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Abstract

Current studies addressing the engineering of charge carrier concentration and the electronic
band gap in epitaxial graphene using molecular adsorbates are reviewed. The focus here

is on interactions between the graphene surface and the adsorbed molecules, including

small gas molecules (H,O, H,, O,, CO, NO,, NO, and NH3), aromatic, and non-aromatic
molecules (F4-TCNQ, PTCDA, TPA, Na-NH,, An-CH3, An-Br, Poly (ethylene imine) (PEI),
and diazonium salts), and various biomolecules such as peptides, DNA fragments, and

other derivatives. This is followed by a discussion on graphene-based gas sensor concepts.
In reviewing the studies of the effects of molecular adsorption on graphene, it is evident

that the strong manipulation of graphene’s electronic structure, including p- and n-doping,

is not only possible with molecular adsorbates, but that this approach appears to be superior
compared to these exploiting edge effects, local defects, or strain. However, graphene-
based gas sensors, albeit feasible because huge adsorbate-induced variations in the relative
conductivity are possible, generally suffer from the lack of chemical selectivity.

Keywords: graphene, band gap engineering, surface modification, molecular adsorption,

chemisorption

(Some figures may appear in colour only in the online journal)

1. Introduction

As has been widely discussed, the physical properties of gra-
phene are unusual in several aspects and have led to exten-
sive experimental and theoretical research efforts. Graphene
is a 2D material with the largest known surface-to-volume
ratio, and is related to the structurally-related carbon nano-
tubes [1-3]. It exhibits a high charge carrier mobility of up
to 200000cm?>V~!s7! at electron densities of ~2 x 10''cm™
[4, 5], which is significantly higher than that of silicon
(<1,400cm?>V~!s7!). The honeycomb lattice of graphene,
now widely known and recognized (schematically shown in
figure 1(a)), has a structural unit cell with a two-atom basis
(the A and B sites), and is certainly not a Bravais lattice if
the carbon atoms are regarded as identical. Each carbon atom
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has one s and three p orbitals. Whereas the s and the two in-
plane p orbitals do not contribute to the electric conductivity,
the out of plane p orbitals hybridize to form valence and con-
duction bands, as shown in figure 1(b) [6]. What is important
for some of graphene’s properties is that both bands touch
only at the high-symmetry points K and K’ in the Brillouin
zone, the Dirac points. Near these points the energy varies lin-
early with the momentum vector. In neutral graphene, Fermi
energy separates the occupied and empty states at the Dirac
points (figure 1(c)), thus making it a gapless semiconductor
with almost no density of states at the Fermi level. Various
approaches are known to change the charge carrier concentra-
tion, such as: Doping with charged impurities, applying an
electric field, changing the temperature, and the adsorption of
atoms and molecules. The electronic properties of graphene
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Figure 1. (a) The honeycomb lattice of graphene is described by a unit cell formed by the unit vectors a; and a, and a diatomic basis
formed of atoms A and B (adapted from [6]); (b) the calculated band structure of graphene showing the occupied (yellow—green) and
unoccupied (blue—red) states, which touch each other without energy gap at six K-points in the first Brillouin zone (image taken from [31]);
(c) simplified band structure near the K points and Fermi level dependent charge carrier concentration. N- or p-type doping can create

electron-like or hole-like charge carriers.

depend mainly on the band structure near K and K’, where
the Dirac points occur at the Brillouin zone edge. While these
changes in electron density are fairly small in absolute terms,
in relative terms the doping of graphene through extrinsic
(substrate or adsorbate interactions) or intrinsic effects (the
doping of the graphene itself) can lead to huge changes in
conductivity even as the carrier mobility changes.

When the Fermi level crosses the Dirac points where the
density of charge carriers is zero [7], the conductivity should
be very small. However, many experiments show that a resid-
ual conductivity remains despite the negligibly small density
of states at the neutrality point, so that the electrical resistiv-
ity is never greater than a few kiloohms. This is, in part, a
consequence of the behavior of electrons in graphene, which
is identical to that of massless Dirac fermions. The ultrahigh
mobility of the charge carriers in graphene and the excellent
conductivity make it extremely appealing to substitute gra-
phene for the current semiconductors (like Si) in electronic
applications. But because of the absence of an electronic band
gap, electronic devices based on graphene would be difficult
to switch fully ‘off.” In order to develop the graphene-based
electronic devices that exploit graphene’s outstanding elec-
tronic properties, a sizeable band gap will have to be engi-
neered, while preserving the high charge carrier mobility.

Generally, a band gap in 2D sheets of graphene can emerge
as a result of the interaction with some substrates, the intro-
duction of atomic doping, or the adsorption of organic mol-
ecules [8—19]. However, the extent by which the band gap can
be controlled through the substrate is very limited [8], while
the induced defects have the disadvantage that they reduce the
mean free path of the charge carriers and degrade the basic
electronic structures of graphene. Extrinsic defects, caused by
the substrate, corrugations of the graphene sheet, and short-
range structural disorder, as well as intrinsic defects such as
impurity atoms or ions, reduce the mobility of charge carriers
in graphene [4, 20-26] and are difficult to control. By con-
trast, the adsorption of molecules on the surface of graphene
can conveniently be controlled, while the damage to the struc-
tural electronic properties of graphene by the adsorbates is
very limited. It has been frequently suggested that it is in fact

possible to modify the electronic structure of graphene with-
out strong degradation of the ultrahigh mobility and destruc-
tion of the basic electronic properties through molecular
adsorption [10-12, 14-17, 25-29]. Moreover, the adsorption
of ordered overlayers of molecules with a large local dipole
has been regarded as a potential route to the extrinsic place-
ment of a charge density wave in graphene. Such a charge
density wave could open a band gap in the graphene substrate.
The charge carrier concentration can be affected significantly
by the adsorbed molecules [11-19, 30]. An n-type doping
of graphene can be easily obtained through the deposition
of electron-donor molecules, while acceptor molecules can
cause p-type doping [11-19] as shown in figure 1(c). For any
deployment of adsorbate molecules in the functionalization
of graphene as an electronic material, it is of fundamental
importance to understand the interplay between the graphene
surface and the adsorbate molecules, including the influence
of adsorbates on electronic structure, band gap, resistance,
electronic mobility, and doping type.

The purpose of this article is to review some aspects of the
interaction of adsorbates, both large and small, with graphene
and to provide an overview of the engineering of charge
carrier concentration and the band gap in graphene using
molecular adsorbates. This emphasis on adsorbate-driven
properties distinguishes this review from others, which high-
light aspects such as the current status and prospects of gra-
phene [6, 32-35], electronic and photonic properties [36-39],
graphene oxides [40], energy applications [41-43], and oth-
ers [44-46]. The focus here is on epitaxial graphene (EG),
and we explicitly exclude 1D graphene nanoribbons from
this review, in which the electronic structure can be espe-
cially manipulated through edge modification. Also excluded
are extensive discussions on the direct doping of graphene
through the chemical modification of graphene itself, either
by the introduction of defects or by elemental substitution of
the carbon. Highlighted here will be interactions between the
graphene surface and adsorbed molecules, including small
gas molecules (H,O, Hy, O,, CO, NO,, NO, and NH3), and
aromatic and non-aromatic molecules (F4-TCNQ, PTCDA,
TPA, Na-NH,, An-CHj3, An-Br, Poly (ethylene imine) (PEI),
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Table 1. Results of first-principle calculations [11] compared to
the experimental data obtained by Schedin ez al [30]. E, is the
adsorption energy and AQ is the charge transfer to each carbon in
the graphene [11].

Adsorbate Theory Expt. E,(meV) 4Q (e)
H,0O Acceptor Acceptor 47 -0.025
NH; Donor Donor 31 0.027
CO Donor Donor 14 0.012
NO, Acceptor Acceptor 67 —-0.099
NO Donor 29 0.018

and diazonium salts). This is followed by a discussion on
various biomolecules in graphene.

Several potential applications have been proposed that
follow directly from the sensitivity of graphene’s electronic
properties to adsorbates. Most importantly, graphene might be
a suitable sensor for gasses and various molecules [30, 45,
47, 48]. Being an excellent conductor with extremely low
electrical noise even within the limits of no free charge carri-
ers, but with a large surface to volume ratio, the 2D structure
of graphene maximizes the exposure area to gas molecules,
and hence maximizes its ultimate sensitivity. Sensor concepts
based on graphene are also reviewed in this article.

2. Small gas molecules

Since the pioneering demonstration of single molecule sen-
sitivity of the properties of graphene using NO, and NHj3 by
Schedin et al [30], the adsorption of small gas molecules such
as H,O, H,, O,, CO, NO,, and NO, and their influence on the
electronic structure and other properties of graphene have been
reported [14, 17-19, 49-54]. First, it is clear that molecular
adsorption (as alluded to in the introduction) can lead to either
the n-type or p-type doping of graphene. First principle cal-
culations for the adsorption of the small gas molecules H,O,
NH3;, CO, NO,, N,O4 and NO on graphene show that NO, and
H,O always act as acceptors, while NH3, CO, and NO act as
donors [11, 12]; this is in agreement with experiment, as shown
in table 1. Interestingly, while NO, causes a relatively strong
p-type doping, the relatively similar NO molecule causes
n-type doping. This difference is the result of the interplay of
charge donation and back-donation between the graphene and
the adsorbates [11]. Yet, compared to the strong acceptor char-
acter of NO,, the dimer N,O,4, which naturally occurs in the
equilibrium gaseous state, just acts as a weak donor and so no
significant doping effect was found for the N,O,4 adsorption on
graphene [52, 53].

It should be noted that the adsorption of NO, shows a very
limited effect on the mobility of charge carriers in graphene
[30]. The parallel shift in conductivity versus voltage curves
for graphene as a result of adsorption, as shown in figure 2,
implies that the entire adsorption and desorption process does
not significantly affect the high mobility of graphene, similar
to what is found for the adsorption of H,O and O, [15], in
which case the carrier density in graphene was 4 x 10'?ecm™
after adsorption [14, 54].

