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In the present work, molecular orbital calculations using cluster models were performed within

density functional theory (DFT) in order to study the adsorption of an Al atom on regular and

defective graphene. Depending on the theoretical treatment of electronic exchange and corre-
lations e®ects, di®erent bonding results for the adsorption on the perfect surface are obtained.

On the other hand, they are very similar for Al adsorbed on a carbon monovacancy. On regular

graphene, the adsorption is exothermic when the Perdew, Burke and Ernzerhof (PBE) func-
tional is used and endothermic with the Becke, 3-parameter, Lee–Yang–Parr (B3LYP) func-

tional. Regarding the defective graphene surface, it was shown that the carbon atoms of concave

angles in the vacancy are the most reactive to a radical attack. The adsorption of an Al atom on

the vacancy restores the trigonal symmetry lost after the extraction of the C atom from regular
graphene. Complementary calculations performed at PBE level on both regular and defective

surfaces imposing periodic conditions qualitatively support the results obtained with the cluster

model.
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1. Introduction

In the last two decades, a signi¯cant part of nanoscience and nanotechnology

advances have been related to the development of carbon nanostructures where

carbon atoms have sp2 hybridization. More recently, research on the parent structure

represented by graphene has received huge impulse due to the interest in knowing

the rules governing its impressive electronic and mechanical properties in conjunc-

tion with its rich chemical behavior. It is highly interesting to widen graphene
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applicability modifying its intrinsic properties by coupling this material with other

species such as atoms, molecules and nanoclusters that exhibit attractive physico-

chemical properties at the nanoscale. Particularly, the adsorption of individual

atoms on the graphene honeycomb lattice is relevant because new electronic states

are added near the Fermi level changing its response to external electric ¯elds.

Theoretical examination of di®erent atom/graphene systems is of interest in the

development of new electronic devices and in the production of bidimensional

magnetic structures with magnetism localized on the adsorption sites.1,2

The study of the interaction of a nontransition metal atom with graphene is

relevant from a fundamental point of view because only s–p orbitals of adsorbate are

implied. An earlier work performed by Chan et al.,3 in the framework of density

functional theory (DFT) and with the Perdew, Burke and Ernzerhof (PBE) func-

tional for di®erent metallic atoms adsorbed on perfect graphene showed that an

intermediate ��� neither strong nor de¯nitively weak ��� interaction of chemisorptive

nature has been produced. This interaction is accompanied by a relevant drift of

electronic charge from the adsorbed to the substrate atoms, which is compatible with

the existence of metal-carbon ionic bonds. In the case of the alkaline metals, mag-

netization of the adsorbed atom decreases noticeably in comparison with the isolated

species. For the alkaline earth metals, instead, it changes from zero to a value

near 1�B.

The interest to study the adsorption of alkaline metals on graphene is particularly

relevant because the alkaline metal/graphene systems constitute proposals of com-

bined materials for hydrogen storage. The calculations for Li/graphene based on

PBE3 or Lee–Yang–Parr (B3LYP)4 functionals point out the presence of a chemi-

sorptive interaction where the Li–C bonds are shorter than the sum of their covalent

radii, with an electron transfer from the metal to the graphene. From a thermody-

namic point of view, in these two approaches for the exchange and correlation

functional the interaction is exothermic. On the other hand, calculations performed

within the second-order Møller–Plesset (MP2) formalism5 support the existence of

exothermic states of physisorption nature at adsorbate-substrate distances of about

3�A while at shorter distances of about 2�A only endothermic states are produced.

More recently, DFT results based on the PBE functional sustain the presence of

exothermic states at relatively short Li-graphene distances.6

Recent calculations for Be atom adsorbed on graphene at PBE level with semi-

empirical corrections for dispersive forces7 show the presence of exothermic physi-

sorption states at Be-graphene distances of about 3�A, while for shorter distances

endothermic states are also predicted, similarly as the results for the Li/graphene

system.5

Regarding the adsorption of individual atoms of aluminum, an element of group

III, previous DFT calculations3 using the PBE functional show similar behavior to

that of alkaline and alkaline-earth metals, although it is noteworthy that earlier

results obtained with the Hartree–Fock (HF) method do not report the formation of

stable chemisorption bonding for the Al/graphene system.8 It is an open question
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whether this metal follows the same trends that alkaline and alkaline-earth metals

and in what measure its predicted adsorption properties on graphene depends on the

exchange and correlation functional used in DFT calculations.

