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Abstract: Removal of heavy metal cations of Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+ from simulated water 

due to nanomaterial-based gallium nitride nanocage (Ga5N10Nc) is the target of this research. Ga5N10Nc 

was modeled in the presence of heavy metal cations (Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+). The essence 

of covalent traits for these composites displays the equivalent energy and visibility of the partial density 

of states (PDOS) for the p states of nitrogen and d states of heavy metal ions of Cr3+, Mn2+, Co2+, Ni2+, 

Cu2+, Zn2+ through water treatment. In other words, the chemical amendment twists the covalent 

bonding of functional groups on the backbone of the hybrid composite of gallium nitride towards a 

striking enhancement in the adsorption capacity parameter. In addition, the nuclear magnetic resonance 

(NMR) analysis suggested the substantial peaks surrounding metal ions of Cr3+, Mn2+, Co2+, Ni2+, Cu2+, 

and Zn2+ on the hybrid composite of gallium nitride during ion deletion from water. On the other hand, 

the selectivity of metal ion adsorption by a byhybrid composite of gallium nitride has been authorized 

as: Ni2+˃˃˃ Cu2+ ˃ Co2+˃ Mn2+ ˃ Cr3+ ˃˃ Zn2+. In this research, it is suggested that heavy metal ions 

adsorbed can be applied to amplify the optoelectronic properties of gallium nitride, which can be used 

to develop photoelectric instruments for water purification. 

Keywords: Ga5N10Nc; water contaminant; molecular modeling; nanomaterial; DFT; adsorption; 

heavy metal remediation. 
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1. Introduction 

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

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

and the atmospheric conditions [1–6]. 

These days, atmospheric contaminations caused by toxic organic compounds and 

hazardous heavy metals, with their persistence, are a serious obstacle all over the world [7,8]. 

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

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

and led to an explicit growth in doping in the surroundings [9,10]. Lead does not decompose 

in the environment, so it collects in the living cells and poses a high health hazard [11,12]. 
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Pollution in the environment with different kinds of chromium (Cr) results from its abundant 

utilization in the chemical industry, production of dyes, wood protection, leather tanning, 

chrome coating, construction of diverse alloy materials, and numerous other uses and 

productions [13,14]. The supplies of drinking water in various zones consist of Cr in the +3 

and +6 oxidation states [15,16]. Co and its compounds are employed in metallurgical 

technology, electroplating, the nuclear industry, fertilizers, and medical issues. Whenever an 

excess Co metal enters the human body, it is damaging [17]. In addition, it is supposed that 

consumption of Cu at concentrations higher than the prescribed amount may cause serious 

health diseases such as gastrointestinal disorders, central nervous maladies, mucosal pain, 

Wilson’s problems, harm to the kidney and liver, etc. [18,19]. Moreover, the potency of pristine 

and functionalized biochars for adsorbing and removing nickel in water and soil has not been 

systematically investigated [20,21]. Newly, an overview of the potential of magnetite 

nanoparticles and their composites to treat polluted water and scavenge unpleasant 

contaminants has been presented [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 the first group metals with lower atomic numbers 

may be 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, which are employed in various applications such as 

detector tools, 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]. On this basis, the application of DFT in the adsorption reaction 

system is summarized in this paper. 

Compared to the past semiconductor substances, 3D-GaN is a broadband gap 

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

frequency/voltage, or temperature, and indicates high luminous yield, proper thermal 

conduction, high temperature persistence, stability to acids and alkalis, and anti-radiation 

attributes [41]. 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, playing a significant role in the self-assembly atomic shape. Since 

alkali metal elements might lightly miss electrons, their adsorption on the semiconducting 

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], using a first-

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

properties of graphene and g-GaN are improved by the adsorption of alkali metals.  

The density of Ga5N10Nc material is low. Therefore, it is envisaged to address the 

limitations of contaminants and overcome 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 Cr3+, Mn2+, Co2+, Ni2+, Cu2+, and Zn2+ in the water phase by 

theoretical methods. 
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2. Materials and Methods 

2.1. Encapsulation of heavy metals in Ga5N10Nc. 

The purpose of this work is to grab heavy metal cations from water by using Ga5N10Nc. 

