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Abstract

The electronic and adsorption properties of chemically modified square hexagonal boron nitride quantum dots are investigated using density
functional theory calculations. The free energy and frequency calculations show that all the boron nitride flakes are stable before/after
modification and metal adsorption. Edge modification significantly enhances the stability and interactivity of the flake. For instance, the free
energy of binding decreases from -6.5 eV in hydrogenated flake to -7.1 eV in pristine one and dipole moment increases from 4.5 D to 54.9 D,
respectively. A wide spectrum of band gaps can also be achieved, where the band gap can be smoothly varied from ~ 6 eV in edge fluorinated
flakes to 0.2 in sulfureted ones. Six hydrated metals, Cd, Co, Cr, Cu, Fe, and Zn, are considered for adsorption by the flakes. The transition metals
are highly selected by the flakes while heavy metals are weakly adsorbed. All hydrated metals are physically adsorbed by the edge and surface of
hydrogenated flakes except Cu which is chemically adsorbed. Chemical groups or elements attached to the flake strongly enhance the adsorption
strength; the adsorption energy of hydrated Cr on surface increases from 0.6 eV to 8.6 eV after attaching two COOH groups to the surface.
Hydrogen evolution has also been observed through the adsorption process. The calculated low overpotential for the oxygen evolution reaction
(0.52 V) and hydrogen adsorption strength (0.11 eV) for the hydrogen evolution reaction indicate that boron nitride quantum dots are not only
potential candidates for the removal of different metals from wastewater but also for efficient water splitting.

1. Introduction

The monolayer of hexagonal boron nitride (hBN) is a two dimensional material called ‘white graphene’. It combines properties of
graphene and diamond. Similar to graphene, hBN has a bipartite lattice formed by sp2 hybridized atoms [1]. However, the two
nonequivalent sites of the bipartite lattice host different atomic elements — boron and nitrogen. As a result, hBN has a wide
bandgap of about ~5.5 eV that is close to the band gap of diamond [2]. Having very close lattice constant with graphene [3], hBN
is considered as promising substrate material for graphene electronics [4—6]. On the other hand, the similarity with diamond
makes hBN useful for optoelectronics and integrated quantum photonics: room temperature single photon emitters [7,8],
tunable photonic crystal cavities [9,10] and deep subwavelength manipulation of infrared light [11-15].
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Similar to graphene hBN can form nanotubes [16,17], nanoribbons [18-21] and quantum dots [22—29]. A variety of hybrid/hetero
structures of hBN with graphene have been demonstrated experimentally too [30-36]. The structural, electronic, magnetic, and
optical properties of hBN nanotubes [37-46] and nanoribbons [46-52] have been a subject of investigation in semiempirical and
first principles studies. Intensive studies have been also undertaken by theorists to reveal and understand the properties of
hBN/graphene hetero/hybrid structures [53—60]. However, the hBN quantum dots have been hardly investigated, especially in
comparison with the graphene and other 2D material based quantum dots (for instance Refs. [61-77] etc.). Nevertheless, some
studies on structural stability, magnetic, optical and adsorption properties can be found in the literature.

The study of the structural stability of the hBN quantum dots showed that a counterintuitive triangular shape of larger perimeter
is the equilibrium shape for hBN nanoparticles with zigzag edges, though for some specific chemical conditions a more compact
hexagonal shape with armchair edge dominates [78]. A recent theoretical study by Zhang et al. [79] shows that the edges
passivated with H atoms are more stable and regular than bare ones, whereas NH-terminated zigzag edges are more stable than
H attached armchair edges which in turn more stable than BH-terminated zigzag edges. At the same time, bare armchair edges
may be more energetically favorable than N- or B-terminated zigzag edges.
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In 2009 Du et al. reported giant magnetic moments, associated spin splitting and half metallicity for triangular hBN quantum dots
with NH-terminations [80]. However, Xi et al. reported that for triangular hBN dots the edge passivation removes spin
polarization of the ground state. According to this study, in contrast to graphene quantum dots with zigzag edges and triangular
shape, the Lieb’s theorem is not satisfied in hBN triangular quantum dots with zigzag edges [81]. Xu et al. investigated triangular
hBN quantum dot embedded into armchair graphene nanoribbon and graphene in a periodic manner. This study shows that
embedment of hBN quantum dots can results in spin-polarized ground states originating from the graphene-hBN interface [82].
In contrast to Xu and co-workers, Xi et al. [83] explored doping of triangular hBN quantum dot with one and two C atoms. Their
results show that single C doping always lead to half metallicity and spin polarized states. Similar results has been reported by
Yamijala [84,85] although in his case the hBN quantum dots have rectangular and cross-like shapes while the substitutional doping
with C cover significant fraction of the dot edge or interior. Thus, in principle in combination with carbon hBN may be useful for
spintronic applications.

