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. The promise of graphene and its derivatives as next generation sensors for real-time detection of

: toxic heavy metals (HM) requires a clear understanding of behavior of these metals on the graphene

. surface and response of the graphene to adsorption events. Our calculations herein were focused on the
investigation of the interaction between three HMs, namely Cd, Hg and Pb, with graphene quantum
dots (GQDs). We determine binding energies and heights of both neutral and charged HM ions on these

© GQDs. The results show that the adsorption energy of donor-like physisorbed neutral Pb atoms is larger

. than that of either Cd or Hg. In contrast to the donor-like behavior of elemental HMs, the chemisorbed

© charged HM species act as typical acceptors. The energy barriers to migration of the neutral adatoms on
GQDs are also estimated. In addition, we show how the substitution of a carbon atom by a HM adatom

. changes the geometric structure of GQDs and hence their electronic and vibrational properties. UV-

. visible absorption spectra of HM-adsorbed GQDs vary with the size and shape of the GQD. Based on

. ourresults, we suggest a route towards the development of a graphene-based sensing platform for the
optical detection of toxic HMs.

. As atwo-dimensional material with unique electronic properties, graphene is anticipated to be a key element in
novel sensing platforms'. Three main attributes of graphene make it attractive for such applications: (i) a surface
area of 2600 m?-g~!, thereby providing a large platform for surface chemistry?, (ii) its ability to act as either a
reducing agent (electron donor) or an oxidizing agent (electron acceptor)® and (iii) low Johnson noise, even at low
. charge densities and at room temperature, as a result of its high conductivity and lack of a band gap*. Combined,
. these properties mean that graphene-based sensors are capable of detecting changes in the local charge concen-
tration of less than single electron®, and thus the presence of small concentrations of surface functional groups
and adsorbates.
Further functionality can be achieved by considering zero-dimensional graphene quantum dots (GQDs). Due
. to the quantum confinement effect, GQDs exhibit a size-dependent band gap®, which results in a variable pho-
© toluminescence emission®. The adsorption of certain ions or molecules can modify the size of the band gap and
. thereby cause a photoluminescence quenching or enhancement effect. Such a change in the optical properties can
. be effectively detected and so harnessed to create sensors.
: Driven by environmental and health concerns, there is currently a strong impetus towards the development
© of fast, inexpensive commercial sensors for the detection of hazardous heavy metals’, such as Cd, Hg and Pb.
. Beyond a certain limit, exposure to these elements can cause severe detrimental effects to human health and to
. the environment in general®. Cd is classified as a human carcinogen, resulting in lung cancer as well as various
renal problems. Hg exposure is a major public health concern, causing widespread problems to the nervous,
digestive and immune systems as well as to the development a fetus. Although most exposure to Hg occurs by
eating contaminated fish and shellfish, elemental mercury vapors can also be inhaled by workers in industrial
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processes. Lead poisoning affects the central nervous system, and is particularly harmful to children. Its wide-
spread use in paint and water pipes mean that is significant public health concern in many parts of the world.
According to the World Health Organization reports’, the maximal permissible limits of Cd, Hg and Pb in drink-
ing water are estimated to be 3, 1 and 10 pg/L, respectively.

The relative toxicity of these ions also depends strongly on their oxidation state'®. This is due to their ability
to form salts with different solubilities''~'. For example, Hg'* (mercurous) and Hg>" (mercuric) valence states
mercury form different inorganic salts. Hg*" - containing salts are more soluble and hence more dangerous than
Hg'*-containing salts. Thus, the ability to detect very low concentrations of these non-biocompatible heavy met-
als in different oxidation states is vital.

To date, a number of graphene-based sensors for detection of heavy metals have been proposed” *-?’. The
fundamental operational principle of these sensors is the chemical interaction between the adsorbate (heavy
metal ions) and the graphene electrode, which strongly modifies the measurable electrical properties of the
graphene-adsorbate system, such as the electric current or potential. The resulting electrochemical signal can
then be used to quantitatively determine the concentration of toxic heavy metals on the surface. Several experi-
mental investigations have considered how charged ions of Cd, Hg and Pb interact with carbon-based materials,
such as functionalized graphene, graphene oxide and carbon nanotubes?$-*!.

GQDs are, to date, not as well investigated for sensing applications as those based on functionalized graphene.
Here, we explore the adsorption of neutral, monovalent and divalent ions of Cd, Hg and Pb on both graphene
quantum dots and infinite graphene, in order to determine their suitability as sensors for heavy metal detection.

Results and Discussion

The current section is organized as follows. First, we describe the geometric and energetic features associated with
the adsorption of heavy metal atoms and ions on C;,H 4 graphene quantum dots. We then discuss the electronic
properties of the interacting systems. Next, we consider the nature of the mobility and clustering of heavy metal
adatoms on graphene quantum dots and the effects of substitutional impurities on the structural and physical
properties of GQDs. Finally, we show that the interaction between the HM atoms and the GQD depends on the
size and edge of the latter, and determine how the latter will influence the UV-visible adsorption spectra. Our
results confirm a possibility to develop realistic optical sensing applications for HMs detection.

As the adsorption site of the adatom is known to influence the electronic properties®, here we explore four
adsorption sites, namely the hollow site (H), where the adatom sits in the center of the hexagonal ring, the bridge
site (B), where atoms are placed at the center of a C-C bond, the top site (T), where the adatom is adsorbed
directly on top of a carbon atom and a defect site (D), where the adatom is adsorbed on top of a carbon vacancy
in the GQD. These configurations are illustrated in Fig. 1.

Binding site and binding energies. Neutral atoms. We determine the binding site and binding height of
the adatoms by plotting the total energy as a function of their distance from a zigzag-edged C;,H,;s GQD. Such as
large GQD was chosen to minimize the effect on the edge on the adsorption location, and thereby to approximate
infinite graphene. The results are shown in Fig. 2(a,d,g) for Cd®, Hg® and Pb®, respectively.

We find that the binding height and binding position depend on the adatoms. The most energetically-favorable
binding site for the adsorption of Cd® and Hg® on the GQD is the hollow site, while that of the Pb° is the bridge
site. These results are summarized in Table 1. The equilibrium adatom heights are found to be 3.441 A for Cdo,
3.322 A for Hg® and 2.904 A for Pb®, i.e., the binding height follows the sequence Cd° > Hg® > Pb°. This trend is in
agreement with other calculations in the literature*.

The smallest binding energies are found for Cd® and Hg® adatoms, at 0.170eV and 0.161 eV, respectively.
The binding energy for Pb° adatoms is found to be larger, at 0.199 eV. Adatoms are generally considered to be
physisorbed on a surface when their binding energy is lower than 0.5eV per adsorbed species®. The calculated
adsorption energies of neutral Cd®, Hg® and Pb° indicate the physisorption nature of the interaction between
neutral HMs and hydrogen-terminated GQDs.

The charge transfer to or from the adatom was calculated using Mulliken charge analysis**. A small charge
transfer of approximately 0.09¢ occurs from the Cd® and Hg® adatoms to C5,H s quantum dot. In contrast, the
Pb° atom donates approximately 0.24e to the carbon atoms. The difference in the charge transfer between GQD
and the Cd°, Hg® and Pb° adatoms can be understood in terms of the ionization energy of the metal*. The joni-
zation potential of Pb° is approximately equal to 7.41 eV** %7, whereas Cd and Hg have larger ionization energies
of 8.99eV and 10.43 eV* 7, respectively. Thus, the Pb° transfers electrons more easily to the GQD than Cd° and
Hg® adatoms.

Charged ions. Figure 2(b,e,h and c,f,i) show the total energy for monovalent and divalent ionic species of
the heavy metals (Cd!*, Cd;?>" Hg'", Hg;*" and Pb!*, Pb?*) adsorbed on the Cs,H 5 as a function of the binding
height. Unlike the weakly-bound neutral adatoms, the charged ions are now chemisorbed on the GQD. In all
cases, the binding position changes for the charged ions compared to their neutral counterparts. Cd'* and Cd**
are now preferentially adsorbed on the T and B site, respectively. The Hg ions adsorb on the T-site, compared
to the H-site for the neutral adatom. While the monovalent Pb adatom remains on the B-site, as for the neutral
adatom, it switches to the H-site for the divalent adatom. As expected, the positively charged ions reverse the
direction of charge transfer compared to the charge-donating neutral adatoms. This amounts to approximately
0.9¢~ for Cd'*, 1.8e™ for Cd?*, 0.9¢~ for Hg'™, 2e~ for Hg?", 0.2e™ for Pb'" and 0.9¢™ for Pb**, as shown in
Table 1.