The doping of graphene with heteroatoms of III and V groups has been used as a

way to get a nonzero band gap, allowing the use of modi¯ed graphene as gate

material in ¯eld e®ect transistors (FET).9 Besides, the presence of these defects

induces electron spin polarization locally, highly relevant in systems predominantly

with s–p bands. The combination of these transport and magnetic properties of

electrons is very attractive in the domain of spintronics.2 On the other hand, it has

been proposed that, considering its chemical a±nity against certain molecules, the

incorporation of a particular heteroatom to the graphene lattice would make it a very

speci¯c sensor for gases, for example, by testing the ohmic response of doped gra-

phene as well as measuring the characteristic current–voltage curves of a FET with

this material in the gate.10,11 In the speci¯c case of an Al heteroatom, several the-

oretical works have been reported concerning to the adsorption of diatomic (CO, NO,

O2, H2),
12–15 triatomic (NO2, SO2, CO2, H2O)13,14 and larger molecules (NH3,

H2CO).13,14,16 It should be underlined that in all the inherent calculations with Al

and other heteroatoms, only the PBE functional for exchange and correlation was

employed.

In the present work, the adsorption of individual atoms of aluminum on perfect

graphene and on defective graphene with carbon monovacancies was considered. To

that purpose, molecular orbital calculations were performed using the cluster model

with a local basis in the context of DFT formalism. In this way, a fairly transparent

view of Al–C bonds regarding particularly the role played by electron spin locali-

zation and charge transfer was obtained. The results calculated with the PBE

functional for exchange and correlation were compared with those corresponding to

the B3LYP functional. These results were further compared with those obtained

from a periodic model using a plane-wave basis set.

2. Computational Details

The present calculations are based on DFT and were carried out mainly applying a

cluster model with a localized Gaussian basis set. This approach was accomplished

appealing to the Gaussian-03 package.17 To study the adsorption of one Al atom on a

regular graphene sheet, a surface model consisting with a central hexagonal C6 unit

surrounded by two consecutive crowns of C6 units and saturated with H atoms was

implemented. The resulting structure was that of the circumcoronene molecule

(C54H18). In the case of Al adsorption on a carbon vacancy of graphene, four central

C6 units surrounded by one crown of C6 units also saturated with H atoms was used.

The resulting structure can be ascribed to that of the circumpyrene molecule without

its central C atom (C41H16). Clusters of similar size have been used in the past to

represent the surface of graphene.18–24 Calculations for the cluster model were per-

formed applying the PBE exchange and correlation functional due to PBE25 and the

DFT study on the interaction between atomic aluminum and graphene
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B3LYP hybrid functional,26 both at the unrestricted spin level. Eads was computed

according to:

Eads ¼ EAl=substrate � EAl �Esubstrate; ð1Þ
where EAl=substrate;EAl and Esubstrate correspond to the Al/substrate, isolated Al atom

and substrate total energies, respectively. In this way, a negative Eads means an

exothermic process. Adsorption energy values have been corrected by the basis set

superposition error (BSSE) using the counter-poise (CP) correction.27 The Al-gra-

phene distance taken from the graphene sheet and the coordinates corresponding to

the nearest C atoms to Al were optimized looking for the Eads minimum. In all

the calculations the 6–31þþG** basis set was used. Atomic net charges (Q) and

spin population (SP) were calculated by means of the natural population analysis

(NPA).28

Complementary calculations were performed considering a slab model. This

approach to the Al/graphene system was accomplished appealing to the Vienna

ab-initio simulation package (VASP).29,30 It solves the Kohn–Sham equation of

DFT using a plane wave basis set. A good convergence was achieved with cut-o®

energy of 700 eV for the kinetic energy. The projector augmented wave (PAW)

method was used to describe the e®ect of the core electrons on the valence

states.31,32 The exchange and correlation e®ects were calculated by the PBE func-

tional. The two-dimensional Brillouin integrations were performed on a grid of

5� 5� 1Monkhorst–Pack special k-points.33 All the calculations were performed at

the spin-polarized level. Graphene was represented by means of a 4� 4 supercell

with 32 carbon atoms and a gap of 20�A in the normal direction to the sheet of

graphene. This vacuum gap is large enough to avoid interaction between the

adsorbed Al atoms and the periodic images of the slab. All the atoms within the

supercell were allowed to relax until the residual Hellmann–Feynman forces were

low than 0.01 eV/�A. A large box of 20� 20� 20�A3 was used to obtain the gas-phase

atomic Al energy.

3. Results and Discussion

3.1. Al adsorption on regular graphene

The adsorption of one Al atom was considered on the three highly symmetric sites of

a graphene sheet: top, bridge and hollow. In Fig. 1, the corresponding sites for the

cluster model are schematized. The slab model was also schematized in the same

¯gure for the hollow site. Table 1 summarizes Eads values and the equilibrium geo-

metric data; i.e., Al–C distance and Al and C deviations from the perfect planar

surface.