Hexagonal boron nitride quantum dots have also been proposed for thermoelectric and gas sensing applications. Pan et al. [86]
considered thermoelectric properties of hBN dots at room and low temperatures. In this study, it is shown that the hBN quantum
dots have high thermoelectric figure of merit ZT ~0.78(0.95) which outperforms that one of similar graphene structures. In
another study by Neek-Amal and colleagues [87] triaxial strain of about 10% was applied to the N(B) atoms of a hexagonal flake
of hBN. This strain localized the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) at
the center of the flake making it perfect gas sensor, for instance for NH; molecule. Bandyopadhyay et al. [88] studied
physisorption of tetracyanoquinodimethane and tetrathiafulvalene molecules on the surface of rectangular hBN quantum dots.
As follows from their results the physisorption introduces new energy states inside the pristine energy gap decreasing HOMO-
LUMO gap by half and red-shifting the optical absorption edge below 2 eV. First principle calculations also show facile adsorption
of gas molecules (H2, CO, NO, 03,H20, and 02) and metal oxides (CuO, AgO, AuO) on the surface of H passivated hBN rectangular
quantum dot [89]. The effect of adsorption of OLi4, NLi5, CLi6, BLI7 and Al12Be metal compounds on monolayer hBN rectangular
quantum dots has been analyzed in Ref. [90]. The results of these first principles calculations show that in general adsorption of
the above mentioned metal compounds reduces the energy gap of the pristine hBN dot and correspondingly extends the
absorption from ultraviolet and visible to infrared frequency range. The hydroxylation of the armchair edge of the rectangular
quantum dots of hBN also leads to 20-30% drop in the energy gap. The energy gap of both the hydrogenated and partially
hydroxylated hBN rectangular dots can be narrowed by in-plane electric field [91]. The reviewed works indeed suggest that
adsorption of the variety of chemical compounds on hBN quantum dots significantly alter their properties which should be useful
in sensing applications.

Boron nitride based materials have demonstrated a great potential in wastewater treatment. Recently, it has been reported by
Xue et al. [92] that boron nitride porous monoliths demonstrate an excellent adsorption capacity of various oil contaminants in
water (up to 71-98% for volume based adsorption capacity). Moreover, these monoliths exhibit ultrahigh removal capacity of
rhodamine B (554 mg/g) and Cd(ll) (561 mg/g) pollutants. This experimental achievement inspired us to systematically study the
hBN quantum dots potential (including size and edge effects) for the water purification and splitting. Our paper is organized as
follows: in Section 2 we briefly introduce the computational model, in Section 3 we present the main results on chosen hBN
quantum dots structure stability, electronic and adsorption properties, finally in Section 4 we summarize our conclusions. We
relegate supplementary results into Appendices.

2. Computational model

In this paper, we study the electronic and adsorption properties of chemically modified square hexagonal boron nitride quantum
dots (shBN) using DFT calculations as implemented in Gaussian 16 [93]. The basis set 3-21g* is used in calculations that proved
to be adequate when considering both the computational power and the results accuracy [94-96]. The Becke-three parameters-
Lee-Yang-Parr hybrid functional (B3LYP) [97,98] is used in our calculations due to the good representation that it shows for shBNs
and similar systems, e.g. C-based clusters [99-101]. We also performed additional calculations with different basis sets and
functionals to verify the adequacy of the B3LYP/3-21G* level. As shown in Fig. 6 a, Appendix A, the calculated band gap at 3-21g*
and higher 6-31g(d,p) and 6-311g(d,p) basis sets have comparable values. For instance, AE = 4.86 eV for shBN-OH-S using 3-21g*
and 4.83 eV using 6-31g(d,p) while the computational time is twice shorter for the former. The functional B3LYB gives
intermediate values of AE between that from PBE and Cam-b3lyb. We can say that the B3LYB provides the best description of the
band structure because for the large shBN with n=456, it gives AE™ 5.45 eV which is comparable to that of periodic hBN sheet
[2]. While for the same n;, PBE underestimate the band gap, AE™~ 3.67 eV and CAM-B3LYB overestimate it with AE™~ 8.42 eV.
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3. Results and discussion

In the present work, the electronic and adsorption properties of shBN are studied. The effect of chemical modification of the
edge and surface by attaching different elements, namely H, F, O, and S, and chemical groups (COOH, OH, SOH, POH2) is included
and investigated as a tool that tunes the electronic properties and enhances the adsorption process. The hydrogenated flakes are
taken as the reference to which we compare change in the electronic properties caused by attaching other elements, groups, and
adsorption of hydrated metals.

