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ABSTRACT

In this work, using density functional theory, we investigate the adsorption

process of toxic metal ions (Hg2?, Cd2?, and Pb2?) on graphene nanoflakes

(GNF) comprised of various sized oxygen-passivated nanopores to gain

molecular insights into the ability of such surfaces in effectively removing the

metal ions from contaminated environments. Thermodynamically, the adsorp-

tion of these ions on the oxygen-passivated nanopores is shown to be more

energetically favorable than that on the pristine surface. The dispersion cor-

rected adsorption energy calculations indicate Hg2? ion to have the highest and

Pb2? ion the lowest affinities for interaction with such surfaces (Hg2?[Cd2?-

[Pb2?). The highest adsorption of Hg2? and Cd2? ions on the surfaces is seen

in the 12-crown-3…Hg2? (- 382.9 kcal/mol) and 12-crown-3…Cd2?

(- 314.7 kcal/mol) complexes, while Pb2? ion shows the highest adsorption

energy for the 18-crown-6 surface (- 195.0 kcal/mol). Noncovalent interaction

plots, Hirshfeld charge analysis and energy decomposition analysis conclude

that the role of charge transfer in formation of surface…ion complexes is more

important than noncovalent interactions and therefore plays a key role in the

adsorption of these ions on the surfaces. The magnitude of charge transfer in the

complexes follows the order: surface…Hg2?[ surface…Cd2?[ surface…Pb2?,

which is consistent with the adsorption energetic order of these metal ions on

the surfaces. We also found that Pb2? ion is mainly adsorbed on the surfaces via

electrostatic interactions, while Hg2? and Cd2? ions are adsorbed through van

der Waals (vdW) interactions. This could be attributed to the presence of vacant

p orbitals on Pb2? ion, which interact with the p bonds on the GNF and oxygen
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atoms in the nanopores through electrostatic interactions. No such vacant

orbitals are available for Hg2? and Cd2? ions thus resulting in such ions

adsorbing via vdW interactions. The contribution of DEorb, induction energy

component of total energy, for the surface…Hg2? complexes is more than that

for the surface…Cd2? and surface…Pb2? complexes, following the order: sur-

face…Hg2?[ surface…Cd2?[ surface…Pb2? again, consistent with the calcu-

lated adsorption energy order suggesting that charge transfer indeed plays a

major role in formation of such surface…ion complexes. Finally, time-dependent

density functional theory calculations show that the absorption spectra of the

surfaces undergo significant changes, including peak shifts, peak quenching and

appearance of new peaks, upon interaction with Hg2?, Cd2?, and Pb2? ions,

such changes being consistent with binding energetics rank order of ions on

these surfaces. These complexes would have potential applications in near-infra-

red photonics in addition to their service of effectively remediating of toxic

heavy elements from contaminated environments.

GRAPHIC ABSTRACT

Introduction

Among all the pollutants, heavy metal toxicity is a

serious threat and has resulted in several health dis-

orders and diseases. Toxic heavy metals (THMs) as

an environmental contaminant can emanate from

both natural and anthropogenic processes and are not

metabolized by the body while found to accumulate

in the soft tissues. Therefore, in recent years, the

global demand for removal of THMs from drinking

water, sewage, aquatic flora and fauna and
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wastewaters is of vital importance from health and

economic points of view [1, 2]. In order to protect

humanity from the most dangerous toxic heavy

metals, the World Health Organization (WHO) has

implemented environmental regulations for interna-

tional health matters and public health [3]. According

to the WHO requirements, the three most THMs,

namely cadmium (Cd), mercury (Hg), and lead (Pb),

should be separated from drinking water, wastewa-

ters, food products and biological fluids because of

their extreme environmental, public health and eco-

nomic impacts.

Graphene, as a two-dimensional material com-

posed of sp2-conjugated carbon atoms, can be

potentially considered as an ideal nano-membrane

[4]. Pristine defect-free monolayer graphene is

impermeable to both gaseous and liquid molecules.

Nowadays, extensive research efforts have been

focused on development of graphene-family materi-

als, including epitaxial graphene, graphene quantum

dots, reduced graphene oxide (rGO), graphene oxide

(GO), hybrid of GO or rGO to name a few with a

myriad of materials such as magnetic nanoparticles,

organic, inorganic, and polymeric materials, etc.,

thereby using these fabricated nanocomposites as

possible candidates for detection and separation of

toxic heavy metals [5–10]. Recently, the performance

of graphene-based materials for removing various

water pollutants such as anions, metallic ions, salts,

and organic chemicals from aqueous media has been

evaluated using molecular dynamics simulations

[11]. GO has displayed good performance as adsor-

bent for efficient elimination of heavy metal ions from

wastewater because of the large number of functional

surface groups and high surface area. Guerrero-Fa-

jardo et al. [12] synthesized GO as adsorbent and

considered its performance for removal of various

heavy metal ions from aqueous solution. They found

that the high adsorption capacity of metal ions on the

GO surface is due to its hydrophilic properties and

the presence of functional groups containing oxygen

atoms.

Kong et al. [13] also synthesized GO surface and

experimentally determined the adsorption capacity

of metallic hard, soft and transition metal ions on the

oxygen modified surface. They found that the

adsorption capacity of hard ions is substantially

lower than that of soft and borderline ones. These

experimental studies were complemented by DFT

calculations. El-Fawal et al. [14] synthesized the

hybrid of GO with Fe3O4 nanoparticles (Fe3O4/GO)

and used it for removal of hydrated heavy metal ions

from water. They further investigated the removal

mechanism of toxic heavy metal ions onto the pre-

pared Fe3O4/GO using DFT calculations. Graphene

and GO-based composite materials are excellent

candidates for water treatment and desalination due

to their high porosity, large specific surface area,

excellent electrical conductivity, mechanical proper-

ties, and thermal stability [15]. Li et al. [16] have

studied the application of GO/chitosan composite for

wastewater adsorption treatment. They indicated

that GO/chitosan composite has a larger adsorption

capacity than GO and chitosan components in

removal of heavy metal ions from wastewater

samples.