From Table 1 we observe that at PBE level adsorption energies correspond to an

exothermic process; i.e., the local minimum of total energy for Al/graphene system

near the graphene surface is lower than the total energy for isolated Al and the

substrate. The values of adsorption energies correspond to weak chemisorption
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states. The hollow and bridge sites are the most favored, with the site favoring:

hollow > bridge > top. Eads values di®erence between the highest and lowest sites,

which could be assimilated to the minimal activation energy for migration on the

graphene surface, is of 0.08 eV. The Al–C distances (2.3�A–2.6�A) obtained with the

cluster model are 0.1�A–0.4�A larger than the sum of Al and C covalent radii,

Fig. 1. (Color online) Cluster model for the adsorption geometries of Al adsorbed on regular graphene.

T: on Top, B: Bridge and H: Hollow. C atoms: large grey balls; Al atom: small light blue ball; H atoms:

small red balls.The inset shows the geometry for the hollow site on the slab model.

Table 1. Eads and geometrical parameters for Al adsorption on regular graphene. hAl (hC) is the distance
between Al (C) and the perfect planar graphene.

Eads(eV)
a dAl�C(�A)

b hAl(�A) hC(�A)
b

Top/Bridge/
Hollow

Top/Bridge/
Hollow

Top/Bridge/
Hollow

Top/Bridge/
Hollow

Cluster model PBE �0:28=� 0:36=� 0:36 2:29=2:39=2:57 2:29=2:29=2:14 �0:01=0:02=� 0:01

B3LYP NB/0.10/0.13 NB/2.44/2.62 NB/2.36/2.19 NB/0.03/0.00

Slab model PBE �0.84/�0.86/�0.96 2.26/2.40/2.55 2.20/2.20/2.11 �0:05=� 0:02=0:00

PBEc �0:91=� 0:93=� 1:04 2:24=2:33=2:56 2:22=2:22=2:13 �0:02=� 0:01=� 0:01

LDAd �0:88=� 0:90=� 0:79 2:40=2:47=2:65 2:40=2:35=2:23 ���
aNB: Nonbonding.
bC: First nearest neighbor from Al atom.
cWork of Chan et al.,3

dWork of Moullet.33
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c:2.20�A, and the Al–C distance in trimethylaluminum (1.97�A–2.14�A),34 suggesting

the formation of a relatively weak chemical bond between adsorbate and substrate.

Looking at the results of Table 1 obtained with the slab model, we observe that

they are appreciably larger in magnitude than those of the cluster model by about

0.6 eV. The hollow site is the most favored, followed very nearly by the bridge site.

The migration energy is quite similar, 0.12 eV, and the Al–C distances are very near

to those obtained with the cluster model, varying by þ0:03, �0:01 and þ0:02�A for

top, bridge and hollow sites, respectively. Earlier calculations performed using the

same theoretical approach as that used here reached adsorption energy values c:

0.07 eV larger in magnitude and Al–C distances very near than our results; namely,

0.05, 0.06 and 0.01�A longer for top, bridge and hollow sites, respectively.3 Therefore,

di®erent approaches performed with the PBE functional favor the hollow site con-

sistently. Looking at the values of the C deviations from the perfect planar surface in

Table 1, we observe that a small or negligible puckering of the graphene surface is

obtained both in the cluster and slab models. Particularly, the most favored hollow

site shows minimal puckering.

Besides, in the case of previous calculations performed using periodic conditions

and a plane wave basis set,35 but with the local density approximation (LDA)

functional, the top site becomes the most favored site ��� with the bridge site very

near in stability ��� presenting Eads values slightly lower in magnitude, 0.03 eV,

than those obtained with the PBE functional. The corresponding Al–C distances are

0.06�A–0.14�A larger. In another series of LDA calculations for di®erent types of

atoms adsorbed on graphene, it was shown that for Al/graphene the top site is

favored with a relatively large magnitude for the Eads value, �1:6 eV, and at a short

Al–C distance, 2.04�A.36

Considering again the results for the cluster model in Table 1, but focusing now on

those corresponding to the B3LYP functional, we notice that in contrast with the

PBE functional the adsorption energies obtained with the B3LYP functional cor-

respond to an endothermic process for the bridge and hollow sites, whereas no

minimum is present for the on-top geometry. Eads values are 0.45 eV–0.50 eV higher

than those obtained with the PBE functional, favoring the bridge site–the hollow site

is only 0.03 eV less stable. The Al–C distances are concomitantly 0.04�A–0.08�A

larger than those calculated with PBE. Contrary to PBE, surface puckering is larger

for the most favored site. No other reported values have been published in the

literature using this hybrid functional and concerning the Al/graphene system.