The equilibrium distances of the monovalent and divalent ions from the graphene surface descend in the same
sequence: Hg!™ > Cd'" > Pb'" and Hg*" > Cd*" > Pb*" (see Table 1). This is in contrast to the sequence for the
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Figure 1. Illustration of the high symmetry adsorption sites. Neutral atoms and charged ions of heavy metals
are placed at the (a) on-top (T), (b) bridge (B), and (c) hollow (H) sites on the hexagonal cell, as well as, on a
defect (D) site (d) of graphene sheet (substitutional defect).

neutral atoms (Cd° > Hg® > Pb°). Similarly, the sequence of binding energies changes for the ions compared to
the neutral atoms: from Pb° > Cd°® > Hg® to Hg!*/?* > Cd!*/2* > Pb!*/2*, This may be ascribed to the electroneg-
ativity trends of the metal ions*®.

Supercell approach. As a comparison, we also determined the binding position and height of these adatoms on
extended graphene, modelled using the supercell approach. The main trends are in broad agreement with those
determined for GQDs, i.e., the binding site of the Cd and Hg adatoms is also found to be the hollow-site, while
Pb binds preferentially on the top site, with a small energy difference between it and the bridge site (8 meV) and
a significantly larger energy difference between it and the hollow site (119 meV). The binding height of the Cd
adatom is found to be 3.46 A. This is slightly larger than that found using the GQD approach (3.441A). A sim-
ilar slight increase in binding height occurs for the case of a Hg (Pb) adatom, from 3.322A (2.904A) to 3.33 A
(2.96 A). These differences can be due to the influence of the finite size of the GQDs, their hydrogened edges®, as
well as the different DFT approximations involved in both calculations.

The supercell calculations give increased binding energies for Cd and Hg compared to the calculations for the
GQD: 0.218¢eV and 0.246 ¢V for Cd and Hg, respectively, compared to 0.170eV and 0.161 eV. The binding energy
of Pb is also increased to 0.372 eV. Due to the unpaired electrons of the Pb adatom, it exhibits a magnetic moment
of 1.78 pp when adsorbed on the graphene surface. The non-magnetic solution is 0.385 eV higher in energy.

In agreement with the GQD calculations, the supercell calculations also find minimal charge transfer between
the physisorbed adatoms and the graphene sheet. We find Cd (Hg) transfers 0.02e (0.05e) to the carbon atoms,
while the Pb atom transfers 0.27e to the graphene sheet. The effects of this charge transfer can be seen in the shift
of the graphene Dirac cone towards higher binding energies after Pb adsorption. This is shown in Fig. 3. While
for Cd and Hg, the Dirac point remains at the Fermi level (Fig. 3a and b)), when Pb is adsorbed on graphene the
Dirac point is shifted to 0.48 eV below the Fermi level, due to the strong n-doping from the adsorbant.

Frontier molecular orbitals. In order to understand the electronic interaction between the neutral heavy metal
adsorbants and graphene quantum dots, we plot in Fig. 4 the frontier molecular orbitals for the Cs,H,3 GQDs after
the adsorption of neutral heavy metal adatoms. It is clear that the Cd°® and Hg® atoms do not contribute to the
formation of both LUMO and HOMO (see also in Fig. 4a and b, respectively). Instead, they are completely delo-
calized over the surface of the GQDs, confirming the physisorption character of the adsorption processes. This is
in agreement with the small amount of charge transfer that occurs for these two atoms [c.f. Table 1]. Furthermore,
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Figure 2. Potential energy curves for neutral atoms: (a) Cd°, (d) Hg® and (g) Pb°; for monovalent ions: (b)
Cd'*, (e) Hg'* and (h) Pb;'" and for divalent ions: (c) Cd**, (f) Hg*" and (i) Pb?*on Cs,H, 3 quantum dots (top-
site position, hollow site position, bridge site position). The energy is given relative to the largest negative value
of the total energy of the system over the entire scanning range.

Cd° Hollow 0.170 3.441 0.09 Physisorption
Cd'* Top 3.145 3.361 —0.99 Chemisorption
Cd** Bridge 11.663 3.276 —1.87 Chemisorption
Hg°® Hollow 0.161 3.322 0.09 Physisorption
Hg'* Top 4.426 3.428 —0.99 Chemisorption
Hg** Top 14.563 3.390 —1.94 Chemisorption
Pb° Bridge 0.199 2.904 0.24 Physisorption
Pb'* Bridge 2.024 2.770 —0.16 Chemisorption
Pb** Hollow 7.0549 2.216 —0.93 Chemisorption

Table 1. Binding energy, equilibrium distance and charge transfer of neutral and charged Cd, Hg and Pb
species on Cg4H 5. The charge transfer is calculated using the Mulliken charge analysis. A negative value implies
that charge is transferred from the graphene quantum dots to the adatom.

the HOMO-LUMO gap of the Cd@C;,H 3 and Hg@Cs,H s quantum dots is similar to that of the isolated Cs,H g
(~2.88¢eV), which also suggests a very weak interaction between the two. In contrast, Pb@Cs,H 5 exhibits qualita-
tively different behavior (Fig. 4c). In particular, the HOMO and LUMO are shared by both the adsorbate and the
quantum dots, indicating a strong hybridization between the two (Fig. 4c and f). As a result the HOMO-LUMO
gap for Pb@C;,H 4 is reduced to 0.74 eV.

Mobility of the heavy metal adatom on GQD. Here we investigate the tendency of the heavy metal
adatoms to diffuse across the surface of a C;;H,;; GQD, by determining the total energy of the interacting system
as the atom is moved over the surface. To understand the mobility specificity and to avoid time consuming cal-
culations we consider a motion of HMs on smaller GQD than Cs,H, 4 (described in previous sections), which still
retains the attributes of the bigger one. As in the case of the C5,H g, the chosen path for total energy calculations
on C;H,s GQD passes over all three high-symmetry positions, namely the T, H and B sites (Fig. 5). The adatom is
moved in steps of 0.05 A along the diffusion pathway at several values of the fixed height (3 A, 3.5A and 4 A). The
length of the path is equal to 11.17 A. As can be seen from Fig. 6a and b, the potential energy curves of cadmium
and mercury on the GQDs are similar and have several energetic minima corresponding to the stable hollow
sites. The migration of cadmium (or mercury) from a hollow site to a bridge site requires overcoming an energy
barrier as high as 45 meV, when the adatom is located 3.5 A above the graphene quantum dot. On the other hand,
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Figure 3. Band structure of (a) Cd, (b) Hg and (c) Pb atoms adsorbed on a 4 x 4 graphene supercell. The purple
lines denote those bands with a large graphene character, while the orange lines have a higher character from
the metal adatom. This band character was determined by projecting onto the atomic orbitals of the respective
atoms. The band thickness represents the magnitude of the overlap.

9

Figure 4. Molecular orbitals for C;,H,; GQDs interacted with heavy metals: HOMO (a) and LUMO (d) of Cd@
CsH; 5 HOMO (b) and LUMO (e) of Hg@C5,H,5; and HOMO (c) and LUMO (f) of Pb@C5,H 5.

an energy barrier of only 5meV exists between the B, site and the T)-site. As expected, a decrease in the binding
height from 4 A to 3 A leads to an increase in the activation energies for surface mobility.

In contrast, the potential energy curves associated with the mobility of a Pb atom at different heights (Fig. 6¢)
are characterized by high energy maxima located at hollow site positions and deep minima at top and bridges
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Figure 6. Potential energy curves describing the in-plane motion of the neutral heavy metal atoms along the
CsH, GQD:s for: (a) cadmium, (b) mercury and (c) lead. T,- T, denote the potential energy for heavy metal
adatom on on-top site position, B, and B, represent the bridge site positions and hollow site positions are
marked as H,-H;. The potential energy of the interacting system at the each point of the diffusion pathway is set
by the lowest value of the total energy of the system over the entire scanning range.

sites. Pb, at a height of 3 A above the surface, will therefore prefer to diffuse along the C-C bond, with a low energy
barrier of just 20 meV. In order to migrate across the H-site a Pb atom must overcome a high energy barrier
exceeding 0.3 eV, when the Pb adatom is located 3 A above the graphene quantum dot. Our findings are in good
agreement with experimental results, which found that Pb adatoms on graphene have extremely low barriers to
surface motion —35meV at 30K and 70 meV at 70 K.

