These substrates are, from bottom to 

top, 300-nm-thick SiO2 on silicon, SiO2 functionalized by an OTS self-assembled monolayer, 

single-crystal h-BN flakes deposited on SiO2 and single-crystal α-Al2O3 (c-face sapphire). (c) 

Schematic illustration of reactive imprint lithography used to create patterned SiO2 

substrates. (d) AFM height image of the OTS functionalized SiO2 substrate before graphene 

transfer. (e) Raman map of ID/IG intensity ratio after diazonium functionalization. The 

narrow, mildly functionalized stripes (blue) correspond to the regions over the OTS pattern 

and the wide, strongly functionalized stripes (red) correspond to the regions over the SiO2 

gaps. Reproduced with permission.117 (Copyright © 2012 Nature Publishing Group). 

 

Besides the underlying substrate, the number of layers in graphene also influences 

the reactivity towards diazonium salts. The difference in reactivity between single layer 

and bilayer graphene flakes deposited on Si/SiO2 was demonstrated by Koehler et al.121 

Time-dependent confocal Raman spectroscopy showed that covalent attachment of 

nitrophenyl radicals occurs much faster on SLG with enhanced reactivity at the edges. 
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Bilayer graphene on the other hand, was found to react rather sluggishly with the 

diazonium moieties. The authors suggested that the difference in reactivity between 

monolayer and bilayer graphene arises due to the reduced ability of the latter to 

accommodate a local sp3 defect which in turn is related to the its reduced flexibility 

compared to that of SLG.121 The difference in the reactivity of monolayer and bilayer 

graphene is not specific to diazonium chemistry. Photocatalyzed decomposition of benzoyl 

peroxide in presence of graphene also leads to covalent attachment of phenyl radicals to 

the graphene surface and this reaction was reported to proceed ∼14 times faster with SLG 

compared to bilayer graphene.128 A more recent study involving direct imaging of the work 

function of mono- and multilayered graphene revealed that graphene work function 

increases with increasing number of layers which could be an additional factor that 

dictates its reactivity to electron transfer reactions.129 

While graphene remains the focus of the research community in view of its 

technological importance, reports describing the covalent functionalization of HOPG also 

deserve a special mention here, as the same protocols can easily be adapted for graphene. A 

notable example is patterning of HOPG using 4-carboxybenzenediazonium tetrafluroborate 

(4-CBD). Kirkman et al. demonstrated localized grafting of aryl groups onto HOPG surface 

using diazonium chemistry under electrochemical control.130 Micrometer level spatial 

control over the grafting process was achieved using scanning electrochemical cell 

microscopy (SECCM) wherein the exposure of 4-CBD to the HOPG substrate was precisely 

controlled using a narrow pipette. Using this approach, the authors could produce 

micrometer wide 4-CBD modified patches onto the HOPG surface in a controlled and 

reproducible fashion. While AFM topography measurements revealed the uniformity of 

covalent attachment under given experimental conditions (such as applied potential and 

exposure time of diazonium meniscus to HOPG), Raman mapping of the modified substrate 

revealed the extent of covalent attachment to the HOPG surface. Although demonstrated on 

HOPG, this study outlines an elegant approach for nano/microscale covalent modification 

of graphene as the diameter of the pipettes used in SECCM setup can be easily varied from 

few hundred nanometers to tens of micrometers.130 In a different study, Koehler et al. used 

lithography to pre-pattern HOPG using a photoresist mask, followed by exposure to 

Page 32 of 47Nanoscale



diazonium reagents. KPFM and scanning electron microscopy (SEM) revealed changes in 

surface potential due to grafting by aryl groups with electron withdrawing (-NO2) and 

donating (-OCH3) functional groups.131 

 

B. Covalent functionalization of Graphene: Band structure modification 

The sp3 centers produced after the covalent attachment of organic molecules to graphene 

act as defects and thus modify the effective conjugation length accessible to delocalized 

electrons. Such modification of the graphene lattice essentially represents patterning of the 

conjugation network and leads to changes in the band structure of graphene. For covalent 

modification of monolayer graphene, two different mechanisms are thought to be operative 

for band gap opening. (i) Generation of large band gap (1-2 eV) in the immediate vicinity of 

sp3 hybridized carbon centers. (ii) Opening of small band gap (100 meV) in the pristine sp2 

lattice between two neighboring sp3 clusters due to quantum interference effect.114, 132 

While the precise nanometer scale covalent patterning of graphene still remains elusive, 

random grafting of organic molecules has already been shown to modify the band structure 

of graphene. 