Very recently, DFT calculations performed with PBE have also predicted the

existence of metastable states for Be atom adsorbed at nearly 1.8�A from the gra-

phene surface7 and with an adsorption energy of about 0.5 eV, i.e., an endothermic

state from the thermodynamic point of view. On the other hand, a similar behavior

at short adsorbate-substrate distance was obtained by means of the MP2 formalism

for the Li/graphene system,5 where a metastable state was observed at about 1.8�A

with an energy of near 1.6 eV above the free atom limit, revealing an important

repulsive component, as predicted by HF calculations.5
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As it will be shown later, the bonds established for Al adsorbed on the hollow and

bridge sites and described with the B3LYP functional imply an important electron

transfer, similarly as the results obtained with PBE. Hence, the attractive contri-

bution of ionic nature to Eads should be counterbalanced by a signi¯cant repulsion

probably due to the di®erent treatment given by B3LYP to the electronic exchange

and correlation e®ects. Taking into account the results obtained using MP2 and HF

for Li/graphene,5 it can be concluded that the exact exchange component of B3LYP

functional could be the main responsible for that repulsive behavior. Interestingly,

earlier results obtained at the HF level and using a cluster of similar size (C52H18Þ
with the notion of the so-called \prepared states" for adsorption, have shown that an

Al atom does not adsorb at short distances ��� less than 3�A ��� on graphene.8

In Table 2, the charges calculated with the NPA method for Al and its nearest

neighbors in the graphene surface are summarized. Notice that an important elec-

tronic charge transfer occurs from Al to the graphene surface, the Al atom attaining

0.7 e–0.8 e with both PBE and B3LYP functionals. This charge polarization of Al–C

bonds has been evidenced in previous DFT calculations, regarding the spatial elec-

tronic charge distribution and the formed dipole moment.3

In the calculations performed with the cluster model both the doublet and qua-

druplet were considered as possible electronic states. The quadruplet state was al-

ways higher in energy than the doublet; hence, any magnetism is due to one unpaired

electron. In Table 2, the atomic SP values calculated from the �- and �-spin NPA

populations are also summarized. Notice that on the Al and its C neighboring atoms

resides 0.22 (PBE) and 0.28 (B3LYP), or less, of the SP corresponding to the doublet

con¯guration, indicating that the spin becomes largely delocalized. This last obser-

vation is in line with the results obtained with our slab model where the nonmagnetic

system becomes more favored energetically and also with those of other reported

periodic approaches.

We also have observed that neither PBE nor B3LYP predict Al physisorption at

large distances (about 3�A) such as found for Li adsorption using MP2.5 This result is

not surprising because it is well-known that DFT fails in describing van der Waals

interactions. We have performed complementary high-level calculations using the

Al/circumcoronene model at MP2/6-31G** level (adsorbed on hollow site). Two

Table 2. NPA atomic net charge (Q) and atomic spin

population (SP) for Al adsorption on regular graphene

(Cluster Model).

Qa SPa

Top/Bridge/Hollow Top/Bridge/Hollow

PBE Al: 0.72/0.71/0.82 Al: 0.14/0.16/�0.01

C: �0.23/�0.20/�0.10 C: 0.04/0.06/0.03

B3LYP Al: ���/0.68/0.83 Al: ���/0.21/�0.01

C: ���/�0.19/�0.09 C: ���/0.07/0.04

aC: First nearest neighbor from Al atom.

DFT study on the interaction between atomic aluminum and graphene
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minima were observed, at about 2.1�A and 3.2�A, with adsorption energies of

�0.45 eV and �0.25 eV, respectively. Thus, the result obtained at short distance is

similar than the one calculated with PBE and the cluster model. However, the

strength bond between Al and graphene seems to be overestimated with PBE and

the slab approach. The detailed calculations carried out with MP2 will be published

in a separated work, where the e®ect of van der Waals interactions on DFT calcu-

lations is also considered.

The results of this section suggest that studying the interaction between an Al

atom and a pristine graphene sheet is di±cult to address. Indeed, we observed

that while with the PBE functional the ionic interaction due to Al to C charge

transfer predominates and an exothermic adsorption is obtained, with the B3LYP

functional an important repulsion overcomes the ionic interaction and an endo-

thermic adsorption is produced.

3.2. The carbon monovacancy

Usually the main objective of theoretical approaches to graphene doped with a

heteroatom such as Al is to describe its electronic structure in terms of band concepts

which include the local density of states, the opening of the band gap or the for-

mation of new localized states. On the other hand, it is very important to conceive

this system as the result of the adsorption of an Al atom on a previously formed

monovacancy in graphene. For that reason, we ¯rstly describe the relevant chemical

aspects of defective graphene.