The interaction between the small adsorbed molecules
and graphene is further complicated, not only by the choice

Figure 2. Conductivity of single-layer graphene as a function of
gate voltage. The parallel shift is due to the increase of NO, doping
from zero (black curve) to ~1.5 x 10'2cm™ (red curve). NO,
doping adds holes and induces charged impurities. The parallel
shift of 6(V,) implies a negligible scattering effect of the charged
impurities by the chemical doping. Also the Hall mobilities of
electrons and holes are not affected by chemical doping. Figure
reproduced with permission from [30].
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Figure 3. Effect of adsorption on the gap in nanoscale graphene. (a)
The HOMO and LUMO energies for graphene of size N = 3 (solid
line) and N = 5 (dashed line) versus the number of adsorbed water
molecules. (b) Influence on adsorption of different adsorbed molecules
on the bandgap of the nanoscale graphene of size N =4 [55].

of adsorbate, but also by both the orientation of the adsorbed
molecules with respect to the graphene surface and the struc-
ture of the graphene itself (pristine, doped, or defected [12]).
For instance, Leenaerts et al [11] suggest that there is almost
no charge transfer between graphene and NH; when the H
atoms are pointing towards the graphene surface. On the other
hand, the charge transfer is about 0.03e when the H atoms
are pointing away from the graphene surface, since in this
latter orientation of ammonia, its highest occupied molecular
orbital (HOMO) is the only one that has a significant overlap
with the graphene orbitals. The investigation of the band gap
induced by different adsorbed molecules by Berashevich et
al [55] indicates that the band gap resulting from the adsorp-
tion of NH3, H,O, CO, and HF can be up to ~1.5eV-2.0¢eV,
as a result of both the symmetry breaking of the sublattice
and the molecular symmetry of graphene, as seen in figure 3.
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Figure 4. A schematic of the graphene-based chemical sensor used to detect small gas molecules (a). The comparison of NO, and NH3
adsorption on pristine (P-graphene), and boron doped (B-graphene) based devices (b, ¢, d), reproduced with permission from [12].

All of this is just what is believed to be the case for a pris-
tine and nearly perfect graphene; for a defective graphene
the situation becomes even more complex. The adsorption of
small gas molecules on doped or defective graphene may well
be much stronger than on a pristine graphene, as implied by
the I-V curves taken for pristine, doped, or defective graphene
electronic junctions by Zhang et al [12], as shown in figure 4.
For instance, the sensitivity of the boron-doped graphene
(B-graphene) to small gas molecules (NO, and NHj3) is much
higher than that of the pristine graphene (P-graphene) due to the
increased hole-type charge carriers in boron-doped graphene.
This suggests that the graphene-based gas sensors might be sig-
nificantly improved by introducing suitable dopants or defects
in graphene [12]. In addition, an analysis of the adsorbed gas
molecules on transition metal embedded graphene showed
that the introduction of transition metal elements, especially Ti
and Au, can significantly enhance the interactions between gas
molecules and graphene [49]. These results are consistent with
several other studies [56-58]. Of course, as noted above, these
intrinsic defects will significantly lower graphene mobility.

As is evident from the discussion above, adsorbates will
dope graphene. To realize improved semiconductor properties,
it is not enough to simply open up a band gap in the electronic
structure of graphene, i.e. modify graphene though adsorbate
interactions from a gapless semiconductor to a ‘proper’ semi-
conductor with a well-defined band gap. As charge donation
may also accompany the band gap modification that occurs
with adsorbate interactions, the Fermi level may not fall
within the gap formed in graphene. So the potential device
benefits, say better on—off ratios in a transistor geometry, in
which graphene is the narrow channel semiconductor, will

not always occur. Significant band gaps can nonetheless be
obtained through adsorbate interactions. This is even true of
the most simple of adsorbates such as hydrogen, as will be
discussed in the following section.

The complications associated with small molecule adsorp-
tion, as far as graphene device operations go, is that the type
and extent of molecular adsorption could very well be sensitive
to ambient conditions, and those conditions may vary strongly.
The adsorbed molecules can be completely removed by des-
orption under certain conditions. Schedin et al [30] showed
that the adsorbed molecules (H>O, NH3, CO, and NO,) can be
completely desorbed by annealing at 150 °C. This finding has
also been confirmed by other groups [14, 54]. This can be very
useful in a device as it helps restore its initial state.

2.1. H, adsorption on graphene

The hydrogenation of graphene has been extensively studied
both theoretically and experimentally [59]. The opening of a
band gap through hydrogenation was achieved, for instance,
through the patterned adsorption of hydrogen atoms on gra-
phene / Ir(111 [19]), as shown in figure 5. For a completely
hydrogenated suspended graphene layer, calculations by Sofo
et al [60]. suggest that the chemisorbed hydrogen atoms are
bonded to carbon on both sides of each graphene layer. Thus,
the hybridization state of graphene is transformed from sp? to
sp3 forming a hexagonal network, therefore, z and z* orbit-
als change to ¢ and ¢*. This leads to a 3eV band gap. As
such, graphene turns out to be useful for H; storage. The C-H
bonds in the hydrogenated graphene can be broken under cer-
tain conditions and thus the adsorbed hydrogen atoms can be
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Figure 5. Change in the 7—band of graphene on Ir(1 1 1) with increasing H, exposure, reproduced with permission from [19].
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Figure 6. Resistivity and band gap change of graphene due to the adsorption of water, reproduced with permission from [50].

released [54]. It was demonstrated that ~5wt% of hydrogen
atoms can be chemically stored in just a few layers of gra-
phene, while the storage of hydrogen in carbon nanotubes is
significantly less, around 3 wt% [61-63]. Given the long his-
tory of carbon black being used as a hydrogen storage media,
the potential applicability of graphene for hydrogen storage
may not be surprising.

Similar to the case of hydrogen adsorption, where each
hydrogen molecule bonds to one carbon atom, also F,, HF,
and HCl adsorption is expected to result in this complete cov-
erage on graphene [64]. The model studies of Boukhvalov
and Katsnelson [64] revealed that F, can produce a homoge-
neous structure with a large band gap but weak disorder and
yet can retain high mobility. The chemisorption of HF, by
comparison, requires a large amount of energy, and hence it
is very stable with respect to graphene at room temperature.
The interaction between HCI and graphene is very weak,
only dominated by van der Waals forces, and may be worth
further exploration because the bond length of HCI (1.27A)
is close to the carbon—carbon bond length of graphene. The
HCI molecules are believed to just hover over the graphene
layer through van der Waals force and no molecular disso-
ciation occurs from the interaction with graphene [64]. But
it is not only small molecules such as HCI that interact with
graphene largely via dispersive forces alone, adsorbates such

as water and oxygen act very similar in that regard, as dis-
cussed below.

2.2. H,0 adsorption on graphene

Graphene is always found to be p-doped as the result of H,O
and O, adsorption in air [13—15]. Furthermore, a band gap
opening in graphene is also induced by the exposure to water
molecules [50]. The dipole moment of H,O is key: spin-
polarized density-functional theory showed that a band gap
of up to ~2¢eV is induced by water molecule adsorbates if the
dipole moment of the water molecules is directed towards
the graphene, however it is only a ~0.8eV band gap if the
same dipole moment is directed away from the graphene [55].
Experiments confirmed that the band gap increased with the
level of humidity and achieved 90% of the saturation value
of 0.206eV with a humidity level of 0.312kg of water per
kg of air (figure 6 [50]). The water molecules are more likely
adsorbed in the center of the carbon rings and on a bridge
site between two carbon atoms. This is in striking contrast to
ammonia, atomic hydrogen, fluorine and chlorine adsorption
which are believed to prefer top adsorption sites.

A study on water—graphene interactions by Rafiee er al
shows that graphene as a coating does not significantly alter
the wetting behavior of surfaces, as shown in figure 7 [65].
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Figure 7. Wetting transparency effect of graphene on (a) Si, Au and
(b) Cu substrates, but not on (c) glass substrate, reproduced with
permission from [65].

Such a small influence of graphene on wetting, which can be
considered as a ‘transparency’ to surface wetting, is ascribed
to its atomically thin nature, structural homogeneity and
chemical inertness. This suggests that graphene can be an
ideal coating material. Support of this conclusion comes from
a study of the hydration of graphene [66], which also showed
that water molecules could not penetrate a graphene film [67].
Even hydroxyl ions are too large to penetrate the graphene
film, so that they form water molecules on the surface of the
graphene instead.

2.3. NH3 adsorption on graphene

Several experimental studies demonstrated that NH3 adsorption
typically causes n-type doping of graphene [13—16]. Theoretical
studies show that NH3 is one of the largest electron donors, with
a large amount of electron transfer to graphene (0.03e), in com-
parison to other electron donor molecules such as CO [11, 12],
but as noted, the adsorption geometry matters. NH3 adsorption
predominantly occurred on the defect sites and the edges of gra-
phene where the activation barrier is relatively low [13, 68]. The

level of n-type doping was systematically increased by increas-
ing the defect density in the graphene film through gas phase
oxidation [13, see erratum]. This is similar to the adsorption of
NH; on SWNT, which mainly happens at wall defect sites [69].
The formation of carbon-nitrogen bonds was confirmed by
x-ray photoelectron spectroscopy and nanometer-scale second-
ary ion mass spectroscopy of graphene by Wang et al as shown
in figure 8 [13]. The graphene was thermally annealed in ammo-
nia and argon, for comparison. The occurrence of an N signal
and a much larger CN/C; ratio were observed for NH3 exposure
only. Moreover, the interaction between ammonia and graphene
through the formation of multiple p-n-p junctions appeared to
be strongly dependent on the thickness of the graphene layers,
as demonstrated by Antonova et al [16]. Few layer graphene
flakes were found to show extremely high response to ammonia
adsorption, 1-8 orders of magnitude higher than that of single
layer of graphene [16].

Ammonia molecules adsorbed on graphene/Ni(1 1 1)) heter-
osystems were observed to be adsorbed on top of the carbon
atom [70], much like what was found for atomic hydrogen,
fluorine, and chlorine adsorption.