Niyogi et al. used a combination of Raman and ARPES to characterize nitrophenyl-

grafted graphene samples. Both exfoliated and EG/SiC were subjected to covalent 

functionalization by 4-NBD and subsequent spectroscopic analysis. For both graphene 

types, a prominent D-band appeared in the Raman spectra upon treatment with 4-NBD, 

indicating generation of sp3 defects. Band structure obtained from ARPES measurements 

after covalent modification revealed opening of a band gap of ~ 0.4 eV.31 Transport 

measurements carried out on nitrophenyl modified exfoliated graphene supported by 

Si/SiO2 substrate showed decrease in field effect mobility as well as device conductance 

which is consistent with the generation of defects in graphene lattice. A band gap of 100 

meV was accessible at 4K using such covalent functionalization.32 

Despite their extensive use for studying non-covalent functionalization of graphene, 

scanning probe methods have seldomly been employed to evaluate the extent of covalent 

grafting of organic molecules to graphene. Hossain et al.120 employed UHV-STM for 
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assessing the morphology of the graphene surface after covalent modification using 4-NBD 

(Fig. 10). Nitrophenyl modified EG/SiC substrates were annealed at 500 °C in vacuum for 

removing any physisorbed contamination followed by STM imaging at room temperature. 

STM images revealed an inhomogeneous layer of irregularly shaped chain-like features, 

with visible patches of bare graphene surface (Fig. 10a). The peculiar surface morphology 

was attributed to presence of aryl oligomers, which are formed due to the side reaction of 

nitrophenyl radicals in solution with those already grafted onto the graphene surface. The 

oligomer formation inhibits high density grafting since it physically blocks the surface. 

Scanning tunneling spectroscopy (STS) was employed to understand the electronic 

structure of the grafted substrates (Fig. 10c, d). STS spectra revealed that the electronic 

structure of graphene is not significantly perturbed within the regions where the 

physisorbed aryl oligomers reside. A minority of the STS spectra, which were assumed to 

be collected over the covalent attachment sites showed evidence of a band gap. STM based 

bias-dependent patterning allowed fabrication of sub-5 nm lines within the covalently 

modified regions (Fig. 10b). These scratched regions are structurally akin to GNRs. 

Nevertheless, due to the low concentration of covalent binding sites at the edges of such 

structures, no quantum confinement effects were observed.120 

Although DFT predicts a band gap as high as 2 eV in covalently functionalized 

graphene, there are practical aspects of covalent bonding onto the basal plane of graphene 

that impose limitations on the extent of electronic modification that can be achieved using 

this approach. Shih et al. established such limitations while investigating the electronic 

characteristics of nitrophenyl-functionalized exfoliated graphene flakes. Transport 

properties of nitrophenyl and bromophenyl-functionalized graphene devices were 

obtained at 14K. Different extent of functionalization was achieved using electrochemical 

reduction of diazonium cations in the presence of graphene devices and it was quantified 

from the ID/IG ratios obtained from Raman spectra. Based on the calculated average 

distance between the sp3 centers, the authors concluded that only quantum interference 

effects should dominate the bandgap in such samples. Although the band gap of 

functionalized SLG was found to increase linearly with ID/IG ratios, it remained below 0.1 

meV for SiO2 supported graphene. Highly functionalized suspended graphene devices 
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Fig. 10.  Covalent modification of EG/SiC using 4-NBD. (a) STM image of the nitrophenyl 

modified graphene surface. (b) Bias-dependent nanopatterning of the aryl grafted 

graphene surface using STM. (c) dI/dV spectra obtained on the (i) aryl grafted regions of 

graphene and (ii) clean (unmodified) regions of graphene. (d) dI/dV spectrum showing 

opening of a band gap in covalently modified graphene. Such STS spectra however 

represent a minority. Reproduced with permission.120 (Copyright © 2010 American 

Chemical Society) 

