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The geometrical and electronic parameters for the interaction of two toxic heavy metals, namely: cadmium (Cd)
and lead (Pb), on graphene and graphene oxide (GO) surfaces are investigated by using local Gaussian type basis
sets and the hybrid PBEO functional as implemented in the CRYSTAL code. The role of including long-range
dispersion (D3) contribution as well as the basis set superposition error (BSSE) on the adsorption process is found
to be crucial in the description of such interactions. Generally, Cd and Pb adatoms are found to be adsorbed more
strongly on GO rather than pristine graphene due to the incorporation of oxygen functional groups (epoxy and/

or hydroxyl) on the surface. Moreover, Pb has interestingly been found to play as an electron donor and to form
covalent bonding with the GO surface. Such findings could have an impact in water treatment applications using

graphene-based nanomaterials.

1. Introduction

Since the discovery of graphene in 2004 [1], it has become an es-
sential material in a wide range of research and technologies due to its
special properties. One of its important features is that, it has a unique
electronic band structure with zero band gap [2]. This leads to its ex-
cellent electrical transport and its fast charge mobility [3,4]. Moreover,
graphene has a high thermal conductivity, a high strength, a large
specific surface area (2630 mz/g), it is biocompatible and it can be
easily functionalized to improve its properties and extend its applica-
tions [5-7]. Because of these exceptional properties, graphene and
modified graphene have been studied in various application fields such
as sensors [8-10], catalysis [11-13], energy storage [14,15], electronics
[16-18], biomedical [19,20] and water remediation [21-23].

Nowadays, heavy metal pollution is a growing public health con-
cern. There are many efforts to get rid of these metals such as cadmium
(Cd) and lead (Pb) due to their carcinogenicity and toxicity. Among the
various methods used to remove heavy metals, adsorption has shown to
be the most powerful process, because it is environmentally friendly
and relatively efficient [24]. Owing to the large surface area of gra-
phene, it can be a good adsorbent for different pollutants [25]. Unlike
graphene, graphene oxide (GO) has different oxygen-containing

functional groups which can act as binding sites for heavy metals. Also,
GO is easily dispersed in water, it is hydrophilic, it has fast kinetics and
a higher surface area than pristine graphene. Therefore, GO has high
adsorption capacity for heavy metals removal [26,27] and in general is
a good candidate for water treatment and desalination [28-30].

Utilizing graphene and graphene derivatives in heavy metals re-
moval requires a good understanding of the nature of bonding.
Therefore, several theoretical studies on the adsorption of metals on
graphene have been carried out since its discovery. For example,
Nakada and Ishii studied the adsorption for most elements using the
local density approximation (LDA) of the density functional theory
(DFT) [31]. They reported that the adsorption energy of elements with
filled d- and s-orbitals, as in Cd, is very small and that adsorption is
accompanied with a minimum migration energy. However, in their
research spin polarization was not considered. Moreover, Manadé et al.
[32] have considered the van der Waals (vdW) dispersive forces using
Grimme’s D2 dispersion correction along with the PBE functional for
the interaction of 3d, 4d and 5d transition metals with the graphene
surface for only one coverage of 0.031 monolayer (ML).

For Pb adsorption on graphene, the bond character and preferred
site for metal adsorption have been previously investigated using spin-
polarized DFT [33]. The Pb atom is found to prefer positioning on top of
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the graphene carbon atoms, with a mixed ionic and covalent character.
At low temperature, Pb can easily migrate on the graphene surface,
then forms small clusters [34]. Lately, the adsorption of Cd, Hg and Pb
was investigated by Shtepliuk et al. [35] in a search for graphene-based
heavy metals sensors. The B3LYP and PBE-D3 functionals have been
applied by these authors to analyze the interaction of the aforemen-
tioned heavy metals with graphene quantum dots and extended gra-
phene, respectively. It has been found that Pb binds more strongly than
Cd and Hg and acts as an electron donor. Unlike Pb, Cd and Hg do not
tend to form clusters on the surface of graphene.

To date, few theoretical studies have been done on the adsorption of
Cd and Pb on graphene oxide (GO). It is obvious that the presence of
carboxyl or hydroxyl functional groups on the graphene sheet increases
the adsorption stability with respect to pristine graphene. For instance,
previous DFT calculations were utilized for the study of the interaction
of Pb and Zn atoms with carboxylated and hydroxylated graphene
sheets, and the hydroxyl group was found to be more effective in the
stabilization of the adsorption process of both metals [36].

In the current study, we use periodic DFT and Gaussian type func-
tion basis sets to study the adsorption of two heavy metals that cause
water pollution, namely: Cd and Pb onto graphene monolayers. Here,
different sizes of graphene supercells are considered to examine the
effect of coverage on both adsorption energies and geometries. The
effect of these metals on the electronic properties of graphene has been
investigated by analyzing density of states (DOS) diagrams and
Mulliken (confirmed by Hirshfeld) populations. In order to fill the gap
of the past reports, as the adsorption of Cd and Pb on GO has not been
fully elucidated, three models of GO with the most favourable cov-
erages and configurations found by Boukhvalov et al. [37] have been
considered to examine the enhancement in the adsorption process. The
changes in the structure of GO, the DOS diagram, and the charge po-
pulation have also been studied. Finally, the role of DFT-D3 correction
of dispersion interactions on the adsorption process of both Cd and Pb
on graphene and GO is considered. Herein, the solvent effect is not
considered due to software limitation, while according to recent pre-
vious studies on graphene-like-structure (coronene and graphene
quantum dots) [38], it is expected that the relative stabilities if not
improved will be at least preserved.