The creation of a carbon vacancy has been analyzed according to the following

mechanism:

Graphene ! Graphene ðvacancyÞ þ isolated C atom; ð2Þ
whose energy balance is de¯ned as the monovacancy formation energy, Evac, which

can be calculated considering two contributions:

Evac ¼ Eextrac þ Erelax: ð3Þ
Eextrac corresponds to the extraction of a C atom giving a nonrelaxed defective

structure and Erelax to the geometrical relaxation of this last step. In Fig. 2, the

corresponding geometries for the cluster model before and after the creation of the

vacancy are schematized. In Table 3, the values for Evac and Erelax and the main

geometrical parameters are summarized.

Observing the results of our cluster model in Table 3, we notice that both PBE

and B3LYP give similar values for the Evac energy, c. 15.5 eV. The PBE result is only

0.2 eV larger than the B3LYP one. Noticeably, while the Erelax term contributes only

a little to Evac, c: 3%, the optimized structure obtained for the vacancy shows a

visible distortion. The vacancy geometry corresponds to a polygon with 12 sides, 3

concave C–C–C angles with their vertex pointing toward the defect center and 9

convex C–C–C angles with their vertex pointing outside the defect. The geometrical

parameters obtained with our cluster model are very similar for both functionals and
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indicate that C–C distances for the bonds pertaining to concave angles become

shortened by 0.04�A, in comparison with the regular graphene. The C–C distances for

the more external C–C bonds, such as C2–C3, C6–C7 and C10–C11, undergo a

negligible change. On the other hand, the distance between the vertices of concave

angles undergo a signi¯cant modi¯cation: whereas C1–C5 and C1–C9 distances

become stretched, c: 0.08�A, the C5–C9 distance becomes shortened c: 0.16�A. This

observation is directly related to a modi¯cation of the concave angles: whereas one of

them is much more closed; namely, the C12–C1–C2, c:6�, the other two are more

(a)

1

6

4

10

5

9

7

8

2

3

11

12

(b)

Fig. 2. (Color online) Cluster model for a carbon vacancy creation in graphene. C atoms: large grey balls;
H atoms: small red balls. Top panel: regular graphene. Bottom panel: graphene with a monovacancy. Note

the lack of trigonal symmetry for the C vacancy.

Table 3. Evac, Erelax and geometrical parameters for the C vacancy.

dC�C [�A]a;b dC�C [�A]a;b
Concave C–C–C

angle[O]a;c

Evac

[eV]
Erelax

[eV]
C1–C2/C5–C6

(C9–C10)
C1–C5

(C1-C9)/C5–C9
C12–C1–C2/C4–C5–C6

(C8–C9–C10)

Cluster model PBE 15.61 0.37 1.38/1.38 2.53/2.29 234.8/241.4

(�0.04)/(�0.04) (0.07)/(�0.17) (�5.5)/(1.7)

B3LYP 15.39 0.41 1.38/1.38 2.55/2.30 233.9/240.9
(�0.04)/(�0.04) (0.09)/(�0.15) (�6.4)/(1.2)

Slab model PBE 16.66 0.51 1.37/1.39 2.59/2.21 232.9/242.2

(�0.06)/(�0.04) (0.12)/(�0.26) (�7.1)/(2.4)

B3LYPd 15.83 ��� ��� 2.65/2.13 ���
aThe C atoms are labeled like in Fig. 2(b).
bBetween brackets: change of C–C distance with respect to the value for bare perfect graphene.
cBetween brackets: change of concave C–C–C angle with respect to the value for bare perfect graphene.
dWork of Ghigo et al.35
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open, c: 1�–2�, in comparison with the regular surface. This means that the trigonal

symmetry of regular graphene is broken. In other words, C1, C5 and C9 form a

nonequilateral triangle with the C1–C5 and C1–C9 distances longer than the C5–C9

one. A similar behavior was reported by Ghigo et al.,37 It is important to underline

that this geometry is not an artifact produced by the cluster model approach because

it is also observed when slabs are used (Table 3). Particularly, in our cluster model

the carbon atoms of the border are not allowed to relax, imposing the geometry of the

extended graphene layer. Otherwise, a more opened reconstructed geometrical

structure is obtained, in comparison to that of slab models.37

The Evac value obtained using PBE with the cluster model is nearly 1 eV smaller

than that obtained with our slab model. In the latter approach, the Erelax term is

also relatively minority; besides, from the geometrical data of Table 3 we observe

that using the slab model the vacancy also shows a distorted geometry indicating

that the trigonal symmetry has been broken. On the other hand, the Evac value

obtained with the cluster model but using the B3LYP functional is 0.35 eV smaller

