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Abstract Studies of the interaction between phenol and
intrinsic graphene, as well as phenol and aluminum doped
graphene layer are performed using first principles total
energy calculations within the periodic density functional
theory. A 4x4 periodic structure is used to explore the adsorp-
tion of a phenol molecule on the intrinsic graphene and on
aluminum doped graphene layer. The electron-ion interactions
are modeled using ultra-soft pseudo-potentials, and the
exchange-correlation energies are treated according to the
generalized gradient approximation (GGA) with the PBE
parameterization.We consider differentmolecule orientations:
parallel and perpendicular to the graphene layer to relax the
atomic structure. To explain the optimized atomic geometry
we determine binding energies for all cases and the density of

states (DOS) and partial DOS for the most relevant configu-
rations. Results indicate that the direct interaction of oxygen
with aluminum yields the ground state geometry with the
phenol molecule adsorbed on the graphene layer. Binding
energies and DOS structures also demonstrate that the ground
state configuration is that where the O and Al atoms interact
with a separation distance of 1.97 Å.
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Introduction

Graphene is an allotrope of carbon in which, the atoms ar-
ranged in a 2D honeycomb structure form a slightly rippled
layer of one atom thickness, it has been the subject of many
experimental as well as theoretical investigations, since its
discovery in 2004 [1]. This recently discovered and prepared
material has a large number of possible technological applica-
tions. Graphene is considered the reference for all sp2-derived
allotropic forms of carbon (graphite, fullerenes, nanotubes,
schwarzite). Far reaching applications such as patterned
single-electron transistors [2] and ultimate gas sensors able to
detect one molecule [3] have been envisioned. Geim et al. have
fabricated graphene flakes by micromechanical cleavage of
graphite [1]. Graphene deposits have also been produced by
SiC epitaxy [4]. Both techniques are limited in terms of quan-
tities of available samples.

Phenol (C6H5OH), also known as phenyl acid or carbolic
acid [5], has a non-alcohol atomic structure with functional
group Ph-OH, which is different from that of alcohol, R-
OH. It is mainly used to produce resins, nylon, synthetic
fibers, agrochemicals, polycarbonates and acetylsalicylic
acid (aspirin). C6H5OH is employed in the preparation of
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orally cleaning liquids and pills to cure sore throat. It is also
used as fungicide, antibacterial [6], antiseptic and disinfec-
tant in the chemistry, pharmacy and clinic industries [7–9].
However, phenol is a contaminant in products like waste-
water [10–12]. The search for efficient adsorbents of small
gas molecules is driven by needs for ultraclean air environ-
ment and by a danger related to easy availability of toxic
industrial gases. Therefore in this work we address the
problem of studying the phenol adsorption on the hexagonal
graphene, in order to search for a material suitable to remove
contaminants. The problem in the removal of contaminant
gases lies in the small size of their molecules and weak
interactions with the surface of adsorbents via physical
forces [13]. Moreover, in real life applications, adsorption
is expected to clean environment. Experiments have shown
that graphite derived materials can adsorb hydrogen sulfide
[13, 14].

Recent studies have suggested graphene as a good adsor-
bent material of organic molecules. For instance, first princi-
ples total energy calculations performed by Leenaerts et al. [3]
have demonstrated that H2O, NH3, CO, NO2 and NO can be
adsorbed on graphene with adsorption energies of the order of
meV. Chi et al. [15] have shown that formaldehyde (an organ-
ic molecule) can be adsorbed on intrinsic and Al-doped gra-
phene. Binding energies in the former case are of the order of
meV, while in the latter case the energies are of the order of eV.
It is evident that the adsorption energy is favored by the
doping of the graphene layer. These studies also show that
graphene can be used as a gas sensor provided it has the ability
to detect even single molecules. Additionally graphene is a
material sensitive to changes in the charge distribution which
lead to a variation in the electrical resistivity.

