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Abstract: The growth of an efficient yet durable photoelectrode is of paramount importance for the
deployment of solar-fuel production. The notable fragile signal intensity close to the parallel edge of
the nanocluster sample might be owing to manganese binding, induced non-spherical distribution of
GaMnN, AlGaMnN, or InGaMnN heteroclusters. Manganese builds in as an acceptor in place of Ga
and forms a simple complex with N. A comprehensive investigation on hydrogen grabbing by
heteroclusters of Mn-doped GaN, AlGaN, InGaN was carried out via DFT computations at the CAM—
B3LYP-D3/6-311+G (d,p) level of theory. A vaster jointed area engaged by an isosurface map for Mn-
doped GaN, AlGaN, InGaN, towards formation of nanocomposites of GaMnN-H, AlGaMnN-H,
InGaMnN-H after hydrogen adsorption due to labeling atoms of N(4), Mn(5), H(18), respectively.
Therefore, it can be considered that manganese in the functionalized GaMnN, AlGaMnN, or InGaMnN
might have more impressive sensitivity for accepting electrons in the process of hydrogen adsorption.
Furthermore, GaMnN, AlGaMnN, or InGaMnN are potentially advantageous for certain high-
frequency applications requiring batteries for energy storage. The advantages of manganese over GaN,
AlGaN, or InGaN include its higher electron and hole mobility, allowing manganese-doped devices to
operate at higher frequencies than non-doped devices. This research article demonstrates that gallium
nitride alloys lead to sustained operation and enhanced catalytic activity, thus showing promise as
protective catalytic coatings for hydrogen adsorption.

Keywords: electronic structure; metal doping; batteries; hydrogen adsorption; energy storage;
aluminum gallium nitride; indium gallium nitride; first-principles study; DFT.
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1. Introduction

A binary 111/V direct bandgap semiconductor called Gallium nitride (GaN) is a very
hard material with a wide bandgap applied in a variety of technologies, including
optoelectronic, high-power electronics, and light-emitting diodes, partly due to its favorable
thermal properties [1-5].

The nitrides of group 111 in the periodic table have low sensitivity to ionizing radiation,
which makes them appropriate materials for solar cell arrays for satellites. Therefore, space
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applications could also benefit as devices have shown stability in high radiation environments
[6-8].

Ternary "AlGaN" alloys have been recognized as promising materials for realizing deep
ultraviolet (DUV) optoelectronic devices with operating wavelengths down to 200 nm [9]. For
the development of high-performance AlGaN-based "DUV" devices, high-conductivity p-type
Al-rich AlxGaixN (x > 0.4) is essential. Many studies have shown that enhancing the p-type
conductivity has a significant effect on improving both the electrical and optical properties of
AlGaN DUV optoelectronics [10-16].

The researchers have estimated the suitability of Mn-doped In;—xGaxN as an IB
material. They predicted that the In1.xGaxN-based solar cells with an Mn-doped absorption
layer could achieve maximum efficiency [17].

The ternary semiconductor of Indium gallium nitride (InGaN) as solar cells is
remarkable owing to the adjustable direct band gap energy of InGaN, veiling the total solar
spectrum arraying from 0.7 to 3.4 eV [18,19], as well as preferable photovoltaic specifics of
InGaN consisting of vast absorption coefficients [20] and high carrier mobility. Furthermore,
great fixity and excellent radiation persistence of InGaN alloys permit the function of InGaN-
based instruments in the utmost situations, such as space and geocentric usages [18, 21]. The
solar cells of InGaN were constructed with low indium amounts of the InGaN alloy compounds
[22—24], which conduces to an enhancement in the band gap energy of InGaN and then
eventuates in the absorption of shorter wavelengths of solar radiation. Therefore, to find out
InGaN solar cells with high yield, the In amount in the InGaN active layer of these solar cells
should be enhanced to compensate for a large part of the solar spectrum [25-31]. Recently, it
has been suggested that the application of dual nanogratings of Si and other organic solar cells,
which are mostly in direct contact with the active area of the solar cells [32-37].

Recently, researchers have proposed an InGaN/GaN p-i-n thin-film solar cell that
includes a dual nanograting compound: silver nanogratings on the back of the solar cell and
GaN-NGs on the front [38].

In this paper, we propose the feasible semiconductors of GaN, AlGaN, and InGaN,
which are doped with manganese. We carried out molecular modelling considering the
geometrical parameters of doping atoms on the surface of GaMnN, AlGaMnN, and InGaMnN
through hydrogen absorption status, and the current charge density of the batteries was studied.
Moreover, the effect of a relative chemical shift between GaN, AlGaN, InGaN, and doped
heteroclusters of the batteries was also investigated.