2. Computational methods

Periodic restricted (closed shell) and unrestricted (spin-polarized)
DFT calculations have been performed using the CRYSTAL17 [39,40]
software to obtain the optimal geometries and electronic properties of
Cd-graphene and Pb-graphene, respectively. All DFT calculations have
been carried out using PBEQ [41], a hybrid and parameter-free func-
tional. Indeed, PBEO has proved to be effective in describing extended
systems [42]. All-electron basis sets are used for all atoms except Cd
and Pb, for which effective core potentials (ECP) are used [43,44].
Carbon and oxygen atoms in graphene and GO are described by the
modified m-6-311G(d) basis set [43], while hydrogen atoms are de-
scribed by the 6-31G(d,p) basis set [45].

The truncation of the Coulomb and exchange infinite lattice sums is
controlled by five thresholds, which are here set to 7, 7, 7, 9, and 30
(see CRYSTAL manual in Ref. [40] for exact details). The numerical
integration accuracy of the DFT exchange-correlation potential and
energy is evaluated via a pruned grid (keyword XLGRID in Ref. [40])
which is represented by 75 radial and 974 angular points for each radial
point. The self-consistent field (SCF) energy convergence threshold
value in all of our calculations was set to 10~ Hartrees. A 0.001
Hartree Fermi smearing parameter is applied for calculations on pure
semiconducting graphene. A 12 X 12 X 1 Monkhorst-Pack/Gilat grid
of k-points was used to represent the integration in the first Brillouin
zone. Charge transfer between adatoms and graphene or GO was cal-
culated using Mulliken and Hirshfeld population analysis [46,47].
Electron charge density difference maps were plotted using the
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graphical CRYSPLOT platform [48].

All geometry optimizations were carried out at first with PBEO, then
the conformations of each adatom-substrate system were re-optimized
using the PBEO-D3 functional in order to account for the long range
vdW interactions with D3 Grimme correction [49]. For any heavy metal
adsorbed on graphene or GO, the adsorption energy (E.qs) is defined as

Eadgs = Ec/co-um — Ec/co — Enm

where Eg,co.num is the total energy of the complex, Eg o is the total
energy of pristine graphene or GO and Epy is the total energy of the
heavy metal alone in the same initial geometry of the adatom-substrate
system. Here, the Boys and Bernardi counterpoise method is considered
to account for basis set superposition errors (BSSE). The correction is
achieved by using ghost atoms in the calculation of binding energies
[50,51].

Eogs (BSSE) = Eqgs + BSSE
and
BSSE = [Eg/go(system) — Eg/go(ghost)] + [Enm(system) — Egy (ghost)]

where Eg,go (ghost) and Eg,go (system) are the energies of only gra-
phene/GO at the geometry adopted of the complex system with and
without ghost atoms for adatom, and similarly for the Epy; (ghost) and
Epn energies of the heavy metal.

3. Results and discussion
3.1. Pristine graphene

3.1.1. Geometrical and energetical properties

Here, we consider different graphene supercells that are built as
2 x 2,3x%x3,4x4,5x5,6 x6and?7 X 7 expansions of the
graphene primitive cell. The supercells contain 8, 18, 32, 50, 72 and 98
carbon atoms respectively, see Fig. 1(a). As one heavy metal is placed
on each graphene supercell, the following adatom surface coverages (x)
are accordingly realized: 0.125 (1/8), 0.056 (1/18), 0.031 (1/32),
0.020 (1/50), 0.014 (1/72) and 0.010 (1/98) ML. The adsorption of Cd
and Pb has been studied on three different highly symmetric graphene
sites, namely: hollow (H), bridge (B) and top (T) as shown in Fig. 1(b).
Firstly, the PBEO results are introduced in Table 1, where the geome-
trical properties of the different coverages (x) are reported. For each
adatom, Table 1 encompasses the most stable site and the equilibrium
adatom height (h), that is calculated as the difference between the z
coordinate of the adatom and the average z coordinates of the carbon
atoms in the graphene supercell, together with a quantification of the
graphene sheet distortion. This distortion is calculated by subtracting
the maximum and minimum displacement of the graphene carbon
atoms through the z direction. The reported most stable site shows that
Cd prefers to adsorb on the H site in all studied coverages, which is
consistent with the results of Nakada et al. [52]. Furthermore, the en-
ergy barrier for Cd to diffuse from B or T site to H site is ~5 meV, which
is negligible. Due to this small energy barrier, the three adsorption sites
can be nearly considered as isoenergetic, and consequently the pre-
ferred adsorption site of Cd on graphene is strongly dependent on the
applied computational method [32]. For Pb adsorption, the T site is the
preferred one, in all but one case. It is noticed that as the coverage is
decreased, Pb diffuses from T site to B site when x = 0.010 ML. The
diffusion barrier between these two positions is very negligible, so that
one of the two preferred sites (B or T site) is a transition state of the
other during the relaxation of the geometry. This is consistent with
what is previously concluded [53], that both the T and B sites are en-
ergetically favorable for large IVA group atoms like Pb when adsorbed
on graphene.