Nanopore technology has emerged as a powerful

tool for single-ion channels, single-molecule detec-

tion, and liquid purification [17]. Recently, some of

studies have shown that defects and micropores may

be decorated within the graphene surfaces to

improve adsorption [18, 19]. Furthermore, high flow

rate water purification filters have been made by

creating functionalized nanopores within the gra-

phene membranes [20, 21]. These pores lead to sep-

aration of salt ions from water [22]. A wide variety of

methods, including electron-beam irradiation,

helium-ion beam drilling, ultraviolet-induced oxida-

tive etching, chemical etching, and diblock copoly-

mer templating, has been achieved for creating

nanopores in graphene [23–26]. The presence of these

nanopores in samples of graphene has been observed

through scanning transmission electron microscopy

(STEM) measurements [20, 21].

However, the small holes in graphene are recon-

structed or undergo the self-healing process (partial

or total filling by diffusing carbon or other adatoms).

On the other hand, the stabilization of holes, vacan-

cies and defects in graphene can be achieved through

passivating agents [27, 28].

Passivation with chosen chemical element leads to

charge polarization at the nanopore interface due to

electronegativity difference between the passivating

entity and carbon, thus forming a trap for positive

and negative ions. For example, oxygen passivation

leads to negative perimeters at the nanopores. Cation

species are attracted to these perimeters, while halo-

gens are driven away from the perimeters [29, 30].

Recently, Guo et al. [29] have synthesized the oxygen-

passivated nanopores in graphene surface and
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presented their atomic-resolution images. Their

results indicated that these nanopores in graphene

could selectively bind to various atoms depending on

the nanopore size. Heath et al. [31] investigated the

interactions between various alkali metal elements

(Li, Na, K, Rb, and Cs) and oxygen-passivated

nanopores in graphene with application in the

development of novel alkali metal battery technolo-

gies. Their results indicate that oxygen-passivated

nanopores give the strongest binding energy when

the size of the nanopore is similar to the element’s

van der Waals radius. Olsson et al. [32] also investi-

gated the adsorption and migration of Li, Na, and K

atoms on the pristine graphene surface and defective

graphene surfaces substituted by oxygen and nitro-

gen atoms to gain insight into the metal storage and

mobility in carbon-based anodes for alkali metal

batteries. In addition, removal of NaCl salt from

water by fluorine-terminated graphene nanopores

[33], hydroxyl-terminated graphene nanopores [34]

and fluorine-nitrogen-terminated graphene nano-

pores [35] has been studied through molecular

dynamics (MD) simulations in the literature.

To the best of our knowledge, this is the first the-

oretical study comprehensively investigating the

interaction between toxic heavy metal ions (Hg2?,

Cd2?, and Pb2?) and oxygen-passivated nanopores in

graphene nanoflakes using density functional theory

(DFT) calculations. In this study, we aim to under-

stand the adsorption mechanism of Hg2?, Cd2?, and

Pb2? metal ions on the surfaces and the effect of the

size of oxygen passivated nanopores on the adsorp-

tion strength of these ions. Furthermore, the struc-

tural, electronic, and optical properties of oxygen-

passivated nanopores in graphene nanoflakes are

considered with adsorption of these toxic heavy

metal ions.

Theory and computational details

Geometries of the pristine graphene nanoflake (GNF)

model, GNFs containing oxygen-passivated nano-

pores and their complexes with three environmen-

tally important heavy metal ions including Hg2?,

Cd2?, and Pb2? are fully optimized using the density

functional theory (DFT) with CAM-B3LYP functional.

CAM-B3LYP is a hybrid exchange–correlation func-

tional [36], which combines B3LYP at short-range

with an increasing amount of exact HF exchange at

long-range. The Def2-TZVPP basis set was applied

for metal ions and 6–31g(d,p) basis set was used for

the C, H, and O atoms in the models. All the geom-

etry optimizations were done using the Gaussian 09

suite of programs [37].

In order to build the GNFs composed of different

sizes of oxygen-passivated nanopores, first, the pris-

tine GNF model with 96 carbon atoms and 24

hydrogen atoms (Circumcircumcoronene) was built.

Then, four GNFs composed of different sizes of

oxygen-passivated nanopores were obtained by

removing carbon atoms from the pristine GNF sur-

face and saturating the carbon atoms with oxygen

atoms (Fig. 1). The resulting oxygen-passivated

nanopores in GNF surface are named crown ether.

Therefore, each GNF nanopore is denoted N-crown-

M, where N and M represent the number of C and O

atoms in the nanopores, respectively. These four

structures are identified as 10-crown-2, 12-crown-3,

14-crown-4, and 18-crown-6. The spin multiplicity of

the circumcircumcoronene and crown ether surfaces

is singlet. Geometry optimization shows that the

circumcircumcoronene, 12-crown-3, 14-crown-4, and

18-crown-6 surfaces remain planar upon relaxation,

whereas the 10-crown-2 surface is nonplanar. In this

surface, oxygen atoms move out of the plane due to

small size of the nanopore and repulsion between the

lone pairs on the oxygen atoms. Further, it should be

pointed out that the diameter of the nanopores con-

taining oxygen atoms follows the order 10-crown-

2[ 12-crown-3[ 14-crown-4[ 18-crown-6 [29].

Therefore, it can be interesting to find out the

adsorption behavior of Hg2?, Cd2?, and Pb2? ions on

the surfaces.

The adsorption energy (DEads) of Hg2?, Cd2?, and

Pb2? metal ions on the surfaces is calculated using

Eq. 1 as follows:

DEads ¼ Eionþsubstrate � Esubstrate þ Eionð Þ þ BSSE ð1Þ

where Eion ? substrate is the total energy of the

ion/substrate system, Esubstrate is the total energy of

the GNF surface or GNFs containing oxygen-passi-

vated nanopores, and Eion is the total energy of an

individual metal ion. The calculated adsorption

energies are corrected by the basis set superposition

errors (BSSEs) calculated with counterpoise method

[38]. The DEads is the energy released to form a

stable ion/substrate system. A more negative DEads

value corresponds to a more stable ion/substrate

system. In addition, Grimme’s empirical dispersion
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correction (D3) was used along with the CAM-B3LYP

functional to accurately account for dispersion cor-

rections in the calculated adsorption energies [39].