than one previously reported calculated with a Gaussian basis set and periodic

conditions.37

In the calculations performed with the cluster model, both the singlet and triplet

states of defective graphene were considered. The corresponding total energies in-

dicate that the triplet state is more favored. The calculations performed with the slab

model con¯rm that the magnetic state is more stable than the nonmagnetic, with a

magnetic moment of 0.60�B per cell. Regarding the spin distribution, it is mainly

localized in the vacancy. To show this e®ect, in Fig. 3 the atomic SP values

Fig. 3. (Color online) Atomic distribution of spin population for a graphene monovacancy (B3LYP

functional, NPA Analysis). C atoms: large grey balls; H atoms: small red balls.
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corresponding to the C atoms surrounding the vacancy are summarized. They were

obtained from the �- and �-spin NPA populations calculated using the B3LYP

functional and the cluster model. It is noteworthy that the spin localization on

carbon atom C1 of the vacancy ring exhibits a relatively high atomic spin polari-

zation in comparison with the corresponding value on carbon atoms C5 and C9. This

is in good agreement with earlier calculations performed with periodic methods and

plane waves2,38,39 or Gaussian basis sets.37 The former works reported a magnetic

moment which ranges from 0.45�B to 1.14�B per defect. The low atomic spin po-

larization on C5 and C9 atoms is compatible to their dangling bonds coupling and

the formation of a bond between them, with the resulting decrease of C5–C9 dis-

tance.37 It was previously found that when a C monovacancy is created the high

occupied molecular orbital is mainly localized on the defect site.40

The creation of a vacancy in graphene leaves three unsaturated carbon atoms,

eventually increasing the adsorption capacity of this surface. In order to analyze this

capacity in more detail, one of the most important local reactivity descriptors, the

Fukui function fð~rÞ, was used.41 More speci¯cally, the condensed de¯nition of fð~rÞon
the individual atom k of defective graphene for a radical attack42 was calculated, f 0

k ,

taking into account that an individual Al atom can be considered a radical species

from the reactivity point of view. In Fig. 4, the values of f 0
k corresponding to the C

atoms surrounding the vacancy are summarized. We observe that C1, C5 and C9

atoms have a condensed Fukui function value of about 0.06–0.07 that is much higher

than for the other carbon atoms of the vacancy polygon. Contrastingly, a regular C

atom of nondefective graphene has a condensed Fukui function value of 0.01.

0.061 8912
-0.012

11 10

0.024 0.0113 4

0.005-0.013
0.058

652

0.072 1 7-0.010

0.005

0.004
0.025

0.072
0.058

0.061
-0.012

-0.010

-0.013

0.024 0.011

0.005

0.005

0.004
0.025

Fig. 4. (Color online) Atomic distribution of Fukui function for a graphene monovacancy (B3LYP

functional, NPA analysis). C atoms: large grey balls; H atoms: small red balls.
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Therefore, and despite of the absence of trigonal symmetry, it can be predicted from

this local reactivity descriptor that these three carbon atoms are equally reactive for

adsorption of Al atoms.

3.3. Al adsorption on defective graphene

After studying the creation of a monovacancy, we proceed to consider the adsorption

of Al atom on this site. In Fig. 5, the optimized geometrical con¯guration in our

cluster surface model corresponding to this adsorption site is schematized. The slab

model was also schematized in the same ¯gure. The Eads values for both functionals

and the main interatomic distances and deviations from planarity are summarized in

Table 4.

Notice from Table 4 that both functionals give similar values for Eads energies as

well as for the Al–C distances. The adsorption energy values, c. �4.5 eV, indicate

an important chemisorptive interaction in agreement with the calculated Al–C

distances, c: 1.85�A, that are 0.3�A shorter than the sum of Al and C covalent

radii and 0.1�A–0.3�A shorter than the Al–C distance in trimethylaluminum. The Al

Fig. 5. (Color online) Cluster model for the adsorption geometry of Al adsorbed on a monovacancy of

graphene. C atoms: large grey balls; Al atom: small purple ball; H atoms: small red balls. The inset shows

the geometry with the slab model.

Top panel: Lateral view. Bottom panel: Top view.
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atom is linked to the three C atoms that are vertexes of the concave angles described

in the previous section and that exhibited the largest condensed Fukui function

values. Apart from the con¯guration outlined in Fig. 5, another geometry was also

obtained. In this case, the Al atom resides on the graphene plane with an Al–C

distance of 1.68�A giving an Eads of �1:87 eV for the PBE functional. A similar

geometry has previously been reported based on the PBE functional, a periodic

approach and a local basis set.13 By making an analysis of frequencies at this last

geometry and that reported in Table 3 for PBE, we obtained that the former actually

corresponds to a saddle point of potential energy surface (PES). A similar result with

the B3LYP functional was obtained. This structure corresponds to a transition state

between the adsorbed Al and another equivalent geometry on the other side of the

graphene sheet.