The intention is to remove Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+ from the water phase, consisting 

of a series of heavy metal cations. The water phase surrounds the heavy metal cations and the 

Ga5N10Nc (Figure 1). Ga5N10Nc was modeled in the presence of heavy metal cations (Cr3+, 

Mn2+, Co2+, Ni2+, Cu2+, Zn2+). Sample characterization was performed by CAM–B3LYP/EPR–

3, LANL2DZ level of theory.  

 
Figure 1. The mechanism of encapsulation of the ions (Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+) in water via 

Ga5N10Nc and formation of Cr3+→ Ga5N10Nc, Mn2+→ Ga5N10Nc, Co2+→ Ga5N10Nc, Ni2+→ Ga5N10Nc,  

Cu2+→ Ga5N10Nc, and Zn2+→ Ga5N10Nc complexes. 

The heavy metal cations were successfully incorporated in the center of Ga5N10Nc 

towards formation of Cr3+→ Ga5N10Nc, Mn2+→ Ga5N10Nc, Co2+→ Ga5N10Nc, Ni2+→ 

Ga5N10Nc, Cu2+→ Ga5N10Nc, and Zn2+→ Ga5N10Nc complexes (Figure 1), and the charge 

distribution of these complexes has been computed owing to the parameter of Bader charge 

evaluation [55]. Irrespective of the element, the Ga5N10Nc becomes bigger for embedding the 

metal elements. The polarizable continuum model (PCM) using the integral equation 

formalism variant (IEFPCM) is the default SCRF method [56] using Gaussian 16 revision C.01 

software [57]. This method creates the solute cavity via a set of overlapping spheres [58].  
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2.2. Application of DFT approach. 

The computational work in this research article was performed owing to the perceptual 

DFT applying the projector– augmented–wave (PAW) technique [59]. The Perdew–Burke–

Ernzerhof (PBE) functional under the generalized gradient approximation (GGA) was 

employed as the exchange-correlation functional [60]. The non-empirical PBE functional is 

diagnosed to concede stringent crystal nominations [61]. Popularly, when GGA functionals are 

missing, local density functionals also cease. Regarding the thermal conductance measured to 

local density functionals, PBE does not append compounds, and thus, the force constants of 

interatomic interactions are not so pliable. In fact, the lattice thermal conductance is wholly 

uniform if employing GGA functionals or local density [62].  

The functions of Hohenberg-Kohn (HK) theory have rigidly caused the electronic 

density to be permissible as a fundamental variable in structure/electronic computations. On 

the other hand, the development of the applied DFT methodology only grew notable after W. 

Kohn and L. J. Sham released their reputable series of equations, which are introduced as Kohn-

Sham (KS) equations [63,64]. 

Considering the electronic density within the KS image suggests a remarkable reduction 

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

that couldn’t be discussed by conventional Ab Initio methodologies. Kohn and Sham" 

introduces the solution that brings up the mono-electronic orbitals to account for the kinetic 

energy in a modest and relatively exact manner, by finding a residual modification that might 

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

related to the external potential  𝑣𝑠 accompanying Hamiltonian factor [63,64]:  
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By representing the single-particle orbitals 𝜓𝑖 all electronic densities admissible for the 

group of "non-interacting" electrons are observed in the equation (2): 

𝜌 (𝑟) =  ∑ |𝜓𝑖 (𝑟)|2 𝑀
𝑖                (2) 

Eventually, the total energy might be measured by the KS method due to equation (3): 
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Thus, the precise exchange energy functional is described by the «Kohn–Sham 

orbitals» in lieu of the density, which is cited as the indirect density functional. So, the present 

research employed the penetration of the hybrid functional of the 3-parameter basis set of 

B3LYP «Becke, Lee, Yang, Parr» within the conception of DFT upon theoretical computations 

[65,66]. The popular B3LYP «Becke/three-parameter/Lee–Yang–Parr» and exchange-

correlation functional becomes based on equation (4) [67–70]: 

 

𝐸XC
B3LYP = (1 − 𝛼)𝐸x

LSDA +  𝛼𝐸x
HF  + 𝑏∆𝐸x

B + (1 − 𝑐)𝐸c
LSDA  + 𝑐𝐸c

LYP       (4) 

 

𝛼 = 0.20, 𝑏 = 0.72, 𝑐 = 0.81 shows the GGA. In this article, the rigid PES using DFT 

computations was carried out using Gaussian 16 revision C.01 software [57]. The GJF file of 

geometry coordination for encapsulation of the metal cations including Cr3+, Mn2+, Co2+, Ni2+, 
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Cu2+, Zn2+ in water by the Ga5N10Nc was prepared due to GaussView 6.1 [71] via the solid 

model and coordination template of which an interval line was placed accompanying the 

LANL2DZ level of theory to discern quantum chemical properties for metal cations (Figure 

2). 