On the other hand, recent studies by Chakarova-Käck et
al. [16] indicate that phenol can be adsorbed on graphite.
The model of graphite used in the studies consists of a single
carbon monolayer (graphene) with results indicating that
there are no significant changes in the adsorption energies
if the interaction of phenol with other layers is considered.
In all previous studies, adsorption energies are of the order
of meV in agreement with our calculations, therefore it can
be concluded that graphene may absorb phenol.

Provided that the adsorption of molecules on graphene
show energies of the order of meV, it is desirable to increase
these energies. It has been demonstrated that one way to
increase the adsorption energies is by doping graphene with
aluminum. Considering Al-doped graphene, studies of the
adsorption of formaldehyde and CO on graphene have been
performed with results showing an increase in the binding
energies [15, 17]. Similarly it is intended to use Al-doped
graphene to create an efficient and controllable adsorption/
desorption system for hydrogen storage.

To investigate the interaction between graphene and phe-
nol, and the aluminum doped graphene and phenol we have

performed first principles total energy calculations applying
the periodic density functional theory. The understanding of
these interactions will help to suggest possible ways to
remove or separate and turn these molecules into products
with low environmental impact, achieving a minimum of
emission into the atmosphere. The paper is organized as
follows: In Sect. 2 we describe the method of calculations.
Section 3 is devoted to describing and discussing results,
and in Sect. 4 we make conclusions.

Calculation models and methods

First principles total energy calculations are performed to
study the graphene-phenol and the aluminum doped
graphene-phenol interactions. Calculations are done within
the periodic density functional theory as implemented in the
PWscf code of the Quantum ESPRESSO package [18]. The
exchange-correlation energies are treated according to the
generalized gradient approximation (GGA) with the PBE
[19] parameterization and the electron-ion interactions are
treated with ultra-soft pseudopotentials. To model the sur-
face we have employed the supercell method, which is
composed of a graphene layer and a vacuum gap of 20 Å
to prevent interactions between adjacent layers. The one
atom thick, 2-D array of carbon hexagons graphene is con-
sidered in a 4x4 periodic array, upon which phenol is sup-
posed to be adsorbed. Two cases are mainly explored: In the
first case we deal with the interaction between intrinsic
graphene and phenol and in the second case we consider
the aluminum doped graphene layer in order to investigate
its interaction with phenol. Several atomic configurations
are studied: In the first set of atomic geometries the phenol
molecule is parallel to the graphene layer and in the second
set the molecule is perpendicular to the graphene layer.
Calculations start with the graphene lattice parameter opti-
mization (we have obtained a value of 2.47 Å), then this is
followed by the atomic structure relaxation of the phenol
adsorption and at the final stage we calculate the charge
density distribution and the density of states, taking into
account the relaxed atomic coordinates. The electron states
and electron density are expanded in plane waves with an
energy cut of 30 Ry and 240 Ry, respectively. A 6x6x1 k-
points mesh is used in our calculations. This set has been
proven to be enough to obtain trustable results since increas-
ing the mesh yields small differences in the binding ener-
gies, but an increase in the computing time [20].

Results and discussion

Studies of the graphene—phenol, and aluminum doped
graphene—phenol interactions are presented in this section.
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To present results we first consider the interaction of intrin-
sic graphene with phenol in two set of configurations: the
molecule parallel to the graphene layer and the molecule
perpendicular to the layer, on the other hand, we consider
the aluminum doped graphene interacting with phenol in the
same sets of configurations described above.

Geometry optimization

Our calculations started with the geometry optimization for all
cases. Figure 1 shows the optimized geometries for the gra-
phene - phenol configurations, in the parallel geometries we
have obtained that the average separation distance between
phenol and graphene is larger than 4 Å, consequently we
conclude that no chemical bonds take place, instead physical
interactions are present. Similarly, in the perpendicular config-
urations we have obtained that the separation distance between
phenol and graphene is of the order of 3 Å, which indicates that
the possible adsorption is of the physisorption type.

Despite the smaller separation distances between phenol
and graphene in perpendicular configurations, calculations
of the binding energies show that these are larger in the

parallel geometries, which are of the order of 80 meV (see
Table 1). Clearly the energy values demonstrate that we only
obtain physisorption. These results are in contrast to the
interaction of phenol with the aluminum doped graphene
layer, as described below.

