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The efficacy of graphene and graphene doped with B, Si and N surfaces for the removal of Pb atom is examined
by utilising density functional theory calculations. The results show that the binding energy of a single Pb atom
on pristine graphene surface is —0.71 eV with the charge transfer of 0.42 electros from Pb to the surface. There is
a significant enhancement observed in the binding on the surfaces of B-doped graphene (—1.46 eV) and Si-doped
graphene (—2.37 eV) with the transfer of 1.48 and 1.92 electrons to their respective surfaces. The binding energy

for the N-doped graphene is endothermic (+0.42 eV) due to negligible charge transfer between the Pb and the
doped surface. The intense binding nature between Pb and pristine as well as the doped graphene structures is
introduced, analysed and discussed in terms of bond distances, binding energies, Bader charges and electronic

structures.

1. Introduction

Rapid human activities such as mining, smelting, electroplating and
battery manufacturing produce a large volume of non-degradable heavy
metals [1-4]. These toxic heavy metals have negative environmental
impact, as they contaminate and pollute air, water and soil causing
serious environmental and health problems. Lead (Pb) is one of the
heavy metals mainly released from mining, paint and lead acid battery
industries [5-7]. Its high degree of toxicity mainly affects the nervous
system and kidneys with potential damage with overexposure [8-10].
Furthermore, at high concentrations, it can cause permanent disabilities
such as learning difficulties, hearing loss, depression and anti-social
behaviour [11,12].

Safe and efficient removal of lead is necessary, as there is a risk to
human health when the concentrations of these metals are exceeded
acceptable levels. In order to reduce its hazard, several techniques such
as adsorption [13], solvent extraction [14], chemical precipitation [15],
ion-exchange [16] and membrane filtration [17] have been used.
Adsorption is one of the most promising technologies as this method is
simple, efficient, cost effective and eco-friendly [18,19]. A variety of
adsorbents including carbon nanotubes [20], minerals [21], activated

carbon [22] and metal oxides [23] have been studied. A promising
adsorbent should possess high thermal stability, high chemical stability,
high surface area, high mechanical properties and less toxic.

Carbon nanomaterials such as carbon nanotubes, fullerenes, gra-
phene and its derivatives have been recently attracted interest as
promising adsorbents, mainly because of their large surface area, high
mechanical strength, high flexibility and light weight [24-28]. Gra-
phene is a two-dimensional lattice structure, with one-atom thick carbon
atoms arranged on a honeycomb pattern. Due to these extraordinary
thermal, mechanical and electrical properties, graphene has been
considered as potential candidate for various applications. Graphene
and its derivatives such as graphene oxides have been effectively utilised
as adsorbents to remove lead ions from aqueous solutions [18,29,30].
Modification of graphene by doping p-type and n-type atoms is another
way of increasing its adsorption capability. Many experimental and
theoretical studies have considered the adsorption of atoms and mole-
cules on the surfaces of doped carbon nanomaterials [31-37]. Further-
more, using quantum mechanical calculations it has been shown that
dual-doped graphene dramatically increases the adsorption efficacy of
Na and K [38,39]. The stability and electronic structure of triple-doped
graphene has been discussed by Ullah et al. [40] and it is expected that
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Fig. 1. Initial configurations of a single Pb atom adsorbed on the pristine graphene.

Table 1

Initial and final configurations of a single Pb atom adsorbed on different sites of
graphene, adsorption energies, shortest Pb—C distances and the Bader charges on
Pb atoms in the relaxed configurations.

Initial Final Adsorption Pb-C Bader charge
configuration configuration energy (eV) A) on Pb (Je])
H H -0.57 3.12 +0.40

C C -0.70 2.76 +0.39

66 66 -0.71 2.82 +0.42

there will be an enhancement in the adsorption of single atoms.

In this study, we use density functional theory (DFT) together with
dispersion correction to examine the adsorption capability of Pb atom on
the surfaces of pristine and B, Si and N-doped graphene in terms of bond
distances, binding energies, Bader charges and electronic structures.