Comparing the height of both adatoms from the graphene sheet, we
find that Pb adsorbs at shorter distances than Cd and this is consistent
with the calculated adsorption energies (Table 2). The PBEO
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x=0125ML x=0.05ML x=0.031ML x=0.020ML x=0.014ML x=0.010 ML

b)

Fig. 1. Graphical representation of a) different supercells of graphene with their corresponding coverage (x) values when one adatom is placed and b) the studied
adsorption sites on each graphene supercell, where H, B, and T stand for hollow, bridge, and top sites, respectively.

Table 1

Geometrical properties of the most stable site for different coverages of the
adatom. The most stable adsorption site, adatom equilibrium height (h), and
distortion of graphene layer are listed for each coverage (x). H, T, and B refer to
hollow, top, and bridge adsorption sites, respectively. Calculations are per-
formed using the PBEO functional.

x (ML) Most stable site h @A) Distortion (A)
cd Pb cd Pb cd Pb
0.125 H T 3.737 2.592 0.011 0.044
0.056 H T 3.637 2.600 0.011 0.092
0.031 H T 3.631 2.633 0.013 0.145
0.020 H T 3.604 2.630 0.026 0.161
0.014 H T 3.587 2.637 0.030 0.109
0.010 H B 3.629 2.647 0.009 0.180
Table 2

calculations show that there are minimal differences for the adsorption
heights between the different coverages of heavy metals, for example: h
values vary in the range 3.59-3.74 A (2.59-2.65 f\) for Cd (Pb), re-
spectively. Distortion values rely on the site preference, as shown in
Table 1. For instance, adsorption of Cd on the H site induces a small
deviation from the graphene planarity with values around 0.01-0.03 A.
In contrast for adsorption of Pb on the T or B site, where binding to
graphene is stronger, the attached carbon atom(s) shift upwards with
much larger distortion values range from 0.04 to 0.18 A Generally, we
noticed that the local distortion increases as the size of the graphene
sheet increases. The larger the supercell size, the more concentrated
will be the deformation around the adsorption area leaving the further
carbon atoms less perturbed, in contrast to the smaller supercells,
where the deformation is spreaded over almost all atoms.

For the analysis of energetical properties, we report information on
adsorption energies (E.qs, €V) with and without BSSE, Mulliken charge
transfer and band gaps (BG, eV) in Table 2. As shown, the adsorption

Energetic and electronic properties of the most stable site for different coverages of the adatom. Uncorrected and corrected adsorption energies are calculated as
previously reported in the Computational details section. AQ is the Mulliken charge transfer and the Hirshfeld charge transfer which are given between parentheses.
Negative charge values mean that the metal acts as an acceptor and the opposite for positive values. BG is the band gap in eV. All calculations are done using the PBEO

functional.
x (ML) E.qs (eV) E.qs — BSSE (eV) AQ BG (eV)
Ccd Pb cd Pb Ccd Pb Ccd Pb
0.125 —0.083 -0.739 0.015 0.109 —-0.033 0.197 0.075 -
(—0.015) (0.482)
0.056 —-0.101 —-0.764 0.016 0.094 —0.040 0.260 0.055 -
(—0.023) (0.544)
0.031 —-0.103 —-0.790 0.015 0.081 —0.041 0.341 0.019 -
(—0.024) (0.612)
0.020 —0.106 —0.851 0.015 0.036 —0.043 0.419 0.013 -
(—0.026) (0.695)
0.014 —-0.110 -0.797 0.013 0.088 —0.045 0.367 0.015 -
(—0.027) (0.642)
0.010 —-0.097 —0.956 0.021 —0.061 —0.042 0.525 - -
(—0.025) (0.794)
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energy of Cd is very weak (~—0.1 eV) without BSSE correction. This
can be due to the stability of the electronic configuration of Cd, which
has fully occupied d and s orbitals, and hence its binding stability with
graphene is small. This finding is in agreement with that of Zélyomi
et al. [54], who found that the binding energy decreases as the occu-
pation of 4d and 5d shells in transition metals increases. On the other
hand, the Pb adsorption energy is lower than that of Cd by about 0.7 eV
without BSSE-correction. Indeed, Pb has 2 unpaired electrons in its
outermost 6p orbital which can be the reason for its larger binding
strength. This trend in E,q is verified, as discussed above, by the larger
adsorption height of Cd, compared to Pb. Moreover, the calculated
Mulliken charges emphasize a charge transfer of about 0.20-0.53|e|
from the Pb to the graphene sheet. However, an opposite behavior is
found for Cd, where a very small charge (nominal value of 0.03-0.05|e|)
are transferred to Cd. This reflects the very weak adsorption strength of
Cd. In order to confirm charge-transfer direction, Hirshfeld charges are
additionally calculated and reported in Table 2. While the numerical
values of atomic charges obtained by Hirshfeld scheme are completely
different from Mulliken ones, the main behaviour is confirmed and the
charge transfer direction is maintained.