The energy barriers between the high-symmetry positions on extended graphene, calculated by VASP, are
similar to those calculated for the GQDs. The total energy as a function of the adatom binding position on an
extended graphene sheet is shown in Fig. 7 for Cd, Hg, and Pb, respectively. The total energy was calculated at 9
unique adatom binding positions within the graphene hexagon, including the three high symmetry points, T, B
and H, as well as at two points along the lines connecting the high symmetry points. The height of the adatom
above the graphene surface was allowed to relax at each in-plane position. In comparison to the results obtained
on the GQDs, the supercell calculations result in smaller energy barriers between adsorption sites, due to the
out-of-plane relaxation allowed at each step. Otherwise, the two methods are in good agreement.

Metal clustering on graphene QDs. In the previous sections, we showed how heavy metal adatoms
adsorb and diffuse on C;0H ¢ and C5,H,3 GQDs as well as on an infinite graphene sheet. We found that both Cd
and Hg are weakly bonded to the graphene quantum dot and furthermore, that the energy differences between
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Figure 7. Total energy (in meV) as a function the (a) Cd, (b) Hg, and (c) Pb adatom position on a graphene
hexagon, calculated for a 4 x 4 supercell. In all cases, the minimum total energy is set to 0 eV. Note the change in
scale for (c).

Figure 8. Equilibrium configuration of Pb, dimer in vacuum (a) and optimized geometries for two Pb atoms
on C;¢H,, GQDs pre-adsorbed at short (b) and long (c) initial distances from one another, respectively.

the three high-symmetry binding sites are quite small. This would suggest that these atoms could easily diffuse
across the surface and eventually form metal islands or clusters. If this occurs, it could lead to significant changes
in the properties of graphene, as has been previously reported for Pt and transition metal adatoms®">2. Therefore,
in order to gain a complete picture of the behavior of heavy metals on the graphene surface, we study the nature
of the interaction between n (n=2... 4) adatoms and a C,¢H,, GQD. The choice of the small and simplest C,;H,,
QQD is justified because we are mainly interested in the search of the critical distance when the metal-metal
attraction becomes dominating. At this nano-scale, this distance cannot exceed the HM isomer bond lengths
in the gas-phase and thus even the simplest GQD can be representative of GQD family to understand the spec-
ificity of the metal clustering on the sp? bonded conjugated hexagonal rings. The effect of the GQD size on the
metal-metal interaction is expected to be minor.

First, we explore the formation of heavy metal dimers, i.e. a cluster consisting of two adatoms. There are two
competing mechanisms here: (1) the formation of bonds between the metal atoms and graphene and (2) the
formation of bonds between the two metal atoms. The relative strength of these interactions will be dependent
on the distance between the adatoms on the surface of graphene. The experimental bond lengths for isolated Cd,
and Hg, dimers are in the range of 3.78-4.33 A%3-5 and 3.605-3.69 A>3, respectively. The bond length of a stable
Pb, dimer is 2.93 A*°. Our calculations find the equilibrium distances for isolated Cd,, Hg, and Pb, dimers to be
4.1314,3.968 A and 2.939 A, respectively. Apart from the equilibrium distance for Hg, these values are in good
agreement with the experimental parameters. To determine the tendency of two heavy metal adatoms adsorbed
on graphene to cluster, we consider two initial geometrical configurations where the adatoms have been separated
by different distances. After optimization, we find that two adatoms, initially placed far from each other, tend
to bind to graphene quantum dot, rather than each other. On the other hand, two adatoms placed close to each
other form dimer structures, with equilibrium distances of 3.691 A, 3.759 A and 2.917 A for Cd,, Hg, and Pb,,
respectively. For the case of Cd and Hg, the total energy of the system is lower when the two adatoms are far from
each other, by 24 meV per atom. This suggests that despite a low diffusion barrier, these adatoms should not tend
to form islands on graphene. On the other hand, the formation of Pb dimers on the graphene surface is highly
favourable, with an energy gain of 1.046 eV per Pb atom. The relaxed structures are shown in Fig. 8.

Figure 9 shows how the binding energies of metallic clusters adsorbed on C,¢H,;, GQDs vary with the number
of atoms in the cluster. The binding energy of an isolated neutral Cd and Hg atoms on the graphene quantum
dotis 175meV and 167 meV, respectively, but decreases upon increasing the number of adsorbed atoms (from 1
atom to 4 atoms) to 102 meV and 76 meV. This decrease is caused by the competition between metal-surface and
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Figure 9. Dependences of the binding energy and HOMO-LUMO gap on the number of heavy metals’ atoms
on the C,¢H,, GQDs: Cd (a,b), Hg (c,d), and Pb (e,f), respectively. L and S denote the longer and shorter initial
distances between adsorbed adatoms on graphene surface.

metal-metal interactions. For the case of shorter metal-metal distances the binding energy becomes lower with
an increasing number of adatoms. Increasing the number of Pb atoms adsorbed on the graphene surface results
in an even more dramatic decrease in the binding energy. This is driven by the energetic preference of Pb atoms
to cluster when adsorbed on graphene.

The HOMO-LUMO gap of the combined system is also dependent on the number of adatoms. Figure 9 shows
that the HOMO-LUMO gap is weakly dependent on the size of the Hg cluster, but is much more strongly depend-
ent on the size of Pb and Cd clusters. As expected, due to the highest binding energy of the Pb cluster, there is
a significant reduction in the magnitude of the HOMO-LUMO gap compared to that of the pristine graphene
quantum dot.

Substitutional defects. Structural and electronic properties. Substitutional and vacancy defects in
graphene can occur during the growth stage and may significantly modify the typical electronic and vibra-
tional fingerprints of graphene. Heavy metal atoms may therefore also adsorb on a vacancy site as well as on a
defect-free carbon surface and it is important to distinguish these two events. In this section, we investigate how
the substitutional replacement of a carbon atom in the GQD with a heavy metal atom affects the local structural
disorder and changes the electronic and Raman spectra of C,,H,, quantum dots. A carbon atom belonging to
the central hexagonal ring is replaced with a heavy metal atom. The relaxed structures after geometry optimiza-
tion are shown in Fig. 10. Due to the fact that the covalent radii of the heavy metal atoms are significantly larger
than that of carbon (75 pm) at 146 pm, 132 pm and 144 pm for Cd, Hg and Pb, respectively, the metal atoms are
ejected from the sp? plane. The Cd-C, Hg-C and Pb-C bonds are longer than the C-C bond at 2.22 A, 2.28 A and
2.26 A, respectively. As a result, the graphene quantum dot experiences a considerable distortion. We define the
out-of-plane distortion of the GQD as:

Ah = Zmax - Zave (1)

where Z,,, is the maximum value of the out-of-plane coordinates of the carbon atoms and Z,, is the average
value. We find that Ah due to the Cd doping (0.912 A) is much lower than that due to Hg and Pb doping (1.779
and 1.568 A, respectively). This difference may be understood in terms of electron affinity: Hg has the lowest
value of the electron affinity among the heavy metals considered here. A lower value of electron affinity results in
lower values of charge transfer and binding energy, implying that the mercury atom does not accept electrons as
easily. For this reason the C-Hg bond length is longer than the C-Cd and C-Pb bond lengths and the remaining
carbon atoms are reorganized into a distorted graphene quantum dot. For the case of a substituting Pb atom, the
graphene quantum dot is also distorted, but now Pb is bonded to three carbon atoms, due to its high electron
affinity.

The charge on the substituting heavy metal atoms is changed significantly compared to the charge on the
isolated atoms. The charges on Cd, Hg and Pb atoms are calculated to be + 0.843e, + 0.650e and + 0.544e,
respectively.

