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This study evaluates the hydrogen storage capabilities of NH2M+ compounds 

(where M = Be, Li, Sc, Ti, V, Ca) using density functional theory (DFT) and 

second-order Møller-Plesset (MP2) methods with the 6-31++G(d,p) basis set. 

Our findings demonstrate that NH2Be+, NH2Li+, NH2Sc+, NH2Ti+, NH2V+, 

and NH2Ca+ complexes can bind up to three, five, six, six, five, and eight H2 

molecules, respectively, achieving gravimetric hydrogen uptake capacities of 

19.3%, 30.3%, 16.4%, 15.8%, 12.9%, and 22.2%. These capacities significantly 

surpass the U.S. Department of Energy's 2025 target of 5.5 wt%. Gibbs free 

energy-corrected adsorption energy analyses indicate that H2 adsorption on 

NH2Be+, NH2Ti+, and NH2V+ complexes is thermodynamically favorable at 

room temperature across a broad pressure and temperature range (50–400 K, 50–

400 atm). In contrast, adsorption on NH2Li+, NH2Sc+, and NH2Ca+ complexes 

is viable below 85 K, 135 K, and 75 K, respectively. High desorption 

temperatures for NH2Be+, NH2Sc+, NH2Ti+, and NH2V+ complexes reflect 

their robust interactions with H2 molecules compared to other NH2M+ variants. 

Molecular dynamics simulations using atom-centered density matrix 

propagation (ADMP) at ambient conditions reveal that some adsorbed H2 

molecules dissociate from the complexes. Overall, NH2Ti+ emerges as a 

particularly promising candidate for efficient hydrogen storage due to its 

favorable adsorption characteristics and high capacity. 
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1. Introduction 

Hydrogen is the third most abundant element on the 

Earth’s surface. Its potential as a fuel for hydrogen 

storage has garnered significant attention from 

researchers in recent years, owing to its unique 

properties as a renewable energy carrier, its safety, and 

its suitability as an ideal fuel. Despite the challenges 

associated with hydrogen production and the need for 

larger storage volumes, it has the potential to replace 

fossil fuels, which are known to contribute to air 

pollution and damage the ozone layer. Realizing a 

hydrogen economy [1] and utilizing hydrogen as a fuel 

in the future [2, 3] is not a straightforward endeavor; it 

necessitates overcoming the challenges associated with 

hydrogen storage. Recently, solid-state hydrogen 

storage has been proposed as a solution to the 

inefficiencies of hydrogen storage in automotive fuel 

cells [4]. If storage systems for hydrogen can be 

improved, hydrogen could become a viable fuel for the 

automotive sector. The properties of an effective 

hydrogen storage system should include affordability, 

safety, and ease of transportation. Furthermore, such a 

system should meet the technical requirements set forth 

by the U.S. Department of Energy (DOE) by 2025 [5]. 

One of the most effective methods for storing hydrogen 

is through adsorption on solid-state materials in 

molecular form. For these materials to be suitable for 

vehicular applications, hydrogen storage must be 

energetically favorable at room temperature and 1 atm 

pressure. Therefore, it is imperative to identify an ideal 

material to ensure that the hydrogen economy does not 

remain a hypothetical concept. 

Various materials have been explored for hydrogen 

storage, including metal hydrides [6-10], chemical 

hydrides [11], small organometallic complexes [12-15], 

and inorganometallic complexes [16-19]. Research 

groups have investigated Be/Sc-doped pentalene 

(C8H6), alkali and alkaline earth metal-doped B6H6, 

among others, for hydrogen storage [20-23]. They 

predicted that the H2 uptake capacities of the C2H4Be 

and C2H4Be2 complexes, which can adsorb two and 

four H2 molecules, are 10.3 and 15.5 wt% H2, 

respectively [24]. Recent studies have shown that Sc-

doped small organometallic complexes exhibit higher 

H2 uptake capacities [25-27]. Wadnerkar et al. observed 

that the H2 uptake capacity of the C2H4Sc cation is 

greater than that of its neutral and anionic forms [28]. 