Studies of the interaction of phenol with the aluminum
doped graphene are presented in different atomic configu-
rations. We shall consider the interactions of graphene with
phenol in two sets of configurations; in the first set the
molecule will be parallel and in the second perpendicular
to graphene. We describe first the parallel configurations. In
Fig. 2 we present the relaxed model B1 of a parallel geom-
etry, in a) we display the top view, in b) and c) the side
views. The top view of the geometry B1 shows the hexagon
of the phenol molecule on top of a hexagon of the graphene
layer. One carbon is on top of the aluminum and the oxygen
is on top of one carbon of the layer. After the relaxation the
resulting configuration is somewhat distorted from the origi-
nal parallel geometry, the planar configuration of the doped
layer is modified by a protrusion as induced by the interaction
of the aluminum with the phenol. The side views display that
the protrusion is formed on the opposite side of the molecule
position. The largest and smallest separation distances be-
tween the phenol and the graphene are 3.8 Å and 3.7 Å,
respectively, while the distance from the molecule to the
aluminum atom is 5.3 Å.

The relaxed Model B2 is represented in Fig. 3. The top
view in a) shows the hexagon of the molecule on top of the
graphene layer with the aluminum atom lying at the center of
the molecule hexagon. The side view in b) displays that the
largest and smallest separation distances between the phenol
and the graphene are 3.6 Å and 3.5 Å, respectively, while the
distance from the molecule to the aluminum atom is 5.1 Å.

Fig. 1 In this figure we show the relaxed structures for all configurations of phenol molecule interacting with the intrinsic graphene; (a) A1, (b) A2,
(c) A3, (d) A4, (e) A5 and (f) A6

Table 1 In this table
we show the binding
energies corresponding
to the interaction of
phenol with intrinsic
graphene

Configuration Binding energy (eV)

A1 -0.082543252

A2 -0.083732751

A3 -0.084125758

A4 -0.072758363

A5 -0.080737343

A6 -0.058267748
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The phenol molecule preserves its planar shape however; the
graphene layer exhibits a protrusion similar to model B1.

We show model B3 in the relaxed configuration in Fig. 4.
The top view in a) shows the hexagon of the molecule on
top of the graphene layer with the aluminum atom being
outside the center of the molecule hexagon. The oxygen
atom occupies the left hand side of the molecule. The side
view in b) displays that the separation distance between the
phenol and graphene is 3.5 Å while the distance from the
molecule to the aluminum atom is 5.1 Å. The phenol molecule
is not distorted from its planar shape but the graphene layer
exhibits a protrusion similar to models B1 and B2.

Model B4 of the parallel configurations is presented in
Fig. 5. The top view in a) shows the oxygen atom at the
farthest distance from the aluminum atom. One carbon atom
of the phenol interacts with the aluminum with an attractive
force inducing a protrusion in the graphene which in this
case is near the phenol. The planar shape of the molecule is
preserved. The lateral view in b) exhibits that the distance
between the molecule and the aluminum is 2.3 Å, the largest
and smallest distances between the molecule and the gra-
phene are 4.2 Å and 3.9 Å, respectively. According to the
separation distances, this model B4 favors the molecule
chemical adsorption.

Configuration B5 is presented in Fig. 6. Initially the
phenol is placed parallel to the layer with the oxygen on
top of the aluminum. After the relaxation the layer exhibits a
protrusion formed towards the molecule, the molecule is
tilted 12 degrees with the position of the oxygen respect
aluminum favoring the chemical bond. The bonding is a
consequence of the interaction of the oxygen free orbitals
with the non-occupied pz aluminum orbital. The O-Al bond
length is 1.98 Å which indicates chemisorption. The total
energy of the B5 configuration is lower compared with

those of B1-B4 models therefore we conclude that the
parallel configurations have B5 as the most stable structure.
In this geometry the hydrogen atom bonded to the oxygen is
not coplanar to the phenol.