2. Computational methods

All calculations were performed using the plane wave DFT code
VASP (Vienna Ab initio Simulation Package) [41] which uses plane
wave basis sets and projected augment wave (PAW) pseudo-potentials
[42]. In all calculations, a plane wave basis set with a cut-off of 500
eVand a4 x 2 x 4 Monk-horst Pack [43] k-point mesh were used. The
generalized gradient approximation (GGA) as parameterized by Perdew,

Burke and Ernzerhof (PBE) [44] was applied to treat
exchange-correlation effects. In order to minimize the energy of all ge-
ometries, conjugate gradient (CG) [45] algorithm was used. Forces on
the atoms were less than 0.001 eV/A in all optimized configurations.
Dispersive attractive interactions were modelled using a DFT + D3
method parameterized by Grimme et al. [46].

We used a supercell consisting of 144 atoms within a cell dimension
of a=25.0 A, b=15.0 108, ¢ =30.0 A to make sure that the defects do not
interact each other. The binding energy of a Pb atom in the gas phase
adsorbed on pristine graphene was calculated using the following
equation:

Eb[nd = E(Pb@Graphene) - E(Graphene) - E(Pb) (1)

where E(pyagraphene) 18 the total energy of a single Pb atom when adsorbed
on the surface of graphene, E(Grqphene) is the total energy of graphene and
Epp) is the energy of an isolated gas phase Pb atom.

Substitution energy for a single boron atom to replace a single C atom
on the graphene was calculated using the following equation:

Esp= E(B:Graphene) + E(C) - E(Graphene) - E(B)7 (2

where Eg.graphene) is the total energy of a single B atom doped on the
surface of graphene, EGraphene) is the total energy of graphene and E(c,
and Ep are the energies of isolated gas phase C and B atoms
respectively.
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Fig. 2. (a) Relaxed structure of graphene, (b) total DOS plot of graphene (c) relaxed structure of a Pb atom adsorbed on the bridge site (66) (d) total DOS plot of Pb

atoms adsorbed on graphene and (e) atomic DOS plot of Pb.

Binding energy of a gas phase Pb atom adsorbed on a boron-doped
graphene was calculated using the following equation:

Ebind = E(Pb@B:Gmphene) - E(B:Gmphene) - E(Pb) (3)

where Eppap.Graphene) i the total energy of a single Pb atom adsorbed on
the surface of B-doped graphene, E(p.grophene) iS the total energy of B-
doped graphene and Epy) is the energy of an isolated gas phase Pb atom.

Lead atom will be in the form of Pb?* in aquatic environments. In some
cases (e.g. during mining and vehicle emission), Pb atom will be in the
form of gases or particulates. In such cases, calculations using Pb atom as
reference state are adequate enough. However, the choice of Pb?' as
reference state can be of interest in a situation where Pb atom is present
in an environmental solution. In this case, interaction between Pb** ions
in adjacent cells should be eliminated by considering supercells with
large dimension.
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Fig. 3. (a) Relaxed configurations of B, Si and N doped graphene, (b) bond distances around the doped atoms and (c) Bader charges on the doped atoms and C atoms

attached to them.

Table 2

Substitution energies (calculated using the metal atom as the reference state),
electro negativities of doped atoms, shortest X-C bond distances (X = B, Si and
N) and the Bader charges on the doped atoms.

X in XeGraphene Electronegativity Substitution X-C Bader

(X =B, Si and N) [48] energy (eV) &) charge on
X (le])

B 1.91 2.42 1.48 +3.00

Si 1.82 8.18 1.66 +4.00

N 3.01 3.29 1.40 -2.97

3. Results and discussion
3.1. Adsorption of Pb atom on the surface of pristine graphene

First we considered the adsorption of a single Pb atom on the surface
of graphene. Three possible initial adsorption sites were identified as

illustrated in Fig. 1. Top of the center hexagonal ring is denoted as “H”.
The “66” site means that Pb atom resides on top of a C-C bond between
two hexagonal rings. The site in which Pb atom resides on top of a C
atom is defined as “C”.