Notably, the H2 storage capacities of C2H4V and its 

cation are predicted to be 11.32 and 13.28 wt%, 

respectively [29], while C2H4Ti and its cation differ by 

about 2 wt% [30]. Additionally, Ti-doped acetylene 

shows a stronger interaction with H2 molecules 

compared to Na, K, and Li-doped acetylene [15]. 
The hydrogen uptake capacity of magnesium and 

lithium-doped boranes has been investigated using 

Møller-Plesset perturbation theory and density 

functional theory (DFT) by Pathak et al. [31]. The 

interaction energy per H2 molecule ranges from 5.47 to 

15.67 kcal/mol, making it suitable for hydrogen storage 

under ambient conditions. Most studies referenced 

focus on the hydrogen storage capacity of metal-

decorated inorganic complexes.  

In recent years, alkali metal amines have played a 

significant role in advancing the field of chemistry [32-

35]. In the 1950s [36], three-dimensional structures of 

solid alkali metal amines were examined using infrared 

(IR) spectroscopy [37] and nuclear magnetic resonance 

(NMR) spectroscopy. One of the earliest attempts to 

synthesize lithium amine occurred at the end of the last 

century through the reactive milling of Li3N at 20 bar 

hydrogen pressure for 4 hours [38]. This structure 

represents the simplest lithium amine utilized in 

synthesis and structural studies. Furthermore, the 

structural properties and electron transfer reactivity of 

NX3/NX3
+ (where X=H, F) systems have been 

theoretically investigated [39]. Notably, the NH3/NH3
+ 

system has garnered considerable attention from 

researchers due to its prevalence in nature and 

biological chemistry, and it has been explored through 

both experimental [40,41] and theoretical [42,43] 

methods. 

In 2004, Sun et al. [44] determined the electron 

transfer reactivity of methyl-substituted amines, 

specifically the neutral molecules [NH3, NH2CH3, 

NH(CH3)2, and N(CH3)3] and their corresponding 

cations [NH3
+, NH2CH3

+, NH(CH3)2
+, and N(CH3)3

+]. 

Consequently, it would be worthwhile to investigate the 

NH3/NH3
+ system, focusing on the effects of 

substituting one hydrogen atom with alkali metals, 

alkaline earth metals, and transition metals on reactivity. 

In this study, we examined the hydrogen storage 

capacity of NH2M+ compounds, where M represents Be, 

Li, Sc, Ti, V, and Ca, utilizing DFT and second-order 

Møller-Plesset (MP2) calculations. We focused on 

NH2M+ cations doped with alkali metals, alkaline earth 

metals, and transition metals, to evaluate their potential 

to meet the targets set by the U.S. Department of 

Energy (DOE) for vehicular applications under ambient 

conditions. 

The selection of NH2M+ compounds is based on 

several key factors: First, the hydrogen uptake capacity 

of all studied complexes exceeds the target set by the 

US Department of Energy (5.5 wt% by 2025). Secondly, 

our desired complex, which exhibits high desorption 

temperatures, demonstrates a stronger interaction with 

H2 molecules compared to previously studied 

complexes conducted by other researchers. 

Additionally, we have examined the variations in 

structural parameters before and after hydrogen 

adsorption, including the averaged adsorption energy 

without (ΔE) and with zero point (ΔEZPE), Gibbs free 

energy corrected adsorption energies (ΔEG), hydrogen 

uptake capacity (W%), desorption temperature (TD), 

the temperature/pressure dependence of adsorption 
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energies for the NH2M+ complexes (M = Be, Li, Sc, Ti, 

V, and Ca), and molecular dynamics (MD) simulations. 

2. Computational Details 

Geometry optimizations were conducted using the MP2 

method [45] and DFT with the wB97XD functional 

[46], utilizing a 6-31++G(d,p) basis set. No symmetry 

constraints have been imposed on the complexes during 

optimization, which has been performed using the 

Gaussian09 software [47]. Molecular electrostatic 

potential (MEP) and partial density of states (PDOS) 

analyses for all NH2M+(nH2) complexes were executed 

at the MP2/6-31++G (d, p) level, with PDOS plots 

generated using the Gauss Sum program [48]. Charge 

transfer between the H2 molecule and the NH2M+ has 

been evaluated through natural bond orbital (NBO) 

analysis [49]. In this study, the HOMO–LUMO gap 

(HLG) is determined using Equation (1), where ɛH and 

ɛL denote the energies of the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO), respectively. 