 

Figure 2. Optimized complexes of (a) Cr3+→ Ga5N10Nc; (b) Mn2+→ Ga5N10Nc; (c) Co2+→ Ga5N10Nc; (d) 

Ni2+→ Ga5N10Nc; (e) Cu2+→ Ga5N10Nc; (f) Zn2+→ Ga5N10Nc using CAM–B3LYP/EPR–3, LANL2DZ. 

3. Results and Discussion 

The data has evaluated the efficiency of Ga5N10Nc for heavy metal cations 

encapsulation. In fact, it can be remarked that the chemical essence of the binding in the metal 

cations with gallium and nitrogen elements through the equilibrium distribution of metal 

cations, Ga5N10Nc, and a monolayer attribute.  

3.1. Insight into nuclear quadrupole resonance (NQR). 

The trapping of first and second main group metal cations, including Cr3+, Mn2+, Co2+, 

Ni2+, Cu2+, Zn2+, in the Ga5N10Nc by NQR calculation was carried out.  

As the electric field gradient (EFG) at the placement of the nucleus in heavy metal 

cations including Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+ is assigned by the valence electrons 

distorted in the net affiliation with intimate nuclei of Ga5N10Nc through trapping of metal 

cations, the «NQR» frequency at which intermediates happen is sole for Ions→ Ga5N10Nc 

complexes (Ions = Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+) (Table 1). NQR is an upstanding skeleton 

of the action/reaction of the quadrupole moment with the EFG that is brought forward by the 

electronic environment of its surroundings. Thus, the NQR transmission frequencies are 
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symmetric to the electric quadrupole moment of the nucleus and a deliberation of the rigidity 

of the residential EFG amount [72,73]. The approach of «NQR» is related to the multipole 

expansion in Cartesian coordinates as in equation (5): 

 

𝑉(𝑟) =  𝑉(0) +  [(
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𝜕𝑥𝑖
) |
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2
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𝜕𝑥𝑖𝑥𝑗
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0
. 𝑥𝑖𝑥𝑗)]      (5) 

 

After that, a simplification of the equation (5), it can be observed lonely the second 

derivatives related to the identical variable for the potential energy parameter [70,71]: 
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Two factors are discussed, which are extracted from NQR values: the quadrupole 

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

 

𝜒 =   
𝑒2𝑄𝑞𝑧𝑧

ℎ
⁄                            (7) 

η =  
𝑞𝑥𝑥 − 𝑞𝑦𝑦

𝑞𝑧𝑧
⁄                       (8) 

 

Where 𝑞𝑖𝑖 are the ingredients of the «EFG» tensor at the quadrupole nucleus resolved 

in the «EFG» principal axes system, 𝑄 is the NQR, 𝑒 is the proton charge, and ℎ is Planck's 

constant parameter [74,75]. 

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

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

field was evaluated for Cr3+→ Ga5N10Nc, Mn2+→ Ga5N10Nc, Co2+→ Ga5N10Nc, Ni2+→ 

Ga5N10Nc, Cu2+→ Ga5N10Nc, and Zn2+→ Ga5N10Nc materials accompanying CAM–

B3LYP/EPR–3, LANL2DZ keywords (Table 1).  

Table 1. The electric potential (a.u.) and Bader charge (e) through NQR calculation for Cr3+→ Ga5N10Nc, 

Mn2+→ Ga5N10Nc, Co2+→ Ga5N10Nc, Ni2+→ Ga5N10Nc, Cu2+→ Ga5N10Nc, and Zn2+→ Ga5N10Nc complexes 

using CAM-B3LYP/EPR–3, LANL2DZ calculation. 