Since the adsorption of these heavy metals probably involves vdW
forces, the inclusion of D3 dispersion correction is substantial to de-
scribe their adsorption on graphene more accurately [55]. An en-
hancement is noticed in both the geometries and energies of adatom-
graphene systems by using the PBEO-D3 functional, see Table 3. The
addition of D3 vdW correction has no effect on the preferred adsorbed
site for both Cd and Pb. Nevertheless, the D3 correction has an im-
portant effect on the structural properties. These effects are more ac-
centuated for Cd than Pb, the reduction in h values for Cd is about
0.5 A. In contrast, the D3 correction increases the Pb equilibrium h
values by 0.044 — 0.105 A for the different coverages, except for the
0.010 ML coverage, in which h decreases by 0.059 A. This decrease can
be attributed to the change in the preferred adsorption site with respect
to the previous coverage. As distortion is concerned, the addition of the
dispersion correction minimizes graphene distortion in Pb-graphene
systems by ~0.06 A. However, for the Cd-graphene systems, the dis-
tortion increases by ~0.03 A because the Cd atom gets closer to gra-
phene when the D3 correction is applied. As discussed before, the dis-
tortion increases from 0.014 (0.038) A to 0.093 (0.096) A with
decreasing the coverage from 0.125 ML to 0.010 ML for Cd (Pb)-gra-
phene systems, respectively.

Moreover, Table 3 shows that the vdW correction shifts the E,4 to
more negative values for Cd (Pb) by about 0.4 (0.6) eV in average, e.g.
BSSE-uncorrected adsorption energies for Cd (Pb) on graphene with
0.031 ML coverage are —0.531 (—1.368) eV, respectively, compared to
the D3-uncorrected/BSSE-uncorrected E,q4s values of —0.103 (—0.790)
eV. Both Mulliken and Hirshfeld charges also increase for Cd but not for

Table 3
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Pb, see Table 3, with the same transfer direction as stated before. To
account for BSSE, we employ the Boys and Bernardi counterpoise cor-
rection [50]. Calculated E,qs values are less negative after using the
BSSE correction. In Table 2, it is noticed that after using this correction,
adsorption energies become positive and even worse, Cd forms more
stable complex with graphene than Pb. This behavior can be due to an
overcorrection, as reported previously by Dimakis et al. [56] However,
this is not the case when the PBE0-D3 functional is used, see Table 3,
the trend in E,q4 is maintained and the adsorption process is still fa-
vored.

Fig. 2 shows a relation between the BSSE-uncorrected E,4s and h
values with coverage (x) for the Cd-graphene and the Pb-graphene
systems calculated at the PBEO and PBEO-D3 functionals. In general, we
observed that the increased adatom coverages weaken the adatom-
graphene interaction. Possible adatom-adatom vdW interactions are
deduced from the decrease in adsorption strength as the coverage in-
creases. These adatom-adatom interactions become very negligible at
larger supercell sizes. A similar effect has been observed during a pre-
vious study of Li, Na, and K adsorption on graphene [57]. Fig. 2 shows
that for Cd adsorbed on graphene, h gets larger as the coverage in-
creases and this is consistent with the increase in the E,4s values. In
contrast, the trend of h values for Pb-graphene with coverage at the
PBEO functional is opposite to that of the E,4s trend. This can be due to
the poor description of the PBEO functional for the Pb-graphene sys-
tems. However, this unexpected behavior of Pb disappears when the D3
correction (using instead the PBEO-D3 functional) is included. Ad-
ditionally, the effect of increasing coverage, as revealed in Table 2 and
Table 3, on charge transfer is consistent with the decrease in the adatom
interaction with graphene. These findings emphasize the importance of
using the D3 correction along with the PBEO functional for such studies.

On closer inspection of the PBE0-D3 E, 4 Vs coverage graph, a sharp
increase in the energy from x = 0.056 ML to x = 0.125 ML can be
observed, in particular for the Cd adatom. This instability behaviour
can be attributed to the higher lateral repulsion between the neigh-
bouring adatoms (the distance to the next adatom is decreased from
about 7.4 A for x = 0.056 ML to about 4.9 A in x = 0.125 ML).
Otherwise, there is an abrupt energy decrease of 0.16 eV near x = 0.01
ML for Pb, which can be assigned to the shift in the preferred adsorption
site between T and B site near this coverage value. Furthermore, a
distinct behaviour (appearing as a local minimum or maximum for Cd
and Pb, respectively) is noticed for x = 0.014 ML (supercell 6 x 6).
This is a well-known peculiar behaviour [58-61], that exists inn X n
supercells when n is a multiple of 3, and it is related to the four-folded
degeneracy at the I’ point, instead of the double folded degeneracy at
the K Dirac points for supercells that are not multiples of 3. This change
in graphene symmetry causes exceptional trends in the adsorption

