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Adsorption of caffeine and nicotine molecules on perfect, defective and porous graphene sheets is investigated
using density functional theory. The high adsorption energies indicate strong adsorption of caffeine and nicotine
molecules on graphene sheets. Itwas found that caffeine adsorption is stronger in comparison to nicotine adsorp-
tion. The electronic band structures analysis shows that the electronic properties of graphene sheets are sensitive
to the presence of caffeine and nicotinemolecules. The graphene sheets become n-type semiconductors with caf-
feine and nicotine adsorption. Our results suggest the possibility of using graphene based sensors for caffeine and
nicotine detection.
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1. Introduction

Caffeine and nicotine are both alkaloids and therapeutic com-
pounds [1,2]. Tea, coffee, cocoa beans, guarana and yerba mate con-
tain naturally caffeine [3]. Cigarettes, cigars, snuff, and pipe tobacco
are common sources of nicotine. Furthermore, caffeine and nicotine
are found in the stimulant family of drugs [3]. These drugs carry a
number of side effects and an overdose of them causes serious prob-
lems. In particular, caffeine and nicotine overdose can cause insom-
nia, withdrawal symptoms, rapid breathing, heart palpitations and
high blood pressure [3]. Therefore, fabrication of sensitive sensors
and filters with high sorption capacity is essential for detection of
caffeine and nicotine molecules.

The recent advances in nanotechnology have enabled researchers to
design and fabricate sensors using nanostructures. Many sensors based
on graphene, carbon nanotubes, graphyne sheets and tubes have been
suggested for detection of different molecules [4–18]. For instance, pos-
sibility of using perfect and defective carbon nanotubes for caffeine and
nicotine detectionwas reported [12,13]. It was shown that carbonnano-
tubes can be used as caffeine and nicotine sensors due to sensitivity of
their electronic properties to the presence of these molecules [12,13].
The good sensor properties of carbon nanotubes are already known
for some time [14], but recently, gas sensing behavior of graphene was
also reported [15]. It was found that graphene is proper for detecting in-
dividual molecules, adsorbed from gas phase or even larger molecules

that would be attached to a graphene sheet from solution, indicating
its applicability in sensing wide range of molecules or even biomole-
cules [16–19]. These excellent sensor applications of graphene are due
to its two dimensional structure which maximizes the effect of surface
dopants and its special electronic properties [18]. The present results
motivated us to investigate possibility of using graphene for caffeine
and nicotine detection in the present work.

In reality, grapheneusually suffers fromvarious types of defect in the
atomic structure during its growth [20]. It was shown that defects such
as StoneWales (SW) modify the electronic properties and chemical re-
activity of graphene [21,22]. Comparison of the adsorption mechanism
of different molecules on perfect and defective graphene sheets indi-
cates that SW defect can make the adsorption stronger. In addition, it
was found that the defective graphene is more sensitive to the presence
of molecules than the perfect graphene [23,24].

The use of graphene in electronic applications is nowadays hindered
by the fact that graphene is a gap less semiconductor. To solve this prob-
lem, many other two-dimensional structures with non-zero band gap
have become objects of interest. Fortunately, recent advances have
made possible the synthesis of intrinsically hydrogenated structures
such as porous graphene [25]. The porous graphene sheets have the ad-
vantage of retaining some properties of graphene while being intrinsi-
cally non-zero gap structure [25,26]. Hence, this kind of carbon based
nanostructures opens new perspectives to novel applications and will
bringmore surprise in the future [27]. In the present study,we have car-
ried out the possibility of using perfect, defective and porous graphene
for caffeine and nicotine detection by using density functional theory
(DFT).
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2. Computational details

The DFT calculations are performed by using OpenMX3.7 package
[28]. The generalized gradient approximation (GGA) with Perdew–
Burke–Ernzerhof (PBE) correction is considered for the exchange-
correlation function [29]. The van der Waals interactions between mol-
ecules and sheets are described with Grimme's method [30]. The plane
wave basis set is restricted by a cutoff energy of 150 Ry. A cutoff radius
of 6 bohr is chosen for all basis functions, namely, C6.0-s2p2d1, O6.0-
s2p2d1, N6.0-s2p2d1 and H6.0-s1p1. All structures are optimized until
the forces acting on relaxed atoms are smaller than 0.01 eV/Å. The K-
point is set to be 41 along each high symmetry lines in the Brillouin
zone. The charge transfer that occurs in the system is measured by
using the Mulliken charge analysis.