2. Materials and Methods

Manganese-doped gallium nitride is theoretically expected to be a diluted magnetic
semiconductor at room temperature. The Mn-doped GaN, AlGaN, and InGaN nanocomposites
were calculated within the framework of first-principles calculation based on density functional
theory (DFT) (Figure 1a,b,c). The rigid potential energy surface via density functional theory
[39-52] was performed using the Gaussian 16 revision C.01 program package [53] and
GaussView 6.1 [54]. The coordination input for energy storage on the batteries has applied 6—
311+G (d,p) and EPR-3 basis sets.
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Figure 1. Characterization of heteroclusters includes (a) GaMnN/GaMnN-H; (b) AIGaMnN/AlGaMnN —H;
(c) InGaMnN/InGaMnN-H through a labeled ring in a clockwise manner, including Mn5, N12, Ga6, N7, Gal5,
N4 towards H-adsorption.

First, we optimized the structural parameters of nanoclusters of GaN, AlGaN, and
InGaN, which are doped with manganese, towards the formation of heteroclusters of GaMnN,
AlGaMnN, and InGaMnN for obtaining the highest short-circuit current density. Then, Figure 1
shows the process of hydrogen adsorption on heteroclusters of GaMnN, AlGaMnN, and
InGaMnN, which are varied to maximize the absorption in the active region. Manganese builds
in as an acceptor in place of Ga and forms a simple complex with N. This is a utility used to
calculate ring area and perimeter, since ring area is sometimes involved in wavefunction
analysis. In this function, it is needed to input the index of the atoms in the ring in a clockwise
manner, including Mn5, N12, Ga6, N7, Gal5, N4 (Figure 1a,b,c). Then, the total ring area and
total ring perimeter for a tailored ring are 9.6981 A and 11.6921 A2, respectively (Figure
1a,b,c).

Dispersion effects included via semiempirical atom-pairwise interactions via the DFT-
D2 or DFT-D3 methods have been shown to give quite accurate thermochemistry for both
covalently bonded systems and systems dominated by dispersion forces [55-60].

3. Results and Discussion

In this article, the efficiency of metal-doped hybrid nanoalloys of GaMnN, AlGaMnN,
InGaMnN, and their hydrated complexes of GaMnN-H, AlGaMnN-H, InGaMnN-H, for energy-
saving in batteries.

3.1. Theory of Nuclear Quadrupole Resonance (NQR).

The NQR frequencies have been measured for GaMnN, AlGaMnN, and InGaMnN
towards estimating the hydrated nanocluster of GaMnN-H, AlGaMnN-H, and InGaMnN-H
(Table 1). The NQR method is related to the multipole expansion in Cartesian coordinates as

in equation (1) [61,62].
V(r)= V() + [(j—;) | 0 .xi)] + % [((i‘;j) O.xixj>] 1)

After that, a simplification of the equation (6), there are only the second derivatives
related to the identical variable for the potential energy [61-64]:
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"electric potential” through carrying over the electric charge was measured for

GaMnN/GaMnN-H, AlGaMnN/AIGaMnN-H, and InGaMnN/InGaMnN-H complexes (Table
1). Mn, Al, Ga, In, N, and the hydrogen atom absorbed on GaMnN, AlGaMnN, and InGaMnN
have been calculated through the "Bader charge" and electronic potential properties. The values
detect that by augmenting the negative charge of various atoms, the electric potential extracted
from "NQR" calculations grows. Besides, the elements of N2, N4, N7, N9, N10, N12, N14 of
GaMnN, AlGaMnN, InGaMnN have exhibited the most efficiency for admitting the electron
from the "electron donor" of H18 adsorbed on GaMnN, AlGaMnN, InGaMnN (Table 1).

Table 1. The electric potential (Ep/a.u.) and Bader charge (Q/coulomb) through NQR calculation for selected
atoms of GaMnN, GaMnN-H, AlGaMnN, AlGaMnN-H, InGaMnN, and InGaMnN-H heteroclusters.

