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Abstract: The aim of this research is to remove metal/loid ions of Na+, K+, Sn2+, Pb2+, Al3+, and As3+ 

from water due to nanomaterial-based gallium nitride nanocage (Ga–N). The electromagnetic and 

thermodynamic attributes of metal/loid cations trapped Ga–N were depicted by materials modeling. 

The encapsulation of metal/loid cations occurs via chemisorption. It has been studied the behavior of 

trapping of main group cations of Na+, K+, Sn2+, Pb2+, Al3+, As3+ by GaN–nc for sensing the water metal 

cations. Ga–N was modeled in the presence of metal/loid cations (Na+, K+, Sn2+, Pb2+, Al3+, As3+). 

Sample characterization was performed using CAM–B3LYP/EPR–3, LANL2DZ level of theory. The 

electric potential parameters extracted from NQR analysis have illustrated that the uptake of free 

potassium and sodium ions has been known to be associated with Ga–N, indicating that the K+ and Na+ 

ions encapsulated in this kind of nanocage can be internalized through a different pathway from other 

metal cations. Furthermore, the nuclear magnetic resonance (NMR) analysis indicated the notable peaks 

surrounding metal elements of Na+, K+, Sn2+, Pb2+, Al3+, and As3+ through the trapping in the Ga–N 

during ion detection and removal from water; however, it can be seen some fluctuations in the chemical 

shielding treatment of isotropic and anisotropy tensors. Based on the results of this research, the 

selectivity of metal ion adsorption by Ga–N (ion sensor) has been approved as K+> Na+> ˃ ˃ As3+ > 

Sn2+ ≈ Pb2+ > Al3+. Finally, it has been shown that for a given number of nitrogen donor sites in Ga–N, 

the stabilities of monovalent (M+), divalent (M2+) and trivalent (M3+) cation complexes are K+ΞGa–N 

> Na+ΞGa–N >˃˃ As3+ΞGa–N > Sn2+ΞGa–N ≈ Pb2+ΞGa–N > Al3+ΞGa–N. In this article, it is proposed 

that metal/loid cations–adsorbed can be used to decorate and enlarge the optoelectronic properties of 

Ga–N, which can be used to produce photoelectric devices for water treatment. 
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1. Introduction 

Water is one of the most important natural resources. It is an essential substance for life 

and is considered a universal solvent capable of dissolving almost all solutes. Additionally, 

water is widely used in households, agriculture, industry, and tourism, and therefore, water 

conservation should be a basic human need. The chemical characteristics of natural waters 

reflect the soils and rocks that have been in contact with water. The quality and quantity of the 

chemical elements in surface waters are affected by the geochemical structure of the 
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surrounding area, land use, seasonal variations of weather conditions, vegetation, and 

atmospheric deposits [1,2]. 

The researchers have investigated the selectivity and priority of metal removal based 

on the type of surfactant in foam separation [3–5]. In general, according to Hoffmeister’s series, 

it has been reported that alkali metals with smaller atomic numbers are more likely to 

precipitate with carboxylic acid in aqueous solutions [6–8]. The Hoffmeister’s series was 

derived from the results of the protein salting-out effects (Li+˃Na+˃K+ ˃ Rb+˃Cs+). By contrast, 

micelles of surfactants with sulfate groups have a higher degree of binding of counterion with 

alkali metals of higher atomic numbers (Li+ ˂ Na+ ˂ K+ ˂ Rb+ ˂ Cs+) [9].  

The quantity and quality of the chemical atoms in surface waters are impacted by a 

geochemical combination of environment, soil use, changes in seasonal climate, vegetation, 

and atmospheric conditions [10–14].  

These days, atmospheric contaminations caused by toxic organic compounds and 

hazardous metal/loid, with their persistence, are a serious obstacle worldwide [15]. For 

instance, lead (Pb) is a heavy metal that exists abundantly in the environment. The 

improvement of lifestyle and dependent productions enhanced the value of lead emissions and 

made explicit growth in doping in the surrounding area [16, 17]. Lead does not decompose in 

the environment, so it collects in the living cells and poses a high health hazard [18,19]. Newly, 

an overview of the potential of magnetite nanoparticles and their composites to behave in 

polluted water and scavenge unpleasant contaminations has been represented [20].  

Rybarczyk and his co-workers have remarked on the consequences of experiments 

about the synchronic elimination of Al (III), Cu (II), and Zn (II) from dilute aqueous solutions 

applying ion and sudden flotation approaches. The concluded data have been exhibited through 

physicochemical areas dependent on metal salts in aqueous solutions [21].  

In addition, the element of tin (Sn) is a grey and white metal and appears in the oxidation 

states of Sn2+ and Sn4+ cations. Recently, Rathinam et al. have prepared the structurally 

isomeric rhodamine 6G-based amino derivatives for detecting Sn2+ cations [22]. 

The researchers have investigated the priority and selectivity of metal grabbing on the 

basis of the nature of surfactant in foam separation [23–25]. Generally, pursuant to 

Hoffmeister’s series, it was announced that first-group metals with lower atomic numbers are 

precipitated with carboxylic acid (R-COOH) in watery solutions [26–28]. 

The gallium nitride (GaN) molecule is one of the most explored of the third group 

semiconductors containing nitrogen elements, which are employed in various applications such 

as detector tools and optoelectronic and electronic instruments [29–32]. Regarding the 

important electronic attributes of GaN, it can be a suitable sample for gas detection [33–35]. In 

addition, density function theory (DFT) can be applied to investigate the mechanisms of 

complexes and adsorption reactions [36–39]. The application of DFT in the adsorption reaction 

system is summarized in this paper. 