When results obtained for the interaction between phenol
and graphene, in the parallel configurations, are comparedwith
those corresponding to the interaction of phenol with the
aluminum doped graphene we realize that B5 is the one with
the smallest separation distance between the molecule and the
layer, which indicates that the doping favors the chemisorption.

We turn to describe the interactions of graphene with phenol
in the perpendicular configurations. As a first model we de-
scribe B6, the relaxed structure is displayed in Fig. 7. In this
case the interaction of the graphene with the molecule is given
through a hydrogen atom of the molecule and the aluminum.
The top view in a) indicates that the molecule is on top of the
aluminum atom. The protrusion due to the interaction between
the graphene and the molecule is formed on the opposite side of
the molecule position. The side view in b) exhibits the oxygen
atom on top of the molecule, the separation distance between
the hydrogen and the aluminum is 3.50 Å.

The next perpendicular model B7 is shown in Fig. 8. In
the relaxed configuration the oxygen of the molecule is near
the graphene layer. The side view in b) exhibits that the
interaction of phenol with the layer is mainly through the
oxygen and the aluminum, the separation distance is 1.97 Å
which indicates chemical adsorption. We shall mention that
the molecule planar shape is almost unaffected but the
orientation is distorted from the perpendicular configuration
(15.4o). Similar to the parallel models the graphene exhibits
a protrusion directed toward the molecule as a result of the
interaction between the layer and the molecule.

The relaxed structure of model B8 is shown in Fig. 9. The
top view a) exhibits how the phenol molecule is displaced from

Fig. 3 In this figure we display
model B2 in the relaxed state,
in (a) top view, in (b) and
(c) side views

Fig. 2 In this figure we show
the relaxed structure in the
parallel configuration B1, in (a)
top view, in (b) and (c) side
views
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the initial perpendicular position. In the model, the side views
b) and c) show that two hydrogen atoms are placed near the
aluminum atom and after the relaxation the molecule deviates
from the perpendicular geometry, with the molecule making an
angle of 18.15o with a vertical line. The protrusion induced at
the aluminum site because of the interaction with the phenol is
in the same side of the molecule and is near the molecule.

When results obtained for the interaction between phenol and
graphene in the perpendicular configurations are compared with
those corresponding to the interaction of phenol with the alumi-
num doped graphene we realize that B7 is the one that displays
the smallest separation distance between the molecule and the
layer, which indicates that the doping favors the bonding.

In all configurations, after the geometric relaxation, no
significant changes are obtained in the structural parameters
of the phenol molecule (binding angles and distances). How-
ever, in configurations B5 and B7, where chemical bond is
formed between oxygen atom of phenol and the aluminum of
the surface, small changes are detected in the C-O binding
distance as well as C-C-O and C-O-H binding angles, this is
expected since these atoms are involved in the binding.

Binding energy

Our studies include calculations of the binding energies of
the adsorbed molecule with stable structures. To determine
these energies [21] we use

Eb ¼ Egraphene�phenol � Egraphene � Ephenol; ð1aÞ

Eb ¼ EAl�graphene�phenol � EAl�graphene � Ephenol: ð1bÞ

In Eq. 1a the first term corresponds to the total energy of
the system composed of the graphene layer interacting with
the phenol molecule, the second term represents the total
energy of the graphene layer and the third term corresponds
to the isolated phenol molecule. In Eq. 1b the first term
corresponds to the total energy of the system composed of
the aluminum doped graphene layer in the presence of the
phenol molecule, the second term represents the total energy
of the aluminum doped graphene layer and the third term
corresponds to the isolated phenol molecule.

Table 1 shows binding energies corresponding to the
interaction of phenol and the intrinsic graphene, with con-
figurations A1, A2, and A3 displaying the largest energies.
In these configurations the phenol molecule is parallel to the
graphene surface. Similar results have been reported on the
adsorption of phenol on boron nitride sheets [22].