3.1 Structures Stability

The optimized structures of edge functionalized shBN with various elements and groups are presented in Fig.1. From the figure
it can be seen that the square shape of the QDs is retained with small deformation after passivation with H and F elements, and
with chemical groups (see Fig. 1 (a), (b), (f)-(i)). While passivation with O, pristine, and S (Fig. 1 (c), (d)) results in a noticeable
deformation.
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(g) shBN-POH2-Z (h) shBN-PHO2-S (i) shBN-COOH-S

Fig. 1. The structure of chemically modified shBN by different elements and groups. Colored spheres represent B (pink), N
(blue), H (silver), F (greenish), S (yellow), O (red), P (orange), and C (gray) atoms.

The B-N bond lengths (dgy) for the edge and surface modified shBN are given in Table 1. The values show that dgy ranges from
1.43 to 1.47 A in the hydrogenated cluster (shBN-H) where the lower values appear at the armchair edges, the medium at the
zigzag edges, and the large ones in the bulk. Similar values can be observed also in fluorinated flakes; these values are comparable
to dgy = 1.45 A in the infinite bulk system [102]. Attachment of chemical groups is considered for three cases, (a) attachment to
the armchair edge, (b) to zigzag edge, and (c) to the surface. The B-N bond lengths increase around the attached groups especially
in surface adsorption, for example in surface attachment of OH (shBN-OH-S as in Table 1) dgy=1.58 A, while in other positions it
is almost the same like shBN-H. The bond length between the attached element or group (d,, x refers to the element or the
group) are also presented in Table 1. d, has a wide range of values starting from 1.02 to 3.34 A depending on the attached
element, attachment to B or N in the flake, and the type of the formed bond (chemical/physical). The smallest d,=1.02 A between
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the attached H and the flake N atom, this value increases to 1.20 A when H is attached to B atom due to the low electronegativity
of B (~2.28) with respect to N (~3.19). Increasing the atomic radius of the attached element increases the bond length, as for F,
O and S atom in Table 1. The higher bond lengths observed in surface functionalization, from d,=1.57 A in shBN-OH-S to 3.34 A in
shBN-SOH-S (Table 1), imply that these groups form weaker bonds with the surface.

Table 1. Bond length between B and N atoms (dgy), passivating element and flake (d,). Free energy of binding (AG), energy gap
(AE), and total electric dipole moment (TEDM).

shBN dgy (R) dy (A) AG (eV) | AE (eV) | TEDM (D)
shBN-H 1.43-1.47 | 1.02,1.20 | -6.48 5.59 4.67
shBN-F 1.43-1.48 | 1.34-1.45 | -6.52 6.05 1.29
shBN-O 1.45-1.63 | 1.23-1.43 | -7.03 0.99 4.74
shBN-S 1.42-1.48 | 1.75,1.85 | -6.73 0.16 5.09
shBN 1.35-1.59 -7.09 0.18 54.98
shBN-OH-A 1.43-1.47 | 1.48,1.38 | -6.37 5.08 5.99
shBN-OH-Z 1.43-1.47 1.49 -6.37 5.21 2.61
shBN-OH-S 1.44-158 | 1.48,1.57 | -6.29 4.86 9.28
shBN-POH2-A | 1.42-1.47 1.96 -6.18 5.55 12.21
shBN-POH2-Z | 1.43-1.49 1.70 -6.19 5.89 421
shBN-POH2-S | 1.43-1.58 | 1.85,2.01 | -6.09 2.12 28.35
shBN-SOH-A 1.41-1.47 1.94 -6.25 5.22 12.14
shBN-SOH-Z 1.43-1.47 1.73 -6.25 5.73 2.96
shBN-SOH-S 1.43-1.47 | 3.34,3.11 | -6.19 3.59 4.42
shBN-COOH-A | 1.42-1.49 1.61 -6.19 4,51 2.05
shBN-COOH-Z | 1.43-1.50 1.34 -6.19 5.68 1.22
shBN-COOH-S | 1.43-1.58 | 1.52-1.65 | -6.11 2.64 12.38

Structure stability is investigated by two methods: (a) Gibbs free energy of binding (AG) and (b) the frequencies obtained from
infrared spectra. AG is calculated from:

AG=(AE + AZPE- TAS) /n, (1)