Furthermore, the interaction between the metal atoms and the graphene quantum dot has a significant influ-
ence on the electronic properties of the coronene system. The total and projected DOS of the interacting systems
are shown in Fig. 11. For the case of the Cd-Cy;H,, GQD (Fig. 11a), the primary contribution to the LUMO is
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Figure 10. Optimized structure of a C,;H;, graphene quantum dot with a substitutional (a) Cd, (b) Hg and (c)
Pb defect.
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Figure 11. Total and projected DOS (PDOS) for graphene quantum dots with atoms of the heavy metals, which
substitute the carbon ones in planar structure: C,;H,, cluster with Cd (a), C,3H,, cluster with Hg (b) and Cp;H,,
cluster with Pb (c). Insets represent corresponding iso-surfaces of the molecular orbitals. The Fermi level is set
to be at zero (midgap) by defining E¢. = (Eyomo + Erumo)/2-

from the Cd atom, whereas the orbitals of the C,;H,, dominate the HOMO (Fig. 11a). For the Hg-C,;H,, GQD,
one can observe that the contribution of the Hg atom to the formation of the bottom of the conduction band is
slightly less than the contribution of orbitals from C,;H,, (Fig. 11b). In the case of Pb-doped cluster, the orbital
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mixing at the top of the valence band and at the bottom of the conduction band is weak and Pb contribution to
the HOMO and LUMO is negligible (Fig. 11¢). A minimal hybridization of the Pb-involving orbitals with C,;H,,
molecular orbitals is not fully understood, but we suppose that it may be associated with the fact the substituting
Pb atom loses their metallic characteristics. Due to the bonds formed with three C atoms, the electron-density
distribution is thus more uniform, leading to an enhanced HOMO-LUMO gap. To better understand the elec-
tronic structure of interacting cluster, we also show the frontier molecular orbitals (see Inserts in Fig. 11). For the
case of pristine graphene, the LUMO and HOMO are delocalized over the entire surface of the coronene cluster.
At the same time, LUMO orbitals of the Cd-Cy;H,, are preferentially localized at the cadmium atom, whereas
the HOMO is shared by both the Cd adsorbate and the GQD. The distribution of the HOMO and LUMO for
Hg-doped cluster is roughly the same as in the case of the Cd-doped cluster. Due to the formation of three equiva-
lent C-Pb bonds after interaction between the GQD with Pb, the more homogeneous electron density distribution
occurs and thus LUMO and HOMO are delocalized over Pb-C,;H;,.

Features of electron density distribution that depend on the interaction of the coronene with heavy metals are
correlated with the values of the HOMO-LUMO gap. The size of the HOMO-LUMO gap follows the sequence
Cy;H,, > Pb-C,3H,, > Hg-Cy3Hy, > Cd-C,3H,,. This trend is accompanied by changes in degree of delocalization.
The smallest values of the HOMO-LUMO gap (~1.04eV and 1.06eV) is observed for Cd-doped and Hg-doped
GQDs due to the strong localization of the LUMO orbitals on the Cd and Hg atoms. The HOMO-LUMO gap of
Pb-C,;H,, is 2.01 eV due to the weak contribution of the Pb to the total DOS.

Vibrational properties.  Finally, we discuss the vibrational properties of the defective GQDs. The substitution of a
carbon atom with a heavy metal atom will significantly influence the out-of-plane and in-plane movement of the
host GQD, leading to a modification of the intensities and frequencies of the allowed phonon modes. The Raman
scattering spectra were calculated for pristine coronene and for the systems with heavy metal adsorbants. Due to
the hydrogen-terminated edges of the GQDs, there will not only carbon-related phonon modes, but also mixed
modes corresponding to C-H stretching and vibrations involving only hydrogen atoms. We consider the Raman
spectra located in the frequency region from 1200 cm™! to 1700 cm ™, as it includes the characteristic fingerprint
of in-plane C-C movements, that is, the G-mode. It is generally accepted that the relationship between the D and
G modes can be regarded as an effective parameter for quantifying disorder in graphene, which is induced by
point defects, external doping and edges (crystallite borders, hydrogen termination etc.)®. We do not discuss here
the modes up to 1200 cm ™! (C-C out-of-plane, C-H in-plane and out-of-plane vibrations) and hydrogen-related
high-frequency vibrations above 1700 cm ™. In addition, it is important to note that the local phonon modes
induced by substitution manifest themselves only in low-frequency region of the Raman spectra due to very large
value of oscillator mass and the so-called isotopic effect. Due to the Dy symmetry and the structural properties
of C,4H,, cluster, the irreducible representation and selection rules imply that there are 24 Raman active modes:
6A,,, 6E,, and 12E,,°". As can be seen in Fig. 12, the Raman spectrum of the pristine coronene is dominated by
two prominent peaks at 1396 cm ™" and 1652 cm ™. These features can be assigned to A,, and E,, phonons, in
good agreement with ref. 62 For the case of infinite ideal graphene, only the E,, zone center phonon is allowed by
the selection rules and therefore only the G mode is usually observed in the Raman spectra of the high-quality
graphene. The activation of the A, zone-boundary mode (equivalent to the D band) is associated with the relax-
ation of the k=0 Raman selection rule due to disorder in the graphene sheet®. In the case of the graphene quan-
tum dot, the edges are responsible for the presence of this zone-boundary phonon mode. Furthermore, we can see
that the intensity of the D band is higher than that of the G band, indicating the important role of the hydrogen
termination in the Raman scattering processes in small GQDs.

The substitution of a C atom with a heavy metal atom causes a break the translational symmetry of the GQDs
and therefore the relaxation of the momentum conservation required for activating other zone-boundary pho-
nons. In this case, the intensity of the normal G mode for defective coronene is reduced compared to pristine
coronene. A set of new Raman peaks corresponding to in-plane carbon vibrations can be observed due to the
presence of Cd, Hg and Pb (Fig. 12). In addition, we noticed the significant shift of the G mode towards lower
frequency for Cd-C,;H,, and Pb-C,;H,, clusters and towards higher frequency for Hg-C,;H,, cluster. This trend is
associated with the doping-induced oscillatory behavior of the phonon G-mode frequency. These changes can be
related to the significant changes in local bonding environment due to the substitution of the carbon atoms with
HM atoms. As a result, the atoms vibrate in a localized mode. Therefore, we observe not only the unique Raman
peaks associated with the dopant, but also a shift in the G-peak. Each of the three heavy metals causes a unique
local disorder, and thereby a unique Raman fingerprint.

Optical properties: effect of the edge geometry and size of GQD on UV-vis adsorption spec-
tra. The electronic and optical properties of graphene quantum dots depend strongly on their shape, size and
edge disorder®. GQDs can be divided into two types depending on their edge architecture: armchair and zigzag.
We now consider how variations in both terminations and size influence the binding energy, the HOMO-LUMO
gap, the charge transfer and the UV-visible adsorption spectra of the graphene quantum dots after complexation
with HMs. We focus mainly on the understanding of the fundamental correlation between the physical nature of
the excited electronic transitions in sp? conjugated structure of GQDs and the size-/edge-dependent strength of
interaction between HMs and GQD.

For this aim, we have explored the edge and size effects by optimizing the structures of zigzag-edged and
armchair-edged GQDs with different diameters before and after applying heavy metals (Tables S1-S3 represent all
structures investigated, Supplementary materials). It was revealed that the pristine GQDs with zigzag edges have a
reduced HOMO-LUMO gap in comparison to those with armchair edges (Fig. S1, Supplementary materials). This
can be explained by the presence of the localized states on zigzag edges, which is in good agreement with previous
investigations®. Furthermore, the energy gap of the zigzag-edged GQDs decreases more rapidly with increasing
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Figure 12. Raman spectra of the defective C,,H,, graphene quantum dots with and without different atoms of
heavy metals.

the size of the GQD than the HOMO-LUMO gap of the armchair-edged GQDs (Fig. S1, Supplementary mate-
rials). This difference can be clearly seen in UV-vis adsorption spectra of the Cs,H,, (with armchair edges) and
CsH g (with zigzag edges) GQDs, Fig. 13a. Both of them exhibit strong absorption peaks in the optical region,
which can be attributed to ©-7* transitions related to the presence of C = C bonds. These transitions correspond
to the lowest singlet excited state (having the B, symmetry). Compared with the armchair GQDs, the absorption
peak of zigzag GQDs exhibits a red-shift of 45 nm, while the oscillator strength of dominating transitions are
similar in both cases. The adsorption spectra of the armchair GQDs is mainly dominated by two peaks at 371 and
369 nm. The former is associated with H-1- > L+ 1 (75%) and HOMO- > LUMO (16%) electronic transitions and
the latter is originated from H-1- > LUMO (46%) and HOMO- > L+ 1 (48%) transitions. The same electronic
transitions contribute to the adsorption spectra of the zigzag-edged GQDs.

When adsorbed by nanographene surface, heavy metal species introduce new local states (molecular orbitals)
into the electronic structure of graphene nanomaterials, thereby modifying the total density of states as well as
optical properties, which are strongly governed by electronic structure. As a result, a new kind of the electronic
transitions (singlet excited states with A, symmetry), namely n-7* transitions can occur. These electronic transi-
tions can be regarded as unique electronic signatures serving for detection of the heavy metals.