In the system composed of phenol and Al-doped graphene,
values of the binding energies indicate that the doping favors
the chemisorption of the phenol on the graphene layer. These
energies are larger (of the order of eV) than those of the system
composed by phenol and intrinsic graphene (binding energies
are of the order of meV, see Table 1). Results of the binding
energies show that the largest binding energy corresponds to
model B7, see Table 2.

Using the energies of the relaxed atomic configurations
(B1 – B8) we have also calculated the relative energy differ-
ence. Using these results we plot the surface potential energy,
which is reported in Fig. 10. The graph shows two minima
which indicate one stable and one metastable structural con-
figuration. It is apparent that configuration B7 yields the most
stable structure, while B5 represents a metastable geometry.
Results of the binding energies and relative total energies
suggest B7 as the ground state of the system.

Fig. 5 This is the relaxed B4
structure, in (a) top view, in
(b) and (c) side views

Fig. 4 This figure exhibits the
relaxed B3 configuration, in
(a) top view, in (b) and (c) side
views
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Fig. 7 This figure presents the
relaxed model B6, in (a) top
view, in (b) and (c) side views

Fig. 8 The figure represents
the relaxed configuration B7,
in (a) top view, in (b) and
(c) side views

Fig. 9 The figure shows the
relaxed configuration B8, in (a)
top view, in (b) and (c) side
views

Table 2 In this table we
show the binding ener-
gies for the most stable
configurations

Configuration Binding energy (eV)

B1 -1.80633421

B2 -1.804099098

B3 -1.798857314

B4 -2.365445433

B5 -2.515510910

B6 -1.801262118

B7 -2.594087158

B8 -1.950325056
Fig. 10 The plot resents the relative energy with the reference being B7

Fig. 6 In this figure structure B5 is presented, (a) shows the top view, (b) and (c) display two side views
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Density of states

In this section we present calculations of the total density of
states (DOS) and partial DOS for the interaction of phenol
with graphene. We start by considering the clean intrinsic
graphene and then the aluminum doped graphene without
phenol molecule interaction. Afterward we discuss the in-
teraction of phenol with the aluminum doped graphene.

Figure 11a shows the total DOS of the relaxed clean
intrinsic graphene and Fig. 11b displays the DOS of the
aluminum doped graphene layer using a (4x4) unit cell. For
the clean intrinsic graphene, we obtain that the atomic
configuration shows zero gap semiconductor characteristic.
Similar behavior has been found for the intrinsic graphene
layer previously reported by Chi, Zhao [15] and Leenaerts,
Partoens, and Peeters [23], for a similar (4x4)-periodicity.
Considering that the aluminum doped graphene (4x4) super-
cell has an unpaired electron density at the aluminum site,

we expect that the adsorption of a phenol molecule, with
additional valence electrons, will be adsorbed on graphene.

Figure 12 shows the total DOS when the phenol molecule
is adsorbed on graphene in the configuration B4. In this case,
the surface is affected by a charge distribution which produces
a state in an almost parallel configuration. In Fig. 13, we show
the partial DOS of the relaxed B4 geometry. At the upper
panel (a) we plot the DOS corresponding to the aluminum
graphene system. Below this in (b) we display the
corresponding partial DOS for the aluminum atom. In (c) we
display the partial DOS of oxygen. The partial DOS
corresponding C atoms of phenol are plotted in (d), and finally
in (e), we plot the partial DOS of hydrogen atoms. To describe
the contributions of the partial DOS to the total DOS we
consider two regions of energies; one below and another
above the Fermi energy (EF). At energies below EF the shape
of the total DOS is originated from the Al 3p orbitals and
phenol C 2p orbitals. Al 3s orbital contributes in a less
important amount. On the other hand, C 2s and H 1s orbitals
contributions are unimportant. At energies above EF the most
important contribution to the total DOS comes from the phe-
nol C 2p orbitals. H 1s and Al 3p orbitals contribute in a less
important amount. It is apparent that the zero gap energy
characteristic is preserved.