Geometrical, energetic and electronic properties as a function of increasing supercell size for Cd/Pb adsorbed on graphene. Here, Grimme dispersion correction is
considered, and calculations are obtained using the PBEO-D3 functional. Charge transfer AQ is calculated by using Mulliken and Hirshfeld (within parentheses)

charges.
x (ML) h(A) Distortion (A) Eads (€V) Eads - BSSE (eV) AQ BG (eV)
cd Pb cd Pb cd Pb cd Pb cd Pb cd Pb
0.125 3.212 2.697 0.014 0.038 —0.490 -1.278 -0.353 —0.488 —0.062 0.183 0.074 -
(—0.038) (0.427)
0.056 3.135 2.676 0.024 0.062 —0.524 -1.346 —0.354 —0.529 -0.073 0.241 0.065 -
(—0.055) (0.491)
0.031 3.114 2.687 0.038 0.084 -0.531 -1.368 -0.359 —0.534 -0.077 0.313 0.019 -
(—0.059) (0.559)
0.020 3.099 2.675 0.049 0.084 —0.540 —1.421 —0.368 —0.575 —-0.079 0.387 0.013 -
(—0.061) (0.630)
0.014 3.093 2.681 0.054 0.051 —0.544 -1.383 -0.372 —0.540 —0.080 0.349 0.018 -
(—0.062) (0.590)
0.010 3.069 2.588 0.093 0.096 —0.540 —1.541 —0.367 —0.638 —0.080 0.534 0.0003 -
(—0.064) (0.804)
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Fig. 2. Plots of adsorption energy E,q4s (in eV) and
adatom height h (in 10\) for both Cd (up) and Pb
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energy for multiple of 3 supercells after introducing a perturbation like
the adsorption of Cd or Pb.

3.1.2. Electronic properties analysis

In this section, the electronic structure of adatom-graphene systems
is unfolded. Initially, the effect of the D3 correction on the DOS is
shown in Fig. 3, which displays the total and projected DOS of the
monomers in the optimized Cd/Pb-graphene (x = 0.031 ML) with and
without the D3 correction. As demonstrated in Fig. 3, the D3 correction
causes the states of Cd to be more populated and concentrated closer to
the Fermi level, which results in a lower E,4s than that calculated using
only PBEO. This observation verifies that the D3 correction is essential
in the study of the adsorption behavior of Cd on graphene, and also its
adsorption is mainly due to the dispersion interaction. The Pb adsorp-
tion behavior is similar to that of Cd in this respect. The dispersion
correction affects the Pb states near the Fermi level to be slightly more
populated and that causes more stabilization in the adsorption process.

In order to illustrate the effect of varying coverage on the DOS, the
total and projected DOS spectra (Fig. 4) are computed for Cd/Pb-gra-
phene optimized with the PBEO-D3 functional at the coverages of 0.125
ML, 0.02 ML, and 0.01 ML. We first analyze the DOS of the Cd-graphene
system. It is noticed in the Cd-graphene DOS diagram that the Dirac
point of graphene (where DOS is zero) coincides with the Fermi level
and that adsorption of the Cd atom does not significantly change the
DOS spectra of graphene. Some peaks appear below the Fermi level that
correspond to 5s states of Cd. This behavior may reflect a sort of weak
hybridization between the graphene sp states and the Cd s states. These
Cd 5s peaks are more occupied in the adsorbed phase than in the iso-
lated phase, which suggests that there is some charge transfer from
graphene to Cd, in agreement with the above-mentioned discussion of
Mulliken and Hirshfeld analysis. In fact, Dimakis et al. [56] found si-
milar results for Zn which lies above Cd in the periodic table. These
findings verify the lower adsorption strength of Cd on graphene. The
effect of decreasing coverage on DOS is also investigated. It is found
that the Cd DOS is broadened in the area below the Fermi level as
coverage decreases. More specifically, the Cd peaks are more con-
centrated and less splitted near the Fermi level in Cd-graphene

(x = 0.125 ML) but for lower coverages, the peaks are broadened until
they become more condensed far below the Fermi level at a coverage of
x = 0.01 ML.

Unlike Cd, Pb significantly alters the electronic structure of gra-
phene and the Dirac point is no longer evident in the DOS diagram as
shown in Fig. 4. From the diagram, it is obvious that there is a strong
hybridization between sp states of both Pb and graphene around the
Fermi level. This may be due to the formation of some degree of
covalent bonding, which is in agreement with the results of Liu et al.
[33]. Sometimes the location of the Dirac point relative to the Fermi
level can help in the determination of the magnitude and direction of
the charge transfer between the adatom and graphene [55]. However,
in our case, since the Dirac point is no longer visible or coincides with
the Fermi level in the Pb-graphene and Cd-graphene DOS, respectively,
charge transfer cannot be determined using the former method. The
DOS near the Fermi level in Pb-graphene are different for the up- and
down-spin projections (Figs. 3 and 4), indicating the existence of a non-
zero magnetic moment. For example, the adsorption of Pb on graphene
with a coverage of 0.031 ML reduces the magnetic moment to 1.77 pp
from 2.0 pg of the isolated atom. This value is in very good agreement
with the previous studies of Pb adsorbed on graphene [33,34,53]. This
reduction in magnetic moment is due to charge transfer from Pb to
graphene which is equal to 0.313 in the case of the 0.031 ML coverage
(Table 3).