In virtue of the physisorption nature of the interaction between neutral Cd and Hg adatoms with GQDs,
the adsorption spectra of the Cd@GQD and Hg@GQD remain unchanged and just slightly change intensities
compared to the pristine zigzag and armchair graphene quantum dots (Fig. 13a and b). As was discussed before
the binding energy of the Cd adatom is slightly larger than that of Hg adatom and thus more Cd-related elec-
tronic states are expected to be involved into the optical transitions. In particular, it is evidenced by the fact that
two distinct adsorption peaks at the 370 nm and 372 nm of the Cd@GQD are dominated by H-2- >LUMO and
H-2- > L+ 1 transitions, whereas H-2 orbitals are not involved in optical transitions in the case of the Hg@GQDs.

The adsorption of neutral Cd and Hg adatoms is slightly dependent on the size of the GQD and the type of the
edge termination. Analyzing the geometrical configuration of the neutral Cd and Hg at the surface of the varying
sized zigzag and armchair edged GQDs, it was revealed that in most cases the hollow site is the most favorable
position for Cd and Hg adsorption. Our calculations show that the binding energy increases with increasing
diameter of GQD, reaching the saturation level for larger quantum dots (Fig. S2, Supplementary Materials). This
increase is primarily due to the size-dependent increase in charge transfer from Cd (Hg) to GQD, which enhances
the interaction between the metal and sp? carbon surface. As is clear from the Fig. S3 (Supplementary Materials),
the transferred charge monotonically increases, reaching the maximal magnitude of electron donation for arm-
chair edged Cy,H,. The electron donation reaches 0.08e~ and 0.09¢~ for Cd and Hg adatoms, respectively. The
charge transfer vanishes as the GQD size decreases and changes direction for Metal-C¢Hg system. At the same
time, the binding energy of neutral adatoms adsorbed on the surface of the large armchair-edged GQDs is larger
than that of zigzag-edged GQDs. Due to the slight non-covalent interaction between cadmium (mercury) and
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Figure 13. UV/Vis absorption spectra of the zigzag-edged and armchair GQDs before and after complexation
with neutral heavy metal adatoms, namely (a) Cd, (b) Hg and (c) Pb.

graphene, the HOMO-LUMO gap of zigzag and armchair Cd@GQDs and Hg@GQDs follows the size depend-
ence of the energy gap of their pristine counterparts. Taking these features into account, it is reasonable to assume
that UV-vis adsorption spectra of the GQDs after complexation with Cd and Hg are not strongly affected by
incoming adsorbates and no significant red-shift is expected.

In contrast, the neutral Pb adatoms interact more strongly with GQDs, always occupying the bridge site
between two nearest carbon atoms for all considered sizes. In this case, there is no clear dependence of the bind-
ing energy, the charge transfer and the HOMO-LUMO gap of the Pb@GQDs on the size of the GQD, as has
been demonstrated in Table S4 and S5 (Supplementary materials). Binding energy and charge transfer did not
demonstrate a systematic monotonic trend as a function of the size of the GQD. Donor-like Pb adatom inter-
acts with each GQDs in unique manner, but as was expected the armchair GQDs provide the conditions for
stronger interaction. Interestingly that the adsorption ability of several small graphene quantum dots to Lead
exposure is even higher compared to large nano-objects. It is apparent that in the case of smaller objects the
edges of the GQDs can play a role of more effective active adsorption sites. Such a strong interaction implies the
n-type doping of GQDs and thus a red shift in the absorption spectra is expected. Indeed, UV-visible spectrum of
armchair-edged graphene quantum dot after complexation with neutral lead atom showed two strong absorption
peaks around 512 nm and 552 nm which are mainly attributed to H-1- > LUMO and HOMO- > L + 9 transitions,
respectively (Fig. 13¢). The absorption maxima at 555 nm, 571 nm and 729 nm corresponding to H-1- > LUMO,
HOMO- >L+9 and HOMO- > L + 6 transitions, respectively, are observed on the UV-vis spectrum of the
zigzag-edged Pb@GQD. Adsorption of a single Pb atom yields distortion of GQDs and, as a result, the geomet-
ric symmetry-breaking induced by the interaction with Pb adatoms leads to decrease in oscillator strengths of
the electronic transitions. For this reason, the intensity of the red-shifted adsorption peaks of the Pb@GQDs is
reduced compared to that of the pristine quantum dots.

Analyzing the adsorption spectra of the graphene quantum dot systems after complexation with divalent
heavy metal ions (Fig. 14a—c), we revealed the huge red-shift and quenching of the adsorption peaks compared to
those of the pristine graphene quantum dots. Table S6 (Supplementary Materials) systemizes the electronic tran-
sitions, which are responsible for the adsorption peaks. This effect can be understood in terms of doping effect.
Indeed, the chemisorption of the divalent ions implies the strong p-doping in graphene and, as a consequence,
modulation of the electronic properties.

In fact, the heavy metal ions on nanographene surface act as electron acceptors. Because of this, a drop in the
HOMO is observed and thus adsorption spectra of the GQDs are significantly changed. It should be mentioned
that the binding energy of HM ions and the charge transfer from GQDs to HMs ions are highly sensitive to
the size of the GQD. As one can see from the Figs S4 and S5 (Supplementary materials), the binding energy of
divalent metal ions gradually increases with increasing the size of GQD. At the same time, HM ions can accept
more and more electrons in the case of large GQDs (Fig. S5, Supplementary materials), thereby more strongly
affecting the adsorption spectra. It is clearly evidenced by the monotonic decrease of the magnitude of Mulliken
charge on Cd?**, Hg?" and Pb*" adsorbed on the surface of zigzag-edged and armchair-edged graphene quantum
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Figure 14. UV/Vis absorption spectra of the zigzag-edged and armchair-edged GQDs before and after
complexation with divalent heavy metal ions, namely (a) Cd**, (b) Hg?* and (c) Pb**.
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Figure 15. UV/Vis absorption spectra of the zigzag-edged GQDs after complexation with divalent Cd** ions
depending on the size of the GQDs. ZZ denotes a kind of edge, while the following integer corresponds to the
number of hexagonal rings in GQD.

dots (Fig. S5, Supplementary materials). Figure 15 demonstrates the UV-vis spectra of the zigzag-edged GQDs
after complexation with Cd** divalent ions depending on the size of the GQD. It is clearly seen that increasing
the charge transfer and binding energy with increasing the size leads to a red-shift of the adsorption peak and an
appearance of new singularities, which are originated from the electronic transitions involving Cd-related elec-
tronic states. This trend is in line with the size-dependence of the HOMO-LUMO gap (Fig. S6). Effect of doping
on HOMO-LUMO gap, is comparatively, more significant in the case of the Hg>*@GQD compared to Cd**@
GQD and Pb**@GQD.

We anticipate that the observed effects should stimulate the development of novel devices for sensing applica-
tions. For an example, such applications could be based on the sensitive nano-sized flakes of graphene quantum
dots dispersed in solvents. The fundamental working principle is associated with (i) interaction of heavy metals
with sensitive GQDs and (ii) subsequent measurements of the optical response of graphene-based solutions to
exposure of the heavy metal species. Since the optical properties of graphene nanomaterials are significantly
affected by incoming adsorbates, it is expected that each of HMs will lead to unique optical fingerprint. In fact,
collecting the information about the peak dispositions, peak quenching and novel electronic singularities gives us
a possibility of a deeper understand of the heavy metals effect on the properties of the graphene-related materials.
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Thus, a comprehensive analysis of the optical response of the graphene-based sensing platform to HMs exposure
can lead to an effective tool for a fast detection of the heavy metals in aqueous solutions and even in biological
liquids.