Compared to past semiconductor substances, 3D-GaN is a broad-band gap 

semiconductor system [40]. Therefore, it can empower instrument operation at high 

frequency/voltage or temperature, indicating high luminous yield, proper thermal conduction, 

high-temperature persistence, stability to acids and alkalis, and anti-radiation attributes [41]. 

The adsorption of elements on the solid surface might interact indirectly through elastic 

distortion of the substrate or electron scattering with a long-range atomic interaction adjusted 

by the substrate, which runs a significant function in the self-assembly atomic shape. Since 

alkali metal elements might lightly miss electrons, their adsorption on the semiconducting 
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nanomaterials might change them to n-type, which will, in turn, decrease their effective action 

and alter their optoelectronic attributes [42]. Recently, many researchers have announced 

verdicts on the optoelectronic attributes of alkali-metal-adsorbed two-dimensional materials 

[43–53]. The alkali-metal atoms adsorbing on graphene [43,44] and g-GaN [54] applying a 

first-principles approach has been studied, and it has been discovered that the optoelectronic 

specifications of graphene and g-GaN are improved by the alkali-metal adsorbing.  

The density amount of Ga–N material is approximately low. Therefore, it is envisaged 

to develop the limitation of contaminants and dominate the weak adsorption, quick 

compression, and secondary pollution in the modification technology. As a matter of fact, the 

target of this research is to trap the cations of Na+, K+, Sn2+, Pb2+, Al3+, and As3+ in the water 

phase. This article investigates the removal of heavy metal ions from wastewater, which is of 

prime importance for a clean environment and human health. Different reported methods were 

devoted to removing heavy metal ions from various wastewater sources.  

2. Materials and Methods 

2.1. Metal/metalloid cations captured in Ga–N. 

The aim of this study is to remove alkali and alkaline earth metal cations from water by 

using Ga–N. The intention is to remove Na+, K+, Sn2+, Pb2+, Al3+, and As3+ from the aqueous 

solution containing a group of alkali and alkaline earth metals. The model solution is composed 

of the target of an alkali/alkaline earth metal and the Ga–N in an aqueous solution (Figure 1). 

Gallium nitride nanocage was modeled in the presence of metal cations (Na+, K+, Sn2+, Pb2+, 

Al3+, As3+). Roy et al. have calculated alkali and alkaline earth metal derivatives of COT due 

to CAM-B3LYP functional [55]. CAM-B3LYP yields atomization energies of similar quality 

to those from B3LYP while also performing well for charge transfer excitations, which B3LYP 

underestimates enormously. In our research, sample characterization was performed using 

CAM–B3LYP/EPR–3, LANL2DZ level of theory.  

 
Figure 1. Adsorption of metal/loid ions (Na+, K+, Sn2+, Pb2+, Al3+, As3+) from drinking water by Ga–N trough 

formation of a) Na+ΞGa–N; b) K+ΞGa–N; c) Sn2+ΞGa–N; d) Pb2+ΞGa–N; e) Al3+ΞGa–N; f) As3+ΞGa–N 

complexes toward water purification technology.  

Figure 1 shows the process of ion-trapping containing alkali and alkaline earth metal 

ions (Na+, K+, Sn2+, Pb2+, Al3+, As3+) which exist in the periodic box of water molecules 

towards the formation of MCs complexes by molecular modeling computations. 
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The charge distribution of Li+ΞGa–N, Na+ΞGa–N, K+ΞGa–N, Be2+ΞGa–N, Mg2+ΞGa–

N and Ca2+ΞGa–N complexes is calculated due to the Bader charge analysis [56].  

The metal cations were successfully incorporated in the center of Ga–N towards the 

formation of Li+ΞGa–N, Na+ΞGa–N, K+ΞGa–N, Be2+ΞGa–N, Mg2+ΞGa–N, and Ca2+ΞGa–N 

complexes (Figure 1). Regardless of which metal, the Gallium nitride nanocage expanded to 

accommodate the metal particles. By using mixtures of metal nanoparticles of two different 

sizes, it was found that the inclusion and the resultant pore size were controlled by the larger 

size metal particles (Figure 1).  

2.2. Density functional theory (DFT) approach. 

Our computations have been carried out due to the conceptual DFT using the projector–

augmented–wave (PAW) methodology [57]. The Perdew–Burke–Ernzerhof (PBE) functional 

under the generalized gradient approximation (GGA) was applied as the exchange-correlation 

functional [58]. The non-empirical PBE functional is recognized to relegate precise crystal 

specifications [59]. Commonly, where GGA functionals lose out, local density functionals stop, 

too. Considering the thermal conductivity compared to local density functionals, PBE does not 

over-attach structures; therefore, the interatomic force constants are not too flexible. All in all, 

the lattice thermal conductivity is the same whether using local density or GGA functionals 

[60].  

Hohenberg-Kohn (HK) functions have rigidly made electronic density permissible as a 

fundamental variable in electronic and structure computations. In other words, the development 

of the applied DFT methodology only became notable after W. Kohn and L. J. Sham released 

their reputable series of equations, which were introduced as Kohn-Sham (KS) equations [61, 

62]. 