3. Planar molecular adsorption and graphene
modification

Larger, planar molecules can act as electron donors or accep-
tors, and change the conductivity through a change in the den-
sity of free carriers, and even create and manipulate a band
gap. For example, Raman G-band splitting was observed in
some aromatic molecules dispersed on graphene [70-76]. The
sp?- bonded carbon network of graphene is disrupted by form-
ing covalent or non-covalent bonds with the adsorbate, thus
breaking the symmetry of graphene and opening up a band
gap. As is commonly observed, the width of the band gap is
dependent of the adsorbate coverage.

Adsorbate molecules can form either covalent or non-
covalent bonds with graphene. For instance, some strong acids
and oxidants can significantly disrupt the sp>-bonded carbon
network of graphene and functionalize the graphene by form-
ing covalently attached hydroxyl and epoxide groups [76].
Molecules with epoxy groups are easily attached to the edge
and defects of graphene through C—O bond formation [77]. On
the other hand, the ring structure of aromatic and non-aromatic
molecules, including DNA and proteins [78], can cause their
attachment to graphene through non-covalent bonds, such as
7—r interactions or van der Waals interactions. It will be dis-
cussed in this section that the degree of the modification on the
electronic structure of graphene generally depends on the bal-
ance between adsorbate—adsorbate interactions and adsorbate—
graphene interactions. In addition, the adsorption of organic
molecules can also be dramatically enhanced by the inclusion
of metal atom dopants into graphene [79, 80].

3.1. Benzene

A large number of both theoretical and experimental studies
of the adsorption of benzene, naphthalene and their various
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substituted derivatives on graphene have been performed
[74, 79-84]. Both benzene and naphthalene molecules bind
very weakly, or do not bind at all, to graphene sheets in the
planar stack orientation (figures 9(b) and (d) [74, 79-82]).
The adsorption energy of benzene molecules is typically very
low, less than 0.2¢eV. It has been established that there is no
significant charge transfer between benzene / naphtalene and
graphene, and that the electronic structure of graphene is only
weakly perturbed by these adsorbates, unless the benzene is
placed very close to the graphene [84]. Indeed in the case of
close proximity and strong covalent bonding [84], a band gap
would be present although it must be recognized that such
strong covalent bonding is unlikely. Exceptions that could lead
to strong benzene interactions with graphene would require
a more complex adsorption system, like a lithium interlayer
[85]. However, the presence of functional groups can sig-
nificantly change the overall z—z interactions between the
adsorbed molecules and graphene and the adsorption energy
can be increased significantly when some specific groups are
added to the aromatic core, for example NH, groups or COOH
groups [74, 79-82].

Other benzene derivatives, such as p-nitrophenyl, will cova-
lently bond to graphene, thereby causing a change in conduc-
tivity and surface potential [86-88]. A band gap in graphene
of approximately 0.36eV was observed by angle-resolved
photoemission spectroscopy for diazonium ((p-nitrophenyl)
diazonium tetra—fluoroborate) functionalized epitaxial graphene
[89]. This was ascribed to the partial conversion of sp>—hybrid-
ized carbon to sp? [89].

Generally, diazonium salts not only covalently bond to
graphene but are electron acceptors, causing p-doping of the
graphene [90-92]. Similarly, reversible electrochemical naph-
thylmethyl attachment to graphene has been demonstrated
and also seen to be reversible [93].

3.2. The Diels-Alder reaction functionalization of graphene

Covalent bonds with graphene are by no means limited
to the formation of one sp> bond, but pericyclic reac-
tions between ethylene, butadiene, 2,3-dimethoxybuta-
diene and 9-methylanthracene [94] are possible. Indeed,
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Figure 9. Top view of the optimized structures of (@) hollow and (b)
stack sites for benzene/graphene and (c¢) hollow and (d) stack sites
for naphtalene/graphene, reproduced with permission from [80].

the Diels—Alder reactions with graphene are allowed and
observed [94]. Tetracyanoethylene (TCNE), discussed
below further, will also undergo a pericyclic Diels—Alder
reaction with graphene [95].

3.3. F4-TCNQ,TCNQ and TCNE adsorption

Both tetracyanoquinodimethane (TCNQ) and its fluorinated
derivative F4-TCNQ are widely used electron acceptors,
applied for instance in organic solar cells. Both molecules have
four strong electron-accepting cyano groups, but F4-TCNQ has
the higher electron affinity (E.,=5.24 €V, as opposed to 3.22eV
for TCNQ [96-98]). Similar to the adsorption mechanism of
benzene on graphene, TCNQ and TCNQ derivatives adsorp-
tion on graphene and various metals have been widely stud-
ied [99-108]. TCNQ and F4-TCNQ molecules are arranged
in a planar orientation on a graphene substrate [96]. Because
of its higher electron affinity, F4-TCNQ is the stronger elec-
tron acceptor [70] having a p-doping effect on graphene.
Theoretical and experimental analyses successfully show that
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Figure 10. Dispersion of the p-bands of graphene/SiC(000 1) around the K point of the graphene Brillouin zone, as function of coverage
with F4-TCNQ. The Fermi level Ef of the uncovered graphene is offset from the Dirac point (Ep, dashed line) due to excess negative
charge, which is gradually compensated with F4-TCNQ coverage. Charge neutrality (Er = Ep) is reached for a molecular coverage of

0.8nm [70].

Figure 11. Schematic top view of the TCNE on graphene showing five high-symmetry adsorption sites, reproduced with permission from

[53], copyright (2009) American Chemical Society.

both the doping level and the magnitude of the band gap can
be controlled by the adsorption of the F4-TCNQ [70, 98, 109,
110]. With increasing adsorbate concentration of F4-TCNQ,
the Fermi level of graphene shifts progressively towards the
Dirac point, as illustrated in figures 10(a)—(e). Also revealed
is that the band gap in graphene, if engineered by SiC/gra-
phene interface dipoles, increases with F4-TCNQ coverage.
This was attributed to the increased electrostatic field caused
by the additional dipole developing at the graphene/ F4-TCNQ
interface, as shown schematically in figure 10(f). This is a clear
demonstration that the magnitude of the graphene band gap
can be modified by controlling the amount of molecule doping.

Similarly to TCNQ and F4-TCNQ, tetracyanoethylene
(TCNE) also has four strong electron-accepting cyano groups
(figure 11) and a large electron affinity, and thus acts as a
strong electron acceptor. The adsorption of TCNE also results
in significant p-type doping. Again, the doping level increases
with the coverage of the TCNE molecules [53, 78, 110], and a
band gap is induced by TCNE.

3.4. TPA, Na-NH», An-CH3 and An-Br adsorption

Although the adsorption of both benzene and naphthalene did
not lead to a band gap opening in graphene, the electronic struc-
ture of graphene can be significantly modulated through strong
7—r interaction between the aromatic molecules tetrasodium

1,3,6,8-pyrenetetrasulfonic acid (TPA), 1,5-naphthalenediamine
(Na-NH,), 9,10-dimethylanthracene (An-CHj3) and 9,10-dibro-
moanthracene (An-Br), shown in figure 12, and the graphene
layer. It was suggested by Dong et al that this is the result of
the addition of functional groups [71]. It is revealed that the
ratio of the intensities of the 2D band at 2696cm™" and the G
band at 1585cm™!, I(2D)/I(G), significantly decreased, and that
the Raman D band at 1354cm™' occured after the deposition
of TPA molecules on the top of graphene. This clearly demon-
strates a doping effect and an increasing effective disorder of
the graphene layer [71]. The Na-NH, and An-CH; molecules
can cause n-type doping, acting as an electron donor, whereas
An-Br and TPA act as acceptors and induce p-type doping
on a single layer graphene. This is in parallel to an upshift
of the Raman 2D and a down shift of the G-band for An-Br
adsorbed on graphene, as well as an upshift of both Raman G
and 2D bands for TPA adsorbed on graphene. Furthermore,
the Raman G-band of TPA-dispersed graphene was found to
be split into two distinct peaks due to the removal of the two-
fold energy degeneracy of the two optical phonon modes
(LO and TO) at the I" point [111]. However, except for the
symmetry breaking, the calculated phonon dispersion curves
of TPA-dispersed graphene are similar to that of the pristine
graphene, and are in agreement with the experimental D band
frequencies. This indicates that the other Raman features
(D and 2D) are not significantly affected [111]. A similar
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Figure 12. Chemical structure of Na-NH,, TPA, An-Br, An-CHj3

G-band splitting was also observed in other aromatic molecules
dispersed on graphene, such as pyrene, anthracene, and naph-
thalene. The G-band splitting induced by different aromatic
molecules (figure 13) implies that the splitting increases with a
larger aromatic ring size. Consequently, a band gap should be
induced as a result of such symmetry breaking.

3.5. PTCDA and VOPc adsorption

In order to form a high quality oxide film on top of graphene,
many studies have focused on the growth of the organic
semiconductor 3,4,9,10-perylene tetracarboxylic dianhy-
dride (PTCDA) on epitaxial graphene on SiC [112—115]. The
rationale here is that PTCDA has already been extensively
investigated as a model system for organic or inorganic inter-
faces and is known to form ordered structures on various
substrates [116, 117]. The scanning tunneling microscopy
(STM) image in figure 14 from [113] shows that a continu-
ous, highly ordered PTCDA monolayer, which is lying flat on
epitaxial graphene, is formed in a herringbone arrangement.
This herringbone structure of the PTCDA layer is quadru-
polar and stabilized by hydrogen bonding. The interactions
between the PTCDA molecules are thus much stronger than
the interfacial interaction between PTCDA and graphene.
Studies by several authors [112—-115] suggested that the 7—z*
interactions bind the molecules to the graphene surface. The
PTCDA layer appears to be unperturbed by graphene defects
and atomic steps of the SiC substrate. Moreover, the particu-
larities of the electronic properties of the PTCDA monolayer
and the absence of any new peaks or binding energy shifts
in high-resolution photoelectron spectroscopy measurements
further confirmed that the interaction between PTCDA and
graphene is weak [112]. This is consistent with theoretical
results [118]. With regards to doping, the adsorbed PTCDA
molecules gain electrons, causing p-type doping in the
graphene.