 

showed a bandgap of 1 meV, which is much lower than what is expected from quantum 

confinement effects (100 meV). The low band gap values obtained experimentally were 

attributed to the spatially inhomogeneous attachment of aryl groups (for suspended 
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graphene) and creation of mid-gap states that originate from charged impurities in the 

substrate (for G/SiO2) during covalent functionalization.132 

 

IV. Summary and Outlook: 

 

The ‘revolution’ ignited by graphene in science and technology has intrigued chemists, 

physicists, biologists and engineers alike. After the initial surge of activity in the field that 

resulted in publication of thousands of articles discussing the astonishing properties of the 

material, the focus has now shifted towards its use in different applications. Integrating 

graphene into real-life applications has been a daunting task though. The typical material 

and electronic properties of graphene have hindered its incorporation into useful devices 

and one of the ways forward is modification of the material with organic molecules. 

As discussed in-depth above, such functionalization has been achieved using 

covalent as well as non-covalent chemistries. The non-covalent approach appears to have 

evolved slightly more than the covalent approach, possibly in view of its simplicity. 

Adsorption of electron donating and withdrawing molecules onto the basal plane of 

graphene has been shown to induce n- and p-type doping of graphene, respectively. The 

results obtained so far constitute a good fundamental understanding of how the type and 

concentration of charge carriers in graphene can be manipulated by choice of organic 

adsorbates. Although the long-term stability of such supramolecular networks can be 

questioned, ultrathin organic membranes in the form of 2D COFs provide a robust 

alternative to supramolecular assemblies. The covalent chemistry on graphene is 

particularly attractive due to its predicted potential to open a band gap in graphene. While 

the experimental evidence obtained so far does point to band gap opening upon 

chemisorption of aryl groups, the magnitude of the gap is far from ideal. One of the reasons 

behind the inefficiency of the covalent approach in inducing a sizeable band gap in 

graphene is the lack of nanometer scale control over the process that leads to random 

attachment of aryl groups.  

Page 36 of 47Nanoscale



An overview of the literature suggests that the ‘surface-only’ nature of SLG often 

acts as a double-edged sword. On the one hand it allows easy modification of its electronic 

properties via simple adsorption of atoms and molecules, while on the other, it means that 

any adsorption (intentional or unintentional) on graphene is not inconsequential. This 

aspect becomes even more worrisome given the variable nature of doping offered by the 

substrates on which graphene resides. In view of these issues, the influence of substrate 

and unwanted contaminants always needs to be considered and de-convoluted from the 

targeted functionalization. Given that such contamination issues are addressed, the 

solution deposition approach, where organic molecules can be brought to the graphene 

surface under ambient conditions using a suitable solvent is promising due to its 

scalability.  

Although plenty of work has already been done on organic functionalization of 

graphene, the control and tunability of covalent as well as non-covalent modification vis-à-

vis the electronic properties of graphene remain virtually unexplored areas. Using the well-

defined principles of supramolecular chemistry, it is possible to precisely tune the density 

of functional groups on the graphene surface, which in turn could potentially affect the 

level of doping. Furthermore, there is a pressing need to develop covalent chemistry 

protocols where the density and location of grafted species can be precisely controlled. 

Such controlled covalent patterning of graphene will pave a way for opening of a band gap 

that is relevant for electronic applications. Scanning probe methods, especially STM, is 

expected to play an increasingly important role in this context due to its ability to divulge 

the surface morphology at sub-molecular resolution, which will be useful to correlate the 

extent of functionalization with changes in graphene properties. Assuming that the ‘dust 

has now settled’ after the initial quest for graphene functionalization, it is time to look at 

the issue from a more fundamental yet pragmatic point of view. 
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This feature article provides a glimpse of recent progress in molecular functionalization of 
graphene using non-covalent as well as covalent chemistry. 
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