Considering the electronic density within the KS image, we are able to see a remarkable 

reduction in quantum computing. Thus, the KS methodology lightens the route for pursuing 

systems that cannot be discussed by conventional ab initio methodologies. Kohn and Sham" 

introduce the solution, which brings up the mono-electronic orbitals to account for the kinetic 

energy in a simple and relatively exact by finding a residual modification that might be 

computed apart. So, one starts with a reference model of M with non-interacting electrons 

related to the external potential   𝑣𝑠 and with Hamiltonian [61, 62]:  

𝐻̂𝑠 =  − ∑
1

2
 V̅𝑖

2 + ∑ 𝑣𝑠
𝑀
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By representing the single-particle orbitals 𝜓𝑖 all electronic densities physically 

acceptable for the system of "non-interacting" electrons are written in the equation (3): 

  𝜌 (𝑟) =  ∑ |𝜓𝑖 (𝑟)|2    (3)𝑀
𝑖  
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Therefore, the precise exchange energy function is described by the Kohn–Sham 

orbitals in lieu of the density, which is cited as the indirect density functional. This research 
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has employed the penetration of the hybrid functional of a three-parameter basis set of B3LYP 

(Becke, Lee, Yang, Parr)" within the conception of DFT upon theoretical computations [63, 

64]. The popular B3LYP (Becke, three-parameter, Lee–Yang–Parr) and exchange-correlation 

functional becomes based on equation (5) [65–67]: 

𝐸XC
B3LYP = (1 − 𝛼)𝐸x

LSDA +  𝛼𝐸x
HF  + 𝑏∆𝐸x

B + (1 − 𝑐)𝐸c
LSDA  + 𝑐𝐸c

LYP        (5) 

𝛼 = 0.20, 𝑏 = 0.72, 𝑐 = 0.81 shows a generalized gradient approximation: the Becke 

exchange functional [68] and the correlation functional of Lee et al. [69] for B3LYP and 

𝐸c
LSDA   is the VWN local spin density approximation to the correlation functional [70].  

In this article, the rigid PES using DFT calculations was accomplished using the 

Gaussian 16 revision C.01 program package [71]. The input Z-matrix for encapsulation of the 

metal cations (Na+, K+, Sn2+, Pb2+, Al3+, As3+) in water by the Ga–N has been provided with 

GaussView 6.1 [72] due to the rigid system and coordination format of which a blank line has 

been cited and using LANL2DZ basis set to distinguish chemical shielding, frequencies, 

thermodynamic properties, electrostatic and electronic potential, natural atomic charges, 

projected density of state and other quantum properties for this work. In this study, the 

interaction between metal ions and Ga–N was modeled and analyzed. As revealed by DFT-

based analysis, the ability of Ga–N to grab metal ions was determined mainly by the 

electronegativity of the functional groups, the electronegativity of the metals, and the ionic 

radius of the metals, as well as the interaction between Ga–N and the metals.  

NQR is a straight frame of the interaction of the quadrupole moment with the EFG, 

which is produced by the electronic structure of its ambiance. Therefore, the NQR transition 

frequencies are symmetric to the electric quadrupole moment of the nucleus and a measurement 

of the strength of the local EFG [73, 74]. The NQR method is related to the multipole expansion 

in Cartesian coordinates as the equation (6): 

𝑉(𝑟) =  𝑉(0) +  [(
𝜕𝑉

𝜕𝑥𝑖
) |

0
 . 𝑥𝑖)] +  

1

2
  [(

𝜕2𝑉

𝜕𝑥𝑖𝑥𝑗
) |

0
. 𝑥𝑖𝑥𝑗)] + ⋯     (6)   

After that, a simplification on the equation (6), there are only the second derivatives 

related to the identical variable for the potential energy [73, 74]:  
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𝒟

   

There are two parameters that must be obtained from NQR experiments: the quadrupole 

coupling constant, 𝜒, and the asymmetry parameter of the EFG tensor η:  

 𝜒 =   
𝑒2𝑄𝑞𝑧𝑧

ℎ
⁄                           (8) 

η =  
𝑞𝑥𝑥 − 𝑞𝑦𝑦

𝑞𝑧𝑧                       (9)⁄  

where 𝑞𝑖𝑖 are ingredients of the EFG tensor at the quadrupole nucleus determined in the 

EFG principal axes system, 𝑄 is the nuclear quadrupole moment, 𝑒 is the proton charge, and ℎ 

is the Planck's constant [75,76]. 

3. Results and Discussion 

Element cations that are dominant in water are alkali and alkaline earth metal cations 

(Na+, K+, Sn2+, Pb2+, Al3+, As3+). The data evaluated the efficiency of gallium nitride nanocage 

(Ga–N) for metal cation encapsulation. In fact, the chemisorptive nature of the bond among the 
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metal cations with gallium and nitrogen elements can be remarked on through the equilibrium 

distribution of metal cations, Ga–N, and a monolayer attribute.  

3.1. Nuclear quadrupole resonance (NQR) analysis. 

In this research, the calculated nuclear quadrupole resonance/NQR specifications 

extracted from electrostatic properties have been calculated for the trapping of first and second 

main group metal cations including Na+, K+, Sn2+, Pb2+, Al3+, As3+ in Ga–N which is accord to 

the results of the nuclear quadrupole moment, a trait of the nucleus, and the electric field 

gradient/EFG in the neighborhood of the nucleus.  