In addition, the comparison between the adsorption of
2-phenyl-4,6-bis(6-(pyridin-3-yl)-4-(pyridin-3-yl)pyridin-
2-yl)pyrimidine (3,3’-BTP) and PTCDA on graphene/Ru(100)
shows that a 2D adlayer phase was formed by PTCDA adsorb-
ates due to the strong intermolecular interaction, while linear

Raman Intensity (A. U.)

1540 1560 1580 1600 1620 1640 1660 1680
wave number (cm™)

Figure 13. Raman G band splitting of different molecules-
dispersed graphene [111].

or ring-like structures were formed by 3,3-BTP adsorbates.
The latter shows the influence of adsorption potentials related
to the graphene corrugation, since here intermolecular inter-
actions are significantly weaker than the potential energy cor-
rugation of the surface.

Vanadyl-phthalocyanine (VOPc), by itself a p-type
organic semiconductor, has been tested as adsorbate on gra-
phene. Layers of VOPc on few-layer graphene were stud-
ied with atomic force microscopy (AFM) and Kelvin probe
force microscopy (KPFM) (figure 15 [109]). Transport
measurements in a field-effect transistor (FET) configura-
tion, fabricated from VOPc-modified graphene, revealed
slight n-type surface doping, where the mobility was deter-
mined to 2000-3000cm2V~!s~!, with an on—off ratio of
about 1.4 [109].

3.6. Interaction with 2,4’ BTP

The adsorption behavior and structure formation of organic
molecules 2,4’-bis(terpyridine) (2,4"- BTP) (figures 16(a) and
(b)) on graphene adlayers grown on Ru(0001) was found
to be dominated by a pronounced lateral variation of the
molecule—substrate interactions [119], which are a result of
the corrugation, or buckling, of the epitaxial graphene layer.
The 2,4’ BTP adsorbates, albeit large compared to this buck-
ling, find their preferred adsorption sites in the valleys of the
graphene. As a result, separated 1D chain structures of 2,4’
BTP were formed, as is evident from the STM images in fig-
ures 16(c) and (d). By comparison, on the crystalline and flat
surface of Ag/Ru(0001), i.e. in the absence of a corrugated
adsorption potential, the intermolecular interactions between
chains dominate so that a 2D network structure is adapted
(figure 16(d)).

4. The adsorption of planar molecules with large
intrinsic dipoles

The adsorption of molecules with strong intrinsic dipole
has been studied in the context of the polarization control
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Figure 15. AFM and KPFM images of vanadyl-phthalocyaninen
(VOPc)—doped on few-layer graphene. (a and ¢) AFM before and
after doping. (b and d) KPFM before and after doping, reproduced with
permission from [109], copyright (2011) American Chemical Society.
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of physical and chemical properties, such as surface magne-
tism and electric surface polarization. The fundamental idea
is to exploit the electric field emerging from the molecular
dipole to perturb or modify locally the electronic structure of
the material to which the adsorbates attach, through a Stark
effect, charge screening and related polarization-induced
effects. With regards to dipolar molecule adsorption on gra-
phene, it is reasonable to expect that an ordered layer of such
adsorbates would generate a charge density wave in graphene,
potentially causing an opening of a band gap. Factors deter-
mining the interaction between dipolar molecules and gra-
phene are the strength and nature of the adsorbate/graphene
interaction, chemical inertness of the graphene, the amount of
charge screening and the effect of local dipoles on the charge
carrier mobility through the creation of extrinsic impurity-
like scattering centers. As has been shown before [8], experi-
ments, such as direct and inverse photoemission, are able to
assess the cumulative effect on the band structure of graphene.
Indications of the role of the molecular dipole have already
been seen in section 2 for small adsorbates.

4.1. Zwitterionic molecular adsorption

The investigation of the adsorption of molecules with large
dipole on gold and graphene/copper was carried out recently
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Figure 16. 2.4’- BTP molecules (a and b) and the STM image of 2,4’- BTP molecules on graphene/Ru(0001) (¢) and on Ag/Ru(0001) (d),

reproduced with permission from [119].
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Figure 17. The zwitterion p-benzoquinonemonoimine (6Z)-4-(butylamino)-6-(butyliminio)-3-oxocyclohexa-1, 4-dien-1-olate,
CgHa(--NHR)2(---O), where R = butyl 1, benyzl 2, methoxy benzyl 3, and the TCNQH functionalized p-benzoquinonemonoimine

zwitterion, where R = butyl 4.

[120]. These studies were focused on p-benzoquinonemonoi-
mine zwitterions of type CgHa(---NHR),(---O),, as shown in
figure 17, because of their zwitterionic ground state [121-125].
The molecules, although electrically neutral as a whole, carry
positive and negative charges on opposite parts of the Cg ring
‘core,” resulting in a large dipole moment of approximately 10
Debye (D). A comparison of the quinonoid zwitterion adsorbed
on both gold and graphene shows that the photoemission and
inverse photoemission final states are much more weakly
screened for dipolar molecules 1 and 3 on graphene than
that on gold, see figure 18. This is evident in the much larger
HOMO to the lowest unoccupied molecular orbital (LUMO)
gap for the molecules on graphene than that on gold. In addi-
tion, the study shows that there is no significant change in the
graphene Raman peak position and relative intensities with
the adsorption of the quinonoid zwitterion molecules (figure

1

19). This implies that the response of the graphene on the
adsorbed quinonoid zwitterion molecules is very weak. This
observed difference in response, between Au and graphene,
to zwitterion adsorption is expected to be due to the very
different chemical bonding and different hybridization. The
p-benzoquinonemonoimine zwitterion, (6Z)-4-(butylamino)-
6-(butyliminio)-3-oxocyclohexa-1, 4-dien-1-olate, of formula
CgHa(---NHR);(---O), where R = n-C4Hg (molecule 1 in fig-
ure 17) is known to ‘stand up’ with the plane of the zwitter-
ion molecular core normal to the surface, when the deposition
from solution onto gold occurs [121]. But studies of various
p-benzoquinonemonoimine zwitterions [126], deposited from
solution on graphite, suggest that the molecules lie ‘flat’ on
the graphite surface, similar to tetracarboxylic dianhydride
(PTCDA) molecules on epitaxial graphene on SiC ([112-115]
and section 3.5), where the interaction between the PTCDA
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Figure 18. Comparison of the combined photoemission (left)

and inverse photoemission (right) spectra (thick lines) of the
p-benzoquinonemonoimine zwitterion, (6Z)-4-(butylamino)-
6-(butyliminio)-3-oxocyclohexa-1, 4-dien-1-olate, of formula
CeHy(--*NHR),(-+-O), where R = n-C4Hy, adsorbed on Au (black)
and graphene on copper (red) as a function of coverage, reproduced
with permission from [120].

molecules and the graphene is also evidently very weak.
Moreover, the weak interaction between the graphene and
the the quinonoid zwitterion molecules indicates that the gra-
phene is rather inert, which is also mentioned in other studies

[49, 65].

The tetracyanoquinodimethane (TCNQH), ie.
(NC),CC¢H4C(CN),, functionalized p-benzoquinonemo-
noimine zwitterion (6Z)-4-(butylamino)-6-(butyliminio)-

3-oxocyclohexa-1,4-dien-1-olate (molecule 4 in figure 17),
however, adopts a Stranski—Krastonov growth mode on the
graphene, as indicated in figure 20. Unlike related quinonoid
zwitterions, there seems to be little difference between the
electronic structures of this TCNQH functionalized p-benzo-
quinonemonoimine zwitterion after it has been deposited on
gold and graphene, for comparison.

4.2. The adsorption of molecules with carboxyl groups (COOH)

The presence of additional functional groups to derivatives of
benzene molecules can significantly alter the magnitude of 7—
7 interactions between the adsorbed molecules and graphene
by giving rise to strong medium-range interactions involving
z-orbitals of the substituent functional groups [74]. This has
been studied thoroughly with the example of benzene, which
has been systematically modified by increasing the number of
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Figure 19. Comparison of the D, G and 2d peaks in the Raman
spectra (a) graphene, (b) p-benzoquinonemonoimine zwitterion,
(6Z)-4-(butylamino)-6-(butyliminio)-3-oxocyclohexa-1,4-dien-1-
olate (molecule 1 of figure 17), of formula C¢Hy(---NHR),(---O),
where R = n-C4Ho, adsorbed graphene on copper and (c) p-
benzoquinonemonoimine zwitterion, (6Z)-4-(benzylamino)-6-
(benzyliminio)-3-oxocyclohexa-1,4-dien-1-olate (molecule 2 of
figure 17), of formula CgHy(---NHR),(---O), where R = n-CH,C¢Hs,
adsorbed graphene, reproduced with permission from [120].

carboxyl groups (COOH) from 1 to 3, thus forming benzoic
acid, isophthalic acid, and trimesic acid (figure 21 [74]). The
carboxylic acid groups of molecules adsorbed on the graphene
can electronically couple with nearby carbon atoms of the gra-
phene, thus increasing the adsorbate—graphene interactions.
Adsorbate attachment is expected to occur preferentially at
structural defects in the graphene, such as the edges. Since the
electronic structure of graphene is known to be sensitive to
edges, such preferred adsorption would potentially change the
optical gap through increasing of the width of the hole created
in graphene by the carbonyl groups [118, 127]. The binding
energy of the molecules to graphene, as compared to benzene,
was greatly increased by the existence of carboxyl groups on
the benzene ring (figure 22 [74]). The interaction between
carboxyl groups and graphene is predicted to induce adsor-
bate dipoles through charge transfer between the molecules
and graphene substrates. The computational results depicted
in figure 22 show that the adsorption energy does not increase
linearly with the number of COOH groups. This is thought to
be due to the competing effects of 7—x repulsion, which acts to
decrease the adsorption energy, and the concomitant increase
of the adsorption energy resulting from the increased num-
ber of COOH groups. In addition, with increasing number of
COOH groups, the net charges transfered from the graphene
to the adsorbate increase and so do the induced adsorbate
dipoles [74]. As a result, the strength of adsorption increases,
but as shown in figure 22.