The thermochemistry properties for adsorption of

metal ions on the surfaces, including the enthalpy of

adsorption (DHads) and free energy of adsorption

(DGads), are calculated at 298.15 K through the dif-

ference between the enthalpy/free energy of

ion/substrate systems and isolated substrates and

metal ions. The HOMO–LUMO energy gap (Eg) val-

ues of the surface…ion complexes are calculated

based on the energy difference of the lowest unoc-

cupied molecular orbital (LUMO) and the highest

occupied molecular orbital (HOMO) of the sur-

face…ion complexes. The charge transfer value

between the surfaces and metal ions was calculated

through Hirshfeld charge analysis [40]. In order to

characterize the nature of interaction between the

ions and surfaces, energy decomposition analysis

(EDA) was performed and noncovalent interactions

were plotted using Multiwfn-3.7 program [41]. The

gradient iso-surfaces were plotted using VMD1.9.2

software [42] with an iso-surface of 0.5 a.u. In order to

understand the effect of ion adsorption on the

absorption spectrum of the surfaces, time-dependent

density functional theory (TD-DFT) calculations [43]

were carried out on the surfaces before and after

complexation with Hg2?, Cd2?, and Pb2? metal ions

using the same level of DFT theory (CAM-B3LYP/

6–31g(d,p)/Def2-TZVPP).

Results and discussion

Hg21, Cd21, and Pb21 ions adsorption
on the surfaces

The electrostatic potential (ESP) iso-surfaces are

usually used to predict the local reactivity of the

molecules. A site with more negative electrostatic

potential in a molecule will more likely attract a site

with more positive electrostatic potential [44]. In the

ESP iso-surfaces, the points with negative and posi-

tive electrostatic potentials are usually observed with

red and blue colors, respectively. Therefore, in order

to gain insights into the adsorption mechanism of

Hg2?, Cd2?, and Pb2? ions on the surfaces, the ESP

iso-surfaces of the surfaces at an isovalue electron

density of 0.0004 a.u. are calculated and are shown in

Fig. 2. The ESP iso-surfaces of the Hg2?, Cd2?, and

Pb2? ions are not shown in Fig. 2 because they are

positive species and have completely blue color. It

can be noticed from Fig. 2 that the aromatic rings in

the circumcircumcoronene surface show a uniform

negative electrostatic potential (the red color).

Therefore, these are potentially good sites for inter-

action with the positive Hg2?, Cd2?, and Pb2? ions.

The creation of oxygen-passivated nanopores in

the circumcircumcoronene nanoflake changes the

ESP iso-surface. As seen from Fig. 2, the ESP iso-

surfaces of the 10-crown-2 and 12-crown-3 surfaces

exhibit some local inhomogeneities in the carbon

atoms of the surfaces, while those of 14-crown-4 and

18-crown-6 show homogenous distribution of the

electrostatic potential in the carbon atoms. However,

the oxygen atoms at the nanopores have the highest

negative electrostatic potential (the red color) in all

the surfaces due to higher electronegativity of oxygen

atoms than carbon atoms. Therefore, the presence of

negative electrostatic potential around the oxygen

atoms in the nanopores provides more reactive areas

than other regions on the surfaces and thereby

enhances the interaction strength between the sur-

faces and Hg2?, Cd2?, and Pb2? ions.

In order to find the most stable geometry of ions on

the pristine graphene model, three sites are normally

considered, namely, the T site (the top of a carbon

atom), the H site (a hollow site on top of aromatic

hexagonal ring), and the B site (a bridge site at the

midpoint of the C–C bond) [32, 45–48]. The Hg2?,

Cd2?, and Pb2? ions are placed at the vertical dis-

tance of 2.7 Å from these sites. In addition, these ions

are placed at the distance of 2.7 Å from the center of

the nanopores and close to the oxygen atoms. These

structures are optimized at the CAM-B3LYP/

6–31g(d,p)/Def2-TZVPP level of theory and the most

stable geometries are shown in Figs. 3 and 4. It

should be mentioned that the final coordinates for

Hg2?, Cd2?, and Pb2? ions on the surfaces are almost

identical to the initial configuration even upon

geometry optimization.

The thermochemistry parameters and electronic

properties of these surface ion (ion = Hg2?, Cd2? and

Pb2?) complexes are also calculated and are sum-

marized in Tables 1 and 2, respectively.

From Fig. 3, it is clear that the most energetically-

favorable binding site for adsorption of metal ions on

the circumcircumcoronene surface is the hollow site

on top of aromatic hexagonal rings. The nearest

equilibrium distances of Hg2?, Cd2?, and Pb2? ions
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from the circumcircumcoronene surface are 4.054 Å,

4.186 Å, and 2.256 Å, respectively (see Table 2). In

addition, the ion adsorption on the circumcircum-

coronene surface does not cause curvature in the

circumcircumcoronene surface. Results reported in

the literature show that Hg2?, Cd2?, and Pb2? ions

are preferentially adsorbed on a smaller model than

circumcircumcoronene, which is named circum-

coronene (C54H18), at the T, B, and H sites, respec-

tively [46]. A comparison between this result [46] and

our results for adsorption of these ions on the cir-

cumcircumcoronene surface reveals that the size of

pristine graphene model affects the binding position

of these ions. With increasing the size of graphene

model from circumcoronene to circumcircum-

coronene model, the tendency of these ions increases

for adsorption at the hollow site on top of aromatic

hexagonal rings.

As seen from Fig. 3, the Hg2?, Cd2?, and Pb2? ions

in the 10-crown-2…ion (ion = Hg2?, Cd2? and Pb2?)

complexes stay above the six-membered rings

containing oxygen at the distances of 3.933, 4.00, and

2.560 Å from the nearest oxygen atom, respectively.

Upon adsorption of the ions on the 12-crown-3,

14-crown-4, and 18-crown-6 surfaces, the oxygen-

passivated nanopores remain flat, except for

adsorption of Hg2? and Cd2? ions on the 18-crown-6

surface (Figs. 3, 4). On the other hand, in all the

surface…ion complexes, the ions prefer to stay above

the surfaces with the exception of 18-crown-6…Pb2?

complex. In this 18-crown-6…Pb2? complex, the Pb2?

ion moves from the top of 18-crown-6 surface into the

nanopore. It seems that the size of nanopore in the

18-crown-6 surface is conducive for trapping of the

Pb2? ion by the oxygen atoms. A comparison of the

nearest distance between the ions and the oxygen

atoms in the nanopores shows that the distances

follow the order Cd2?[Hg2?[Pb2? in all the sur-

face…ion complexes.