HLG = ɛL- ɛH                                                  (1) 

The averaged adsorption energies, both without 

zero-point energy correction (∆E) and with zero-point 

energy correction (∆EZPE), as well as the Gibbs free 

energy correction (∆EG), for all complexes have been 

obtained using Equations (2-4). 

∆E =  {E[NH2M+] + (n × E[H2]) -E[NH2M+(nH2)] }/n

 (2) 

∆EZPE =  {EZPE[NH2M+] + (n ×
EZPE[H2]) -EZPE[NH2M+(nH2)]}/n  (3)                                        

∆EG =  {EG[NH2M+] + (n ×
EG[H2]) -EG[NH2M+(nH2)]}/n   (4) 

In this work, the H2 desorption temperature (TD) 

has been obtained using the van't Hoff equation [50]: 

 TD = (∆EZPE /kB) ((∆S/R)-LnP)-1   (5)                                        

Where kB is the Boltzmann constant (1.38 × 10-23 

JK-1), R is the gas constant (8.31 JK-1Mol-1), ∆S the 

change in the H2 entropy from gas to liquid phase [51], 

and P is the equilibrium pressure P (1 atm). The 

molecular dynamics (MD) simulations have been 

performed using atom-centered density matrix 

propagation (ADMP) at 300 K and 1 atm pressure. The 

time step (Δt) of ADMP-MD was set at 0.2 fs. The 

temperature has been maintained using the velocity 

scaling method during the ADMP-MD simulations. 

3. Results and Discussion 

The NH3 and NH3
+ systems exhibit C3V and D3h 

symmetry, respectively, with two degenerate 

asymmetric stretching frequencies of 3607.8 cm⁻¹ and 

3515.2 cm⁻¹. Additionally, the NH3
+ system consists of 

two pairs of degenerate vibrational frequencies (ω2, ω3 

and ω5, ω6). Previous studies have indicated that the 

NH3
+ system, with an HNH bond angle of 120.2º, is 

theoretically predicted to have a planar structure [39]. 

Consequently, NH2M+ compounds have formed by 

substituting one hydrogen atom in the NH3
+ molecule 

with alkali metals, alkaline earth metals, and transition 

metals. Given that NH2M+ compounds are obtained by 

replacing one hydrogen atom with the desired 

substituents, the objective of this study is to investigate 

the hydrogen storage capacity of NH2M+ compounds. 

The optimization of the NH2M+ compounds (where 

M = Be, Li, Sc, Ti, V, and Ca) (refer to Fig. 1) and the 

corresponding NH2M+ (nH2) complexes (see Fig. 2) 

was conducted using the MP2 and DFT with the 

wB97XD functional, employing the 6-31++G (d, p) 

basis set. 

 

 
Fig.1. Optimized geometries of pristine NH2M+ compound, where 
M is Be, Li, Sc, Ti, V, and Ca. 
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Fig. 2. Optimized geometries stable configurations of NH2M+(nH2) 
complex, where M is Be, Li, Sc, Ti, V, and Ca. 

The natural bond orbital (NBO) analysis for all 

considered complexes, both before and after H2 

adsorption, was conducted at the MP2/6-31++G (d, p) 

level and is presented in Table 1. The results in Table 1 

indicate that in all complexes, the charge on the metal 

atom (M = Be, Li, Sc, Ti, V, and Ca) becomes negative 

due to charge acceptance. According to Table 1, the 

total charge on the adsorbed H2 molecules follows this 

order: NH2V+ > NH2Ti+ > NH2Be+ > NH2Sc+ > NH2Ca+ 

> NH2Li+, with values ranging from 0.042 to 1.304 e. 

In the NH2Be+, NH2Li+, NH2Sc+, NH2Ti+, NH2V+, and 

NH2Ca+ compounds, the M atoms become less negative 

after H2 adsorption, exhibiting charges of -0.539, -

0.040, -0.481, -1.524, -1.269, and -0.284, respectively. 

Table1. NBO charges for NH2M+(nH2) complexes before and after 
H2 adsorption at MP2/6-311++g(d,p) level (The values in 
parenthesis are NBO charges before H2 adsorption, where M is Be, 
Li, Sc, Ti, V, and Ca). 