Summary and Concluding remarks

DFT calculations were employed to investigate the interaction between neutral and charged heavy metal atoms
of cadmium, lead and mercury and different zigzag and armchair-edged GQDs. The binding energy, the charge
transfer and the equilibrium distances between the adsorbates and graphene quantum dots are found to be
strongly dependent on the adsorption site, the charge state of the metal adsorbate, the size/edge geometry of
the GQDs and the concentration of heavy metals on graphene quantum dot. We find that the neutral atom of
Pb tends to bind more strongly to GQD than either Cd or Hg, acting an electron donor. This can be explained
by differences in their ionization energies. We show that the most favorable adsorption site for Cd and Hg is the
high-symmetry hollow site, whereas Pb binds preferentially on the bridge site. The adsorption properties of the
charged ions differ significantly from those of the neutral atoms, due to the chemisorption nature of the interac-
tion. The charged heavy metal species were found to act as electron acceptors in the GQDs-HMs systems. A gen-
eral increase of the binding energy of the neutral and charged heavy metals species, and the corresponding charge
transfer increase, with the GQD size was found. The adsorption ability of the armchair GQDs to HMs is stronger
compared to zigzag GQDs. The energetic barriers for Cd or Hg motion across the GQDs are very small. The Pb
atom migrates mostly along the C-C bond, avoiding the energetically unfavorable hollow site. The binding energy
of heavy metals decreases with an increasing a number of metal adatoms. Such behavior is driven by the energy
gain originating from the competition between metal-metal interaction and metal-GQD complexation. We find
that unlike the formation of a Pb dimer on graphene quantum dots, the formation of Hg and Cd dimers is not
energetically favorable. We also show that the substitution of a carbon atom in the GQD by the heavy metal atoms
causes a significant distortion of the nanographene plane, accompanied by the protrusion of the metal atoms
from the sp? surface. We showed that the Raman scattering spectra of the GQDs provides a unique fingerprint of
each interacting system. In view of the high sensitivity of the vibrational properties of graphene quantum dots to
adsorbates, graphene quantum dots-based Raman sensors can be used to detect toxic heavy metals.

Finally, using the results of TDDFT calculations we explained in detail the nature of excited states in the zigzag
and armchair GQDs before and after complexation with HMs. Based on the results, we discussed how UV-vis
adsorption spectra can be used for development of realistic optical sensors. Our study revealed that due to the
weak interaction of the neutral Cd and Hg adatoms with GQDs, the adsorption spectroscopy is not appropriate
method for detection of these two. On the other hand, a probing of the GQDs with substitutional defects by
Raman spectroscopy can provide more valuable information about Cd® (Hg?)-GQDs interaction. The adsorption
spectra of the GQDs after complexation with heavy metal ions are found to be highly sensitive to the size and
edge configuration of the GQD. In this case, the doping effect induces a significant red-shift of the absorption
spectra of both zigzag and armchair GQDs as well as an appearance of new adsorption peaks in long wavelengths
region. Our results show that the effect of the chemisorbed HM ions on UV-vis absorption spectra of GQDs is
very complex and the changes in the nature of the excited electronic transitions correlate directly with charge
transfer from electron-donating GQDs to acceptor-like heavy metal ions. The obtained results provide insightful
nano-engineering approach based on size and edge geometry control toward development of advanced optical
graphene-based sensors for detection of the heavy metals in different oxidative states.

Methods

In this paper, DFT calculations were performed using the Gaussian 09 package®, to investigate the interaction
of GQDs with three different heavy metal atoms, namely cadmium, mercury and lead. Geometry optimization
of the interacting systems was done at the Becke3LYP level of DFT with a 6-31 G basis set for carbon and a basis
set developed by the Stuttgart-Dresden-Bonn group for the heavy metal atoms®, using the default convergence
criteria. We use C,¢H,o, C,,H 5, C30H,4, and Cs,H g as representatives of GQDs.

We also determined how these heavy metal adsorbants interact with extended graphene. This was done using
the PAW®® method as implemented in the Vienna ab initio simulation package®” % (vasp-5.3), which utilizes
periodic boundary conditions. In this case, infinite graphene was described using a 4 x 4 supercell, i.e., with 32
carbon atoms. The Perdew-Burke-Ernzerhof (PBE)® generalized gradient approximation (GGA) was employed.
The plane wave basis set was converged using an 800 eV energy cutoff. Structural relaxations were carried out
usinga 5 x 5 x 1 k-point Monkhorst-Pack mesh” to sample the Brillouin zone. A 9 x 9 x 1 mesh was then used to
determine the total energies. The DFT-D3 method of Grimme was used to describe van der Waals interactions”'.
A vacuum layer of at least 20 A was included in the direction normal to the surface to ensure no spurious interac-
tions between repeating slabs. The positions of the carbon atoms, as well as the adatom, were optimized until all
residual forces were less than 0.01eV-A~1.

The binding energy of a heavy metal adatom to a graphene quantum dot is defined as:

E, = — [Egopinum — (Egop + nEgy)l/n )

where Egqp, |y 15 the total energy of the interacting graphene quantum dot-heavy metal system, E, is the total
energy of the isolated graphene quantum dot, Ej;,, is the total energy of an individual heavy metal atom or ion
and n is the total number of interacting heavy metal atoms or ions. In a case of the interaction between graphene
quantum dots and metal clusters (for example, dimers) we cannot neglect the contribution of the metal-metal
attraction to binding energy of the heavy metal and thus the later can be evaluated from the energy difference
between the total potential energy of the interacting “GQD-metal cluster” system, Egqp | 3> and the sum of the
total energies of graphene QD, Egp, and metal cluster, Ejc:
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Ey = —[Egop+mc — (Egap + Enmc)l (3)

It should be mentioned that the binding energies have corrected for the basis set superposition error (BSSE)

by means of counterpoise method”.

The excited electron states — transitions between occupied and unoccupied states — of the zigzag and arm-

chair varying sized GQDs before and after applying the heavy metals species were investigated by means of
the time-dependent density functional theory (TD-DFT) approach. 100 single excited states were involved to
calculate the ultraviolet-visible adsorption spectra at the TDDFT/B3LYP level of theory using 6-31 basis set,
implemented in the GAUSSIAN 98 program. The oscillator strengths for each transitions is proportional to
the intensities of absorption peaks. The shift and quenching the adsorption peaks is due to the charge transfer
between graphene quantum dots and heavy metal species.

References

1.
2.

3.

4.
5.

10.
. Brownawell, A. M. et al. The Potential Adverse Health Effects of Dental Amalgam. Toxicol. Rev. 24(1), 1-10 (2005).
12.
13.
14.
15.
16.

17.

18.
19.
20.

21.
22.

23.
24,
25.
26.
27.
. Behbahani, M. et al. Monitoring of trace amounts of heavy metals in different food and water samples by flame atomic absorption
29.
30.
31
32.

33,
34.

35.

Shao, Y. et al. Graphene based electrochemical sensors and biosensors: a review. Electroanal. 22, 1027-1036 (2010).

Gadipelli, S. & Guo, Z. X. Graphene-based materials: Synthesis and gas sorption, storage and separation. Prog. Mater Sci. 69, 1-60
(2015).

Tuantranont, A. Applications of Nanomaterials in Sensors and Diagnostics (Springer-Verlag, 2013).

Irudayaraj, J. M. Biomedical Nanosensors (Pan Stanford, 2012).

Forte, G. et al. Modeling vacancies and hydrogen impurities in graphene: A molecular point of view. Phys. Lett. A. 372, 6168-6174
(2008).

. Sk, M. A, Ananthanarayanan, A., Huang, L., Lim, K. H. & Chen, P. Revealing the tunable photoluminescence properties of graphene

quantum dots. J. Mater. Chem. C. 2, 6954-6960 (2014).

. Ting, S. L., Ee, S. J., Ananthanarayanan, A., Leong, K. C. & Chen, P. Graphene quantum dots functionalized gold nanoparticles for

sensitive electrochemical detection of heavy metal ions. Electrochim. Acta. 172,7-11 (2015).

. Jaishankar, M., Tseten, T., Anbalagan, N. B., Mathew, B. & Beeregowda, K. N. Toxicity, mechanism and health effects of some heavy

metals. Interdiscip Toxicol 7, 60-72 (2014).

. http://www.who.int/ipcs/features/cadmium.pdf; http://www.who.int/ipcs/features/lead.pdf; http://www.who.int/phe/news/

Mercury-flyer.pdf.
Mirsal, I. Soil Pollution: Origin, Monitoring & Remediation. 123-124 (Springer-Verlag Berlin Heidelberg, 2008).

Agocs, M. Case Studies in Environmental Medicine: Mercury Toxicity (ed. Clarkson, T.) 7-8 (Agency for Toxic Substances and
Disease Registry, 1992).

Magos, L., Halbach, S. & Clarkson, T. W. Role of catalase in the oxidation of mercury vapor. Biochem. Pharmacol. 27(9), 1373-7
(1978).