Where AE is the total energy difference between products and reactants, AZPE is the change in the zero-point energy, and n; is the
total number of atoms. The calculated Gibbs free energy in Table 1 for all the selected flakes are negative this means that the free
energy of the products is less than the sum of Gibbs free energies for the stable reactants. Therefore, the investigated shBN here
with edge reconstructions and modified surface by interaction with different groups and elements correspond to chemically stable
systems [103]. Additionally, the free energy of shBN is comparable to that of square graphene quantum dots (SGQDs) with the
same number of atoms, for example AG=-6.48 eV for shBN-H and AG =-7.25 eV for SGQDs-H. This free energy of binding can
be further enhanced, up to AG ~-7.1 eV, by passivation with O atoms or in the pristine case. The significant enhancement of the
binding energy in pristine flakes is a result of strong edge reconstructions as reported by F. Ersan et al. [104]. Additional
demonstration of the stability is achieved by performing intrinsic reaction coordinate (IRC) calculations that provide a unique
connection between the structures of the reactants and products [105, 106]. The reaction coordinate diagram, Fig. 6 (d), for
shBN-COOH-Z, as illustrative example, gives optimized product structure identical to the one that we are working on. The stability
can also be checked by calculating the vibrational frequencies, see Fig. 7 in Appendix B. The positive frequencies in the infrared
(IR) spectra indicate that the found stationary point of the potential energy of the system is not a saddle point (i.e. no imaginary
frequencies) and the functionalized shBN are geometrically stable. Our next step is to study the relaxed structure of shBN-H after
adsorption of six hexahydrated metals, namely Cd, Co, Cr, Cu, Fe, and Zn. After this we select some of the resultant systems and
apply chemical functionalization to see its effect on the adsorption process.

Table 2 gives the calculated adsorption distance (d,) which is defined as the minimum distance between the adsorbed metal and
the flake, and the Hirshfeld charge [107] on the hexahydrated metal (Q=Q(after adsorption) —Q (before adsorption)). The

adsorption energy (E,) is also shown in Table 2 which is given by:

Ea=Eshen-H+Em.6H20 — E shan-H-m.6H20 (2)
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Where Esngn-n, Em.6r20, E shen-n-m.erzo is the total energy of hydrogenated flake, hydrated metal, and the optimized system after
adsorption, respectively. The last two columns give the energy gap (AE) and the total electric dipole moment (TEDM) that will be
discussed in the next subsection. Fig. 2 shows the optimized structures after adsorption of selected hexahydrated metals on
different positions of the quantum dots, shBN-H-Co-Z in Fig. 2 (a) represents hexahydrated Co adsorbed by shBN-H on its zigzag
edge and shBN-H-CO-S (Fig. 2 (b)) represents the same adsorption on the surface, and similarly the adsorption on armchair edge
(A) in Fig. 2 (c).

(c) shBN-H-Cr-A

&

(d) shBN-H-Cr-Z

i ae.otods SN
EEEFeTeEE

(p) shBN-COOH-Cr-S$

(q) shBN-Fe-Z " (r) shBN-S-Zn-Z

Fig. 2. Relaxed structures of shBN-H after adsorption of different hexahydrated metals.

The high adsorption distance (d,,) in Table 2 show that the hydrated metals are physically adsorbed by the hydrogenated shBN
except for Cu that is chemically adsorbed on the zigzag edge. The charge-transfer to hydrated system (Q(e)) is a good indicator
of the interaction between the adsorbing flake and the adsorbed metal where high value of Q implies high adsorption. For
instance, Q= 0.02 e in shBN-H-Cr-S indicates weak adsorption of hexahydrated Cr on the surface. The positive values of the
adsorption energies in Table 2 and the selected infrared spectra with the positive frequencies (Fig. 7 Appendix B) confirm that
the metals are successfully adsorbed and the resultant compounds are stable. Here we consider the adsorption of hydrated

5
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metals consisting of several atoms which is important to show the nature of metals in aqueous wastewater environment.
However, in this strategy it is difficult to obtain a direct relation between d,,, Q, and E, (namely high/low d,, corresponds to
low/high Q and E, as in Cu-Z or Fe-Z in Table 2) due to the dispersion of the adsorbed atoms around the adsorption position. For
instance, the adsorption energy of Cd on the zigzag edge (E,=4.23 eV) is higher than its adsorption energy on armchair edge
(E;=3.97 eV) nevertheless the former has higher d,,, than the later. This is because, as seen from Fig. 2 (i) and (j), majority of atoms
in the hexahydrated system in the former case are adsorbed with smaller adsorption distance with respect to the later one, thus
the average adsorption length of shBN-H-Cd-Z is smaller than that of shBN-H-Cd-A.

Table 2. d, is the adsorption distance of the metal on the flake, Q is the Hirshfeld charge of the adsorbed metal, E, is the
adsorption energy, AE is the energy gap, and TEDM is the total electric dipole moment.