An important conclusion from the above considerations is the fact that the ad-

sorption of an Al atom on defective graphene is described similarly by PBE and

B3LYP functionals unlike the case of adsorption on perfect graphene where these

functionals show opposite behaviors. On perfect graphene, which has a closed shell

electronic structure, an important repulsion probably due to exchange e®ects is

computed with the B3LYP functional, whereas on defective graphene, which has a

opened shell electronic structure, these e®ects are not present and both functional

works more similarly.

The insertion of an Al atom in a graphene sheet can be described as the adsorption

on a pre-existing monovacancy through the following reaction:

Grapheneþ isolated Al atom

! Al=Graphene ðon vacancyÞ þ isolated C atom ð4Þ
whose energy balance is de¯ned as the reaction energy, Ereac. This energy can be

calculated considering two contributions:

Ereac ¼ Evac þ Eads; ð5Þ

Table 4. Eads, Ereac and geometrical parameters for Al adsorption on defective graphene.

Eads [eV] Ereac [eV] dAl�C [�A]a dC�C0 [�A]b;c hAl [�A] hC [�A]a

Cluster model PBE �4.59 11.02 1.86 1.41 (�0.01) 1.64 0.68
B3LYP �4.46 10.93 1.84 1.41 (�0.02) 1.55 0.64

Slab model PBE �5.51 11.15 1.85 1.40 (�0.02) 1.38 0.53

PBEd ��� 10.06 1.86 ��� ��� ���
PBEe ��� ��� 1.85 ��� ��� ���

aC: First nearest neighbor of Al atom (C1, C5 or C9, see Fig. 2(b)).
bC: First nearest neighbor of Al atom (C1, C5 or C9); C0: carbon ¯rst nearest neighbor of C1, C5 or C9

atom (see Fig. 2(b)).
cValues between brackets: change of dC�C0 with respect to the value for bare perfect graphene.
dWork of Denis.9

eWorks of Dai et al.,13 and Dai and Yuan.15
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where Evac and Eads correspond to the monovacancy formation energy and the

adsorption energy, respectively. Table 4 results indicate that both functionals give

similar values for Ereac energies, c: 11 eV.

A large distortion is produced on the graphene geometry, as it can be appreciated

by the side view of Fig. 5 and from the data of Table 4. Indeed, an important

puckering of the graphene surface of about 0.6�A–0.7�A can be observed due to the

upraising of the three C apical atoms linked to Al (C1, C5 and C9). The distances

between these C atoms and their ¯rst C neighbors decrease only 0.01�A–0.02�A, in

comparison with the bare regular graphene surface. On the other hand, the dis-

tances between the three apical atoms are very similar (2.77�A) and the concave

vacancy angles are almost the same (237�–238�), thus indicating that the trigonal

symmetry has been recovered. The angle de¯ned by the C1–Al bond and the plane

containing C1–C12 and C1–C2 bonds present values that range between 183.0� and
184:5�; thus indicating a small distortion of about 3�–4.5� in comparison with C1 sp2

hybridization.

The Eads value obtained using PBE with the cluster model is nearly 1 eV less

negative than that obtained with our slab model. In the latter approach, the Al–C

distance is quite identical, though only 0.01�A shorter, but the puckering of the

graphene surface is 0.02�A less upraised. The other geometrical changes su®ered by

the graphene surface present the same trend as those observed using the cluster

model; in particular, the trigonal symmetry recovery. There are no reported Eads

values in the literature with which we can compare our results, nevertheless the Ereac

value calculated in another work with the PBE functional, a periodic model

approach and a Gaussian basis set9 is c: 1 eV lower than our result; namely, 10.06 eV

versus to 11.05 eV. On the other hand, the Al–C distance is very similar, 1.86�A

versus 1.85�A. Besides, previous periodic calculations performed with PBE and plane

waves, reported an Al–C distance identical to our result using a slab model.13,15

It is noteworthy that the Eads magnitude for Al adsorption on a vacancy is

noticeably greater than those obtained on regular graphene, indicating an important

chemical interaction. In order to study the nature of this interaction, an NPA

analysis of charge transfer was performed with the cluster approach and using the

B3LYP functional. In Table 5, the main results are summarized. A relevant elec-

tronic transfer is produced between the Al atom and its three C neighbors, c: 0.8e, as

Table 5. NPA atomic net charge (Q), change of NPA atomic net charge (�Q) and atomic spin
population (SP) for Al adsorption on defective graphene (Cluster model).