Gong, X, Bi, Y,, Zhao, Y., Liu, G. & Teoh, W. Y. Graphene oxide-based electrochemical sensor: a platform for ultrasensitive detection
of heavy metal ions. RSC Adv. 4, 2465324657 (2014).

Chen, K. et al. Hg(II) Ion Detection Using Thermally Reduced Graphene Oxide Decorated with Functionalized Gold Nanoparticles.
Anal. Chem. 84, 4057-4062 (2012).

Lee, P. M., Chen, Z., Li, L. & Liu, E. Reduced graphene oxide decorated with tin nanoparticles through electrodeposition for
simultaneous determination of trace heavy metals. Electrochim. Acta. 174, 207-214 (2015).

Pokpas, K., Zbeda, S., Jahed, N., Mohamed, N. & Baker, P. G. Electrochemically Reduced Graphene Oxide Pencil-Graphite in situ
Plated Bismuth-film Electrode for the Determination of Trace Metals by Anodic Stripping Voltammetry. Int. J. Electrochem. Sci. 9,
736-759 (2014).

Chang, J. et al. Real-time detection of mercury ions in water using a reduced graphene oxide/DNA field-effect transistor with
assistance of a passivation layer. Sens. Bio-Sens. Res. 5,97-104 (2015).

Lee, P. M. et al. Nanostructure Restoration of Thermally Reduced Graphene Oxide Electrode upon Incorporation of Nafion for
Detection of Trace Heavy Metals in Aqueous Solution. Electroanalysis. 28, 2037-2043 (2016).

Wei, Y. et al. SnO2/Reduced Graphene Oxide Nanocomposite for the Simultaneous Electrochemical Detection of Cadmium(II),
Lead(II), Copper(II), and Mercury(II): An Interesting Favorable Mutual Interference. J. Phys. Chem. C. 116, 1034-1041 (2012).
Wang, C. et al. A label-free and portable graphene FET aptasensor for children blood lead detection. Sci. Rep. 6,21711 (2016).

Cui, L., Wy, J. & Ju, H. Electrochemical sensing of heavy metal ions with inorganic, organic and bio-materials. Biosens. Bioelectron.
63, 276-286 (2015).

Wang, D., Noél, V. & Piro, B. Electrolytic Gated Organic Field-Effect Transistors for Application in Biosensors-A Review. Electronics.
5,9 (2016).

Lu, M. J. et al. Applications of graphene-based materials in environmental protection and detection. Chin. Sci. Bull. 58, 2698-2710
(2013).

Xuan, X., Hossain, M. E. & Park, J. Y. A Fully Integrated and Miniaturized Heavy-metal-detection Sensor Based on Micro-patterned
Reduced Graphene Oxide. Sci. Reports 6,33125 (2016).

Zhao, G., Si, Y., Wang, H. & Liu, G. A Portable Electrochemical Detection System based on Graphene/Ionic Liquid Modified Screen-
printed Electrode for the Detection of Cadmium in Soil by Square Wave Anodic Stripping Voltammetry. Int. J. Electrochem. Sci. 11,
54-64 (2016).

Pandey, S. K. et al. Nanocarbon-based Electrochemical Detection of Heavy Metals. Electroanalysis 28, 2472-2488 (2016).

spectrophotometer after preconcentration by amine-functionalized graphene nanosheet. Environ Monit. Assess. 186, 7245-7257
(2014).

Yang, S. et al. Competitive adsorption of PbII, Nill, and SrII ions on graphene oxides: a combined experimental and theoretical
study. Chem. Plus. Chem. 80, 480-484 (2015).

Xu, M. et al. Facile synthesis of soluble functional graphene by reduction of graphene oxide via acetylacetone and its adsorption of
heavy metal ions. Nanotechnol. 25, 395602 (2014).

Hsieh, S. H. & Horng, J.-J. Adsorption behavior of heavy metal ions by carbon nanotubes grown on microsized Al,Oj particles. J.
Univ. Sci. Technol. Beijing 14, 77-84 (2007).

Tofighy, M. A. & Mohammadi, T. Adsorption of divalent heavy metal ions from water using carbon nanotube sheets. J. Hazard.
Mater. 185, 140-147 (2011).

Stafiej, A. & Pyrzynska, K. Adsorption of heavy metal ions with carbon nanotubes, Sep. Purif. Technol. 58, 49-52 (2007).

Ding, Z., Huc, X., Morales, V. L. & Gao, B. Filtration and transport of heavy metals in graphene oxide enabled sand columns. Chem.
Eng. J. 257, 248-252 (2014).

Chang, J., Zhou, G., Christensen, E. R., Heideman, R. & Chen, J. Graphene-based sensors for detection of heavy metals in water: a
review. Anal. Bioanal. Chem. 406, 3957-3975 (2014).

SCIENTIFICREPORTS|7:3934 | DOI:10.1038/541598-017-04339-8 15


http://www.who.int/ipcs/features/cadmium.pdf
http://www.who.int/ipcs/features/lead.pdf
http://www.who.int/phe/news/Mercury-flyer.pdf
http://www.who.int/phe/news/Mercury-flyer.pdf

www.nature.com/scientificreports/

36. Wang, X. et al. Highly efficient adsorption of heavy metals from wastewaters by graphene oxide-ordered mesoporous silica materials.
J. Mater. Sci. 50,2113-2121 (2015).

37. Zhang, Y., Zhang, S. & Chung, T.-S. Nanometric Graphene Oxide Framework Membranes with Enhanced Heavy Metal Removal via
Nanofiltration. Environ. Sci. Technol. 49, 10235-10242 (2015).

38. Abdel Salam, M. Removal of heavy metal ions from aqueous solutions with multi-walled carbon nanotubes: Kinetic and
thermodynamic studies. Int. J. Environ. Sci. Technol. 10, 677-688 (2013).

39. Anitha, K., Namsani, S. & Singh, J. K. Removal of Heavy Metal Ions Using a Functionalized Single-Walled Carbon Nanotube: A
Molecular Dynamics Study. J. Phys. Chem. A 119, 8349-8358 (2015).

40. Mubarak, N. M., Sahu, J. N., Abdullah, E. C. & Jayakumar, N. S. Removal of heavy metals from wastewater using carbon nanotubes.
Sep. Purif. Rev. 43,311-338 (2014).

41. Zhao, G. X. et al. Removal of Pb(II) ions from aqueous solutions on few-layered graphene oxide nanosheets. Dalton Trans. 40,
10945-10952 (2011).

42. Nakada, K. & Ishii, A. DFT Calculation for Adatom Adsorption on Graphene, Graphene Simulation (InTech, 2011).

43. Leenaerts, O., Partoens B. & Peeters, F. M. Adsorption of Molecules on Graphene, Graphene Chemistry: Theoretical Perspectives
(John Wiley & Sons, Ltd, 2013).

44. Mulliken, R. S. Electronic Population Analysis on LCAO-MO Molecular Wave Functions. I. J. Chem. Phys. 23, 1833 (1955).

45. Legesse, M. et al. Reduced work function of graphene by metal adatoms. Appl. Surf. Sci. 394, 98-107 (2017).

46. Martin, W. C., Musgrove, A. & Kotochigova, S. Ground Levels and Ionization Energies for Neutral Atoms. http://physics.nist.gov/
IonEnergy (National Institute of Standards and Technology, Gaithersburg, MD, 2002).

47. Lide, D. CRC Handbook of Chemistry and Physics (ed. Lide, S.) 10-179 (CRC Press, Boca Raton, FL, 2005).

48. Umadevi, D. & Narahari Sastry, G. Metal ion binding with carbon nanotubes and graphene: Effect of chirality and curvature. Chem.
Phys. Lett. 549, 39-43 (2012).

49. Wood, B. et al. Methane and carbon dioxide adsorption on edge-functionalized graphene: a comparative DFT study. J. Chem. Phys.
137(5), 054702 (2012).

50. Liu, X. et al. Metals on Graphene: Interactions, Growth Morphology, and Thermal Stability. Crystals. 3, 79-111 (2013).

51. Cao, C., Wu, M,, Jiang, J. & Cheng, H.-P. Transition metal adatom and dimer adsorbed on graphene: Induced magnetization and
electronic structures. Phys. Rev. B 81, 205424 (2010).

52. Yumura, T., Awano, T., Kobayashi, H. & Yamabe, T. Platinum Clusters on Vacancy-Type Defects of Nanometer-Sized Graphene
Patches. Molecules 17, 7941-7960 (2012).