Structure Adsorption, | dn () | Q(e) | E.(eV) | AE (eV) | TEDM (D)
Metal-site
Cd-A 4.98 0.18 | 3.97 3.65 4.48
Cd-Z 5.37 0.15 4.23 3.43 1.71
Cd-S 3.26 0.11 4.49 3.29 6.97
Co-A 3.62 0.06 | 2.99 1.28 6.18
Co-Z 4.04 0.39 2.87 1.62 6.38
Co-S 392 | 002 | 268 1.39 7.01
Cr-A 3.55 0.04 0.75 1.39 9.98
Cr-Z 3.75 0.12 0.39 1.71 4.02
Cr-S 3.99 -0.02 | 0.64 1.18 8.33
ShBN-H Cu-A 4.18 0.05 3.18 1.34 5.55
Cu-Z 2.08 0.63 8.83 5.44 6.46
Cu-S 3.78 -0.02 | 2.95 1.23 8.15
Fe-A 3.82 -0.01 | 0.47 1.26 6.59
Fe-Z 3.91 0.05 0.20 1.34 7.45
Fe-S 3.8 0.03 0.61 1.36 6.75
Zn-A 3.31 0.16 7.07 5.74 12.81
Zn-Z 3.72 0.46 7.87 5.54 5.57
Zn-S 3.96 -0.02 | 2.89 1.29 8.23
Fe-A 3.66 0.16 1.63 0.88 6.41
shBN-COOH
Fe-Z 3.52 0.23 6.07 2.58 8.01
Fe-N 3.45 0.06 1.82 -1.29 63.04
shBN Fe-B 2.13 0.4 1.75 0.18 64.66
shBN-O Fe-Z 3.07 0.6 1.41 0.91 26.58
shBN-OH Zn-Z 3.05 0.27 11.61 5.08 9.59
shBN-POH2 | Zn-Z 3.66 -0.09 | 9.10 5.34 8.44
Zn-Z 3.33 1.02 8.71 0.15 25.81
shBN-S Zn-A 3.54 1.21 8.01 -0.09 50.51
shBN-COOH | Cr-S 3.42 1.09 8.65 2.11 15.49

Therefore, in order to have a clear relation between these parameters and also the metal selectivity, we study the adsorption of
separate metals on the surface. As seen in Fig. 2 (j), the metal is placed 3 A at the top of the central ring. The calculations show
that Cd has the lowest adsorption strength, E,=0.08 eV with d,=3.57 A and Q=0.08 e, followed by Zn with E,=1.66 eV, d,,=2.27 A
and Q=0.19 e. The four elements, Co, Cr, Cu, and Fe, form chemical bonds (d,~2.1 A) with the flake (in Fig. 2 k, | for Cu and Cr)
and therefore have high adsorption energies, namely E,=3.6, 2.8, 2.5, 2.2, and 1.7 eV, respectively. Thus Co is the strongly
adsorbed metal by the boron nitride flake while Cd is the weakly adsorbed one. Additionally, chemical modifications can improve
the adsorption process. As given in Table 2, the attachment of two COOH groups to the Z-edge of the flake (shBN-COOH-Fe-Z)
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increases the adsorption energy from E,= 0.2 eV to 6.1 eV. In general, the adsorption strength increases by chemical
functionalization in all the selected flakes.
An important phenomenon that occurs through the adsorption process is the evolution of H, molecules as shown in Fig. 2 (g),

<§( (h), and (n). This effect is observed only in hydrated Zn and Cu where two of the hydrating water molecules spilt into two OH
g groups (see Fig. 2 (h)) and two hydrogen atoms forming H, molecules. Similar calculations on square graphene quantum dots
§ (GQDs) adsorbing hydrated Zn and Cu like in Fig. 2 (g), (h) have been performed to test the H, evolution. We found that no water
2 splitting occurs in case of GQDs and the optimized structure is similar to that give in Fig. (c) or (d) which confirm that the H,
§ evolution is related to only shBN quantum dots. A future work on this phenomenon is to study the interaction of these hydrated
= metals with similar nitride-based materials such as GaN [108, 109]. Detailed description of the observed water splitting on the
S shBN-H will be presented in section 3.3.
g
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% 3.2 ELECTRONIC PROPERTIES
c