As the EFG at the citation of the nucleus in metal cations including Na+, K+, Sn2+, Pb2+, 

Al3+, As3+ is allocated by the valence electrons twisted in the particular attachment with close 

nuclei of Ga–N through trapping of metal cations, the NQR frequency at which transitions 

occur is particular for (Na+, K+, Sn2+, Pb2+, Al3+, As3+)ΞGa–N complexes (Table 1).  

In this research work, the electric potential as the quantity of work energy through 

carrying over the electric charge from one position to another position in the essence of electric 

field has been evaluated for Na+ΞGa–N, K+ΞGa–N, Sn2+ΞGa–N, Pb2+ΞGa–N, and Al3+ΞGa–

N and As3+ Ξ Ga–N complexes using CAM–B3LYP/EPR–3, LANL2DZ level of theory 

(Table1).  

Table 1. The electric potential (a.u.) and Bader charge (e) through NQR calculation for Na+ΞGa–N, K+ΞGa–N, 

Sn2+ΞGa–N, Pb2+ΞGa–N, and Al3+ΞGa–N and As3+ΞGa–N complexes using CAM-B3LYP/EPR–3, 

LANL2DZ calculation. 

Na+ΞGa–N K+ΞGa–N Sn2+ΞGa–N 

Atom Q Ep Atom Q Ep Atom Q Ep 

Ga1 0.8788 –146.607 Ga1 0.8743 –146.572 Ga1 0.5623 –1.1730 

N2 –0.4796 –18.164 N2 –0.4628 –18.17 N2 –0.4772 –18.4139 

N3 –0.5117 –18.1776 N3 –0.5362 –18.187 N3 –0.5985 –18.4361 

Ga4 0.8820 –146.6 Ga4 0.8372 –146.568 Ga4 0.5647 –1.175 

Ga5 0.8676 –146.627 Ga5 0.8698 –146.608 Ga5 0.5867 –1.1762 

Ga6 0.8846 –146.63 Ga6 0.8979 –146.606 Ga6 0.5684 –1.1717 

N7 –0.4655 –18.1578 N7 –0.4479 –18.1622 N7 –0.4746 –18.4082 

N8 –0.5121 –18.1756 N8 –0.5369 –18.1746 N8 –0.5907 –18.4378 

N9 –0.493 –18.184 N9 –0.5128 –18.1942 N9 –0.4921 –18.4055 

N10 –0.4899 –18.1751 N10 –0.5009 –18.1839 N10 –0.4772 –18.4002 

N11 –0.4725 –18.1723 N11 –0.4849 –18.1807 N11 –0.4848 –18.4053 

N12 –0.5400 –18.1888 N12 –0.5741 –18.2027 N12 –0.5148 –18.4203 

Ga13 0.9325 –146.616 Ga13 0.8611 –146.618 Ga13 0.5321 –1.1145 

N14 –0.4540 –18.1331 N14 –0.4503 –18.1287 N14 –0.4500 –18.3964 

N15 –0.4464 –18.1317 N15 –0.4401 –18.1276 N15 –0.4411 –18.3895 

Na16 0.4193 –34.5186 K16 0.6067 –74.29 Sn16 2.1869 –1.3890 

Pb2+ Ξ Ga–N Al3+ Ξ Ga–N As3+ Ξ Ga–N 

Atom Q Ep Atom Q Ep Atom Q Ep 

Ga1 0.6030 –1.1721 Ga1 0.5971 –1.2004 Ga1 0.7196 –1.18992 

N2 –0.4980 –18.4213 N2 –0.4584 –18.4 N2 –0.5008 –18.4167 

N3 –0.5607 –18.4446 N3 –0.5471 –18.4188 N3 –0.6600 –18.43 

Ga4 0.5885 –1.1734 Ga4 0.6131 –1.2019 Ga4 0.7179 –1.1905 

Ga5 0.6239 –1.1770 Ga5 0.6331 –1.2042 Ga5 0.7436 –1.1930 

Ga6 0.5969 –1.1715 Ga6 0.6015 –1.2014 Ga6 0.7148 –1.1894 

N7 –0.4882 –18.4154 N7 –0.4624 –18.3963 N7 –0.4854 –18.4186 

N8 –0.5576 –18.4477 N8 –0.5505 –18.4235 N8 –0.6530 –18.4308 

N9 –0.5151 –18.4193 N9 –0.4786 –18.4124 N9 –0.4783 –18.399 

N10 –0.5150 –18.4283 N10 –0.4673 –18.412 N10 –0.4647 –18.3968 

N11 –0.5064 –18.4244 N11 –0.4771 –18.4151 N11 –0.4746 –18.4008 
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N12 –0.5282 –18.438 N12 –0.5020 –18.4259 N12 –0.5175 –18.4045 

Ga13 0.6256 –1.1201 Ga13 0.42170 –1.1787 Ga13 0.6182 –1.1346 

N14 –0.4340 –18.3897 N14 –0.4300 –18.3822 N14 –0.4642 –18.4111 

N15 –0.4411 –18.3841 N15 –0.4226 –18.3808 N15 –0.4613 –18.4034 

Pb16 2.0066 –1.3702 Al16 1.9296 –1.0981 As16 1.6458 –2.2729 

In Table 1, the Bader charge and electronic potential properties of different atoms of 

Ga, N, and metal and metalloid ions of Na+, K+, Sn2+, Pb2+, Al3+, and As3+ trapped on the Ga–

N have been investigated. The amounts indicate that with increasing the negative charge of 

different atoms, the electric potential resulting from NQR calculations increases. Moreover, 

the most negative charges belong to Na+ in Na+ΞGa–N complex (electron acceptor), which 

approves the most electron transfer from nitrogen (electron donor) in Ga–N to metal ion (Table 

1). 