An interesting application of molecules containing car-
boxylic acid is their use to cleave graphite into single layer



J. Phys.: Condens. Matter 26 (2014) 443001

Topical Review

Figure 20. AFM images of the TCNQH = (NC),CCcH4CH(CN),)-functionalized (6Z)-4-(butylamino)-6-(butyliminio)-3-oxocyclohexa-1,4-
dien-1-olate (molecule 4 of figure 17), i.e. C¢Ha(---NHR),(-+-O), (where R = n-C4Hy), thicker zwitterion films on (a) Au and (b) graphene,
showing uneven wetting of the substrates. The roughness of (a) and (b) are about 200nm and 150 nm separately. Adapted from [205],
reproduced with permission of The Royal Society of Chemistry (RSC).
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Figure 21. The adsorption of substituted derivatives of benzene on graphene: (a) BZA, (b) IPA, (c) TMA, and (d) TNB, reproduced with

permission from [74], copyright (2009) American Chemical Society.

and multilayer sheets of graphene, as was demonstrated by
An et al [76]. The use of 1-pyrenecarboxylic acid (PCA) with
a nonpolar (hydrophobic) pyrene group and a polar (hydro-
philic) carboxylic acid (COOH) group pointing out-of-plane
can be instrumental for separating 7—= stacked graphitic lay-
ers, as shown in figure 23. The COOH group of the PCA are
key here; however, this demonstration is somewhat different
from the main focus of this review in that the experiments
were performed in a solution, and in that the molecules gradu-
ally penetrate the layered graphite rather than attaching to its
surface. The nonpolar pyrene portion of PCA exhibits a fully

13

conjugated z-network very similar to graphene, so that PCA
molecules are able to penetrate gradually into the graphite lay-
ers to form strong 77—z stacking with the adjacent graphene lay-
ers. With the COOH group pointing out of the plane, as shown
in figure 23, PCA places polar functional groups close to
the graphene surface without disrupting the graphene’s sp?
hybridization. With the help of the polar medium water and
agitation, functionalized graphene sheets are cleaved from the
graphite [76]. Once cleaved, the graphene sheets remain func-
tionalized by the PCA molecules, which allows stable disper-
sion in water.
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Figure 22. The adsorption energy increases with the increase number of COOH groups, while the LUMO energy shift closer to the Fermi
level of graphene, reproduced with permission from [74], copyright (2009) American Chemical Society.
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Figure 23. (a) Molecular structure of 1-pyrenecarboxylic acid (PCA) and (b—d) the interaction between PCA and graphene layers. From,
reproduced with permission from [76], copyright (2010) American Chemical Society.

5. Other chemical modifications of graphene
through molecular adsorption

The chemical modification of epitaxial graphene by the cova-
lent attachment of nitrophenyl groups to the basal carbon
atoms has been shown to be a successful route towards band
gap engineering in graphene [75]. The adsorption results in
the formation of covalent C—C bonds between the molecules
and the graphene, thereby transforming the graphene carbon
centers from sp? to sp® (figure 24) and introducing a band gap.
Experimentally, there is indication of the formation of these
new bonds in the characteristic broadening of the XPS Cls
peak (figure 24(b)), which is attributed to sp* hybridized C
atoms in the graphene. However, the peak broadening is also

thought to be due to p-type doping of graphene. Measurements
of the sheet resistance of the epitaxial graphene revealed a
characteristic increase of the sheet resistance upon covalent
functionalization with the nitrophenyl groups, more than
doubling the room temperature sheet resistance and creating
a semiconductor-like temperature dependence of the sheet
resistance (figure 24(c) [75]).

Graphene sheets can be functionalized across the entire
surface, or selectively at the edges. The type of functionali-
zation to some extent depends on the reactions used in the
functionalization process [128, 129]. This has been shown for
instance through 1,3-dipolar cycloaddition and amine-conden-
sation reaction, through which dendron moieties with amino
groups were selectively added to the center or the periphery of
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Figure 24. (a) Schematic of the spontaneous grafting of aryl groups to epitaxial graphene via reduction of 4-nitrophenyl diazonium
(NPD) tetrafluoroborate; (b) XPS Cls core level sepectra of EG after functionalization with nitrophenyl; (c¢) temperature dependence of
the sheet resistance of pristine graphene (EG) and nitrophenyl functionalized graphene (NP-EG) measured by the van der Pauw technique,
reproduced with permission from [75], copyright (2009) American Chemical Society.

the graphene sheets [128]. Related to that, the reactivity of a
single layer of graphene has been tested through the reaction
of 4 nitrobenzene diazonium tetrafluoroborate and graphene,
through which the graphene becomes functionalized with
nitrobenzene. The reactivity was found to be larger for single
graphene layers than for multilayers, and the graphene edges
appeared to be more reactive than the interior of a graphene
sheet [129]. Studies of aminotriazines molecular adsorption
on graphene further suggest that the energy of adsorption
increases linearly with the number of NH, groups added to
the aromatic core [82]. This is because the NR, groups of a
actually form bonds with the graphene [82].

The adsorption of 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ), tetrathiafulvalene (TTF) and 1,1’ dibenzyl-4,4'-
bipyridinium dichloride (BV2+) on graphene [79, 130] results in
a geometry where the molecules tend to lie flat on the graphene
layer, similar to benzene. Shin er al [130] suggested that the
reduction potential of the molecules from graphene determines
the interaction between graphene and the adsorbates. DDQ mol-
ecules with positive reduction potential act as acceptors and
tend to induce p-type doping. This results in an increased work
function of graphene. BV2+ molecules, with negative reduction
potential, act as donors and cause n-type doping, thereby decreas-
ing the work function of the graphene. It has been suggested that
the larger reduction potential difference between adsorbed mol-
ecules and graphene results in a large amount of charge transfer
[130]. It is further concluded that p-type doping has a negligi-
ble influence on the mobility of the graphene’s charge carriers,
while n-type doping usually significantly reduces the mobility of
charge carriers in graphene [20, 130].
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Extreme modification using a large moment molecular
adsorbate, TbPc; (Pc = phthalocyananine), led to a magneto-
resistive junction behavior [131], but the applicability to the
graphene is unclear as is this example—the large magnetic
moment adsorbate was placed on a graphene nano-constric-
tion. Still these results suggest that some adsorbates might
well induce a spin polarization and some magnetic anisotropy.

While this review has mostly focused on small adsorbates
and larger but planar adsorbates, there is an abundance of stud-
ies addressing the adsorption of larger, 3D adsorbate molecules
to achieve properties manipulation in the graphene layer. One of
the outstanding examples to illustrate this point is the adsorp-
tion of fullerene molecules, Cg. Fullerenes are different from all
other adsorbates considered in this study in that upon physisorp-
tion they form covalent bonds with the graphene. Theoretical
studies conclude that fullerenes bind covalently to either the face
of a graphene sheet or to the graphene edges [201-203]. On top
of a graphene monolayer, the level of fusion of the fullerene with
the graphene, that is, how many C—C bonds are formed between
the two, is the determining factor for the electronic properties
of the so-created ‘nanobuds’ [201]. The nanobuds are typically
semimetallic if their cage opens up to fuse with the graphene.
If the fullerene cage stays intact but binds covalently to the sub-
strate, then also semiconducting properties are possible [201].
The periodic covalent attachment of fullerenes will preserve the
Dirac cones of the graphene, but their position in the Brillouin
zone can be effectively modulated by changing the fullerene’s
concentration [203]. Importantly, a band gap of approximately
0.35eV can be opened by inducing randomness in the orienta-
tion of the fullerene adsorption [203].
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Figure 25. (Adapted with permission from [132], copyright (2013) American Chemical Society). Computed film structures on graphene.
Each subpanel shows a perspective view of typical molecular packing arrangements in film structures formed following room-temperature
molecular dynamics on a 13nm x 15nm graphene sheet. Methyl-, amine-, and methanol-terminated SAMs are shown in panels a — c,
respectively. Water-solvated SAMs and molecule bilayer structures are shown in panels d — fand g — i, respectively. These final structures
were computed following 12ns of SAM dynamics and an additional 4 ns to model the assembly of SAM/water interfaces or an additional
8ns to model bilayer assembly via the adsorption of a second layer of molecules on the SAM.

Another exciting area is interfacing graphene and graphene
derivatives with biological molecules [204]. Biological mol-
ecule adsorbates on graphene will be discussed in the follow-
ing section.

6. The adsorption of biological molecules on
graphene

One way to functionalize graphene is via the adsorption of
biological molecules. In most cases this adsorption is achieved
non-covalently, via the z—z interaction on the graphene plane.
During the adsorption process the graphene may perturb or
stabilize the native structure of these molecules, and in many
cases also that of their self-assembled structures. A detailed
mechanistic understanding of biological-molecule-graphene
interaction is thus not only important for nanoscale materi-
als design but also because it may shed some light on critical
mechanisms such as protein folding, misfolding, and aggre-
gation—information that is not readily available. This biomi-
metic approach may also exploit the molecular recognition
property of peptides for which an accurate knowledge of the
peptide structure is necessary. While a number of experimen-
tal groups have visualized the binding properties of peptides
on the graphene using techniques such as AFM and STM,
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information on the geometric structure and the nature of the
bio-molecule-graphene interaction could only be obtained by
supplementing the experimental data by theoretical modeling
and simulation. In this regard, classical molecular dynam-
ics (MD) simulations employing semi-empirical interaction
potentials have been most popular, although recent efforts
have also turned to the more accurate, albeit computationally
demanding, methods that stem from density functional theory,
as we shall see. While it is not possible to document every
study in this review, a short summary of some the recent work
in the area is provided below.