The effect of chemical functionalization and metal adsorption on the electronic properties of shBN is clarified by studying the
electronic density of states (DOS) and the spatial distribution of the highest occupied molecular orbital (HOMO). Gaussian
function with broadening a ~ 0.032 eV is used in our DOS calculations. Fig. 3 shows the DOS of nonfunctionalized flake (in Fig. 3
(a)) and the functionalized flakes in the rest parts of the figure. The calculated band gap for shBN-H (AE=5.7 eV) indicates that the
selected flake is insulator, that gap can be tuned by attaching different elements or chemical groups. AE can be increased to ~ 6.1
eV by replacing H with fluorine on the edges or decreased to 0.16 eV in case of pristine flakes (Fig. 3 (d)). Intermediate values can
be obtained by different functionalities such as two thionyl groups attached to surface (AE= 3.56 eV, see Fig. 1 (f) and Table 1)
and two COOH groups attached to the armchair edge ((AE= 4.51 eV, Table 1 and Fig. 3 (e)). The changes in the band gap depend
on the number of electrons provided by the functionalizing element for example F gives one electron to passivate B or N edge
atoms to form strong sigma bond. While passivation with COOH, O, or S provides not only one electron for passivation but also
additional p electron to form weak m bonds with the flake that decrease the band gap [95,100]. To generalize our results for
different sizes of the shBN-H, we study the effect of number of atoms on the electronic band gap. The calculated values of AE are
6.10, 5.68, 5.59, 5.50, 5.46, and 5.45 eV for n;=32, 74, 132, 270, 342, and 456 atoms (see Fig. 6 (c) in Appendix A). The results
indicate that AE decreases gradually by increasing the size (number of atoms) until reaching a value similar to that in the infinite
hBN sheet, AE~ 5.5 eV [2]. Additionally, the observed significant decrease of the band gap upon modification with chemical groups
or elements is also observed in larger dots with ni= 342 atoms, namely the band gap, 5.46 eV, decreases to 4.57 eV when 4 COOH
groups attached to the armchair edges or to 1.82 eV when attached to the surface.
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The attachment position (to either N or B atoms) has an important role in controlling AE, where for example AE=4.51 eV when
COOH groups are attached to B atoms (shBN-COOH-A) and AE=5.64 eV for COOH attached to N atoms (shBN-COOH-Z). As
discussed above, The B-C bond length (~1.6 A) is higher than the N-C (~1.4 A) bond length (see Table 1). This means that the bond
energy and the corresponding molecular energy in shBN-COOH-A, with C attached to B atom, is lower than that of the shBN-
COOH-Z. The low energy states in the former decrease its energy gap relative to the later. In case of surface attachment, the band
gap experiences additional decrease because in this case all surface atoms are already relaxed with three sigma bonds with
neighbor B/N atoms and the additional bonds just contribute to the decrease of AE. The TEDM also depends on the attachment
position, it can be seen from Table 1 that same group attachments to the armchair edge always have higher TEDM than to the
zigzag edge. This is a result of the different geometrical shape that the group takes when attached to the edges where local
dipoles formed between group atoms can sum up to increase the TEDM or cancel each other to decrease it. For illustration, we
discuss the shBN-H before and after attachment of thionyl (SOH) groups to both the edges (A and Z). It is seen from Table 1 that
the TEDM increases from 4.67 (D) in shBN-H to 12.14 (D) after attaching SOH to A-edge and decreases to 2.96 (D) when attached
to Z-edge. In the first attachment the two SOH groups points toward the same direction (Fig. 1 (e)), thus local dipoles between
S-O will sum up in this direction. In contrast, when attached to the Z-edge the SOH groups points in opposite directions (Fig. 1 (f))
leading to the significant decrease in the total dipole. Another interesting result is the huge TEDM=54.98 (D) obtained in pristine
shBN flake due to the large edge deformation. This system is expected to have interesting adsorption and interaction properties.
The adsorption process also affects the TEDM, in most cases this effect increases the total dipole, as given in Table 3, while in
other cases it decreases the dipole such as the adsorption of hydrated Cd on the zigzag edge of shBN-H. The increased TEDM in
the first case is obviously because of the new local dipoles from the hydrated metals that sum up, if they are in the same direction,
to increase the dipole or decrease it in the second case if they point in different directions as discussed above. The TEDM depends
also on the total charge on the hydrated metal (Q), the charge on the flake neighbour atoms (Q1), and the separation between
them. Due to the large dispersion of the hydrated metals molecules on the flakes during the adsorption process, it is very difficult
to obtain a direct relation between the charge on metals and the increase/decrease of the TEDM. However, such relation can be
obtained by considering the simple case of single elements adsorption. We consider the adsorption of Co and Cd that show
highest and lowest adsorption energy, respectively. The elements are situated above the center of the central ring, see Fig. 6 (e),
(f). We then consider the sum of the charges on the 6 atoms of the ring (Q1) and compare the difference Q-Q1 in both metal
cases. The calculations show that, the difference equals 0.317 e and 0.054 e for adsorbed Co and Cd, respectively, consequently
the TEDM should be higher in the first case. Of course this is very simple method however it can provide a link between TEDM
and partial charge distribution around adsorbed metals. The values of the TEDM for both the cases in Fig. 6 (e), (f) confirm the
previous discussion.