In contrast to s peaks of Cd, sp peaks of Pb are above and below the
Fermi level. As coverage decreases, the Pb peak near the Fermi level
starts to become sharper, more expanded below the Fermi energy, and
then it splits starting from the 0.031 ML coverage. As compared to the
higher coverages, DOS of Pb-graphene at 0.01 ML coverage, has more
than two peaks at range of — 0.87 to —1.5 eV away from the Fermi
level and also a more diffuse peak appears around the Fermi energy.
These additional peaks can cause more hybridization with graphene
and stronger interaction which is indicated by the lower E,q4. Finally,
Cd adsorption on graphene causes a very small gap opening (e.g. the
gap ranges from 3.0 X 10™% eV in x = 0.01 ML to 0.074 eV in x
= 0.125 ML) whereas the corresponding systems due to Pb adsorption
are still zero-gap semiconductors at all coverages.
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Fig. 3. Total and projected DOS diagrams for Cd-
graphene (up) and Pb-graphene (down) systems
calculated with the PBEO (right) and PBE0-D3 (left)
functionals. The projections onto various atomic
orbitals are represented as different colored solid
lines, whereas the total density of states is re-
presented using a dashed line. The diagrams here
are related to the adatom coverage of x = 0.031 ML
(4 x 4 graphene supercell).
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Fig. 5 shows the electron charge density difference maps (CDD) of
(a) Cd-graphene and (b) Pb-graphene with PBE0-D3 at a coverage of
0.031 ML. This map is calculated as a difference with respect to a su-
perposition of atomic densities. These plots verify that Pb interacts
more strongly compared to Cd, e.g. there is some atomic density overlap
between Pb and carbon atoms in the scale of the plot, which is absent in
the Cd-graphene system. The CDD map for Cd-graphene system shows
small electron density loss in the side of graphene with respect to Cd.
However, the opposite is found for Pb-graphene, there is an increase in
the electron density beside the carbon atom. Additionally, a spin den-
sity map in Fig. 5(c) shows that there is a decrease in the spin density on
the carbon attached to the Pb atom, which is attributed to the charge
transfer from Pb. The trends revealed in these plots are in good
agreement with those of E,4, charge population analysis and DOS
diagrams.

3.2. Graphene oxide (GO)

3.2.1. Geometrical and energetical properties

The GO models proposed by Boukhvalov et al. [37], are considered
here using a supercell expansion of 4 x 4 (x = 0.031 ML). Every model
has different functional groups with the most stable coverages: 1) 100%
epoxy (E) 2) 75% hydroxyl (H) and 3) 75% of both epoxy and hydroxyl
groups (B), see Fig. 6. Many experimental studies have verified the
existence of epoxy, hydroxyl groups and C—C double bonds in the GO
structure [62-65]. However, in the studied GO models, edge groups are
not taken into consideration because they are of minor amount. The
mentioned oxygen functional groups lie above and below the surface of
graphene and cause the graphene to lose its planarity. Moreover, OH
groups in the (H) and (B) models tend to interact with each other
forming hydrogen bonds that cause more distortion. Therefore, carbon

4 3 2 A 0 1 2 4 3 2
E- Epermi (¢V)

atoms are puckered out of plane which leads to the appearance of some
sp> hybridized carbon atoms. This coexistence of sp® and sp® carbon
hybridization regions are confirmed experimentally by XPS spectro-
scopy [66]. According to that, our calculated bond lengths between
functionalized carbon atoms are the highest for the (H) model which
contains more OH groups, i.e. the bond length values for the (E), (H)
and (B) models are 1.47 10\, 1.55 .7\, and 1.53 f\, respectively, compared
to 1.42 A for pristine graphene (pure sp> hybridization).

Generally, for each GO model, the adatom can be positioned onto H
site, B site, or T site, as previously introduced in Section 3.1 for pristine
graphene. All possible adsorption sites for the 3 GO models are here
considered. For clarity and to unambiguously label each site, numbers
are used to represent the various adsorption positions on each GO
model surface. Hence, H will refer to the positions on the hydroxyl
model, E for epoxy, B and b for the upper and lower surfaces of epoxy-
hydroxyl functionalized GO, respectively, as shown in Fig. 6. For in-
stance, E1 and E2 introduce the hollow site of the adatom, while E3,
E4, E5 the bridge, and E6, E7 the top, all of them with respect to
graphene carbon atoms. The bridge epoxy E3 configuration is found to
be the most stable site for both the Pb and Cd adatoms. However, for
hydroxyl and epoxy-hydroxyl GO models, the two adatoms Cd/Pb
preferred different adsorption sites; H9/H3 and B4/b11, respectively,
see Fig. 6. Complete optimizations were performed at the PBEO-D3
level, where the numerical data for the most stable site of each GO
model are given in Table 4. Geometrical parameters, as well as ad-
sorption energies (E.qs) and differences with respect to the corre-
sponding pristine graphene (AE) are given. The improvement in the
adsorption energy is more pronounced for Pb than for Cd adatom with
respect to pristine graphene. The Pb-GO (B) model is the most stable
system with a difference of 2.141 eV (AE, BSSE-uncorrected) compared
to pristine graphene. Pb in the previous configuration tends to form a
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Fig. 4. Total and projected DOS diagrams for Cd-graphene and Pb-graphene systems using the PBE0-D3 functional at different coverages (values of x = 0.125, 0.020,
and 0.010 ML) from top to bottom, respectively.