Atomic-scale molecular dynamics simulations of
alkylamine self-assembled monolayer (SAM) films on gra-
phene [132] show that the SAM architecture can be tailored
for use in emerging applications (e.g. electrically stimulated
nerve fiber growth via the targeted binding of specific cell
surface peptide sequences on the functionalized graphene
scaffold). These simulations quantify the changes in film phy-
sisorption on graphene and the alkyl chain packing efficiency
by making the film surface more polar and by changing the
terminal groups from methyl to amine to hydroxyl. The typi-
cal stacking of three different molecules on graphene is shown
in figure 25. One finding is that the mode of molecule packing
dictates the orientation and spacing between terminal groups
on the surface of the SAM, which in turn determines whether
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Table 2. Computed Protein — SAM Adsorption Energies on SAM-Functionalized Graphene (energies in kcal mol™"). Adsorption energies
were estimated from HFB — SAM van der Waals and electrostatic interaction energies. Error estimates are in parentheses and were
averaged over 300 structures, sampling every 10ps during the final 3 ns of dynamics. Adopted with permission from [132], copyright (2013)

American Chemical Society.

Protein-SAM adsorption Terminal group Electrostatic van der Waals Total
orientation (a) —CH; -43(2.4) —24.5 (4.6) —28.8(6.2)
—CH,NH, -12.3(9.8) -12.3 (3.8) -24.6 (11.7)
orientation (b) —CH; -4.5(2.4) -30.2 (5.5) -34.8(7.2)
—CH,NH, -37.3 (19.7) -12.2(3.9) —49.6 (20.0)
orientation (c) —CHj; -4.7(1.5) -42.3 (5.3) -46.9 (5.9)
—CH,NH, -3.5(7.0) -11.3 (3.1) —-14.8 (7.6)
orientation (d) —CH; -1.2(1.9) -27.2 (4.8) -28.4 (5.3)
—CH,NH, -9.2(9.3) -11.8 (4.7) -20.9 (10.2)

the successive layers build up via the formation of bilayers
of the molecule or through the immobilization of other mol-
ecules. These simulations show the formation of ordered,
stable assemblies of monolayers and bilayers of decylamine-
based molecules on graphene. The simulations also indicate
that the alkyl chain must be sufficiently long, and the surface
concentration of molecules sufficiently high, to direct the for-
mation of ordered, tightly packed upright SAMs, as opposed
to molecules physisorbed lengthways, on the graphene. The
evaluated relative contributions of electrostatic and vdW
interactions shown in table 2 show the dominant role of the
latter for methyl termination for all orientations. The differ-
ences found for the relative role of these two interactions for
amine termination are interesting and understandable.

Further advancement in understanding the nature of the
bonding of peptides on graphene sheets was obtained from STM
images taken in an ultra-high vacuum, as well as, under ambi-
ent conditions [133], of two synthetic model peptides R4G4Hg
and F4G4Hg, containing four kinds of residue groups (Phe-
benzyl, Arg-carbamidine, Gly-hydrogen, and His-imidazole).
An examination of the conformational dynamics of these pep-
tide assemblies adsorbed on a graphene sheet in water at 300K,
using molecular dynamic simulations [133], showed that both
peptide assemblies are mostly in the S-sheet structure, and that
the interaction energy of the four different residues with graphite
surfaces follows the order of Phe > His > Arg > Gly, consistent
with their brightness contrasts in STM images. The correlation
between the brightness contrasts with the peptide sequence and
the related interaction energy may shed light on the sequence
and conformation effects on the peptide assemblies.

Akdim et al [134] used a combination of classical molecu-
lar dynamics simulations and density functional theory cal-
culations to explain their experimentally observed doping
behavior of single-layer graphene upon adsorption of peptides
HSSYWYAFNNKT (P1) and HSSAAAAFNNKT (P1-3A)
in field-effect transistors (GFETs). They concluded that the
observed p-doping by the adsorbed P1 peptide may have arisen
from an intrinsic doping mechanism. The charge transfer and
electron transport calculations, based on the lowest energy
structure of the hybrid material system, suggested that the
n — z stacking of the aromatic residues and proximate back-
bone on the graphene surface in P1 may have had a role in the
p-doping. They trace the observed change from p- to n-doping
on substitution of three of the aromatic amino acid residues to
Alain P1 — 3A to altered charge transfer characteristics.
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In a related work, Katoch et al [135] performed AFM, Raman,
and Fourier transform infrared (FTIR) spectroscopy to examine
the structure of peptides bound to graphene and graphite. The
AFM images (see figures 26(a) and (b)) of the graphene before
and after incubation with the peptide, together with the infra-
red spectrum shown in figure 27 led to the conclusion that the
peptides bind noncovalently to the graphene and HOPG and
form secondary structures both in powder form and in an aque-
ous medium. The dominant structure in the powder form is an
a-helix, which undergoes a transition to a distorted helical struc-
ture in an aqueous solution. AFM images indicate that identical
adsorbed layers are formed upon incubation on the graphene and
HOPG. The Raman spectra of the system further corroborates
that the functionalization of the graphene is achieved non-cova-
lently since the incubation does not cause any chemical perturba-
tion to the graphene. The results of this multiprobe experiment
not only provided useful information on the striking features of
adsorbed peptides, it also validated earlier conclusions of similar
systems which were derived only on the basis of MD simulations
[136]. Since MD simulations can be performed relatively easily,
these results demonstrate that MD simulations can be relevant for
predicting the behavior of peptide-functional groups on graphene
and identifying proper functional groups for various analytes.

Ou et al performed MD simulations of the adsorption, con-
formational dynamics, and dimerization of two chains of a
de novo designed the a-helical peptide on a graphene sheet
in explicit solvent at 310 and 330K [137] to find that the two
chains were mostly dimeric and keep a-helical structure in
solution, whereas they unfolded and assembled into an amor-
phous dimer on the graphene surface. The C-terminal residue
(see table 3) showed a preference to adsorb on the graphene
surface because of the strong interactions of the Argl3, Ile14,
and Lysl15 residues with the carbon atoms, leading to a fast
unfolding of the a-helix starting from the C-terminal region.
The f-sheet conformation was not observed in all MD runs
within the 15-200ns times scale, which indicated that the a-
helix to p-sheet transition for this short peptide at the graph-
ite surface was a slow process, similar to the slow transition
dynamics of globular protein reported experimentally. These
simulations were able to identify the regions of strong inter-
action between the peptide (residues Argl3-Ile14-Lys15) and
the graphene and trace the initiation of the a-helix unfolding
of the peptide at the graphene surface to this region.

As with most single-layered materials, the nature of the
binding between atoms on a plane is different from that at
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Figure 26. (Adapted with permission from [135], copyright (2012) American Chemical Society). AFM topographic image of graphene (a)

before and (b) after incubation with the peptide. (¢) Topographic AFM image of HOPG incubated with the peptide.
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Figure 27. (Adapted with permission from [135], copyright (2012) American Chemical Society). (a) Infrared spectrum of GBP in powder
form, showing both amide I and amide II bands. (b) Infrared spectrum of GBP in D20, showing the amide I band. Red and blue curves are
obtained by fitting two Lorentzian functions to the experimental data. The peaks are located at 1673 and 1648 cm™". The green curve is the
result of some of these functions.

Table 3. (Adopted from [137]). Set-up details of all the MD simulations and the Ca-rmsd of the peptide at the end of each MD run. The
two peptide chains are labeled as P1 and P2, with the C-terminus being denoted by letter C. The carbon atoms of the graphene sheet are
in yellow. To mimic the experimental neutral pH condition, the side chains of the Asp, Glu, Arg, and Lys are charged (Asp —, Glu —,

Arg + Lys+).

System Name of MDrun 7T Number of atoms  Time (ns) Initial state rmsd of P1 (nm) rmsd of P2 (nm)

Pep Al 310K 12906 60 M 0.20 0.06
A2 310K 12906 60 M 0.07 0.08

Pep + Gra Bl 310K 12474 15 0.31 0.33
B2 310K 12474 15 0.38 0.18
B3 310K 12474 60 0.27 0.09
B4 310K 12474 60 0.24 0.33
B6 330K 12474 200 0.41 0.18
B7 330K 12474 200 0.29 0.34
B5 310K 12483 200 0.21 0.33
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Nanoparticles/um?

EdgeBinding Non-Edge Binding

Figure 28. AFM topographic images obtained from thr graphene surface exposed to (@) GBP peptide and (b) CBP peptide, which
assembled onto the graphene edges and plane, respectively. A graphene nanostrip (GNS) is indicated by the arrow. (¢) AFM topographic
image obtained from a graphene surface exposed to AuNPs functionalized with the GBPA3 peptide (GBP-A3-AuNP), which assembled
onto the graphene edge. Graphene edges (red lines) identified from sub-10nm AFM height images are depicted for clarity. (d) Bar chart
showing the number of GBP-A3 peptide-functionalized nanoparticles binding to the edge and nonedge regions of graphene.

the edges. For graphene, the sp*-hybridized C—C bonds on
the plane are replaced by the relatively weak dangling =C-C
(H)-C= bonds at the edges, which are suitable for covalent
functionalization. The ability to functionalize graphene in
two ways—non-covalently on the plane and covalently at the
edges—was exploited by Kim et al [136] in a combined exper-
imental and computational study of several types of graphene
binding peptides, identified from a combinatorial phage dis-
play peptide library. These peptides were found to bind to the
planar surface of the graphene via z—z stacking and to the edges
via electrostatic interactions. Interestingly, Kim et al [136]
designed a bifunctional peptide (A3—EPLQLKMGGGG)
from graphene—and gold-binding peptides, which they used
to direct the assembly of gold nanoparticles to the graphene
edges (see figure 28). Their AFM analysis confirmed that the
peptide indeed assembled at the grapheme edges. Furthermore,
their electronic measurements using mechanically ablated gra-
phene field-effect transistors showed that the edge—and plane
binding peptides, both affected the electronic properties of the
graphene, a finding with technological implications. On the
other hand, the dodecameric carbon nanotube-binding peptide
(CBP) with the sequence HSSYWYAFNNKT?7 was found to
decorate the HOPG surface uniformly (see figure 28(b)) form-
ing a monolayer with distinct pores on the planar HOPG sur-
face. Their comparative study of the binding of GBP and CBP
on the graphene showed that the GBP assembles preferentially
at the graphene edges and also that the binding of the GBP to
the edge affects the electronic structure of the graphene more
than when the CBP binds to the planar graphene surface.
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The graphene interacts strongly with the hydrophobic com-
ponents of biomolecules, potentially altering their conforma-
tion and disrupting their biological activity. Alava et al [138]
immobilized the protein Concanavalin A onto a self-assembled
monolayer of multivalent tripodal molecules on a single-layer
of the graphene, using a quartz crystal microbalance (QCM) to
show that this biomolecule retains its affinity for polysaccha-
rides containing a-D-glucopyrannosyl groups as well as for the
a-Dmannopyranosyl groups located on the cell wall of Bacillus
subtilis. QCM measurements on unfunctionalized graphene
indicate that the adsorption of Concanavalin A onto the gra-
phene is accompanied by a near-complete loss of these func-
tions, suggesting that interactions with the graphene surface
induce deleterious structural changes to the protein. Given that
Concanavalin A’s tertiary structure is thought to be relatively
robust, these results suggest that other proteins might also be
denatured upon adsorption onto the graphene, such that the
graphene-biomolecule interface must be considered carefully.
Multivalent tripodal binding groups address this challenge by
anchoring proteins without loss of function and without dis-
rupting the graphene’s desirable electronic structure.