To quantify the adsorption process of ions on the

surfaces, the enthalpy of adsorption (DHads) and free

energy of adsorption (DGads) of Hg2?, Cd2?, and Pb2?

Figure 1 The optimized structures of circumcircumcoronene and graphene nanoflakes containing oxygen-passivated nanopores.
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ions on the surfaces are calculated. The negative values

of DHads and DGads suggest that the surface…ion

complex formation is an exothermic and favorable

reaction and proceeds spontaneously. Table 1 shows

that the formation of surface…Hg2? complexes are

more favorable than that of surface…Cd2? and sur-

face…Pb2? complexes. The order of DHads and DGads

values for the surface…ion complexes is as follows

surface…Hg2?[ surface…Cd2?[ surface…Pb2?.

The adsorption energy of ions on the surfaces is

closely related to the stability and binding ability of

the corresponding surface…ion complex. The

adsorption energy of a stable complex is usually

negative, and a more negative value for adsorption

energy means a stronger adsorption ability. There-

fore, the coupling strength between the Hg2?, Cd2?,

and Pb2? ions and the surfaces is considered by cal-

culating their respective adsorption energies (DEads)

using Eq. 1. The negative values of adsorption ener-

gies (DEads) summarized in Table 1 indicate that the

adsorption of Hg2?, Cd2?, and Pb2? ions on the

surfaces is energetically favorable. In order to accu-

rately account for dispersion effects in DFT, D3 dis-

persion correction was added to the calculated DEads

values. Our results show that the DEads values for

adsorption of ions on the circumcircumcoronene and

nanopore surfaces change by about 3–15 kcal/mol.

From comparison of the DEads ? D3 values of ions

on the circumcircumcoronene surface, it can be seen

that the adsorption strength of Hg2? ion on the cir-

cumcircumcoronene surface is more than Cd2? and

Pb2? ions and follows the order circumcircum-

coronene…Hg2? (- 314.6 kcal/mol)[ circumcir-

cumcoronene…Cd2? (- 248.1 kcal/mol)[ circum-

circumcoronene…Pb2? (- 141.2 kcal/mol). This

order is in accordance with previous study for

adsorption of these metal ions on the circumcoronene

model [46]. From the DEads ? D3 values summarized

in Table 1, it can be clearly seen that the presence of

oxygen-passivated nanopores in GNF surface has a

marked impact on the adsorption energy of ions. The

DEads ? D3 values of these ions on the oxygen-pas-

sivated nanopores are found to follow the order

Hg2?[Cd2?[Pb2?. This order is similar to the

observed trend for DHads and DGads values of sur-

face…ion complexes.

The changes in adsorption energy, enthalpy of

adsorption and free energy of adsorption of the sur-

face…ion complexes are shown in Fig. 5. As seen

from Fig. 5, the DEads ? D3, DHads and DGads values

for adsorption of Hg2? and Cd2? ions on the surfaces

follows the order 12-crown-3[ 14-crown-4[ 10-

crown-2[ circumcircumcoronene[ 18-crown-6.

This order for adsorption of Pb2? ion changes to

18-crown-6[ 12-crown-3[ 14-crown-4[ 10-crown-

2[ circumcircumcoronene. It seems that there are

two contributing factors whose subtle balance affects

the adsorption strength of each ion on the oxygen-

passivated nanopores, viz. the number of oxygen

atoms in the nanopores and the size of nanopores. As

both oxygen atoms on the 10-crown-2 surface are not

on one side of the surface, these ions can interact with

Figure 2 Electrostatic

potential (ESP) iso-surfaces of

the circumcircumcoronene and

GNFs containing oxygen-

passivated nanopores at an

isovalue electron density of

0.0004 a.u., calculated at the

CAM-B3LYP/6–31g(d,p)/

Def2-TZVPP level of theory

(blue/yellow to red color scale

represents the positive and

negative electrostatic

potentials, respectively).
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Figure 3 Top and side view of the optimized structures of circumcircumcoronene, 10-crown-2 and 12-crown-3 surfaces after

complexation with Hg2?, Cd2?, and Pb2? ions.
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only one of the oxygen atoms. With increasing

number of oxygen atoms from 2 in the 10-crown-2

surface to 3 on the 12-crown-3 surface, the DEads-

? D3 value for the surface…ion complexes increases

(lower negative values). This is due to interaction of

three oxygen atoms with the ions. When going from

12-crown-3 to 14-crown-4 surface, the DEads ? D3

values decrease due to a decrease in the nanopore

size but they are still higher than DEads ? D3 values

for the 10-crown-2…ion complexes.

As seen from Fig. 5, the presence of two, three and

four O atoms in the nanopores increases the

adsorption energy of Hg2?, Cd2?, and Pb2? ions on

the surfaces with respect to circumcircumcoronene

surface, while the presence of six O atoms in the

nanopores decreases the DEads ? D3 of Hg2? and

Cd2? ions on the 18-crown-6 surface with respect to

circumcircumcoronene surface. This is due to

increasing size of nanopore in the 18-crown-6 surface

with respect to 10-crown-2, 12-crown-3 and

14-crown-4 surfaces [29].