System N H M H2 

NH2M
+(nH2) 

NH2Be+(3H2) 
-0.925 

(-0.758) 

0.320 

(0.345) 

0.529 

(1.068) 
0.759 

NH2Li+(5H2) 
-0.435 

(-0.439) 

0.327 

(0.330) 

0.739 

(0.779) 
0.042 

NH2Sc+(6H2) 
-1.281 

(-1.042) 

0.394 

(0.323) 

0.914 

(1.395) 
0.580 

System N H M H2 

NH2Ti+(6H2) 
-0.947 

(-1.177) 
0.392 

(0.353) 
-0.053 
(1.471) 

1.215 

NH2V
+(5H2) 

-0.746 

(-0.569) 

0.416 

(0.344) 

-0.389 

(0.880) 
1.304 

NH2Ca+(8H2) 
-1.184 

(-1.236) 
0.321 

(0.301) 
1.351 

(1.635) 
0.192 

To enhance the accuracy of display and improve 

the understanding of why H2 molecules are adsorbed on 

M atoms of NH2M+ compounds, we present the 

calculated maps of electrostatic potential (MEP) (see 

Fig. 3) and the partial density of states (PDOS) plots for 

the considered complexes (see Fig. 4). The MEP 

analysis for NH2M+ compounds reveals that these 

desired compounds can induce polarization to the 

adsorbed H2 molecules by induce the electrostatic field. 

Consequently, a significant factor contributing to the 

adsorption of H2 on NH2M+ complexes is the enhanced 

ability of the H2 molecule to adsorb under electrostatic 

interactions. As illustrated in Fig. 3, the highest 

electron density is localized around the M atom in all 

NH2M+ complexes, indicating that the M atom serves 

as the most favorable adsorption site for H2 molecules. 

 
Fig. 3. The presentation MEP surface of the NH2M+ compound, 
the surfaces are specified by the 0.0004 electrons/b3 contour of an 
electronic density and color ranges in a.u. 

The analysis of the PDOS spectra clearly indicates 

the percentage contribution of the orbitals of H2 

molecules adsorbed on NH2M+ complexes to the 

molecular orbitals of the corresponding maximum H2-

adsorbed complex. The results presented in Fig. 4 

demonstrate that the electron density of M atoms 

increases in the following order: Ca > Ti ≃ Sc > Li ≃ 

V > Be. This finding suggests that the Ca atom adsorbs 

more H2 molecules than the other atoms. Furthermore, 

in all of the complexes, the orbital electron density is 

predominantly distributed around -2 eV, situated in the 

low-energy region below the Fermi level for the 

respective atoms. Consequently, the capability of H2 

adsorption on the NH2Ca+ compound is greater, leading 

to the following hierarchy of H2 adsorption ability: 

NH2Ca+>NH2Sc+≃NH2Ti+>NH2Li+≃NH2V+>NH2Be+. 
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Fig. 4. Partial density of state (PDOS) plot for NH2M+(nH2) 
complex, where M is Be, Li, Sc, Ti, V, and Ca. 

The bond lengths of NH2M+ compounds, both prior 
to and following H2 adsorption, have been calculated 
and are presented in Table 2. The N-H bond lengths 
remained unchanged across all considered complexes 
following H2 adsorption. In the NH2V+ compound, the 
N-V bond length decreases by 0.3 Å after H2 molecule 
adsorption, while the N-M bond lengths (where M = Be, 
Li, Sc, Ti, V, and Ca) in the other complexes increase, 
indicating a strengthening of the M-H2 bond. The 
average distances between the adsorbed H2 molecules 
and the M atom in the NH2M+ complexes range from 
1.76 to 2.80 Å, suggesting that H2 molecules can be 
adsorbed rapidly in these complexes. The H-H bond 
lengths remain nearly consistent across all studied 
complexes. Notably, the interaction between the 
adsorbed H2 molecules and the M atom exhibits Kubas 
interaction, as evidenced by the elongation of the H-H 
bond compared to that of an isolated H2 molecule. 
Previous research by Ahmad et al. [52] has also 
identified Kubas interaction between adsorbed H2 
molecules and sc-metallacarborane. 

Table 2. Different bond lengths (Å) in NH2M+(nH2) complexes at 
MP2/6-311++g(d,p) level (The values in the parenthesis are 
corresponding values of bond lengths before H2 molecules 
adsorption) where M is Be, Li, Sc, Ti, V, and Ca. 