Surface attachment of chemical groups can also provide a strong effect on the band gap due to the p electrons provided by the
functional groups as discussed above. The HOMO distribution shown in Fig. 3 helps to understand the position of the new energy
levels added by the attached elements or groups where, for instance, in Fig. 3 (e) the HOMO cubes distribute on one of the COOH
groups attached on the surface implying that the HOMO originated from pi electron of C atom. While in case of shBN-H, the
HOMO distribution is on the N atoms which means that it originates from the electron pair in the 2s orbital. The localized
distribution of the cubs on single N atoms confirms that the electron pair is from the N atom. This distribution around N atoms
significantly decreases by attaching O atoms to the edges, Fig. 3 c, as a result of the more interactive electron in 2p orbital from
each O atom.

The adsorption of hydrated metals also has a significant effect on the electronic properties of the shBN-H flakes as can be seen
from the DOS presented in Fig. 4. New peaks appear in the low energy region leading to decrease in the flake wide band gap to
AE=3.65 eV in shBN-H-Cd-A or to AE= 1.26 in shBN-H-Fe-Z (see Table 2 and Fig. 4 (a), (b)). These low energy peaks represent
energy levels from the adsorbed metals as seen from the corresponding HOMO distributions, their appearance as the HOMO
means that they form weak bonds and can be removed without deforming the flake.
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Fig. 4. DOS of shBN-H after adsorption of hydrated metals. Alpha and beta MO represent spin up and spin down MO,
respectively.
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It is observed from Table 2 that the adsorption of hydrated Fe and Zn on shBN and shBN-S, respectively, results in a negative
energy gap due to the overlap between conduction and valance bands [110-113]. The overlap can be seen in Fig. 4 (i) where the
peaks in the energy region between the HOMO-5 and HOMO+2 represent mixed molecular orbitals from HOMO-4 to LUMO+1.
The origin of this transformation from the semiconductor to the semimetal is the additional electrons from the adsorbed metals
that form weak bonds with the flakes. This weak bonds appear in the tiny gap region shifting the top of the valance band to higher
energy than the LUMO energy. In other cases, such as adsorption of Fe by B atoms in shBN no band crossing is observed and
AE=0.18 eV. The adsorbed hydrated metal forms strong chemical bonds with B atoms, as seen in Fig. 4 (h) inset, and the
corresponding molecular orbitals have energies lower than that of the HOMO. This explanation is confirmed by the distribution
of HOMO, in Fig. 4 (h) inset, on the corners of the flake and not on the adsorbed metal as in Fig. 4 (i).

3.3 Water splitting

In order to have more information about how the phenomenon of water splitting occurs during the adsorption of hydrated Zn
and Cu, the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) on shBN will be investigated. The adsorption
of O, OH, and OOH on the edge and surface of shBN-H will be considered to determine the overpotential required for 02
evolution. The following reaction mechanism is used to explain the OER:

9
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H20+ *- HO* +H*+ e (3)
HO*-> O* +H* + e’ (4)
O0*+H20-> HOO* +H*+ e (5)
HOO*-> 0, +H*+e + * (6)

Where * represent the shBN-H. The free energy (AG) for each step of the above four steps reaction can be calculated from the
following equations:

AG;= E (*OH)-E (*) - Ey0+0.5E, + (AZPE-TAS), -eU (7)
AG)= E (*O) - E (*OH) - Epo+0.5E + (AZPE-TAS),  -eU (8)
AG3= E (*OOH) - E (*O)- Enpo+0.5Ew, + (AZPE-TAS);  -eU (9)
AG,=E (*) - E (*OOH) + Egy+0.5E, + (AZPE-TAS),  -eU (10)

Where AG; 4 are the free energy steps, AZPE is the zero-point energy difference because of the reaction, AS is the change in
entropy, and U is the applied potential. An ideal catalyst would need a thermodynamic potential equal to 4.92 eV for water
splitting, i.e. 1.23 eV for each step. To overcome the intrinsic activation barriers of the catalyst and other barriers from the
interaction medium, additional potential is required which is called overpotential [114]. Thus, the overpotential can be estimated
by subtracting 1.23 eV from the maximum AG of these steps. The calculated AG values (at applied bias U=0 V and T=298.15 K) for
the adsorption on the surface for the four steps are shown in the free energy diagram in Fig. 5 (g), from which the overpotential
for OER on the edge and surface is n=0.78 and 0.52 V, respectively.