The adsorption of Pb2? ion on the 18-crown-6

surface is different from other surfaces. Our calcula-

tions indicate that the size of Pb2? ion is similar to the

nanopore size in 18-crown-6 surface. This leads to

favorable interaction of the Pb2? ion with the six O

atoms on the surface and increases the DEads ? D3

value with respect to other surfaces. Furthermore, the

Figure 4 Top and side view of the optimized structures of 14-crown-4 and 18-crown-6 surfaces after complexation with Hg2?, Cd2?, and

Pb2? ions.
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performance of graphene-based materials in removal

of metal ions from water samples has been studied

using DFT calculations in the literature. For example,

Thompho et al. [49] performed a systematic DFT

study of the adsorption of Pb2?, Cd2?, Zn2?, and

Cu2? on a GO surface. Their results reveal that the

binding of Cu2? to the GO surface is much stronger

than that of other divalent metal ions. Kong et al. [13]

also considered the adsorption mechanism of Na?,

Cu2?, and Pb2? metal ions at the GO surface. They

found that the adsorption capacity of these metal ions

on the GO surface follows the order Pb2?[Cu2?-

[Na?. El-Fawal et al. [14] have used a DFT calcu-

lation to determine the removal mechanism of Zn2?,

Ni2?, and Cr6? hydrates by the prepared Fe3O4/GO

hybrid. Their DFT results show that the coordination

of Zn2? hydrate with Fe3O4/GO is more favorable

than the Ni2? and Cr6? hydrates and follows the

order Zn2?[Ni2?[Cr6?. It is worth mentioning

that understanding the adsorption behavior of metal

Table 1 Thermochemistry

calculations for adsorption of

Hg2?, Cd2?, and Pb2? ions on

the surfaces, including

adsorption energy (DEads in

kcal/mol), adsorption energy

corrected by Grimme’s D3

correction (DEads ? D3 in

kcal/mol), enthalpy of

adsorption (DHads in

kcal/mol), and free energy of

adsorption (DGads in kcal/mol)

Structure DEads (DEads ? D3) DHads DGads

Circumcircumcoronene…Hg2? - 308.4 (- 314.6) - 308.8 - 304.9

Circumcircumcoronene…Cd2? - 242.8 (- 248.1) - 242.8 - 239.7

Circumcircumcoronene…Pb2? - 130.2 (- 141.2) - 133.3 - 124.2

10-crown-2…Hg2? - 327.1 (- 334.5) - 328.3 - 323.5

10-crown-2…Cd2? - 261.4 (- 267.7) - 262.29 - 257.7

10-crown-2…Pb2? - 151.3 (- 161.2) - 154.9 - 146.4

12-crown-3…Hg2? - 371.9 (- 382.9) - 373.4 - 367.7

12-crown-3…Cd2? - 306.5 (- 314.7) - 308 - 300.4

12-crown-3…Pb2? - 169.8 (- 181.9) - 173.9 - 166

14-crown-4…Hg2? - 356.5 (- 366.6) - 358.6 - 352.4

14-crown-4…Cd2? - 291.1 (- 299.1) - 292.44 - 287.7

14-crown-4…Pb2? - 149.3 (- 162.0) - 161.6 - 155.4

18-crown-6…Hg2? - 301.5 (- 305.8) - 304 - 303.3

18-crown-6…Cd2? - 235.7 (- 238.9) - 238 - 235.1

18-crown-6…Pb2? - 179.5 (- 195.0) - 186.7 - 178.1

Table 2 The nearest distance

of ions from the surfaces (d in

Å), charge on the ions in the

surface…ion complexes (in e),

and HOMO–LUMO energy

gaps (Eg in kcal/mol) of the

surface…ion complexes

Structure d Charge on the ionsa Eg
b

Circumcircumcoronene…Hg2? 4.054 0.0068 39.20

Circumcircumcoronene…Cd2? 4.186 0.0406 39.20

Circumcircumcoronene…Pb2? 2.256 0.5430 58.11

10-crown-2…Hg2? 3.933 0.0392 43.58

10-crown-2…Cd2? 4.000 0.0502 50.73

10-crown-2…Pb2? 2.560 0.5999 65.49

12-crown-3…Hg2? 3.817 0.0398 78.63

12-crown-3…Cd2? 4.275 0.0437 74.25

12-crown-3…Pb2? 2.358 0.6257 66.41

14-crown-4…Hg2? 3.898 0.0357 74.48

14-crown-4…Cd2? 4.172 0.0433 67.79

14-crown-4…Pb2? 2.836 0.3413 46.81

18-crown-6…Hg2? 3.667 0.0278 29.74

18-crown-6…Cd2? 3.800 0.0762 32.05

18-crown-6…Pb2? 2.740 0.8807 54.65
aCharge transfer (QCT) between the surfaces and ions is evaluated through calculating the charge

difference of Hg2?, Cd2? and Pb2? ions in isolated state and complexed with the surfaces
bEg = E(LUMO) – E(HOMO). The energy of HOMO and LUMO orbitals is found in Table S1 in the

supporting information
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ions on the surfaces is useful for design of effective

control technologies for control of heavy metal pol-

lution in industrial settings.

To explore the role of intermolecular interactions

responsible for adsorption of metal ions on the sur-

faces, the noncovalent interaction (NCI) method

presented by Yang et al. [50] was used. In this

method, the attractive and repulsive interactions are

recognized based on the electron density (q(r)) and

the sign of the second derivative of electron density

(k2) in the perpendicular direction of the bond. The

noncovalent interaction index provides a 2D scatter

plot of the reduced density gradient (RDG) versus the

electron density. The RDG is defined by the following

equation:

RDG ¼ jrqðrÞj
2ð3p2Þ1=3qðrÞ4=3

ð2Þ

In order to distinguish the type of noncovalent

interaction, the sign of k2 was utilized as a metric to

identify bonded (k2\ 0) from non-bonded (k2[ 0)

[50]. The gradient iso-surfaces are colored according

to the corresponding values of sign(k2)q. Large neg-

ative values of sign(k2)q are indicative of attractive

interactions (such as dipole–dipole, hydrogen

bonding, halogen bonding and electrostatic); while

large and positive values of sign(k2)q show repulsion

interactions (such as steric effects in ring and cage).

Finally, van der Waals (vdW) interactions are speci-

fied by a small value of k2 (k2 & 0) [50]. For the 3D

color plot of the RDG iso-surfaces, a guide of the

interpretations for various colors is provided: the

deeper blue colors show stronger attractive interac-

tions, which correspond to the smaller negative

numbers of the horizontal ordinate in the 2D scatter

plot, while the deeper red colors show stronger

repulsive interactions tantamount to larger positive

numbers on the ordinate axis. The green colors

indicate the vdW interactions, whose values are close

to zero regardless of the negative or positive hori-

zontal axis direction. The colors between blue and

green show gradually weaker attractive interactions,

and the colors between green and red show gradually

stronger repulsive interactions [51].