Furthermore, in Figure 2 (a–f), it has been sketched the electric potential of nuclear 

quadrupole resonance for some atoms of (Na+, K+, Sn2+, Pb2+, Al3+, As3+) in the trapping in the 

Ga–N through metal cations adsorption which has been calculated by CAM–B3LYP/EPR–3, 

LANL2DZ. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2. Electric potential (a.u.) versus Bader charge (e) through NQR calculation for (a) Na+ΞGa–N; (b) 

K+ΞGa–N; (c) Sn2+ΞGa–N; (d) Pb2+ΞGa–N; (e) Al3+ΞGa–N; (f) As3+ΞGa–N complexes by CAM–

B3LYP/EPR–3, LANL2DZ. 
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In Figure 2 (a–f), the behavior of trapping of main group cations of Na+, K+, Sn2+, Pb2+, 

Al3+, and As3+ by gallium nitride nanocage for sensing the water metal cations was observed. 

It’s vivid that the curve of Ga–N is waved by these metal cations. The sharpest peaks for electric 

potential have been shown around metal cations trapping on Ga–N, which present the electron-

accepting characteristics of these atoms versus the gallium and nitrogen atoms of Ga–N (Figure 

2a–f). 

The ions of Na+ and K+ in Na+ΞGa–N (Figure 2a) and K+ΞGa–N (Figure 2b), 

respectively, have shown approximately the same behavior with the relation coefficients of  

R2
Na+= 0.9954 and R2

K+ = 0.9954. Furthermore, Sn2+ in Sn2+ΞGa–N (Figure2c), Pb2+ in 

Pb2+ΞGa–N (Figure2d), Al3+ in Al3+ΞGa–N (Figure2e), As3+ in As3+ Ξ Ga–N (Figure2f), 

respectively, with relation coefficients of  R2
Sn2+ = 0.9865 and R2

Pb2+= 0.9923, R2
Al3+= 0.988, 

R2
As3+ = 0.9724. Since potassium and sodium have electric potentials of –74.29 and –34.5186 

a.u., respectively, a different fluctuation of the graph of Q versus Ep compared to tin, lead, 

aluminum, and arsenic has been seen (Table 1). In fact, the uptake of free potassium and sodium 

ions has been known to be associated with Ga–N, indicating that the potassium and sodium 

ions encapsulated in this kind of nanocage can be internalized through a different pathway from 

other metal cations. 

3.2. NMR spectra analysis. 

Based on resulted amounts, nuclear magnetic resonance (NMR) spectra of Ga–N as the 

potent sensor for adsorbing the main group cations of Na+, K+, Sn2+, Pb2+, Al3+, As3+ can 

unravel the efficiency of Ga–N for detecting and removing of these metal cations in water.  

From the DFT calculations, it has been attained the chemical shielding (CS) tensors in 

the principal axes system to estimate the isotropic chemical shielding (CSI) and anisotropic 

chemical shielding (CSA) [77]: 

 𝜎𝑖𝑠𝑜  =
 𝜎11 +   𝜎22 +   𝜎33

3
                 (10) 

 𝜎𝑎𝑛𝑖𝑠𝑜  =   𝜎33 − ( 𝜎22  +   𝜎11)/2     (11) 

The chemical shielding extracts from NMR can be applied for allocating the structural 

and geometrical specifications of materials. As a matter of fact, Gauge Invariant Atomic Orbital 

(GIAO) methodology has been recommended as a valid methodology for NMR parameter 

computations. Our own N-layered Integrated molecular Orbital and Molecular mechanics 

(ONIOM) has caught many regards for gaining NMR chemical shielding of gas molecule-

surface complexes such as isotropic chemical shielding appears in equation (12): 

 𝜎𝑖𝑠𝑜,𝑂𝑁𝐼𝑂𝑀 =  𝜎𝑖𝑠𝑜,ℎ𝑖𝑔ℎ(𝑄𝑀1)   +  𝜎𝑖𝑠𝑜,𝑚𝑒𝑑𝑖𝑢𝑚(𝑄𝑀2)  +  𝜎𝑖𝑠𝑜,𝑙𝑜𝑤(𝑄𝑀3)          (12) 

The NMR data of isotropic (σiso) and anisotropic shielding tensor (σaniso) of Na+, K+, 

Sn2+, Pb2+, Al3+, As3+  trapped them in Ga–N towards the formation of Na+ΞGa–N, K+ΞGa–N, 

Sn2+ΞGa–N, Pb2+ΞGa–N, Al3+ΞGa–N, and As3+ΞGa–N complexes have been computed by 

Gaussian 16 revision C.01 program package [71] and been shown in Table2. 

Table 2. Data of NMR shielding tensors for selected atoms of Na+ΞGa–N, K+ΞGa–N , Sn2+ΞGa–N , Pb2+ΞGa–

N, Al3+ΞGa–N , and As3+ΞGa–N complexes using CAM-B3LYP/LANL2DZ calculation. 