The atomic structures of caffeine and nicotine molecules are shown
in Fig. 1. The perfect, defective and porous graphene sheets are selected
as the host materials for adsorption of caffeine and nicotine molecules.
We have considered supercells of perfect and defective graphene sheets
with 9 × 9 unit cells and supercell of porous graphene sheet with 3 × 3
unit cells. These supercells and the optimized bond lengths are present-
ed in Fig. 2. As shown in Fig. 2(b), one SW defect is considered in one
supercell to construct defective graphene sheet. The periodic boundary
conditions are applied to the supercells. The simulation boxes are as-
sumed 22.15 × 22.15 × 20 Å3. A vacuum width of about 20 Å is consid-
ered to ensure there is negligible interaction between graphene sheets
in neighboring cells.

To evaluate stability of adsorbed molecules on graphene sheets, ad-
sorption energy is calculated as

Eads ¼ Emoleculeþsheet−Esheet−Emolecule

where Emolecule + sheet is the total energy of graphene sheet with
adsorbed molecule, Esheet is the total energy of graphene sheet and
Emolecule is the total energy of an isolated molecule.

3. Results and discussions

The most stable adsorption configurations of caffeine and nicotine
molecules on graphene sheets are investigated by locating the mole-
cules with various orientations on different possible adsorption sites
of the sheets. Upon the lowest adsorption energies, the most stable ad-
sorption configurations for caffeine and nicotinemolecules on graphene
sheets are identified. From our calculations, we found that the mole-
cules are preferred to orient in parallel with respect to the graphene
sheets. The energetically most favorable adsorption sites are shown
with label × on graphene sheets in Fig. 2. It means, the center of the hex-
agonal ring of molecule (labeled by * in Fig. 1) is placed above the posi-
tions (labeled by × in Fig. 2) in themost stable configurations. Themost
stable adsorption configurations of caffeine and nicotine adsorbed on
graphene sheets are shown in Fig. 3. After determining the adsorption
sites, the molecules are vertically moved toward and away from the
sheets to determine the optimal adsorption distance. We have defined
the distance between × and * labels as the adsorption distance
(Fig. 3). The optimal adsorption distances and adsorption energies of

the most stable configurations are summarized in Table 1. The high ad-
sorption energies indicate chemisorption of caffeine and nicotinemole-
cules on graphene sheets. Adsorption on perfect graphene sheet is
stronger than on defective and porous graphene sheets. Adsorption of
caffeine is stronger than adsorption of nicotine.

We have compared the electronic band structures of graphene
sheets before and after caffeine and nicotine adsorption to understand
the effect of molecules on the electronic properties of graphene sheets.
The electronic band structure of perfect graphene is shown in Fig. 4(a).
As expected, the valence and conduction bands cross linearly each other
and perfect graphene is a semimetal. The electronic band structures of
perfect graphene after caffeine and nicotine adsorption are shown in
Fig. 4(b) and Fig. 4(c), respectively. Here, adsorption of molecules
leads to appear of small band gap and occupied states below the
Fermi level. It means perfect graphene become n-type semiconductor
with caffeine and nicotine adsorption. The energy band gaps between
the highest occupied and lowest unoccupied states of graphene before
and after adsorption of molecules are compared in Table 2.

The electronic band structure of graphene with SW defect is shown
in Fig. 5(a). It is clear that the presence of SW defect opens a small band
gap of 0.04 eV. Hence, graphene with SW defect is a semiconductor in
good agreement with previous studies [31,32]. Adsorption of caffeine
and nicotine molecules on defective graphene leads to appear occupied
states below the Fermi level (Fig. 5(b) and (c)). This result indicatesFig. 1. Atomic structures of caffeine and nicotine molecules.

Fig. 2. Structures of perfect, defective and porous graphene sheets. Bond lengths are in Å.
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