In Table 1 we report the final configurations, binding energies,
shortest Pb-C bond distances, and the Bader charges on Pb atoms. Fig. 2
shows the relaxed structures of pristine graphene showing C-C bond
distances, total density of states (DOS) of graphene, relaxed structure of
Pb atom adsorbed on the 66 site, Bader charges on the Pb atom and its
adjacent C atoms, total DOS plot and atomic DOS plot of Pb. In all the
studied cases, the initial and the final configurations are the same. The
66 site is identified as the most favourable adsorption site with the
binding energy of —0.71 eV. The difference in the binding energy be-
tween 66 and C is only 0.01eV. The binding energy for the site His 0.14
eV lower than that calculated for 66 site. This is reflected in the longer
Pb-C bond distance (Table 1). In all cases, the binding energies are
negative; thus, the pristine graphene would trap Pb atom without energy
cost. The Bader charge analysis [47] shows that there is a small charge
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Fig. 4. (a) Total DOS plot of B-doped graphene, (b) atomic DOS plot of B and (c) constant charge density plot associated with the B atom and its neighbour C atoms.

Similar plots are shown for Si (d-f) and N (g-i).

transfer (~0.40 e) from Pb to the graphene surface. This is related to the
higher electronegativity of C (2.52) as compared with the Pb (1.56)
[48]. The electrons transferred from the Pb are mainly localised on the
bridge C atoms (Fig. 2d). Adsorption introduces a small elongation
(0.09 A) in the bridge C-C bond distance (Fig. 2c). The C-C bond dis-
tance in a pristine graphene is reported to be 1.42 A which is in good
agreement with the outcomes of the present study (Fig. 2a) [49]. The
DOS plot calculated in this study is in agreement with other theoretical
studies [49,50]. Adsorption shifts the Fermi energy level to the con-
duction band by 0.11 eV. Atomic DOS plotted for Pb confirms that
electronic states around the Fermi energy mainly from the Pb (refer to
Fig. 2e).

3.2. Doping of graphene with B, Si and N

In order to enhance the degree of binding, the graphene surface was
modified by doping with B (electron-acceptor), Si (isovalent) and N
(electron-donor) atoms. Fig. 3 shows the optimized structures of doped
graphene. Calculated substitution energy of B is 2.42 eV (Table 2). This
indicates that the C-C bond is stronger than the B-C bond as evidenced
by the shorter C-C bond length. In the pristine graphene, the C-C bond
length is calculated to be 1.418 A (Fig. 2a). The B-C bond length is 0.06
A longer than the C-C bond length in the pristine graphene (Fig. 3b).
Also there is a small perturbation noted in the C-C bond lengths slightly
further away from the dopants. The Bader charge analysis shows that the
B donates its three outer electrons to the adjacent three C atoms (Fig. 3c)
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Fig. 5. (a) Relaxed configurations of Pb adsorbed on the surfaces of B, Si and N doped graphene, (b) bond distances around the doped atoms and (c) Bader charges on

the doped atoms, the Pb and the C atoms attached to them.

Table 3

Adsorption energies (calculated using the Pb atom as the reference state),
shortest X-C/X-Pb bond distances (X = B, Si and N) and Bader charges on the
doped atoms and Pb.

X in Pb@XeGraphene (X  Adsorption X-C X-Pb Bader charge (|
=B, Siand N) energy (eV) A A) e

X Pb
B -1.46 1.49 2.43 +3.00 +1.48
Si -2.37 1.88 3.02 +2.78 +1.92
N +0.42 1.41 3.38 -2.76 -+0.09

inferring the higher electronegativity of C (2.52) than B (1.92) [48].
Doping of B shifts the Fermi level to the valence bands by 0.55 eV
(Fig. 4a). The states associated with the B appear near the Fermi level
and at ~—6 eV (refer to Fig. 4b). Fig. 4c confirms the electron distri-
bution around the B and its nearest neighbour C atoms as observed in the
Bader charge analysis.