GaMnN GaMnN-H AlGaMnN
Atom Q Ep Atom Q Ep Atom Q Ep
Gal 0.9961 -1.2490 Gal 1.0084 —1.2238 Gal 0.9852 —1.2503
N2 —1.0483 -18.408 N2 -1.0386 -18.391 N2 -1.1478 -18.4129
Ga3 0.9744 -1.2497 Ga3 0.9936 —1.2285 Al3 1.2520 -1.2192
N4 -1.0171 —-18.4093 N4 —-0.9210 —18.3993 N4 -1.0561 -18.4182
Mn5 0.7522 —16.6505 Mn5 0.4224 -16.6378 Mn5 0.7651 -16.6575
Gab 0.9743 -1.2497 Gab 0.9933 —1.2267 Gab 0.9729 —1.2503
N7 —1.0482 -18.4083 N7 -1.0490 -18.3864 N7 -1.1444 -18.4122
Ga8 0.9958 -1.2490 Ga8 1.0123 —1.2224 Al8 1.2493 -1.2188
N9 —1.0455 -18.4122 N9 -1.0148 —-18.3901 N9 -1.2161 -18.4192
N10 —0.6809 —-18.4169 N10 —0.6763 —18.3855 N10 —-0.7651 -18.4241
Gall 1.0012 -1.2522 Gall 1.0242 -1.2392 Gall 0.9972 -1.2552
N12 —0.9800 —18.4081 N12 —-0.9025 —18.3842 N12 -1.0750 -18.4156
Gal3 0.9259 -1.2537 Gal3 0.9193 -1.2418 All13 1.2071 -1.2257
N14 —0.6808 —-18.4169 N14 —-0.6916 —18.3896 N14 —0.7669 -18.4229
Gals 1.0012 -1.2522 Galbs 1.0272 —-1.2358 Galb 1.0015 -1.2544
N16 —0.5692 —18.3631 N16 —0.5456 -18.3231 N16 —0.6368 -18.3667
N17 -0.5512 -18.3641 N17 -0.5327 -18.3222 N17 -0.6220 -18.3673
- - - H18 —0.0285 —-1.1338 - - -
AlGaMnN-H InGaMnN InGaMnN-H
Atom Q Ep Atom Q Ep Atom Q Ep
Gal 0.9958 -1.2238 Gal 0.9511 —1.2550 Gal 1.3172 -1.2338
N2 -1.1288 -18.391 N2 -1.0594 -18.4264 N2 -1.4501 -18.3901
Al3 1.2506 -1.2285 In3 1.0827 -1.1292 In3 1.4791 -1.1137
N4 —0.9446 —-18.3993 N4 -1.0219 -18.4176 N4 —1.3388 -18.3983
Mn5 0.3908 -16.6378 Mn5 0.7195 -16.6614 Mn5 0.8126 -16.4568
Gab 0.9814 -1.2267 Gab 0.9420 —1.2549 Gab 1.2959 —-1.2328
N7 -1.1129 -18.3864 N7 -1.0627 -18.4247 N7 -1.4452 -18.3922
Al8 1.2696 -1.2224 In8 1.0981 -1.1280 In8 1.5085 -1.1173
N9 -1.1616 -18.3901 N9 -1.0715 -18.4421 N9 —-1.4269 -18.4351
N10 —0.7699 —18.3855 N10 —0.7066 -18.4367 N10 —0.8648 -18.3712
Gall 1.0024 -1.2392 Gall 0.9750 -1.2612 Gall 1.4177 -1.2144
N12 —0.9475 -18.3842 N12 —-0.9944 -18.4280 N12 -1.3611 -18.413
All13 1.1771 -1.2418 In13 1.0188 -1.1362 In13 1.3032 -1.1244
N14 —0.7570 —18.3896 N14 -0.711 -18.4339 N14 —-0.9195 —-18.3859
Gals 1.0088 -1.2358 Gals 0.9812 —1.2596 Galbs 1.4087 -1.2201
N16 —0.6195 -18.3231 N16 -0.5787 -18.3801 N16 -0.8417 -18.422
N17 —0.6003 —18.3222 N17 -0.5623 -18.3807 N17 -0.8212 -18.4186
H18 —-0.0345 -1.1338 - - - H18 -0.0735 -1.1254

In Figure 2 (a,b,c), the electric potential versus Bader charge for Mn, Al, Ga, In, N, and
the hydrogen atom absorbed on GaMnN, AlGaMnN, and InGaMnN. Therefore, the behavior of
Mn, Ga, and N atoms in GaMnN with high sensitivity based on the relation coefficient of R2gawnn
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= 0.9095; however, hydrogen adsorption on the GaMnN (GaMnN-H) has shown high sensitivity
with a relation coefficient of R2%amnn-+ = 0.9897. In Figure 2(b), the behavior of Mn, Al, Ga,
and N atoms in AlGaMnN and hydrogen adsorption on the AlGaMnN and formation of
AlGaMnN-H with high sensitivity of R?acamnn = 0.8974 and R2aicavnn-+ = 0.9548, respectively.
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Figure 2. "Electric potential" (Ey/a.u.) versus "Bader charge" (Q/coulomb) through "NQR" calculation for
(a) GaMnN/GaMnN-H; (b) AlGaMnN/AlGaMnN-H; (¢) InGaMnN/InGaMnN-H nanoclusters.