Na+ΞGa–N K+ΞGa–N Sn2+ΞGa–N 

Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso 

Ga1 176.0442 3288.7740 Ga1 176.0442 3288.7740 Ga1 12.1048 24.7872 

N2 146.2084 962.6405 N2 146.2084 962.6405 N2 261.5476 346.7223 
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Na+ΞGa–N K+ΞGa–N Sn2+ΞGa–N 

Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso 

N3 559.4041 1683.7566 N3 559.4041 1683.7566 N3 218.4619 709.2896 

Ga4 313.1950 3636.4504 Ga4 313.1950 3636.4504 Ga4 12.6808 19.6937 

Ga5 664.6836 3206.2957 Ga5 664.6836 3206.2957 Ga5 9.9406 21.2027 

Ga6 426.0429 2698.2576 Ga6 426.0429 2698.2576 Ga6 13.2415 22.7502 

N7 81.1500 707.7763 N7 81.1500 707.7763 N7 194.0188 248.0492 

N8 317.1902 1085.0094 N8 317.1902 1085.0094 N8 69.7006 648.1644 

N9 190.4914 825.4995 N9 190.4914 825.4995 N9 224.7932 351.8422 

N10 212.9765 1100.8884 N10 212.9765 1100.8884 N10 179.1911 285.8777 

N11 183.1710 944.6942 N11 183.1710 944.6942 N11 313.7818 600.5299 

N12 41.6829 684.3389 N12 41.6829 684.3389 N12 74.4761 269.4956 

Ga13 48.8067 1547.5695 Ga13 48.8067 1547.5695 Ga13 14.3093 16.7176 

N14 307.1220 507.1908 N14 307.1220 507.1908 N14 342.9848 1224.0664 

N15 339.2513 700.6093 N15 339.2513 700.6093 N15 350.7752 810.5883 

Na16 489.7468 66.8350 K16 489.7468 66.8350 Sn16 26.4779 9.0718 

Pb2+ΞGa–N Al3+ΞGa–N As3+ΞGa–N 

Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso 

Ga1 4.6063 14.0165 Ga1 4.8060 20.9588 Ga1 9.6900 20.2091 

N2 271.9544 537.4020 N2 22.6113 589.3066 N2 109.0169 130.4181 

N3 133.1549 687.9196 N3 665.5865 1248.2876 N3 122.6319 276.8316 

Ga4 9.7709 15.7436 Ga4 3.5951 17.7406 Ga4 8.8143 14.2817 

Ga5 4.1482 14.6684 Ga5 0.9806 20.6433 Ga5 8.5637 14.9535 

Ga6 9.2320 19.2702 Ga6 2.5714 21.8420 Ga6 10.1722 18.1431 

N7 327.6876 845.9131 N7 168.3817 1113.5301 N7 234.9205 203.0611 

N8 75.7414 751.7755 N8 552.8558 1103.1616 N8 2.8664 192.9452 

N9 140.1057 405.9991 N9 178.9364 515.8756 N9 158.8212 450.9672 

N10 238.8911 205.7190 N10 199.6504 483.3784 N10 179.6835 415.2262 

N11 191.9187 577.6869 N11 115.4632 597.3780 N11 153.8919 153.8919 

N12 62.8760 244.3127 N12 93.8285 471.3872 N12 190.2822 243.9391 

Ga13 8.3990 9.7179 Ga13 6.2769 7.1651 Ga13 9.8567 10.8558 

N14 358.5329 636.8744 N14 100.0203 330.2154 N14 427.8764 960.4075 

N15 486.5791 857.6936 N15 64.0987 642.4470 N15 356.7554 956.9046 

Pb16 24.2002 4.5236 Al16 16.7175 10.2771 As16 35.6245 5.7157 

In Table 2, NMR data has reported the notable amounts for metal cations of Na+, K+, 

Sn2+, Pb2+, Al3+, and As3+, which were trapped in the Ga–N as the selective sensor for detecting 

metal ions in water. The observed increase in the chemical shift anisotropy spans for Ga (4), 

Ga (5), and Ga (6) in Na+ΞGa–N and K+ΞGa–N complexes is due to Na+, K+ ions binding to 

Ga–N (Figures 3a, b). The complexes of Sn2+ΞGa–N (Figure 3c) and Pb2+ΞGa–N (Figure 3d) 

have shown approximately similar behavior through the fluctuation of chemical shift 

anisotropy spans for functionalized atoms of N (2), N (3), N (7), N (8), N (9), N (11), N (12), 

N (14), N (15). Moreover, the complexes of Al3+ΞGa–N (Figure 3e) and As3+ΞGa–N (Figure 

3f) have shown approximately similar behavior through the fluctuation of chemical shift 

anisotropy spans for functionalized atoms of N (2), N (3), N (7), N (8), N (9), N (14), N (15). 

The observed weak signal intensity near the parallel edge of the nanocage pattern may 

be due to calcium or magnesium ion-binding induced non-spherical distribution of these 

complexes. 
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It is remarkable that the interaction of monovalent (M+), divalent (M2+), and trivalent 

(M3+) cations with Ga–N promotes the stability of nanocage that results in enhanced magnetic 

alignment of complexes. Interestingly, the reported results show that both M+, M2+, and M3+ 

can be optimized to achieve optimal alignment of nanocage in the presence of an applied 

magnetic field. 

In fact, the encapsulation of Na+, K+, Sn2+, Pb2+, Al3+, and As3+ can introduce spin 

polarization on the (Na+, K+, Sn2+, Pb2+, Al3+, As3+)–encapsulated Ga–N which indicates that 

these surfaces might be applied as magnetic energy storage. In fact, it is revealed that the 

isotropic and anisotropic shielding fluctuates with the occupancy in the electron-accepting 

metal cations trapped in the gallium nitride nanocage.  