To explore the type of noncovalent interactions in

the adsorption of Hg2?, Cd2?, and Pb2? ions on the

surfaces, we focus on the 3D plot of RDG and 2D

scatter plot of RDG versus sign(k2)q of the sur-

face…ion complexes (Figures S1–S3). As seen from

Figure S1, the green color between the Hg2? and

Cd2? ions and carbon atoms of the

Figure 5 The change of

adsorption energy

(DEads ? D3), enthalpy of

adsorption (DHads) and free

energy of adsorption (DGads)

of the surface…ion

(ion = Hg2?, Cd2?, and Pb2?)

complexes.
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circumcircumcoronene surface shows the role of

weak van der Waals interactions responsible for the

adsorption of these ions on the circumcircum-

coronene surface. These interactions can be seen in

the 2D scatter plots where the numerical values are

close to zero. From the RDG plot and the 2D scatter

plot of the circumcircumcoronene…Pb2? complex, it

is observed that the electrostatic interactions are the

only attractive interactions responsible for the

adsorption of Pb2? ion on the circumcircumcoronene

surface. In the case of 10-crown-2…Hg2? and

10-crown-2…Cd2? complexes, the vdW interactions

are observed between the C and O atoms of the

10-crown-2 surface and Hg2? and Cd2? ions. Small

blue iso-surfaces in the RDG plots are related to the

interactions between the oxygen atoms in the

10-crown-2 surface, which correspond to the scat-

tered points in the 2D scatter plots of the 10-crown-

2…Hg2? and 10-crown-2…Cd2? complexes. For the

10-crown-2…Pb2? complex, the interaction between

the Pb2? ion and C atoms of the 10-crown-2 surface

can be concluded to be electrostatic in nature, while

O atom in the surface interacts with the Pb2? ion

through weak vdW interactions.

As one goes from the 10-crown-2 to 14-crown-4

surface, the interaction between the O atoms on the

surface decreases. In the 12-crown-3/14-crown-

4…Hg2? and 12-crown-3/14-crown-4…Cd2? com-

plexes, the nature of interaction between the Hg2?

and Cd2? ions turns out to be van der Waals in nat-

ure. Pb2? ion interacts with the carbon atoms via

electrostatic interactions while it interacts with the

oxygen atoms through vdW interactions. However,

the Pb2? interaction is primarily vdW in nature when

is adsorbed on the 14-crown-4 surface. As seen from

Figure S3, the interaction of Hg2? and Cd2? ions with

the O atoms on the 18-crown-6 surface is vdW in

nature, while the O atoms through electrostatic

interactions adsorb Pb2? ion.

From our findings, it can be concluded that the

Pb2? ion is mainly adsorbed on the surfaces through

electrostatic interactions, while Hg2? and Cd2? ions

are adsorbed through vdW interactions. The reason

for the difference in the nature of the interaction of

Pb2? ion with respect to Hg2? and Cd2? ions can be

related to the difference in their electron configura-

tions (Hg2? ([Xe] 4f14 5d10), Cd2? ([Kr] 4d10), and Pb2?

([Xe] 4f14 5d10 6s2)). According to the electron con-

figurations, Pb2? ion has vacant p orbitals and can

interact with the p bonds in the

circumcircumcoronene surface and oxygen atoms in

the nanopores through electrostatic interactions. In

comparison with Pb2? ion, Hg2? and Cd2? ions do

not have vacant orbitals. Thus, they have to interact

with the surfaces only through vdW interactions.

Furthermore, Hg2? ion has a larger effective ionic

radius (102 pm) than Cd2? ion (95 pm) and thus it

has more vdw interactions with the surfaces [52].

A key question from the findings is that why does

Pb2? ion with electrostatic interactions have a lower

adsorption energy in comparison to Hg2? and Cd2?

ions which generally interact with the surfaces via

vdw forces, despite the chemical knowledge that

electrostatic interactions are stronger in nature when

compared to vdW interactions.

In order to answer this question, energy decom-

position analysis (EDA) and Hirshfeld charge analy-

sis were performed on the surface…ion complexes to

understand the magnitude of charge transfer and its

role in different adsorption strength of ions on the

surfaces. The EDA was performed by using com-

bined fragment wavefunctions, implemented in

Multiwfn-3.7 program [41]. In this method, the total

energy variation of forming a complex can be

decomposed as:

DEtot ¼ EComplex �
X

i

Efrag
i

¼ ðDEels þ DEexÞ þ DEorb ¼ DEsteric þ DEpolar

ð3Þ

where DEels is electrostatic interaction term; DEex is

exchange repulsion term, which comes from the Pauli

repulsion effect and is invariably positive. The

exchange repulsion and electrostatics are normally

combined to yield the steric term (DEsteric). DEorb is

orbital interaction term, often referred to induction or

polarization term. DEorb arises from the mixing of

occupied molecular orbitals (MOs) and virtual MOs.

The combined wavefunction is used as initial guess

for the complex and DEorb can be evaluated by sub-

tracting the first self-consistent field (SCF) iteration

energy from the last SCF iteration energy.

DEorb ¼ ESCF;last � ESCF;1st ð4Þ

Note that ESCF,last = Ecomplex, hence the following

relationship:

DEsteric ¼ DEels þ DEex ¼ DEtot � DEorb

¼ ESCF;1st �
X

i

Efrag
i ð5Þ
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DEdisp (dispersion energy) component in total inter-

action energy is calculated by using the dispersion-

corrected DFT methods. This term is the difference

between the total energy obtained from DFT-D3 and

DFT methods [53], CAM-B3LYP and CAM-B3LYP-

D3 methods. Hence, by going from CAM-B3LYP to

CAM-B3LYP-D3 methods, other terms, including

DEorb and DEels ? DEex remain unchanged while the

D3-dispersion correction is obtained as a new term.

Table 3 lists the results of EDA for the surface…ion

complexes. On the other hand, the contribution ofDEorb,

DEels ? DEex, and DEdisp components for the sur-

face…ion complexes are shown in Fig. 6. As seen from

Fig. 6, the contribution of the DEorb component in the

calculated interaction energies of the surface…ion com-

plexes is greater than that of DEels ? DEex and DEdisp

components (DEorb[DEels ? DEex[DEdisp). From the

EDA results, it can be concluded that charge-transfer

interactions are the primary energy contributors in the

formation of surface…ion complexes. It is worth men-

tioning that the contribution of DEorb component in the

surface…Hg2? complexes is more than that in the sur-

face…Cd2? and surface…Pb2? complexes, following

the order: surface…Hg2?[ surface…Cd2?[ sur-

face…Pb2?. This result is in agreement with the pre-

dicted adsorption energy order DEads ? D3(surface

…Hg2?)[DEads ? D3(surface…Cd2?)[DEads ? D3

(surface…Pb2?). This also reveals that the sur-

face…Hg2? complexes have the highest adsorption

energy due to having the highest contribution of

charge transfer with respect to surface…Cd2? and

surface…Pb2? complexes.