The fluctuated peaks for electric potential have been shown around hydrogen adsorption
on the InGaMnN, which demonstrates the electron accepting specifications of hydrogen versus
the Mn, In, Ga, N of InGaMnN and InGaMnN-H (Figure 2c). Based on the mentioned results,
there can be renewed interest in the combination of manganese, aluminum, gallium, and indium
in the nanoclusters of GaMnN, AlGaMnN, and InGaMnN for potential applications in next-
generation electronic devices.

3.2. Analysis of nuclear magnetic resonance spectra.

Based on the resulting amounts, nuclear magnetic resonance (NMR) spectra of GaMnN,
AlGaMnN, and InGaMnN heteroclusters as the potential molecules for energy storage can
unravel the efficiency of these complexes in batteries through hydrogen adsorption. From the
DFT calculations, the chemical shielding (CS) tensors in the principal axes system to estimate
the isotropic chemical-shielding (CSI) and anisotropic chemical-shielding (CSA) [65]:

Oiso = (011 + 032+ 033)/3 3)
Oaniso — 033 — (022 + 0-11)/2 (4)

The NMR data of isotropic (oiso) and anisotropic shielding tensors (caniso) for Mn-doped
GaN, AlGaN, and InGaN and their hydrated derivatives of GaMnN-H, AlGaMnN-H, and
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InGaMnN-H have been computed by the Gaussian 16 revision C.01 program package [53] and
are shown in Table 2.

Table 2. Data of NMR shielding tensors (ppm) for selected atoms of GaMnN, GaMnN-H, AlGaMnN,
AlGaMnN-H, InGaMnN, and InGaMnN-H heteroclusters.

GaMnN GaMnN-H AlGaMnN
Atom Giso Ganiso Atom Giso Ganiso Atom Giso Ganiso
Gal 10.6772 8.1116 Gal 7.8121 31.2686 Gal 10.4656 8.1593
N2 127.8331 150.7727 N2 11.3237 302.2757 N2 146.5709 121.3465
Ga3 8.8962 7.1266 Ga3 0.0389 103.9122 Al3 7.3554 7.0508
N4 59.2200 255.8445 N4 518.4328 1015.7500 N4 89.0872 176.7298
Mn5 1103.1944 682.7562 Mn5 61898.6207 83180.6883 Mn5 860.1968 607.8757
Gab 8.9005 7.1468 Gab 2.0906 109.3062 Gab 8.7556 6.9697
N7 128.1480 149.7778 N7 45.0158 440.5489 N7 146.5804 115.6052
Ga8 10.6774 8.0754 Ga8 5.6210 31.7011 Al8 9.1447 9.2445
N9 41.8262 220.7655 N9 445.6927 929.9371 N9 97.5588 202.5538
N10 1008.9373 1461.3802 N10 3715.8543 8298.3128 N10 1048.8518 1558.0300
Gall 4.0487 15.5383 Gall 0.2483 102.0391 Gall 3.0958 15.6767
N12 120.7217 362.2518 N12 367.1035 1288.8994 N12 94.3074 348.4218
Gal3 2.2765 25.1952 Gal3 35.1872 123.5145 All3 4.1183 27.4952
N14 1007.7725 1458.0491 N14 1857.1102 7832.5114 N14 1063.7258 1561.8895
Galb 4.0563 15.5221 Gal5 11.5119 73.3284 Galb 3.0675 15.6962
N16 120.6766 305.8095 N16 655.7327 1345.8956 N16 119.1640 317.7316
N17 180.8583 320.6671 N17 1055.9230 17121127 N17 171.0876 325.8904
- - - H18 40.6176 502.4079 - - -
AlGaMnN-H InGaMnN InGaMnN-H
Atom Giso Ganiso Atom Giso Ganiso Atom Giso Ganiso
Gal 9.4127 57.4573 Gal 9.8561 9.0718 Gal 1.6742 42.3400
N2 523.2930 1969.3799 N2 141.2874 139.242 N2 43.0241 535.2459
Al3 3.9293 125.8000 In3 10.6228 6.0792 In3 16.1328 137.0235
N4 1362.4308 2433.1374 N4 70.7476 185.3866 N4 1588.0044 3484.4781
Mn5 44890.8709 68750.2634 Mn5 1100.8028 655.478 Mn5 75829.2468 87460.2786
Gab 14.4225 140.9499 Gab 8.0587 6.4922 Gab 12.6556 135.7235
N7 367.1748 1905.4354 N7 138.2746 141.262 N7 190.1028 374.0311
Al8 1.3642 33.6753 In8 11.5107 8.9599 In8 3.9630 42.2998
N9 1645.6588 2817.2566 N9 76.7525 215.6169 N9 105.9158 687.9281
N10 2093.5030 9430.3119 N10 1078.6734 1612.3978 N10 6052.6589 10061.7128
Gall 33.2386 113.4686 Gall 2.4981 16.2989 Gall 52.0566 69.7265
N12 610.2133 1774.9398 N12 101.3662 375.9026 N12 883.0356 2354.1239
All13 10.8519 248.5418 In13 0.6973 25.46 In13 17.9037 85.9004
N14 3210.8323 7998.7947 N14 1134.3858 1669.9935 N14 11759.9230 18294.7406
Gals 26.8216 118.0277 Galbs 1.9593 16.6879 Gals 87.7874 114.0007
N16 336.4981 1962.7560 N16 129.6965 346.1977 N16 123.9797 695.5940
N17 498.3192 5128.1686 N17 189.0956 365.8149 N17 216.7121 726.1410
H18 26.2759 347.0249 - - - H18 91.2315 651.1319