Figure 3 exhibited the same tendency of shielding for gallium and nitrogen; however, 

a considerable deviation exists from metal cations (electron acceptor) of Na16 (Figure 3a), K16 

(Figure 3b), Sn16 (Figure 3c), Pb16 (Figure 3d), Al16 (Figure 3e), and As16 (Figure 3f) 

through interaction with nitrogen atoms (electron donner) during trapping in the Ga–N. 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 

Figure 3. The NMR spectra for (a) Na+ΞGa–N; (b) K+ΞGa–N; (c) Sn2+ΞGa–N; (d) Pb2+ΞGa–N; (e) 

Al3+ΞGa–N; (f) As3+ΞGa–N complexes using CAM-B3LYP/LANL2DZ. 

 

In Figure 3 (a–f), metal cations of Na+, K+, Sn2+, Pb2+, Al3+, As3+ in the complexes of 

Na+ΞGa–N, K+ΞGa–N, Sn2+ΞGa–N, Pb2+ΞGa–N, Al3+ΞGa–N, and As3+ΞGa–N denote the 

fluctuation in the chemical shielding during ion trapping. In fact, Figure 3 (a–f) indicates the 

gap in chemical shielding between gallium/nitrogen in Ga5N10 nanocage and metal cations. 

Therefore, it can be considered that the efficiency of electron-accepting for the trapped metal 

cations in the Ga–N is K+˃ Na+˃˃˃As3+˃Sn2+≈Pb2+˃Al3+ indicates the power of the covalent 

bond between gallium/nitrogen and these metal cations towards ion removal. In the NMR 

spectroscopy, it has been observed the remarkable peaks around metal elements of Na+, K+, 

Sn2+, Pb2+, Al3+, and As3+ through the trapping in the Ga–N during ion detection and removal 

from water; however, there are some fluctuations in the chemical shielding behaviors of 

isotropic and anisotropy attributes.  

Therefore, the authors believe that the extracted results would be useful in designing 

Ga–N based nanomaterials for encapsulating first-group and second-group metals cations of 
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the periodic table in addition to the structural studies using solid-state and solution NMR 

techniques. 

3.3. IR spectroscopy and thermodynamic factors.  

The IR calculations have been accomplished to trap metal cations of Na+,  K+, Sn2+, 

Pb2+, Al3+, and As3+ in the Ga–N during ion sensing in water. Therefore, it has been simulated 

the several clusters containing Na+ΞGa–N (Figure 4a), K+ΞGa–N (Figure 4b), Sn2+ΞGa–N 

(Figure 4c), Pb2+ΞGa–N (Figure 4d), Al3+ΞGa–N (Figure 4e), and As3+ΞGa–N (Figure 4f).  

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

Figure 4. The Frequency (cm-1) changes through the IR spectra for (a) Na+ΞGa–N; (b) K+ΞGa–N; (c) 

Sn2+ΞGa–N; (d) Pb2+ΞGa–N; (e) Al3+ΞGa–N; (f) As3+ΞGa–N complexes. ε (M−1cm−1 or Lmol−1cm−1) is the 

absorbance unit, and D (10−4 esu2 cm2) is the dipole strength via the esu or electrostatic unit, which is a unit 

of charge in the cgs (centimeter-gram-second) system. 

 

Figure 4 (a) shows the frequency range between 100–1150 cm-1 for Na+ΞGa–N with 

sharp peaks around 281.61, 360.46, and 891.95 cm-1. Figure 4 (b) indicates the fluctuation of 

frequency between 100–1400 cm-1 for K+ΞGa–N with two sharp peaks around 511.8 and 

1257.49 cm-1. Moreover, Figure 4 (c) has exhibited the frequency between 200–1200 for 

Sn2+ΞGa–N with sharp peaks around 254.94,406.60, 458.02, 593.13, 869.27, 919.83, 995.17, 

and 1030.76 cm-1. Figure 4d has observed the frequency between 200–1200 for Pb2+ΞGa–N 

with sharp peaks around 400.93, 570.63, 861.70, and 1011.39 cm-1. Furthermore, the frequency 

between 100–1200 for Al3+ΞGa–N has been observed with sharp peaks around 134.04, 

433.33, 538.19, 669.13 and 1103.08 cm-1 Figure 4e, Figure 4f has exhibited the frequency 

between 20–1200 for As3+ΞGa–N with sharp peaks around 27.03, 374.38, 486.44, 582.38, 

916.47, and 1013.89 cm-1. 

The IR spectra of metal/loid ion complexes with Ga–N have demonstrated that the 

structure of the dominant complex correlates with the ability of the ion and its size to be 

adsorbed through Ga–N. As it has been seen, K+Ξ Ga–N and Na+ΞGa–N with more electron-

accepting properties have the most fluctuations through the adsorption process (Figure 4a and 

d). Therefore, it can be found that IR spectroscopy of (Na+, K+, Sn2+, Pb2+, Al3+, As3+)–

encapsulated Ga–N is now well-placed to address specific questions on the individual effect of 

charge carriers (nanocage and ions), as well as solvent molecules on the overall structure 

(Figure 4 a–f). 
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Table 3, through thermodynamic specifications, concluded that Ga–N, due to 

encapsulation of metal cations, including Na+, K+, Sn2+, Pb2+, Al3+, and As3+, might be a more 

efficient sensor for detecting and removing the ions from water. 