We also calculated the magnitude of charge trans-

fer (QCT) between the ions and surfaces through

computing the residual Hirshfeld charge on the ions

in the surface…ion complexes (Table 2). Our charge

analysis shows that the residual charge on the ions

decreases upon interaction with the surfaces, indi-

cating that the charge transfer process occurs from

the surfaces to the ions. From Table 2, it is found that

the magnitude of QCT in the surface…Hg2? com-

plexes is more that surface…Cd2? and surface…Pb2?

complexes, following the order surface…Hg2?-

[ surface…Cd2?[ surface…Pb2?. This result is in

agreement with the observed trend for the DEorb

components and adsorption energy (DEads ? D3) of

these complexes.

From EDA, charge analysis and NCI plots, it is

concluded that the charge transfer process from the

surfaces to ions is a key mechanism for adsorption of

these ions on the surfaces. On the other hand, the role

of charge transfer in the formation of surface…ion

complexes is more important than noncovalent

interactions. Therefore, surface…Hg2? and sur-

face…Cd2? complexes, despite having weaker non-

covalent interactions, have more DEads ? D3 values

than surface…Pb2? complexes due to their higher

charge transfer values.

Furthermore, Fig. 7 shows that there is a good

correlation between the DEorb obtained from EDA

and HOMO–LUMO energy gap (Eg) of the sur-

face…ion complexes, summarized in Table 2.

According to this correlation, an increase in the con-

tribution of DEorb in the surface…ion complexes leads

to an increase in the Eg values of the complexes and

their stability. The greater the band-gap, the larger is

the effects of polarization.

The UV–visible absorption spectra of different

sizes of graphene nanoflakes have been simulated

using TD-DFT calculations by Silva et al. [54]. Their

results indicate that different sizes of graphene

nanoflakes produce a visible region, which is a suit-

able criterion to produce light-emitting devices. We

have also investigated the effect of Hg, Cd and Pb

atoms adsorption on the electronic and optical

properties of graphene, sulfur and nitrogen/sulfur

co-doped graphene surfaces and nitrogen-coordi-

nated defective graphene quantum dots in our pre-

vious studies [47, 48]. Our results indicate that the

strong bands in the absorption spectra of the surfaces

are shifted and new bands appear with adsorption of

Hg, Cd, and Pb metal atoms. In this context, the

similar technique was used to highlight the effect of

Hg2?, Cd2?, and Pb2? ions adsorption on the optical

properties of circumcircumcoronene and GNFs con-

taining oxygen-passivated nanopores. The UV–visi-

ble spectra of these surfaces and their complexes with

the ions are shown in Fig. 8. The data related to the

absorption bands are summarized in Table S2.

As seen from Fig. 8, circumcircumcoronene surface

shows a strong band at k = 449.62 nm (HOMO-

1 ? LUMO ? 1), which corresponds to the p ? p*
electronic transitions due to the presence of C=C

bonds. Our results reveal that the creation of oxygen-

passivated nanopores in the GNF surface changes the

shape and position of the absorption peak observed

in the circumcircumcoronene spectrum. It is observed

that the peak at k = 449.62 nm is red-shifted, except

in the case of 18-crown-6 surface. Furthermore, new
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peaks appear, which can be related to the appearance

of new electronic transitions of n(O) ? p*(C=C).
Upon adsorption of Hg2? ion on the circumcir-

cumcoronene surface, the main peak at

k = 449.62 nm is red-shifted to k = 497.46 nm, while

a large quenching occurs for this peak with adsorp-

tion of Cd2? and Pb2? ions. On the other hand, a new

peak appears at k = 605.28 nm with adsorption of

Hg2? ion as well as at k = 605.31 nm with adsorption

of Cd2? ion in the absorption spectrum of circum-

circumcoronene surface. It is worth mentioning that

several new peaks in the near-infrared region appear

in the range of 900–1150 nm. These new peaks are

related to the electronic transitions from HOMO-1,

HOMO-2 and HOMO-3 orbitals to LUMO and

LUMO ? 1 orbitals.

There are two strong absorption bands in the

10-crown-2 spectrum. The first absorption band at

Table 3 The energy

decomposition analysis (EDA

(kcal/mol)) of the surface…ion

complexes calculated at the

CAM-B3LYP(CAM-B3LYP-

D3)/6–31g(d,p)/Def2-TZVPP

level of theory

Structure DEorb DEels ? DEex DEdisp DEtot DEtot ? D3

Circumcircumcoronene…Hg2? - 350.93 - 14.1 - 6.27 - 365.03 - 371.30

Circumcircumcoronene…Cd2? - 285.45 - 13.69 - 5.41 - 299.14 - 304.55

Circumcircumcoronene…Pb2? - 232.76 43.39 - 11.05 - 189.37 - 200.42

10-crown-2…Hg2? - 373.24 - 14.74 - 7.41 - 387.98 - 395.39

10-crown-2…Cd2? - 307.63 - 14.47 - 6.30 - 322.10 - 328.40

10-crown-2…Pb2? - 255.34 35.39 - 9.88 - 219.95 - 229.83

12-crown-3…Hg2? - 422.64 - 11.68 - 10.06 - 434.32 - 444.38

12-crown-3…Cd2? - 356.99 - 10.56 - 8.18 - 367.55 - 375.73

12-crown-3…Pb2? - 265.27 15.87 - 12.13 - 249.40 - 261.53

14-crown-4…Hg2? - 400.30 - 17.65 - 10.06 - 417.95 - 428.01

14-crown-4…Cd2? - 336.15 - 15.66 - 7.97 - 351.81 - 359.78

14-crown-4…Pb2? - 182.58 - 27.21 - 12.79 - 209.79 - 222.58

18-crown-6…Hg2? - 318.86 - 36.59 - 9.79 - 355.46 - 365.25

18-crown-6…Cd2? - 252.37 - 36.55 - 8.49 - 288.92 - 297.41

18-crown-6…Pb2? - 173.43 - 68.08 - 15.49 - 241.51 - 257.00

Figure 6 The contribution of

DEorb, DEels ? DEex, and

DEdisp components in the total

energy variation of forming

surface…ion complexes

(DEtot ? D3) calculated at the

CAM-B3LYP(CAM-B3LYP-

D3)/6–31g(d,p)/Def2-TZVPP

level of theory.
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k = 434.74 nm (HOMO-2 ? LUMO) has a higher

intensity and oscillator strength than the second band

at k = 526.38 nm (HOMO-1 ? LUMO). These

absorption bands are red-shifted and their intensity

change with adsorption of Hg2?, Cd2?, and Pb2?