For OER on both the edge and the surface, the maximum free energy of the four steps is that one of the first step (AG,=1.75 eV
for surface and AG;=2.01 eV for edge) thus the overpotential will be required to initiate the dissociation of H20 on shBN-H to
produce OH*. The obtained n for OER on the surface is 0.52 V which is lower than that in several extensively used water
oxidization catalysts: WO3 (0.63 V), Bi4NbO8Cl (0.69 V), and graphene (0.57 V) [115-117].

The HER in neutral and alkaline solutions take place using the following reaction [118]:
* +H20 + e H* + OH- (11)
H* + H* > 2% + H, (12)

With H* represent hydrogen adsorbed on the edge or the surface of shBN-H. From eqgs. 11 and 12, the HER activity can be
evaluated from the free energy (AGy+) variation due to the adsorption of H [119]. Here we calculate the HER activities for solid
gas model (i.e. the effect of solvation is not considered) to decrease the computational cost. A good HER catalyst should have
AGy~ close to 0, our calculations (shown in Fig. 5 (e)) imply that shBN-H is a good HER catalyst with AGy+=0.11 eV for adsorption
on the edge. Therefore, due to the low overpotential for OER and low AGyx for HER, shBN quantum dots can be considered as
potential catalysts for water splitting.
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Fig. 5. Optimized structures of shBN with OH (a), O (b), and OOH (c) adsorbed on the surface, and optimized structures after
adsorption of hydrogen (d-f). The free energy diagram of OER (g) and the HER (h).

4. CONCLUSION

The density functional theory calculations are employed to investigate the electronic and adsorption properties of shBN quantum
dots before and after chemical functionalization with different elements and groups. The stability calculations show that all the
chosen flakes are stable where the negative free energy of binding, positive adsorption energy and frequencies indicate that the
resultant structures from interaction between the functionalized quantum dots and the hydrated metals are energetically stable.
The structure stability and interactivity are significantly enhanced by chemical modification, for instance the free energy and total
electric dipole moment can be enhanced from -6.5 eV and 4.6 D in hydrogenated flakes to -7.1 eV and 54.6 D, respectively, in
pristine flakes. This effect occurs not only in pristine but also in sulfureted and oxygenated flakes which in turn improves their
adsorption properties. The band structures can be finely tuned by the edge passivation, where a wide band gap (~ 6 eV) can be
obtained in fluorinated flakes and tiny gap (~0.2 eV) in sulfureted ones. The hexahydrated metals, namely Co, Cr, Fe, Cu, Zn, and
Cd, successfully adsorb on the surface and the edges of shBN-h. Chemical functionalization greatly enhances the adsorption
capability of these flakes. For instance, the adsorption energy of Zn on the surface of hydrogenated shBN increases from 0.6 to
8.6 eV after the attachment of two COOH groups to the surface. Alongside with the successful adsorption of all the selected
metals, it is also noted that hydrogen molecules evolve through the interaction with the hydrated metals, for example hydrogen
molecule evolved through the adsorption of hexahydrated Zn on the flake edge. The overpotential needed to initiate OER on the
surface of shBN is 0.52 V. Additionally, the calculated hydrogen adsorption strength on the edge of shBN for the HER is AG;+=0.11
eV. Therefore, in addition to the capability to filtering out different metals from wastewater, the low overpotential and hydrogen
adsorption strength imply that boron nitride flakes are also potential candidates for efficient water splitting.
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APPENDIX A

The calculated band gaps using different basis sets and functionals are presented in Fig. 6 (a, b) to verify the adequacy of the
results obtained from b3lyb/3-21g*. Additionally, in Fig. 6 (c), the band gaps for different total number of atoms and functionals
are given to show the effect of size and the effect of functionals on large QDs. The intrinsic reaction coordinate diagram in Fig. 6
(d) for shBN-COOH-Z, as illustrative example, confirms the stability of the optimized product structures.
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Fig. 6. (a) The obtained electronic energy gap (AE) using the b3lyb functional for different basis sets. (b) AE using 3-21g* with
different functionals. (c) shBN-H band gap for different number of atoms using different functionals and 3-21g* basis set. (d)
The intrinsic reaction coordinate diagram for shBN-COOH-Z. Mulliken Charges distribution and TEDM for Co (a) and Cd (f) single

atoms adsorbed on the surface of shBN-H.
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Fig. 7 presents the IR spectra of selected shBN flakes before/ after chemical functionalization and adsorption of hydrated metals.

The structures stability is confirmed by the obtained positive frequencies for all the IR intensities.
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Fig. 7. Infrared spectra of selected shBN flakes.
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