The 7z — stacking interactions on the graphene plane also
provide the opportunity for DNA sequencing and recognition,
as has been proposed by Min et al [139, 140]. For the pro-
posed fast sequencing, the binding energy needs to be strong
enough to hold nucleobases on the graphene and reduce noise
in measurement, as well as being weak enough to translocate
a single-stranded DNA over a graphene nanoribbon in a nano-
channel. While these applications are important in themselves,
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Figure 29. Optimized orientation of adenine (A), cytosine (C), guanine (G), thymine (T), and uracil (U) on graphene.

they also provide opportunities for testing some of the recent
advances that have been made in incorporating van der Waals
(vdW) interactions into DFT. Several theoretical studies on the
interaction between nucleobases and graphene have thus been
reported. Using DFT-LDA, Gowtham et al [141] showed that all
the nucleobases are separated from a graphene sheet by about
3.5A and the binding is strongest for guanine (14 kcal mol™),
while it is similar for other nucleobases (11kcalmol™!). They
also showed that translocation parallel to the graphene surface
has a low barrier, maximally 2.3 kcalmol™'. Antony et al [142]
applied B97-D functional to optimize the same systems to find
significantly closer base — graphene distances of about 3.0A.
Another recent study by Berland et al [143] using Dion’s non-
local functional [144] predicts, for an adenine molecule, the
adsorption energy of 16.4kcalmol™" at an equilibrium separa-
tion of 3.5A. This was followed by the work of Le et al who
applied a set of DFT based techniques to examine the trends in
the binding energies and adsorption heights of the nucleobases
on the graphene [145], summarized in table 4. In a more recent
study [146], symmetry-adapted perturbation theory [147], with
input from several other DFT based methods was used to fur-
ther analyze these binding characteristics.

Since a number of DFT based computational techniques
[144, 148-150] have been proposed to account for the con-
tribution of van der Waals interaction to the binding of mol-
ecules on surfaces such as graphene, two recent studies [145,
146] provide an analysis of the computational cost associated
with each method as well as the differences in the binding
energy and binding distance of DNA fragments on graphene.

Figure 29 illustrates the optimized structures of the nucle-
obases on the graphene. According to Le et al while there
are some disagreements in the results from the application of
the different techniques in predicting binding energies, there
is good agreement in their prediction of the strength of the
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Figure 30. (Adapted with permission from [146], copyright (2013)
American Chemical Society). Binding energies with increasing
flake sizes to obtain the extrapolated values for the infinite sizes.
The binding energies are plotted against 1/N, where N is the number
of carbon atoms in the flake.

interactions of the nucleobases on the graphene which fol-
lows the order Guanine > Adenine > Thymine > Cytocine >
Uracil. Cho et al [146] further examined the binding energies
of flakes of increasing size of four nucleobases on the gra-
phene to find that they lie between 18 — 24kcal mol™! (see fig-
ure 30). These values are, however, twice as large as what they
found for the same set of nucleobases on naphthalene. Since
screening effects are not included in these calculations, some
questions still remain about their reliability. Non-covalent
interaction of DNA bases with graphene provide another ave-
nue for understanding the subtleties in these interactions.
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Figure 31. Graphene based sensors: (a) gas sensor, reproduced with permission from [30]; (b) chemical molecules sensor, reproduced with
permission from [119], copyright (2011) American Chemical Society; (c) and (d) cancer sensor on a flexible PET substrate, reproduced

with permission from [154], copyright (2011) AIP Publishing LLC.
7. Graphene sensor devices

Due to very large changes in the relative conductivity that are
possible as a result of the charge doping that occurs within the
graphene due to the charge transfer with anumber of adsorbates,
together with its uniquely high surface-to-volume ratio, gra-
phene has been touted as enabling or improving a variety of gas
sensors, chemical sensors, and biosensor applications. A num-
ber of device concepts have been investigated [30, 151-153],
applying graphene as the sensing element for gasses and bio-
molecules. As such, those devices expand upon the success of
the structurally similar carbon nanotubes (CNT), which are
currently applied in various sensors [154—157]. The electronic
properties of graphene translates into low intrinsic noise in
the device signal, in spite of the low carrier concentration, and
thus superior sensitivity. Even a few electrons transfered to
or from the graphene sheet can cause notable changes in the
carrier concentration in graphene [30], which may not be large
in an absolute sense are huge in a relative sense, as noted in
the introduction. Moreover, the graphene-based sensors allow
four-probe measurements, which further improves the device
accuracy. Examples of graphene-based sensor concepts are
shown in figure 31.

The fundamental concept is that molecular adsorption on
the graphene modifies the charge carrier concentration near
the Dirac point, resulting in the characteristic p-type or n-type
doping of the graphene, as has been the main focus of this arti-
cle. We reiterate that the doping level, and with it the change
in sign and magnitude of the conductivity of the graphene,
depends on the amount of adsorbed molecules and their effi-
ciency as electron acceptors and donors. As such, graphene-
based sensors are found to be partially chemically selective if
the magnitude and sign of the sensing signal (i.e. the sheet con-
ductivity) is evaluated in a device, as seen in figure 32. More
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Figure 32. The sensitivity of graphene to the chemical doping.
The changes of the resistivity induced by the adsorption (II) and
desorption (IV) at 150°C of four different small gas molecules,
reproduced with permission from [30], demonstrating the chemical
selecivity of the sensor device.

advanced devices evaluate the change in the majority of carrier
concentration in transistor or Hall bar device structures more
directly, again as seen in figure 32 [30]. In a Hall bar structure,
the sensitivity changes linearly with the concentration and
type of adsorbed molecules, as the adsorbate species directly
modify the type of majority carriers as well as the charge
carrier density. Both determines the experimentally accessi-
ble Hall conductivity, which is defined as o, = 1/p = ne/B.
Here, n represents the charge carrier concentration, where
the sign of the conductivity corresponds to the type of car-
riers, electrons (=) or holes (+). The e is the elementary
charge, and B is the applied magnetic field. A similar concept
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Figure 33. Reversibility and sensitivity of a graphene-based gas sensor as function of time for the detection of 1000 ppm of NHj3 using Joule heating
during the desorption step. () With Joule heating during the desorption step, the sensor exhibits fully reversible response. (b) Sensor response to
varied NH3 gas concentrations in air, with Joule heating during desorption. (¢) Sensor response for different concentrations of NO, in air. The change
of normalized resistance corresponding to different concentration of NH3 (b) and NO, (¢) in air, reproduced with permission from [158].

(a) 1.55 T T T T T T
0.05V Bias @ 175°C : ’

s A s E P
i10 i 119 H i 1% H i
1% H,| 1% H, 1% H,
E 145+ -
-
(]
S
o
N, N, N, N,
1.35+ -
ol & .+ . o . f . i
0 700 1400 2100 2800 3500 4200

Time (s)

(b) &

e 22°C
——— 22 ‘Cregression
25 ¥ 40°C
- = 60°C
R
T 20
Q
o
Q
d‘ 15
S
10 ;
5

40 60 80 100

CO: concentration (ppm)

20

Figure 34. (a) Resistance response to 1% H, at a 0.05V constant bias, reproduced with permission from [165], (b) Conductance changes at
different concentrations of CO,, reproduced with permission from [167].

applies in transistor structures, where the transistor base is
graphene based. The source—drain resistance is now evaluated
as a function of charge carrier concentration in the graphene
base, which again can be sensitive to adsorbed gas molecules.
Generally, all graphene-based sensors are based on the detec-
tion of changes in the electronic conductivity of the graphene
caused by adsorbates [30, 157].

The adsorption of molecules with relevance for indus-
trial, environmental, and medical applications for graphene
was studied in depth. Often, graphene-based sensors for
NO, and NHj3 were fabricated both on Si/SiO, as well as on
SiC substrates [13, 15, 16, 158—164]. It has been suggested
that the performance of a sensor built on SiC has distinctive
advantages over SiO,-based sensors, such as higher electri-
cal conductance and lower intrinsic noise. When exposed to
NHj; molecules, the carbon—nitrogen bond is easier to form
at the edges of the graphene [13], and a maximum response
to the adsorption of NH3 was found for multiple-layer gra-
phene samples with 2nm thickness [16]. Improvements of
graphene-based sensors for NH3; were achieved by Yavari et
al [158] by creating a graphene-based foam-like porous 3D
network for gas adsorption, coupled with Joule heating for
thermally activated gas desorption. The sensors were found
to exhibit increased sensitivity, excellent reliability, are
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in principle low-cost and can be fully recovered by Joule-
heating (figure 33).