53. Strojecki, M., Krosnicki, M., Zgoda, P. & Koperski, J. Characterization of bound parts of the b*0y(5° P,), ¢*1,(5° P,) and X'0,* states
of Cd, revisited: Bound-bound excitation and dispersed emission spectra. Chem. Phys. Lett. 489, 20-24 (2010).

54. Ceccherini, S. & Moraldi, M. Interatomic potentials of group IIB atoms (ground state. Chem. Phys. Lett. 337, 386-390 (2001).

55. Czajkowski, M. A. & Koperski, J. The Cd, and Zn, van der Waals dimers revisited. Correction for some molecular potential
parameters. Spectrochim. Acta A. 55,2221 (1999).

56. van Zee, R. D, Blamkespoor, S. C. & Zwier, T. S. Direct spectroscopic determination of the Hg2 bond length and an analysis of the
2540 A band. J. Chem. Phys. 88, 4650 (1988).

57. Koperski, J., Atkinson, J. B. & Krause, L. Molecular beam spectroscopy of the 1, (6* P,) < XOg+ and 1, (6° P,) «— Xog+ transitions in
Hg,. Can. J. Phys. 72, 1070 (1994).

58. Koperski, J. et al. Rotational analysis of the (57, 0) band of the D1, +— X0,* source triplet-singlet transition in Hg, produced in a
free-jet expansion beam. Cherm. Phys. 348, 103-112 (2008).

59. Smirnov, B. M. Physics of Atoms and Ions 301 (Springer, 2003).

60. Beams, R., Cancado, L. G. & Novotny, L. Raman characterization of defects and dopants in graphene. J. Phys.: Condens. Matter. 27,
083002 (2015).

61. Thomsen, C., Machdn, M. & Bahrs, S. Raman spectra and DFT calculations of the vibrational modes of hexahelicene. Solid State
Commun. 150, 628 (2010).

62. Todorov, P. D,, Jenneskens, L. W. & van Lenthe, J. H. Assignment of phantom bands in the solid-state infrared and Raman spectra of
coronene: The importance of a minute out-of-plane distortion. J. Chem. Phys. 132, 034504 (2010).

63. Sasaki, K., Tokura, Y. & Sogawa, T. The Origin of Raman D Band: Bonding and Antibonding Orbitals in Graphene. Crystals 3,
120-140 (2013).

64. Frisch, M. J. et al. Gaussian 09, revision A.02; Gaussian, Inc. (Wallingford, CT, 2009).

65. Martin, ]. M. L. & Sundermann, A. Correlation consistent valence basis sets for use with the Stuttgart-Dresden-Bonn relativistic
effective core potentials: The atoms Ga-Kr and In-Xe. J. Chem. Phys. 114, (3408-3420 (2001).

66. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B. 50, 17953 (1994).

67. Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B. 54, 11169 (1996).

68. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B. 59, 1758 (1999).

69. Perdew, J. P,, Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 77, 3865 (1996).

70. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations. Phys. Rev. B. 13, 5188 (1976).

71. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132, 154104 (2010).

72. Boys, S. E. & Bernardi, F. The calculation of small molecular interactions by the differences of separate total energies. Some
procedures with reduced errors. Mol. Phys. 19, 553 (1970).

Acknowledgements

The project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 696656. The authors would like to acknowledge financial support by
the Swedish Research Council (VR) grant 621-2014-5805. Dr. I. Shtepliuk acknowledges the support from
Angpanneféreningens Forskningsstiftelse (Grant 16-541). N. M. Caffrey acknowledges support from Science
Foundation Ireland (SFI) under its Starter Investigator Research Grant (SIRG) Programme 2015, grant number
15/SIRG/3314. Dr. V. Khranovskyy acknowledges Swedish Research Council (VR) Marie Sklodowska Curie
International Career Grant #2015-00679”GREEN 2D FOX” and AForsk (Grant 14-517). LA.A. is grateful for
the support provided by the Swedish Government Strategic Research Areas in Materials Science on Functional
Materials at Linkoping University (Faculty Grant SFO-Mat-LiU No. 2009-00971) the Knut and Alice Wallenberg
Foundation through the Strong Field Physics and New States of Matter Grant 2014-2019 (COTXS) and the
Ministry of Education and Science of the Russian Federation (Grant No. 14.Y26.31.0005).

SCIENTIFICREPORTS|7:3934 | DOI:10.1038/s41598-017-04339-8 16


http://physics.nist.gov/IonEnergy
http://physics.nist.gov/IonEnergy

www.nature.com/scientificreports/

Author Contributions
LS., N.M.,, LA. and R.Y. conceived the idea and co-wrote the paper. V.K. and T.I. commented on and improved the
manuscript. All authors discussed the results.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-04339-8

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:3934 | DOI:10.1038/541598-017-04339-8 17


http://dx.doi.org/10.1038/s41598-017-04339-8
http://creativecommons.org/licenses/by/4.0/

	On the interaction of toxic Heavy Metals (Cd, Hg, Pb) with graphene quantum dots and infinite graphene

	Results and Discussion

	Binding site and binding energies. 
	Neutral atoms. 

	Charged ions. 
	Supercell approach. 
	Frontier molecular orbitals. 

	Mobility of the heavy metal adatom on GQD. 
	Metal clustering on graphene QDs. 
	Substitutional defects. 
	Structural and electronic properties. 
	Vibrational properties. 

	Optical properties: effect of the edge geometry and size of GQD on UV-vis adsorption spectra. 

	Summary and Concluding remarks

	Methods

	Acknowledgements

	Figure 1 Illustration of the high symmetry adsorption sites.
	Figure 2 Potential energy curves for neutral atoms: (a) Cd°, (d) Hg° and (g) Pb° for monovalent ions: (b) Cd1+, (e) Hg1+ and (h) Pb1+ and for divalent ions: (c) Cd2+, (f) Hg2+ and (i) Pb2+on C54H18 quantum dots (top-site position, hollow site position, br
	Figure 3 Band structure of (a) Cd, (b) Hg and (c) Pb atoms adsorbed on a 4 × 4 graphene supercell.
	Figure 4 Molecular orbitals for C54H18 GQDs interacted with heavy metals: HOMO (a) and LUMO (d) of Cd@C54H18 HOMO (b) and LUMO (e) of Hg@C54H18 and HOMO (c) and LUMO (f) of Pb@C54H18.
	Figure 5 Path of the surface motion of the neutral generic HM atom on C30H16 GQD.
	Figure 6 Potential energy curves describing the in-plane motion of the neutral heavy metal atoms along the C30H16 GQDs for: (a) cadmium, (b) mercury and (c) lead.
	Figure 7 Total energy (in meV) as a function the (a) Cd, (b) Hg, and (c) Pb adatom position on a graphene hexagon, calculated for a 4 × 4 supercell.
	Figure 8 Equilibrium configuration of Pb2 dimer in vacuum (a) and optimized geometries for two Pb atoms on C16H10 GQDs pre-adsorbed at short (b) and long (c) initial distances from one another, respectively.
	Figure 9 Dependences of the binding energy and HOMO-LUMO gap on the number of heavy metals’ atoms on the C16H10 GQDs: Cd (a,b), Hg (c,d), and Pb (e,f), respectively.
	Figure 10 Optimized structure of a C23H12 graphene quantum dot with a substitutional (a) Cd, (b) Hg and (c) Pb defect.
	Figure 11 Total and projected DOS (PDOS) for graphene quantum dots with atoms of the heavy metals, which substitute the carbon ones in planar structure: C23H12 cluster with Cd (a), C23H12 cluster with Hg (b) and C23H12 cluster with Pb (c).
	Figure 12 Raman spectra of the defective C24H12 graphene quantum dots with and without different atoms of heavy metals.
	Figure 13 UV/Vis absorption spectra of the zigzag-edged and armchair GQDs before and after complexation with neutral heavy metal adatoms, namely (a) Cd, (b) Hg and (c) Pb.
	Figure 14 UV/Vis absorption spectra of the zigzag-edged and armchair-edged GQDs before and after complexation with divalent heavy metal ions, namely (a) Cd2+, (b) Hg2+ and (c) Pb2+.
	Figure 15 UV/Vis absorption spectra of the zigzag-edged GQDs after complexation with divalent Cd2+ ions depending on the size of the GQDs.
	Table 1 Binding energy, equilibrium distance and charge transfer of neutral and charged Cd, Hg and Pb species on C54H18.