In the case of Si doping, the substitution energy is calculated to be

8.18 eV higher by ~6 eV than that calculated for B. This is reflected in
the significant distortion around the Si and the hexagonal rings. The
Si-C bonds are longer by ~0.25 A than the G-C bonds (refer to Fig. 4b).
The Bader charge on the Si is +4.00. This means that the Si has donated
its four outer electrons to the nearest neighbour C atoms as evidenced by
the negative charge localised on the C atoms according to the Bader
charge (refer to Fig. 3c). It is also noted that the electronegativity of C
(2.52) is higher than that of Si (1.82) [48]. A very small shift in the Fermi
energy level is observed (refer to Fig. 4d). The states arising from the Si
lies between —3.50 eV and —6.00 eV. The constant charge density plot
showing the charge distribution around the Si is shown in Fig. 4f.
Doping of N is exothermic as noted for the other two dopants and its
substitution energy is 3.29 eV. The distortion is observed to be small.
The C-N bond distances are longer than only 0.02 A compared to C-C
bonds in the pristine graphene (refer to Fig. 3b). In contrast to previous
two cases, charge transfer is observed from C atoms to the N. This is due
to the higher electronegativity of N (3.01) than that of C (2.52) [48]. The
N prefers to form complete outer electronic configuration of s2p® ac-
cording to the Bader charge in which N has gained ~3 electrons from
adjacent three C atoms making them positively charged (refer to
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Fig. 6. (a) Total DOS plot calculate for the B-doped graphene, (b) atomic DOS plot of B (c) atomic DOS plot of Pb and (d) constant charge density plot associated with

the Pb and its neighbour C atoms. Similar plots are shown for Si (e-h) and N (i-1).

Fig. 3c). A small reduction in the Fermi energy is noted for the N—doped
graphene compared to that of pristine graphene. The states associated
with the N are scattered between —3.20 eV and —6.00 eV.

3.3. Adsorption of Pb atom on the surface of doping graphene

Finally, the doped surface structures were considered for the
adsorption of Pb atom. The relaxed structures are shown in Fig. 5. For
the case of doping with B, exoergic adsorption energy (—1.46 eV) was
calculated (Table 3). The adsorption potentiality is almost doubled as
compared to the case of the pristine graphene. This behaviour is related
to the significant charge transfer (1.48 e) from Pb to the surface as
compared to the charge transfer from Pb to the pristine graphene sur-
face. This is further evidenced by high negative charges on the C atoms
attached to the B (Fig. 5¢). The Pb-C bond distance is calculated to be
2.429 A (Fig. 5b). The B-C bond distances are slightly elongated
compared to those calculated in the absence of Pb. Calculated the DOS
plot shows that there is a reduction in the Fermi energy by 0.62 eV
compared to that calculated for B-doped graphene (Fig. 6). The addi-
tional states appear near the Fermi energy are mainly from p states of Pb.
Significant enhancement in the adsorption of Pb is observed for the Si-
doped graphene. This is due to the increment in the donation of elec-
trons from the Pb to the surface and reduction in the charge on the Si.

The Bader charge analysis shows that Pb and Si atoms donate 1.92 and
2.78 electrons respectively to the surface. Both the Pb and the Si atoms
form trigonal pyramid configurations (refer to Fig. 5b). There is a small
shift observed in the Fermi energy compared to that calculated for both
pristine graphene and Si-doped graphene.

The adsorption energy calculated for the N-doped surface is endo-
ergic (0.42 eV) meaning that there is no binding between the Pb atom
and the surface. This is further confirmed by the negligible charge
transfer between the Pb to the surface, longer Pb-N distance of 3.378 A
and almost the same Bader charges on the N-doped graphene (refer to
Fig. 5). The DOS plots show that the states appearing near the Fermi
level is mainly from the Pb. The Fermi energy (—2.96 eV) is almost the
same compared to that calculated for N-doped graphene (—3.00 eV) and
differs only by 0.25 eV with that calculated for pristine graphene.

4. Conclusions

In the present study, we have investigated the binding nature of a Pb
atom on pristine and doped-graphene surfaces using density functional
theory calculations together with dispersion correction. The lowest
substitution energy has been obtained for B. It is found that B and Si
doped-graphene structures enhance the binding as compared to the case
of the pristine graphene surface. This is related to the significant charge
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transfer. The N-doped graphene is not suitable for the adsorption Pb
atoms, as it exhibits an endoergic binding energy and a very small
charge transfer. We anticipate that this theoretical prediction can
stimulate experiments to validate and apply these materials for
adsorbing Pb atoms.
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