The sensitivity of graphene to other gaseous adsorbates can
be engineered by chemical modification of the graphene sur-
face. For example, detectors for H, were achieved by cover-
ing epitaxial graphene on SiC substrates with a thin layer of Pt
as catalyst [165, 166]. While H, molecular adsorption on the
graphene by itself is hindered, as discussed in section 2, the
adsorption of atomic hydrogen can be significant. The Pt aids
in the dissociation of molecular hydrogen, so that the sensitiv-
ity of the graphene to H atoms can be exploited. Once dissoci-
ated, the atomic hydrogen diffuses to the interface between Pt
and the graphene with a concomitant increase of the electrical
conductance. Figure 34(a) shows a characteristic decrease of
the electrical resistance in response to exposure to 1% H; [165].

CO, sensors were fabricated by mechanically cleaving
flakes of highly oriented pyrolytic graphite (HOPG), followed
by lithographic patterning, liftoff and fabricating electric con-
tacts [167]. The so-achieved CO, sensor works under ambient
conditions and at room temperature. Compared to conventional
sensors it has a faster response time (less than 10s) and a short
recovery time because of the weak interaction between CO,
and the graphene. The conductance of the sensor shows signifi-
cant changes when exposed to CO; gas in the air and linearly
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Figure 35. Detection of the pH value and biomolecule (Bovine serum albumin (BSA)) by graphene based sensors, reproduced with

permission from [157], copyright (2009) American Chemical Society.

Table 4. Binding energies (meV) of nucleobases on graphene and optimized nucleobase-graphene separations (A, in parentheses). Taken

from [145].

DFT-D vdW-DF vdW-DF2
Nucleobase sTS TS DFT-D2 DFT-D3 nsc sc nsc sc
A 829 (3.29) 849 (3.28) 636 (3.18) 618 (3.38) 637 (3.50) 634 (3.50) 594 (3.37) 588 (3.39)
C 724 (3.32) 745 (3.31) 573 (3.20) 567 (3.38) 582 (3.50) 579 (3.51) 546 (3.38) 540 (3.41)
G 959 (3.26) 986 (3.25) 770 (3.13) 733 (3.33) 750 (3.45) 742 (3.45) 717 (3.33) 699 (3.35)
T 742 (3.35) 763 (3.34) 583 (3.22) 570 (3.42) 607 (3.53) 603 (3.53) 558 (3.41) 545 (3.43)
U 664 (3.31) 682 (3.30) 515 (3.20) 512 (3.38) 543 (3.49) 539 (3.49) 501 (3.37) 496 (3.39)

proportional to the concentration of CO, gas as it increased
from 10-100 ppm, as shown in figure 34(b).

While any gas molecule that alters the charge carrier concen-
tration in the graphene upon adsorption can also be detected by
a graphene-based sensor, chemical selectivity is rarely ensured.
Notably, sensors for O, sensors were easily built from graphene
on Cu foil [164]. Such sensors exploit that O, molecules act as a
p-type dopants as described above. Sensors for the toxic gas H,S,
made from ZnO-chemically converted graphene films, exhibited
outstanding sensitivity to very low levels (2ppm) of H,S in oxy-
gen at room temperature [168]. The graphene based humidity
sensor exploits the sensitivity of the graphene’s conductance to
H,0 [169] (see section 2.2 above). Other graphene-based sensors
for NO, CO and Cl, sensors are also worth noting [170-172].

It has even been suggested that graphene based sensors have
the potential to detect biomolecules from the environment, to
potentially detect various environmental contaminants and
diseases. One example is the sensor for pH values and bio-
molecules, as shown in figure 35(a). As has been indicated,
the Dirac points of the graphene shift reversibly upward with
increasing pH [157, 173]. The sensitivity of graphene-based
sensors to a variety of biomolecules, including glucose, pro-
tein and cancer cells [154, 157, 174] has been demonstrated.
A flexible, low-cost and label-free graphene based cancer
marker biosensor (figures 31(c) and (d)) was able to detect an
extremely low concentration of cancer cells in a large detec-
tion range, exhibiting improved sensitivity as compared to the
current widely used cancer marker biosensors [154]. Notably,
it has been shown that the performance of the graphene sen-
sor devices can be enhanced in an aqueous solution: graphene
field effect transistors (Gra-FETs) suspended in aqueous
solutions [173] showed an improved signal-to-noise ratio

by 14dB in the frequency regime below 1kHz for both hole
and electron carriers as compared to those supported by SiO,
substrates. An interesting trend is that some graphene based
sensors are able to detect both the changes of resistance and
mass of the graphene upon adsorption [155]. This approach, if
improved further, has the potential to further increase sensitiv-
ity and perhaps chemical selectivity.

In reviewing the studies of molecule adsorption on gra-
phene, it is evident that graphene as a gas sensor is prob-
lematic, even with very well defined graphene. It is certainly
true that adsorbates can change the relative conductivity sig-
nificantly, but so many adsorbates do this, that separating one
adsorbate out from other ambient effects is difficult. How does
one distinguish one adsorbate from another without function-
alizing the graphene itself for some chemical specificity? If
the doping of the graphene is competing with the band gap
effects, huge variations in relative conductivity are possible—
both increases and decreases in conductivity that then depend
not only on the adsorbate but adsorbate coverage.

8. Conclusion

The modification of the electronic structure of graphene
though simple molecular adsorption is clearly possible, and
the impact of the organic adsorbates reviewed in this article on
the band structure of the graphene is summarized in table 5.
The resulting changes to the graphene electronic structure are
highly dependent on the competition between intermolecular
interactions and lateral variations in the molecule—substrate
interactions, as well as the adsorbate graphene substrate inter-
actions. The adsorbate—graphene substrate interactions can
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Table 5. Summary of the changes in band structure and doping type in graphene with the adsorption of the molecules reviewed in this article.

Type of doping  Gap Fermi level
Molecule type achieved created  inthe gap® References
Small gas molecule NO, p-type Yes No [11,12, 194, 195]
H,O p-type Yes No [11,12,50, 55, 69, 196]
0, p-type YesP No [13-15, 197, 198]
NH3 n-type Yes No [11-16, 55, 68, 199]
CO, NO weak n-type No¢ — [11,12]
N,0,, weak donor Nothing No — [52, 53]
H2, donor n-type Yes Yes [19, 59, 106, 200]
Planar molecules Benzene and naphthalene Nothing No — [74, 80-82]
Benzene and naphthalene with ~ n-type Yes No [71, 82, 118, 127]
NH, groups
TPA and An-Br p-type — — [71]
An-CHj; n-type — — [71]
Diazonium salts p-type Yes No [89-92]
TCNQ, F4-TCNQ and TCNE p-type Yes Yes [53, 70, 78, 108-110]
PTCDA p-type No — [112-115]
VOPc n-type — — [109]
24" BTP — No — [119]
Planar molecules with Zwitterions — No — [120]
large intrinsic dipoles Benzene with COOH groups n-type Yes No [74, 118, 127]
Covalently bonded 3D Fullerenes — Yes Yes [201-203]
molecules

% The position of Er is based on the initial doping and type of graphene investigated and not necessarily representative of free standing pristine graphene.
The position of the chemical potential may also be affected by the concentration of adsorbed molecules. This latter complication is evident in the adsorption
of NO; [1], H, [106], F4-TCNQ [70, 98, 109] and diazonium salts [89-92] studies, so that Er could lie within the band gap, but depending on the amount of

adsorbed molecules.

" The type of graphene substrate makes a difference in Er and the band gap opening. For instance, the adsorption of O, in single layer graphene and bilayer

graphene are different [197, figure 2].

¢ Although the interaction is very weak, the adsorption of CO may induce a band gap opening in the nanoscale graphene [55].

occur in a mutiplicity of ways, both by breaking the local gra-
phene symmetry from Cg, to Cs, or less and through charge
transfer to the graphene. Adsorbates may dope the graphene
either p-type or n-type depending upon the reduction poten-
tial. Yet, the interaction also depends on the structure of the
graphene: it is generally much easier for molecules adsorbed
on doped graphene and graphene with defects.

Yet the multitude of molecular adsorption studies are very
useful in understanding the influence of the environment on
graphene and pave the way for a better graphene-based device
design. For instance, the successful control of the extrin-
sic doping level through substrate or adsorbate interactions
could facilitate the microfabrication of graphene-based p—n
junctions.

Opening a band gap in graphene fundamentally means low-
ering the Cg, point group symmetry to something less sym-
metric (Csy, Cyp, etc), so that the conduction band and valence
band are no longer degenerate at the Dirac point in charge
neutral graphene. This is the fundamental concept behind the
various widely publicized approaches to engineering a band
gap in graphene, such as strain engineering [175-178], spatial
restriction, for example via graphene nanoribbon fabrication
[179-188], controlling the density of electrons as in adsorbate
hybridization [16-21, 55, 64, 89, 189]. All these approaches
to opening a band gap in graphene have major flaws when
the goal is the retention of the unique properties of graphene
while opening a band gap. The effective mass for uniaxially
strained graphene, which is really the key parameter, in addi-
tion to the band gap, is a major problem as the increase in
effective mass is usually considerable [178]. For graphene
nanoribbons the situation is worse. The huge increase in

24

effective mass that may be inferred from many of the band
structure calculations of graphene nanoribbons is complicated
by significant edge scattering. This leaves adsorbate or sub-
strate induced band gaps as a more promising avenue for the
band gap engineering of the graphene. Substrate interactions
are very hard to control. For example, a band gap of 0.26eV
has been experimentally determined for graphene on SiC [10],
but is controversial and is in any case not a true band gap as
the graphene is heavily n-type doped and the chemical poten-
tial (Fermi level) does not fall in the gap. The application of
a perpendicular electric field should open a band gap up to
0.25eV in the graphene heterolayer structures and renders the
transport insulating [190-193]. But overall, efforts at opening
a band gap without large decreases in carrier mobility by seek-
ing a better adsorbate to control the band gap of the graphene
seem more promising as long as, again, ambient effects can be
diminished and made negligible.
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