Cr3+→ Ga5N10Nc Mn2+→ Ga5N10Nc Co2+→ Ga5N10Nc 

Atom Q Ep Atom Q Ep Atom Q Ep 

Ga1 0.6782 –1.2180 Ga1 0.6765 –1.2161 Ga1 0.7494 –1.2158 

N2 –0.4114 –18.4112 N2 –0.3606 –18.4000 N2 –0.3335 –18.3919 

N3 –0.4288 –18.4032 N3 –0.5082 –18.4080 N3 –0.5045 –18.4052 

Ga4 0.6497 –1.2090 Ga4 0.6643 –1.2143 Ga4 0.7456 –1.2151 

Ga5 0.6877 –1.2091 Ga5 0.7000 –1.2144 Ga5 0.7730 –1.2182 

Ga6 0.6931 –1.2175 Ga6 0.6869 –1.2141 Ga6 0.7401 –1.2164 

N7 –0.4055 –18.4017 N7 –0.3593 –18.4007 N7 –0.3522 –18.4087 

N8 –0.4419 –18.4039 N8 –0.5168 –18.4068 N8 –0.5119 –18.3991 

N9 –0.3624 –18.409 N9 –0.3552 –18.3870 N9 –0.3419 –18.3801 

N10 –0.3728 –18.406 N10 –0.3403 –18.3790 N10 –0.3692 –18.4028 

N11 –0.3470 –18.3904 N11 –0.3413 –18.3781 N11 –0.3692 –18.3949 

N12 –0.3936 –18.411 N12 –0.3672 –18.3878 N12 –0.3578 –18.3784 

Ga13 0.6603 –1.2002 Ga13 0.6445 –1.185 Ga13 0.7533 –1.1899 

N14 –0.4222 –18.4188 N14 –0.4414 –18.4162 N14 –0.4390 –18.4178 

N15 –0.3872 –18.3997 N15 –0.4502 –18.4134 N15 –0.4489 –18.4104 

Cr3+16 0.6038 –22.5967 Mn2+16 0.6686 –26.6124 Co2+16 0.2667 –21.1214 

Ni2+→ Ga5N10Nc Cu2+→ Ga5N10Nc Zn2+→ Ga5N10Nc 
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Atom Q Ep Atom Q Ep Atom Q Ep 

Ga1 0.7816 –1.1951 Ga1 0.7829 –1.2117 Ga1 0.7366 –1.2076 

N2 –0.3275 –18.3984 N2 –0.3407 –18.399 N2 –0.4119 –18.4183 

N3 –0.5343 –18.4074 N3 –0.4808 –18.4006 N3 –0.5036 –18.4336 

Ga4 0.7721 –1.1962 Ga4 0.7743 –1.2083 Ga4 0.7180 –1.2039 

Ga5 0.8091 –1.1979 Ga5 0.8119 –1.2112 Ga5 0.7652 –1.2021 

Ga6 0.7606 –1.1941 Ga6 0.7669 –1.2099 Ga6 0.7306 –1.2032 

N7 –0.3423 –18.4162 N7 –0.3361 –18.4004 N7 –0.3931 –18.4070 

N8 –0.5688 –18.404 N8 –0.5144 –18.405 N8 –0.5123 –18.4245 

N9 –0.3881 –18.4279 N9 –0.4067 –18.426 N9 –0.4522 –18.4177 

N10 –0.3665 –18.4177 N10 –0.3795 –18.4173 N10 –0.44178 –18.4168 

N11 –0.3514 –18.405 N11 –0.3569 –18.3885 N11 –0.4080 –18.4018 

N12 –0.4238 –18.4007 N12 –0.4074 –18.3925 N12 –0.5027 –18.4131 

Ga13 0.7548 –1.1592 Ga13 0.7569 –1.1935 Ga13 0.5812 –1.1741 

N14 –0.4026 –18.4062 N14 –0.4192 –18.3949 N14 –0.4049 –18.3901 

N15 –0.4153 –18.4014 N15 –0.4281 –18.3969 N15 –0.4072 –18.3865 

Ni2+16 0.2424 –17.6907 Cu2+16 0.1772 –26.1028 Zn2+16 0.9062 –22.1220 

Furthermore, in Figure 3 (a-c), the electric potential amounts of NQR for some 

elements, including Cr3+, Mn2+, Co2+, Ni2+, Cu2+, and Zn2+, were assessed by the Ga5N10Nc 

(Figure 1) through metal cation adsorption using the CAM–B3LYP/EPR–3 method and the 

LANL2DZ basis set.  