ions. In the 12-crown-3 spectrum, two absorption

bands are observed at k = 650.63 nm and

k = 918.97 nm, which are related to the HOMO-

2 ? LUMO and HOMO ? LUMO ? 2 electronic

transitions, respectively. These absorption bands are

red-shifted with adsorption of Hg2?, Cd2?, and Pb2?

ions.

According to the Fig. 8, the pattern of UV–visible

spectra of 12-crown-3…Hg2? and 12-crown-3…Cd2?

complexes are similar and the highest changes are

seen in the 12-crown-3…Pb2? spectrum. One strong

absorption band along with two weak absorption

bands are observed in the 14-crown-4 spectrum. The

k = 501.31 nm (HOMO-1 ? LUMO) is associated

with the strong absorption band. This band is red-

shifted with adsorption of Hg2?, Cd2?, and Pb2? ions.

It should be mentioned that the effect of Hg2? and

Cd2? ions on the absorption spectrum of 14-crown-4

surface is similar. The point to note is that the

adsorption of Hg2?, Cd2? and Pb2? ions on the

10-crown-2, 12-crown-3, and 14-crown-4 surfaces

lead to the appearance of weak peaks in the absorp-

tion spectrum of the surfaces.

In the 18-crown-6 spectrum, only a broad absorp-

tion band is seen at k = 403.05 nm, which is

associated to the HOMO-2 ? LUMO ? 1 transition.

A similar effect of red-shifting on the 18-crown-6

spectrum was observed with interaction of Hg2? and

Cd2? ions. These interactions also lead to appearance

of a new broad band in the near-infrared region of the

18-crown-6…Hg2? and 18-crown-6…Cd2? spectra at

k = 1615.08 nm (HOMO-4 ? LUMO) and

k = 1617.70 nm (HOMO-4 ? LUMO), respectively.

With interaction of Pb2? ion, the absorption band at

k = 403.05 nm is quenched and a new broad band

appears at k = 1517.16 nm, which is associated with

the HOMO-2 ? LUMO transition. The red-shifting

of the peaks upon adsorption of ions on such surfaces

could be used for detection of toxic heavy elements

from contaminated environments. On the other hand,

the presence of near-infra-red peaks could find

potential applications in design of near-infrared

photonic devices [55], ultrafast nonlinear photonic

devices [56], laser line optics for specific wavelengths

[57], infrared imaging and vision applications [58],

new near-IR spectroscopic sensing systems that need

to be portable and cost-effective [59], and near-in-

frared light-responsive shape memory photonic

crystals (SMPCs) [60].

Figure 7 Correlation between

the DEorb obtained from EDA

and HOMO–LUMO energy

gap (Eg) of the surface…ion

complexes.
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Conclusions

In summary, we have investigated the interactions of

Hg2?, Cd2?, and Pb2? ions with pristine graphene

nanoflake (GNF) model (circumcircumcoronene) and

theGNFs containing oxygen-passivatednanopores (10-

crown-2, 12-crown-3, 14-crown-4, and 18-crown-6)

using CAM-B3LYP(CAM-B3LYP-D3)/6–31g(d,p)/

Def2-TZVPP method. Electrostatic potential (ESP) iso-

surface shows that the oxygen atoms in the nanopores

have the highest negative electrostatic potential and

reactivity for interaction with ions. Our DFT results

show that Hg2? ion has the maximum adsorption

energy (DEads) on all of the surfaces and the sequence of

the adsorption strength is Hg2?[Cd2?[Pb2?.

Furthermore, it is found that the number of oxygen

atoms in the nanopores and the size of nanopores affect

the adsorption strengthof ions. These twoeffects lead to

the order 12-crown-3[ 14-crown-4[ 10-crown-2[
circumcircumcoronene[ 18-crown-6 for adsorption

of Hg2? and Cd2? ions as well as the order 18-

crown-6[12-crown-3[14-crown-4[10-crown-2[cir-

zcumcircumcoronene for adsorption of Pb2? ion.

The EDA results indicate that the ions are adsorbed

on the surfaces through charge transfer from the

surfaces to the ions. Hirshfeld charge analysis reveals

that the magnitude of charge transfer in the sur-

face…Hg2? complexes is more than that in the sur-

face…Cd2? and surface…Pb2? complexes and

follows the order surface…Hg2?[ surface…Cd2?

[ surface…Pb2?. The NCI plots indicate that the

important noncovalent interaction for adsorption of

Pb2? ion on the surfaces is electrostatic interaction,

while it is vdW interaction for adsorption of Hg2?

and Cd2? ions. The UV–visible absorption spectra of

the oxygen-passivated nanopores are mostly related

to the p(C=C) ? p*(C=C) and n(O) ? p*(C=C) tran-
sitions. Our TD-DFT calculations indicate that the

adsorption of ions on the surfaces leads to significant

changes on their absorption spectra, including peak

shifts, peak quenching and appearance of new peaks.

The results of this study in understanding the

adsorption mechanism of toxic heavy metal ions on

the nanopores are useful for design of effective con-

trol technologies for control of toxic heavy ion pol-

lution in contaminated environments and industrial

settings.

Supporting information

This material contains the energy of HOMO and

LUMO orbitals, NCI plots, and the TD-DFT results of

the surface…ion complexes.
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Figure 8 Changes in the UV–

visible absorption spectra of

the surfaces with adsorption of
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