b)

Fig. 5. Charge density difference (CDD) maps for
a) Cd b) Pb adsorbed on graphene with
x = 0.031 ML. The CDD maps are taken relative
to the corresponding superposition of atomic
densities in the yz plane. In CDD, the positive
areas denote charge accumulation, while the
negative areas denote charge depletion. A spin
density map for the case of spin polarized Pb-
graphene is additionally introduced in panel c.
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Fig. 6. Graphical representation of the considered adsorption sites on each GO model. E;_; and H;_o denote all possible sites for the E- and H- models; panels a and b.
Possible sites for B-model are represented in panel ¢ and d as B;.13 and b;_3 for its upper and lower surface, respectively.

bond with a close epoxy oxygen and this bond is equal to 2.16 A. This difference between Pb-GO and Pb-graphene is almost negligible.

epoxy oxygen gets distorted from its symmetrical bridge arrangement In the case of Cd adsorption on GO, the trend in the adsorption
and detaches away from one carbon atom in order to form a new bond stability is a little different from that of Pb: Cd-GO (H) > Cd-GO
with Pb. The least stable system is Pb-GO (E) model, in which the (B) > Cd-GO (E). It is worth mentioning that binding energy values for

Table 4
Geometrical, energetic and electronic properties of the most stable structures of Cd/Pb-GO optimized with the PBEO-D3 functional. The adatom height (h) is
calculated as the difference between the z coordinate of the adatom and the average z coordinates of the neighboring oxygen atoms. AE is the difference between the

adsorption energy of the adatom on GO and graphene (x = 0.031 ML); AE = {E.qs (GO) — E.qs (Graphene)}. AQ is the charge transfer calculated by Mulliken and
Hirshfeld (within parentheses) schemes. BG is the band gap. Corrected-BSSE E,4s and AE are given in square brackets.

GO model Most stable site h (7\) E.qs (eV) AE (eV) AQ BG (eV)
Ccd Pb cd Pb cd Pb Ccd Pb cd Pb Ccd Pb

(E) model E3 E3 1.990 1.829 —0.563 -1.375 —0.032 —0.007 —0.006 0.179 4.343 1.974 (o)
[—0.349] [—0.425] [0.010] [0.109] (0.019) (0.433) 6.051 (B)

(H) model H9 H3 2.031 1.683 —0.689 —1.942 [-0.702] —-0.158 —0.574 —0.025 0.398 3.645 1.875 (o)
[—0.403] [—0.044] [-0.168] (—0.008) (0.741) 4.529 (B)

(B) model B4 b1l 1.988 1.078 —0.637 —3.509 [—1.929] —0.106 —2.141 —0.092 0.974 4.216 2.749 (o)
[-0.315] [0.044] [—-1.395] (—0.032) (0.904) 3.932 (B)
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Fig. 7. Total and projected DOS diagrams for the different models of Cd-GO (left) and Pb-GO (right) systems. In order to elucidate the role of adsorption process on
the DOS, total DOS of the corresponding pure GO is introduced as an inset (red lines) in each Cd-GO diagram.

the most stable Pb-GO and Cd-GO models are about 2.6 and 1.3 times
that of the corresponding Pb-graphene and Cd-graphene systems, re-
spectively. This implies that GO has a greater tendency to adsorb these
heavy metals than pristine graphene. Therefore, the nature of Pb in-
teraction with GO is chemisorption (E,qs = —3.509 eV) while for Cd, it
is strong physisorption (E,gs = —0.689 eV). We noticed that the trend
in BSSE-corrected E,q4s is changed, for example: in the case of Cd, some
adsorption energy differences became positive which indicates that
some adatom-GO systems are less stable than graphene. This behavior
can be attributed to the basis set overcorrection. A preliminary calcu-
lation of the adsorption energy for Pb-GO (B) and Cd-GO (H) without
the D3 corrections gave the values of —1.2 eV and —0.168 eV, re-
spectively. Therefore, the D3 correction incorporation causes E.4s re-
sults of Pb and Cd to be respectively almost 3 and 4 times the values
without the dispersion. Epoxy groups in Pb-GO (B) geometry calculated
with the PBEO functional are symmetrical, whereas they are non-sym-
metric when the D3 correction is applied, because of the formation of
Pb-O bond, which leads to the lowering in the E.4s (by an amount of
~2.3 eV). This result emphasizes again the vital role of dispersion in-
teractions in the adsorption of these heavy metals.