Table3. The thermodynamic characters of Na+ΞGa–N , K+ΞGa–N , Sn2+Ξ Ga–N , Pb2+ΞGa–N , Al3+ΞGa–N , 

and As3+ΞGa–N complexes using CAM-B3LYP/6-311+G (d,p), LANL2DZ calculation. 

Compound 

Dipole 

moment 

(Debye) 

∆Eo×10-4 

(kcal/mol) 

∆Ho×10-4 

(kcal/mol) 

∆Go×10-4 

(kcal/mol) 

So 

(cal/K.mol) 

Na+ΞGa–N 0.3167 –640.725 –640.724 –640.728 110.521 

K+ΞGa–N 0.5338 –667.875 –667.875 –667.877 99.927 

Sn2+ΞGa–N 1.0001 –350.694 –350.693 –350.723 98.834 

Pb2+ΞGa–N 0.5613 –350.642 –350.641 –350.671 99.455 

Al3+ΞGa–N 0.4854 –350.161 –350.161 –350.190 99.281 

As3+ΞGa–N 1.4012 –352.313 –352.313 –352.343 102.904 

Thermodynamic parameters of complexes of monovalent (M+), divalent (M2+), and 

trivalent (M3+) cations with Ga–N have been determined using the DFT theoretical technique. 

It has been shown that for a given number of nitrogen donor sites in Ga–N, the stabilities of 

M+, M2+, and M3+ complexes are K+ΞGa–N > Na+ΞGa–N >˃˃ As3+ΞGa–N > Sn2+ΞGa–N ≈ 

Pb2+ΞGa–N > Al3+ΞGa–N (Table 3). 

The thermodynamic data in Figure 5 could detect the maximum efficiency of metal cations 

(Na+, K+, Sn2+, Pb2+, Al3+, As3+) trapped in the Ga–N through ∆Gads
o  which depends on the 

covalent bond between the first and second main group metal cations and Ga–N as a potent 

sensor for water treatment. 

 

Figure 5. Gibbs free energy ( ∆Gads
o ) for Na+ΞGa–N, K+ΞGa–N, Sn2+ΞGa–N, Pb2+ΞGa–N, Al3+ΞGa–N, and 

As3+ΞGa–N complexes using CAM-B3LYP/6-311+G (d,p), LANL2DZ. 

The encapsulation process of metal cations (Na+, K+, Sn2+, Pb2+, Al3+, As3+) in Ga–N is 

affirmed by the ∆Gads
o  quantities: 

 ∆Gads
o =  ∆GIonΞGa–N 

𝑜 − (∆GIon−trapped  
𝑜 + ∆GGa–N 

o )           (13) 

                  Ions= Na+,K+,Sn2+,Pb2+,Al3+,As3+ (14)  
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As seen in Table 3, all the accounted ∆Gads
o  amounts are very close, demonstrating the 

agreement of the measured specifications by all methodologies and the reliability of the 

computing values. 

Figure 6 shows the dependence on the size of the ions during interaction between the 

adsorbates of the alkali and alkaline earth metals cations as the electron acceptors and the 

adsorbent of Ga–N as electron donor in the complexes of Na+ΞGa–N, K+ΞGa–N, Sn2+ΞGa–N, 

Pb2+ΞGa–N, Al3+ΞGa–N, and As3+ΞGa–N. Therefore, the selectivity of metal ions by gallium 

nitride nanocage (ion sensor) can result in K+>Na+>˃˃As3+>Sn2+≈Pb2+>Al3+ (Table 3 and 

Figure 5). 

All in all, adsorption involving charged adsorbed species causes a change in the double 

layer and the potential at the outer Helmholtz plane, influencing the storage rates of both anodic 

and cathodic reactions. The first three modes are intimate with adsorption and the double layer. 

The last involves the interaction of the metal cations trapping and the intermediate products 

formed during the partial electrochemical reactions. Interaction of the adsorbed intermediates 

with metal cations can either decrease or increase the electrode reaction rate depending on the 

stability of the metal cation-intermediate complex formed. 

4. Conclusions 

Gallium nitride nanocage (Ga–N) can effectively remove metal/loid ions from water. 

Ion separation involving a gallium nitride nanocage (Ga–N) can be used to remove a series of 

cations from aqueous solutions based on electrostatic interactions between the metal cations 

and Ga–N.  

The electromagnetic and thermodynamic properties of metal/metalloid adsorbed Ga–N 

systems were investigated using density functional theory. The results have illustrated that all 

the metal/metalloid adsorbed Ga–N are rather stable, with the most stable adsorption site being 

in the center of the Ga–N system. The selectivity of metal ions by gallium nitride nanocage 

(ion sensor) can be resulted as: K+>Na+>˃˃As3+>Sn2+≈Pb2+>Al3+. Thus, it was indicated that 

for a given number of nitrogen donor sites in Ga–N, the stabilities of M+ are higher than M2+ 

and M3+ complexes as K+ΞGa–N > Na+ΞGa–N>˃˃As3+ΞGa–N>Sn2+ΞGa–N≈Pb2+ΞGa–

N>Al3+ΞGa–N. Moreover, it is proposed that metal/metalloid–absorbed can be used to 

decorate and enlarge the optoelectronic properties of Ga–N, which can be used to produce 

photoelectric devices [78]. 
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