The notable fragile signal intensity close to the parallel edge of the nanocluster sample
might be owing to manganese binding, induced non-spherical distribution of GaN (Figure 3a)
and AlGaMnN (Figure 3b) heteroclusters. Figure 3c exhibited the same tendency of shielding;
however, a considerable deviation exists from the doping atoms of manganese as electron
acceptors on the surface of the InGaMnN heterocluster.
The observed increase in the chemical shift anisotropies spans for nanocages of
GaMnN/GaMnN-H (Figure 3a) and InGaMnN/InGaMnN-H (Figure 3c) is near N10 and N14,
and for AlGaMnN /AlGaMnN-H is close to N10, N14, and N17 (Figure 3b). The yield of
electromagnetic shifting can be directed by the mentioned active nitrogen atoms extracted from
hybrid nanomaterials. So, it can be observed that doped heteroclusters of GaMnN, AlGaMnN,
or InGaMnN might ameliorate the capability of GaN-based nanocomposites in batteries for
energy storage.
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Figure 3. The NMR spectra for heteroclusters of (a) GaMnN / GaMnN —H; (b) AlIGaMnN / AlIGaMnN —H;
(c) InGaMnN/ InGaMnN -H.

3.3. Insight into infrared spectroscopy and thermochemistry.

The infrared spectroscopy (IR) has been performed for nanocomposites of
GaMnN/GaMnN-H  (Figure 4a, a’), AlGaMnN/AlGaMnN-H (Figure 4b, b’), and
InGaMnN/InGaMnN-H (Figure 4c, ¢’) through hydrogen adsorption.

The frequency value through the IR curves between 200-1000 cm™ for GaMnN with
one sharp peak around 414.78 cm™ (Figure 4a) has been shifted to two pointed peaks around
863.78 and 921.24 cm™ of GaMnN-H (Figure 4a’). However, Figure 4(b) shows two sharp peaks
around 389.02 and 713.88 cm™ for AlGaMnN that have been shifted to one sharp peak around
952.45 cm™* for AIGaMnN-H (Figure 4b’). Furthermore, Figure 4(c) indicates one sharp peak
around 366.88 cm™ for InGaMnN that has been shifted to several sharp peaks around 640.30,
767.66, 783.92, and 1311.73 cm™ for InGaMnNH (Figure 4c").
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Figure 4. The frequency (cm) changes through the IR spectra for heteroclusters of (a) GaMnN/GaMnN-H;
(b) AlIGaMnN/AIGaMnN-H; (c) InGaMnN/InGaMnN-H.