Qa �Qa;b SPa

Al/C1/C5/C8 Al/C1/C5/C8 Al/C1/C5/C8

PBE 1:43=� 0:41=� 0:48=� 0:48 1:43=� 0:61=� 0:65=� 0:60 0:18=0:23=� 0:02=� 0:02

B3LYP 1:56=� 0:44=� 0:51=� 0:51 1:56=� 0:66=� 0:69=� 0:63 0:19=0:20=� 0:02=� 0:02

aC: First nearest neighbor of Al atom, C1/C5/C8 (see Fig. 2(b)).
bChange of Q with respect to the value for bare defective graphene and neutral Al atom.
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can be appreciated by the net atomic NPA charges and the corresponding changes

with respect to the bare defective surface.

In the calculations with the cluster model for the Al/defective-graphene system,

the doublet state is more favored; thus indicating that for the vacancy, the un-

paired electron of isolated Al atom couples with one unpaired electron of graphene,

leaving the other one distributed over the surface. The calculations performed with

the slab model con¯rm that the magnetic state is more stable than the nonmag-

netic, with a magnetic moment of 0.3�B per cell. Regarding the spin localization,

calculations performed with the cluster model and using the B3LYP functional

summarized in Table 5 show that c: 0.45 of the spin corresponding to the doublet

con¯guration resides on the Al atom and their ¯rst neighboring C atoms. This

picture can be compared with the value of 0.20–0.27 obtained for Al on the regular

surface, clearly showing that the spin is more localized in the case of adsorption on

the vacancy. The spatial distribution of the spin density around this carbon atom

can be observed looking at Fig. 6(b) and compared to that of the bare mono-

vacancy (Fig. 6(a)).

From the above quantitative and a qualitative analysis, we can also infer that

di®erently from the results for Al adsorption on regular graphene, the insertion of an

Al atom in graphene is described in a very similar way by both PBE and B3LYP

functionals.

4. Conclusions

Calculations performed with the cluster approach reveal that depending on the

theoretical treatment of electronic exchange and correlations e®ects, di®erent

bonding results are obtained for the adsorption of an Al atom on the regular surface

of graphene.

Fig. 6. (Color online) Spatial distribution of spin density for Al adsorbed on a monovacancy of graphene
(B3LYP functional). Blue: spin-up electrondensity; green: spin-down electron density. Isovalue ¼ 0:002 a.u.

Left panel: bare monovacancy, top view. Right panel: Al on monovacancy, top view. Insert: lateral view.
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The PBE functional shows that weak chemisorption is produced at Al-graphene

distances of 2.1�A–2.3�A for the sites of high symmetry of a graphene sheet, with Eads

values of about �0:3 eV to �0:4 eV. Conversely, the results obtained with the

B3LYP functional exhibit that the Al-graphene reaction is endothermic for hollow

and bridge sites, with Eads–0.1 eV, presenting somewhat larger Al-graphene dis-

tances, c: 0.05�A–0.08�A; moreover, no bonding is present on the on-top site. While an

ionic interaction is present for both functionals, with an electron drift from the Al

atom toward the carbon atoms, an important repulsion probably due to exchange

e®ects is also observed with the B3LYP functional. The electron spin of Al becomes

largely delocalized on the graphene surface. The results for the adsorption of Al on

regular graphene obtained with the cluster model and using PBE have been con-

trasted with calculations performed with the slab model, reaching very near geom-

etries and attaining Eads values similar to those reported in previous periodic

calculations. Neither of the two DFT functionals predicts the existence of physi-

sorption states at large distances from the surface.

The formation of a carbon vacancy in a graphene sheet is very similarly described

with both exchange and correlation functionals. This process demands about 15.5 eV

and is accompanied with the loss of trigonal symmetry. Moreover, a spin polarization

involving two electrons is produced, particularly localized on one of the vertexes of

concave angles inside the vacancy. The three C atoms of these vertices become the

more reactive to a radical attack, according to their condensed Fukui function

values. The adsorption of an Al atom on this vacancy proceeds via the linking to

these C atoms and yields a signi¯cant distortion on the graphene surface, upraising

the C atoms, c: 0.5�A–0.7�A, but restoring the trigonal symmetry. These atoms show

hybridization close to sp.2 The adsorption energy and Al–C distances are very similar

when both exchange and correlation functionals are used, c:� 4:5 eV and 1.86�A,

respectively. An electron drift is produced from the Al atom toward the carbon

atoms; nevertheless, the spin polarization is highly localized on nearest C atoms due

to an uncompensated spin.
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