The distance between adatom and the neighboring oxygen atoms
plane h is calculated, as shown in Table 4. These distances for Pb are in
general lower than those of Cd and in compliance with the values of
E.qs- The values are on the order of 1.078 A, 1.683 A, and 1.829 A for

Pb-GO (B), Pb-GO (H), and Pb-GO (E), respectively. For the Cd case, the
values of h have very small differences and are almost the same
(~2.0 10\). A total charge of 0.974 |e| was transferred from Pb to GO in
the most stable (B) model, but 0.025|e| was transferred from GO (H)
model to Cd. This amount of charge transfer between Pb and GO is
much higher than in pristine graphene, however, it is lower in the case
of Cd, except for the (B) model of GO. Since GO is an insulating material
[67], we noticed that the adsorption of these heavy metals reduces its
band gap. For example, in the GO (B) model, Pb adsorption reduces its
band gap to 2.749 eV and Cd adsorption on GO (H) configuration de-
creases the band gap to 3.645 eV. The calculated band gaps of pristine
GO are 6.065 eV, 4.746 eV, and 5.447 eV for the GO (E), (H), and (B)
models, respectively. Previous studies support our GO calculated band
gaps [68,69].

3.2.2. Electronic properties analysis

Fig. 7 displays the total and projected DOS of Cd and Pb adsorbed on
the different configurations of GO. At the Fermi level, Cd 5s states are
the most dominant, with a very small O sp peak that could indicate a
small hybridization between Cd s states and O sp states. The lower
hybridization can explain the physisorption nature of Cd on GO. On the
other hand, Pb-GO DOS shows strong hybridization between sp states of
Pb and O sp states particularly in the (B) GO system where the DOS of
GO is significantly altered. Beside the sp peaks of Pb around the Fermi
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b)

Fig. 8. CDD maps of the most stable model for
Cd-GO (a) and Pb-GO (b). CDD plots are calcu-
lated relative to the corresponding superposition
of atomic densities in the yz plane. In CDD, the
positive areas denote charge accumulation,
while the negative areas denote charge deple-
tion. A spin density map of the spin polarized Pb-
GO is also shown in panel c.

level, sp peaks of O appear which is indicative of the interaction be-
tween Pb and GO. Furthermore, electron charge density difference
maps (CDD) of the most stable configurations of a) Cd-GO (H) and b)
Pb-GO (B) are displayed in Fig. 8. From the low density depletion area
around O atoms in GO (Fig. 8a), one can deduce that Cd accepts small
amount of charge from the GO surface. However, in the Pb-GO (B)
model map (Fig. 8b), the electron density is enriched around GO surface
and there is visible charge transfer between the Pb and both O and C
atoms. The spin density map (Fig. 8c) shows how the spin is lost from
the Pb atom and is transferred to the GO (B) configuration and this is
consistent with the largest amount of charge transfer from Pb to GO
calculated previously. The magnetic moment is maintained to be 2.0 for
all optimized Pb-GO systems.

4. Conclusions

In this paper, we have investigated the adsorption of two toxic
heavy metals (Cd and Pb) on graphene and graphene oxide using per-
iodic density functional theory (PBEO functional). In order to study the
effect of coverages, different sizes of graphene monolayers are con-
sidered. In general, Pb is found to adsorb more strongly on graphene
than Cd and this result is supported by the calculated adatom height
(h), Mulliken and Hirshfeld population analysis, DOS spectra and CDD
maps. Moreover, because the migration energy of these metals is very
low, it is believed that the adatom adsorption site preference depends
on the nature of metal (adsorbate), the nature and size of the adsorbent
and the calculation method, e.g. Cd prefers the H site, while Pb adsorbs
on the T site (B site when x = 0.01 ML). It is observed that the in-
creased adatom coverage is dominated by adatom-adatom lateral re-
pulsions which weaken the adatom-graphene binding strength. This can
be further explained by the presence of more peaks of the metal in the
DOS spectra at lower coverages which increases the hybridization and
the adatom-graphene interaction. A significant enhancement in the
adsorption strength of these heavy metals after using D3 vdW correc-
tion stresses that dispersion is the dominant type of interaction. This
enhancement in stability is further confirmed by the DOS diagram,
where the states are more populated near the Fermi level. Additionally,
a remarkable behavior is noticed in the adsorption of Cd or Pb on su-
percell expansions as multiples of 3 that can be attributed to a change of
symmetry.

10

To overcome the relatively low adsorption energies especially for
Cd, functionalization of graphene is adopted using different coverages
of epoxy or/and hydroxyl groups. Our calculations proved that gra-
phene functionalized with 75% of hydroxyl groups (75% of both epoxy
and hydroxyl groups) has the largest effect in the stabilization of the
adsorption process of Cd (Pb), respectively. These graphene oxide
models shift the E,4s to be more stable by about 0.16 eV and 2.1 eV
compared to pristine graphene for Cd and Pb, respectively. This finding
asserts the role that these oxygen groups have on improving the ad-
sorption process. Besides, our results suggest that the nature of Cd ad-
sorption on graphene oxide is also mainly due to dispersive forces,
however for Pb, there are some covalent bonding along with dispersion
interactions. Finally, present studies provide a theoretical under-
standing of the interactions between some harmful heavy metals and
graphene or graphene oxide which can be employed in water treatment
applications of graphene-based nanomaterials.
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