Energy storage with heteroclusters has been described where the frame of the
overcoming cluster is related to GaMnN-H, AlGaMnN-H, and InGaMnN-at high frequency.
This property makes these hybrid nanomaterials potentially advantageous for certain high-
frequency applications requiring batteries for energy storage. The advantages of manganese
over GaN, AlGaN, or InGaN include its higher electron and hole mobility, allowing
manganese-doped devices to operate at higher frequencies than non-doped devices. Table 3,
through the thermodynamic specifications, concluded that heteroclusters of GaMnN, GaMn—-H,
AlGaMnN, AlGaMnN-H, InGaMnN, and InGaMnN-H might be a more efficient structure for
energy storage in the batteries [66-70].

Table 3. The thermodynamic characters of GaMnN, GaMnN-H, AlGaMnN, AlGaMnN-H, InGaMnN,
InGaMnN-H nanoclusters via CAM-B3LYP-D3/6-311+G(d, p) calculation

Compound Dipole moment AE%%ds x 1073 AH%gs x 1073 AGP%gs x 1078 E°H-binding
(Debye) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
GaMnN 4.8247 —383.439 —383.439 —383.483 -
GaMnN-H 7.3741 —383.596 —383.595 —383.636 —157
AlGaMnN 4.7914 —383.095 —383.094 —383.136 -
AlGaMnN-H 7.3741 ~383.596 —383.595 —383.636 —501
InGaMnN 7.3629 —383.035 —383.035 —383.082 -
InGaMnN-H 4.3037 —383.472 —383.472 ~383.513 —437
Thermodynamic  parameters  of  heteroclusters of  GaMnN/GaMnN-H,

AlGaMnN/AIGaMnN-H, and InGaMnN/InGaMnN-H have been assigned (Table 3). The
changes of Gibbs free energy versus temperature for all nanocomposites could detect the
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maximum efficiency of AlIGaMnN-H> GaMnN-H> InGaMnN-H for energy storage in the
batteries through AG?.

The adsorption efficiency of GaMnN-H, AlGaMnN-H, and InGaMnN-H based on
dipole moment has been evaluated by the AGP. The batteries formed by GaMnN, AlGaMnN,
and InGaMnN feature a hierarchical structure with the electron donor/acceptor layer
sandwiched by anode and cathode, which raises the importance of controlling the molecular
crystal orientation, domain size, and vertical distribution to facilitate the charge collection at
electrodes [60—68]. In this paper, we have demonstrated that the nanocomposite semiconductor
of gallium nitride-based structure can lead to a significant absorption enhancement in a broad
spectral range of incident light in the presence of aluminum, indium, and manganese. A
comparison between batteries containing 3d transition metal of Mn-doped GaN, AlGaN, and
InGaN shows that a transistor containing these elements shows a more enhanced cell
performance than the cells containing only the bare gallium nitride-based structure. This
efficient doping strategy not only bridges the gaps of heteroatom-doped GaN-based
semiconductor materials but also can provide deep insights into controlling the electrical and
optical properties of these doping hybrid nanoclusters.

By using a correlative approach based on spectroscopic techniques, as well as density
functional theory calculations, we provided a mechanistic understanding of the chemical
transformation that is the origin of the self-improving behavior. A thin layer of bare gallium
nitride and its alloys, via a partial manganese substitution at gallium sites, displayed a higher
density of catalytic sites for the hydrogen adsorption reaction [71-74].

4. Conclusions

The geometrical parameters of doping manganese on the surface of GaN, AlGaN, and
InGaN through the absorption status and current charge density of the batteries were studied.
Thermodynamic parameters have constructed a detailed molecular model for atom-atom
interactions and a distribution of point charges which can be utilized to reproduce the polarity
of the solid material and the adsorbing molecules. Energy storage with heteroclusters has been
described, where the frame of the overcoming cluster is related to GaMnN, AlGaMnN, or
InGaMnN at high frequencies. This property makes GaMnN, AlGaMnN, or InGaMnN
potentially advantageous for certain high-frequency applications requiring batteries for energy
storage due to hydrogen adsorption by formation of GaMnN-H, AlGaMnN-H, or InGaMnN-H.
The advantages of manganese over GaN, AlGaN, or InGaN include its higher electron and hole
mobility, allowing manganese-doped devices to operate at higher frequencies than non-doped
devices. Thus, it should be explored for its unique properties, such as its ability to increase
energy storage, which could lead to advancements in batteries. Our calculated adsorption
energies are in agreement with experimental data for both physisorbed and dissociatively
chemisorbed hydrogen on gallium nitride. Furthermore, our calculations show that including
dispersion is crucial in order to obtain that level of accuracy for this kind of system.
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