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 
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Figure 3. The amounts of electric potential (Ep/a.u.) versus Bader charge (Q/coulomb) through NQR 

calculation for (a) Cr3+→ Ga5N10Nc; (b) Mn2+→ Ga5N10Nc; (c) Co2+→ Ga5N10Nc; (d) Ni2+→ Ga5N10Nc;  

(e) Cu2+→ Ga5N10Nc; (f) Zn2+→ Ga5N10Nc complexes by CAM–B3LYP/EPR–3, LANL2DZ.  

 

In Figure 3 (a–f), the behavior of trapping of main group cations of Cr3+, Mn2+, Co2+, 

Ni2+, Cu2+, Zn2+ by Ga5N10Nc for sensing the water metal cations. It’s clear that the graph of 

Ga5N10Nc is twisted by these metal cations. The strongest graphs for electric potential were 

introduced surrounding heavy metal cations trapping on the Ga5N10Nc, which indicate the 

electron receiving specifications of these atoms vis-a-vis the gallium and nitrogen elements of 

Ga5N10Nc (Figure 3a–f). 

3.2. Analysis of NMR spectra. 

Based on the resulting amounts, NMR spectrum of Ga5N10Nc as the intense detector 

for adsorbing heavy metal cations of Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+ can unravel the 

efficiency of Ga5N10Nc for detecting and removing of these metal cations in water toward 

calculating the isotropic chemical-shielding (CSI) and anisotropic chemical-shielding (CSA) 

[76]: 

 

 𝜎𝑖𝑠𝑜  =  ( 𝜎11 +   𝜎22 +   𝜎33)/3              (9) 

 𝜎𝑎𝑛𝑖𝑠𝑜  =   𝜎33 − ( 𝜎22  +   𝜎11)/2            (10) 

 

The chemical shielding extracted from NMR might be employed for assigning the 

geometrical and structural properties of nanomaterials. In fact, the Gauge Invariant Atomic 

Orbital (GIAO) technique was proposed as a reliable technique for NMR measurements, and 

our own N-layered Integrated molecular Orbital and Molecular mechanics (ONIOM) has 

gained much consideration for the NMR chemical shielding of metal cation-nanocage clusters 

such as  𝜎𝑖𝑠𝑜 becomes visible in equation (11): 

 𝜎𝑖𝑠𝑜,𝑂𝑁𝐼𝑂𝑀 =  𝜎𝑖𝑠𝑜,ℎ𝑖𝑔ℎ(𝑄𝑀1)   +  𝜎𝑖𝑠𝑜,𝑚𝑒𝑑𝑖𝑢𝑚(𝑄𝑀2)  +  𝜎𝑖𝑠𝑜,𝑙𝑜𝑤(𝑄𝑀3)        (11) 

 

The NMR quantities of isotropic (σiso) and anisotropic shielding tensor (σaniso) of Cr3+, 

Mn2+, Co2+, Ni2+, Cu2+, Zn2+ trapped on the in the Ga5N10Nc towards formation of Cr3+→ 

Ga5N10Nc, Mn2+→ Ga5N10Nc, Co2+→ Ga5N10Nc, Ni2+→ Ga5N10Nc, Cu2+→ Ga5N10Nc, and 

Zn2+→ Ga5N10Nc complexes was carried out by Gaussian 16 revision C.01 software [68] and 

was announced in Table 2. 

Table 2. Data of NMR shielding tensors for selected atoms of Cr3+→ Ga5N10Nc, Mn2+→ Ga5N10Nc,  

Co2+→ Ga5N10Nc, Ni2+→ Ga5N10Nc, Cu2+→ Ga5N10Nc, and Zn2+→ Ga5N10Nc complexes using CAM-

B3LYP/LANL2DZ calculation. 

Cr3+→ Ga5N10Nc Mn2+→ Ga5N10Nc Co2+→ Ga5N10Nc 

Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso 

Ga1 5.2765 13.2974 Ga1 11.0695 13.6433 Ga1 5.6810 18.9861 

N2 94.4501 417.7068 N2 72.4403 721.6493 N2 342.1768 559.7751 

N3 290.8514 563.8486 N3 61.0038 330.4238 N3 62.3018 1192.2699 

Ga4 3.1441 17.3543 Ga4 7.7454 11.7636 Ga4 5.4648 11.8282 

Ga5 3.4880 16.0087 Ga5 7.5412 12.5633 Ga5 4.6536 14.1755 

Ga6 2.0479 13.1714 Ga6 8.3608 11.7431 Ga6 2.7077 16.7535 

N7 36.8430 297.1785 N7 128.8174 664.7594 N7 709.8946 619.2750 

N8 342.9284 639.8952 N8 120.1573 411.1817 N8 50.2290 767.3064 

N9 150.9994 258.2649 N9 268.5831 245.4882 N9 298.9368 749.4002 

N10 207.8224 328.9841 N10 318.4594 213.5165 N10 656.5956 1251.1180 
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Cr3+→ Ga5N10Nc Mn2+→ Ga5N10Nc Co2+→ Ga5N10Nc 

Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso 

N11 112.4465 285.4540 N11 255.0156 518.3519 N11 720.5804 1097.0482 

N12 96.9264 293.8636 N12 89.7359 360.1790 N12 87.9593 652.6357 

Ga13 12.1237 15.8109 Ga13 16.7927 14.7687 Ga13 13.1520 56.6769 

N14 428.1963 1007.0436 N14 559.6697 1381.9619 N14 544.7177 1571.2608 

N15 271.1031 710.0339 N15 433.6568 1247.5613 N15 332.5274 1398.8223 

Cr3+16 3748.2886 1672.6447 Mn2+16 4719.5776 2656.2680 Co2+16 10162.7220 11019.8983 

Ni2+→ Ga5N10Nc Cu2+→ Ga5N10Nc Zn2+→ Ga5N10Nc 

Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso 

Ga1 649.6192 1316.3439 Ga1 0.6328 53.8739 Ga1 1.1505 15.1536 

N2 349.6511 474.3277 N2 30.7673 1375.7189 N2 321.2016 791.3213 

N3 99.7003 375.3947 N3 177.9079 6187.1948 N3 562.5535 1422.2608 

Ga4 152.7173 2456.9387 Ga4 9.8233 40.0111 Ga4 4.0422 11.8404 

Ga5 104.9527 2260.6570 Ga5 6.4564 20.6418 Ga5 2.0858 17.5502 

Ga6 578.3738 1445.3685 Ga6 0.1026 32.4627 Ga6 3.8910 15.6017 

N7 204.0450 296.1672 N7 490.7907 490.7907 N7 279.4842 433.9235 

N8 85.2955 396.9523 N8 534.2455 6603.7421 N8 591.1636 1479.6928 

N9 217.8254 372.6935 N9 605.5220 5105.7304 N9 351.5254 679.2914 

N10 92.4197 356.9493 N10 2106.0979 4593.1616 N10 273.8483 879.9883 

N11 162.6234 210.2113 N11 1930.6718 4839.4877 N11 334.3923 458.6278 

N12 195.1064 150.7753 N12 1379.1311 4665.9490 N12 141.1314 729.3398 

Ga13 923.4071 1347.2733 Ga13 38.0757 126.0629 Ga13 7.4591 13.8373 

N14 79.4124 354.6668 N14 187.7882 1535.5815 N14 353.0253 1077.8138 

N15 121.5089 310.7653 N15 448.3089 1521.5101 N15 413.2544 975.2774 

Ni2+16 6861.1725 5883.0750 Cu2+16 11697.8728 16682.0809 Zn2+16 698.1070 552.8403 

NMR amounts in Table 2 indicated the remarkable parameters for metal cations of Cr3+, 

Mn2+, Co2+, Ni2+, Cu2+, and Zn2+, which were trapped in the Ga5N10Nc as the selective sensor 

for detecting metal ions in water. 

In fact, the encapsulation of Cr3+, Mn2+, Co2+, Ni2+, Cu2+, and Zn2+ ions can introduce 

spin polarization on the (Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+)–encapsulated Ga5N10Nc, which 

indicates that these surfaces might be applied as magnetic energy storage. So, it was exhibited 

that the isotropic and anisotropic shielding fluctuate with the occupancy in the electron-

accepting metal cations trapped in the Ga5N10Nc.  

Figure 4 exhibited the same tendency of shielding for magnesium and aluminum, but a 

striking aberration from metal cations of chromium (Figure 4a), manganese (Figure 4b), cobalt 

(Figure 4c), nickel (Figure 4d), copper (Figure 4e), and zinc (Figure 4f) through trapping in the 

Ga5N10Nc. 