Finally, in Fig. 14, we show the total DOS of the relaxed
structure of model B7 which is the ground state geometry.
Considering again that the aluminum doped graphene (4x4)
supercell has an unpaired electron density at the aluminum
site, we expect that the adsorption of a phenol molecule on
the graphene will take place, as additional valence electrons
are present in the molecule. A comparison between the total
DOS of the aluminum doped graphene and the total DOS of
the structure with the presence of the molecule shows that

Fig. 11 Figures show the DOS
for the intrinsic graphene (a)
and Al-doped-graphene (b)
layers

Fig. 12 We show the total DOS
for model B4
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the interaction of the molecule with the graphene layer
modifies the total DOS structure. This is a consequence of
the adsorption of the molecule at the aluminum site. To
complement our discussion we present in Fig. 15 the partial
DOS for model B7. In the upper panel (a) we display the Al-
graphene system in the absence of any molecule. Panel (b)
represents the p and s aluminum orbitals. Panel (c) is

devoted to the projected orbitals of the oxygen atom. In
(d) we plot the partial DOS corresponding to the carbon
atoms of the molecule, and finally in (e) we show the partial
DOS of hydrogen. We describe the contributions of the
partial DOS to the total DOS, in a similar fashion as done
above, two regions of energies are invoked; one below and
another above EF. Similar to the results of model B4, at
energies below EF the shape of the total DOS is originated
from the Al 3p orbitals and phenol C 2p orbitals. Al 3s
contributes in a less important amount. On the other hand, C
2s and H 1s orbitals contributions are unimportant. At
energies above EF the most important contribution to the
total DOS comes from the phenol C 2p orbitals. H 1s and Al
3p orbitals also contribute but O orbitals do not contribute.
We shall mention that the absence of an energy gap is
preserved after the phenol adsorption, however, the density
of states at the Fermi level is somewhat modified as com-
pared with the intrinsic system.

Fig. 15 The figure shows the partial DOS for model B7 (a) Al-
graphene graph, (b) Al (3s) and Al (3p) graph, (c) O (2s) Phenol and
O (2p) Phenol graph (d) C (2s) Phenol and C (2p) Phenol graph, and
(e) H (1s) Phenol graph

Fig. 13 This figure displays the partial DOS of B4 (a) Al-graphene
graph, (b) Al (3s) and Al (3p) graph, (c) O (2s) Phenol and O (2p)
Phenol graph (d) C (2s) Phenol and C (2p) Phenol graph, and (e) H (1s)
Phenol graph

Fig. 14 This figure displays the
DOS for model B7
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Charge density distribution

To explore if in configuration B7 there is formation of a bond
between the oxygen and the aluminum, we have calculated the
charge density, as displayed in Fig. 16. In the left panel of the
figure we show a top view of the phenol-graphene system and
in the right panel a side view of the system. The structure of
the charge distribution shows that a bond is formed between
the oxygen of the phenol and the aluminum of the graphene.
Considering the fact that these two atoms make a covalent-
type of bonding, we conclude that the chemical adsorption of
phenol is energetically and kinetically favorable. Figure 16b
shows that the hydrogen atom, bonded to the oxygen, is not
seen since this is not coplanar to the molecule. This is because
the bonding between the oxygen and the aluminum atoms
generates a change in the O-H angle in such a way that the
hydrogen atom ends out of the phenol plane.

Conclusions

We have presented studies of the interaction between phenol
and graphene in two cases: one for the intrinsic system and
the other when the system is doped with aluminum. Studies
have been done using first principles total energy calcula-
tions within the periodic density functional theory. A 4x4
periodicity has been used to explore the adsorption of a
phenol molecule on graphene. We have considered different
models and relax the atomic structures. The ground state
model B7 displays the direct interaction between the oxygen
and the aluminum with a bond length of 1.97 Å. We have
used the relaxed coordinates to determine binding energies,
density of states (DOS), partial DOS and charge distribu-
tion. The total DOS of the phenol—Al-doped graphene

system reveals that the electronic structure is affected with
only small changes as compared with the intrinsic system,
but the zero gap energy is preserved. In general results
indicate that indeed model B7 is the ground state and the
chemical adsorption of the phenol molecule is energetically
and kinetically favorable.
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