In Figure4 (a–f), heavy metal cations of Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+ in the 

complexes of Cr3+→ Ga5N10Nc (Figure 4a), Mn2+→ Ga5N10Nc (Figure 4b), Co2+→ Ga5N10Nc 

(Figure4c), Ni2+→ Ga5N10Nc (Figure 4d), Cu2+→ Ga5N10Nc (Figure 4e), and Zn3+→ Ga5N10Nc 

(Figure4f) denote the oscillation in the chemical shielding during ion trapping. 

As a matter of fact, Figure 4 (a–f) represents the gap chemical shielding between 

gallium/nitrogen in Ga–N nanocage and metal cations. Therefore, it might be brought up that 

the turnover of electron admitting for the trapped heavy metal cations in the Ga5N10Nc is 

Ni2+˃˃˃ Cu2+ ˃ Co2+˃ Mn2+ ˃ Cr3+ ˃˃ Zn2+, which indicates the potency of covalent bond 

across gallium/nitrogen and these heavy metal cations towards ion removal.  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. The NMR spectrum for (a) Cr3+→ Ga5N10Nc; (b) Mn2+→ Ga5N10Nc; (c) Co2+→ Ga5N10Nc; (d) 

Ni2+→ Ga5N10Nc; (e) Cu2+→ Ga5N10Nc; (f) Zn2+→ Ga5N10Nc using CAM-B3LYP/LANL2DZ. 

3.4. Infrared (IR) spectroscopy and thermochemical factors. 

The IR calculations have been accomplished for trapping of metal cations of Cr3+, Mn2+, 

Co2+, Ni2+, Cu2+, Zn2+ in the Ga5N10Nc during ion sensing in water. Therefore, it has been 

simulated the several clusters containing Cr3+→ Ga5N10Nc (Figure 4a), Mn2+→ Ga5N10Nc 

(Figure 4b), Co2+→ Ga5N10Nc (Figure 4c), Ni2+→ Ga5N10Nc (Figure 4d), Cu2+→ Ga5N10Nc 

(Figure 4e), and Zn3+→ Ga5N10Nc (Figure 4f). 
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Figure 5. The Frequency (cm-1) amounts of IR spectrum for (a) Cr3+→ Ga5N10Nc; (b) Mn2+→ Ga5N10Nc; (c) 

Co2+→ Ga5N10Nc; (d) Ni2+→ Ga5N10Nc; (e) Cu2+→ Ga5N10Nc; (f) Zn2+→ Ga5N10Nc complexes. 

 

Scientists have indicated the analysis of the intramolecular stretching band by IR 

spectroscopy measurements. For instance, the OH stretching was assumed into two different 

states of intermolecular bonding, which caused montmorillonite [Na, Ca)0,3(Al, 

Mg)2Si4O10(OH)2 x n(H2O)] to stabilize the structure of Lysozyme [77]. The curve of Figure 4 

(a) was shown in the frequency limitation across 2000–2500 cm-1 for Cr3+→ Ga5N10Nc with 

several sharp peaks around 2204.56 cm-1. Then, Figure 4 (b) was shown in the frequency 

limitation across 50–1200 cm-1 for Mn2+@Ga–N_NC with several sharp peaks around 59.59, 

185.25, 273.19, 302.87, 429.41, 542.86, 575.14, and 898.51 cm-1. Figure 4c shows the 

frequency range between 100–1200 cm-1 for Co2+→ Ga5N10Nc with several sharp peaks around 

296.83, 391.13, 482.89, 646.87, 717.61, and 911.57 cm-1. Figure 4d shows the fluctuation of 

frequency between 100–1000 cm-1 for Ni2+→ Ga5N10Nc with two sharp peaks around 440.47 

and 494.75 cm-1. Figure 4e indicates the fluctuation of frequency between 100–1200 cm-1 for 

Cu2+→ Ga5N10Nc with sharp peaks around 280.23, 455.18, 772.72, 857.03, and 901.01cm-1. 

Figure 4f shows the frequency range between 100–1200 cm-1 for Zn2+→ Ga5N10Nc with several 

sharp peaks around 189.25, 294.02, 468.97, and 951.76 cm-1. Table 3, through the 

thermodynamic specifications, concluded that Ga5N10Nc, due to encapsulation of heavy metal 

cations including Cr3+, Mn2+, Co2+, Ni2+, Cu2+, and Zn2+, might be a more efficient sensor for 

detecting and removing the metal cations from water.  

Table3. The thermodynamic characters of Cr3+→ Ga5N10Nc, Mn2+→ Ga5N10Nc, Co2+→ Ga5N10Nc, Ni2+→ 

Ga5N10Nc, Cu2+→ Ga5N10Nc, and Zn2+→ Ga5N10Nc complexes using CAM-B3LYP/6-311+G (d,p), LANL2DZ 

calculation. 

Compound 
Dipole moment 

(Debye) 

∆Eo×10-3 

(kcal/mol) 

∆Ho×10-3 

(kcal/mol) 

∆Go×10-3 

(kcal/mol) 

So 

(cal/K.mol) 

Cr3+→ Ga5N10Nc 1.3139 –402.912 –402.911 –402.943 105.715 

Mn2+→ Ga5N10Nc 1.0205 –413.951 –413.950 –413.981 102.154 

Co2+→ Ga5N10Nc 1.1606 –439.724 –439.723 –439.752 96.552 

Ni2+→ Ga5N10Nc 0.4812 –642.825 –642.824 –642.856 108.114 

Cu2+→ Ga5N10Nc 0.8549 –471.682 –471.682 –471.712 103.292 

Zn2+→ Ga5N10Nc 0.9645 –389.994 –389.993 –390.024 102.865 

The thermodynamic data in Figure 6 could detect the maximum efficiency of metal 

cations (Cr3+, Mn2+, Co2+, Ni2+, Cu2+, and Zn2+) trapped in the Ga5N10Nc through ∆Gads
o  which 
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depends on the covalent bond between heavy metal cations and Ga5N10Nc as a potent sensor 

for water treatment. 

 
Figure 6. Gibbs free energy ( ∆Gads

𝑜 ) for Cr3+→ Ga5N10Nc, Mn2+→ Ga5N10Nc, Co2+→ Ga5N10Nc, Ni2+→ 

Ga5N10Nc, Cu2+→ Ga5N10Nc, and Zn2+→ Ga5N10Nc complexes using CAM-B3LYP/6-311+G (d,p), LANL2DZ. 

The encapsulation process of metal cations including Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+ 

in the Ga5N10Nc is affirmed by the ∆Gads
𝑜  quantities:  ∆Gads

o =  ∆GIons→Ga5N10Nc
o −

(∆GIons−grabbed  
o +  ∆GGa5N10Nc

o ) ; Ions= Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+ (12). As seen in 

Table 3, all the accounted ∆Gads
o  amounts are very close. 

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

adsorbates of the heavy metals cations as the electron acceptors and the adsorbent of Ga5N10Nc 

as electron donor in the complexes of Cr3+→ Ga5N10Nc, Mn2+→ Ga5N10Nc, Co2+→ Ga5N10Nc, 

Ni2+→ Ga5N10Nc, Cu2+→ Ga5N10Nc, and Zn2+→ Ga5N10Nc complexes. Therefore, the 

selectivity of metal ions by Ga5N10Nc (ion sensor) can be expressed as: Ni2+˃˃˃ Cu2+ ˃ Co2+˃ 

Mn2+ ˃ Cr3+ ˃˃ Zn2+ (Table 3 and Figure 6). 

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 intimately involved in adsorption and the 

double layer; the last involves interaction of the heavy 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 [78]. 

4. Conclusions 

Ion separation involving a Ga5N10Nc can be used to remove a series of heavy metal 

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

and Ga5N10Nc. The electromagnetic and thermodynamic properties of heavy metal cations 

adsorbed in the Ga5N10Nc system were investigated using density functional theory. The results 

have illustrated that all the heavy metal cations adsorbed Ga5N10Nc are rather stable, with the 

most stable adsorption site being in the center of the Ga5N10Nc system. The adsorption of heavy 
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metal cations in the Ga5N10Nc occurs via chemisorption. The n-trapping behavior can be found 

in Ga–N_NC after the adsorption of heavy metal cations. The work function of Ga5N10Nc has 

considerably shown the heavy metals cations adsorption with maximum amount for the 

Ni2+˃˃˃ Cu2+ ˃Co2+˃ Cr3+ ˃˃ Pb2+ ˃ As3+–adsorbed Ga5N10Nc system. In the work, we 

systematically investigate the stability and electronic properties of GaN monolayer under 

surface modification by first-principles calculation. Our results are potentially important for 

the fabrication of monolayer GaN-based optoelectronic devices. 
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