System N-H N-M M-H2 H-H 

NH2M+(nH2) 

NH2Be+(3H2) 
1.01 

(1.01) 
1.49 

(1.46) 
1.76 0.76 

NH2Li+(5H2) 
1.02 

(1.02) 
2.04 

(2.01) 
2.24 0.74 

NH2Sc+(6H2) 
1.02 

(1.02) 
2.01 

(1.98) 
2.27 0.76 

NH2Ti+(6H2) 
1.02 

(1.02) 
1.92 

(1.84) 
2.03 0.77 

NH2V+(5H2) 
1.02 

(1.02) 
1.79 

(2.09) 
1.90 0.80 

NH2Ca+(8H2) 
1.02 

(1.02) 
2.22 

(2.20) 
2.80 0.74 

The comparison of bond lengths in H2-adsorbed 
NH2M+ complexes indicates that the adsorption 
strength of the H2 molecule on these complexes follows 
the trend: NH2Be+ > NH2V+ > NH2Ti+ > NH2Li+ > 
NH2Sc+ > NH2Ca+. 

Table 3. Calculations averaged adsorption energy without (ΔE), 
and with zero point energy correction (ΔE ZPE), Gibbs free energy 
corrected adsorption energies (ΔEG) in eV at 298.15 K and storage 
gravimetric density (%W) of NH2M+(nH2) where M is Be, Li, Sc, Ti, 
V, and Ca at wB97XD/6-311++G(d, p) level. (The values in 
parenthesis is at MP2/6-311++G (d, p) level). 

System 
Energy (eV) 

W% 
ΔE ΔE ZPE ΔEG 

NH2M
+(nH2) 

NH2Be+(3H2) 
0.64 

(0.64) 
0.48 (0.47) 

0.20 
(0.20) 

19.3 

NH2Li+(5H2) 
0.17 

(0.13) 
0.07 (0.05) 

-0.18 (-
0.18) 

30.3 

NH2Sc+(6H2) 
0.31 

(0.18) 
0.18 (0.07) 

-0.08 (-
0.19) 

16.4 

NH2Ti+(6H2) 
0.43 

(0.50) 
0.26 (0.33) 

-0.03 
(0.05) 

15.8 

NH2V
+(5H2) 

0.58 
(0.66) 

0.39 (0.46) 
0.10 

(0.16) 
12.9 

NH2Ca+(8H2) 
0.16 

(0.12) 
0.06 (0.04) 

-0.19 (-
0.19) 

22.2 

 
In the next phase of the study, the average 

hydrogen adsorption energies without zero-point 
energy correction (∆E), with zero-point energy 
correction (∆EZPE), and with Gibbs free energy 
correction (∆EG) were calculated at 298.15 K and 1 atm 
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pressure for the specified complexes. The results are 
summarized in Table 3. The values of ∆E and ∆EZPE are 
positive for all complexes at both computational levels. 
These positive values at the MP2 and DFT 
computational levels follow the trend outlined below: 

NH2Be+(3H2) > NH2V+(5H2) > NH2Ti+(6H2) > 
NH2Sc+(6H2) > NH2Li+(5H2) > NH2Ca+(8H2) 

This conclusion is drawn from Table 3, which 
indicates that the NH2Be+(3H2) and NH2V+(5H2) 
complexes exhibit positive Gibbs free energy corrected 
adsorption energies (∆EG) at both computational levels. 
This demonstrates that the formation of these 
complexes is thermodynamically favorable under 
ambient conditions. At the MP2/6-31++G (d, P) level, 
the NH2Be+(3H2), NH2Ti+(6H2), and NH2V+(5H2) 
complexes have an ∆EG of 0.2, 0.05, and 0.16 eV, 
indicating that H2 adsorption on these complexes is 
feasible at room temperature and occurs spontaneously. 
However, other complexes with slightly negative ∆EG 
values are unable to adsorb H2 molecules at room 
temperature. 

In this study, we examined the gravimetric density 
of H2 storage using the following equations: 

H2 (%W) = [
MH2

MH2 +Mhost
] × 100 (6) 

In this context, MH2 and Mhost represent the mass of 
the total number of adsorbed H2 molecules and the 
NH2M+ compounds, respectively. The NH2Be+, 
NH2Li+, NH2Sc+, NH2Ti+, NH2V+, and NH2Ca+ 
compounds exhibit gravimetric hydrogen uptake 
capacities of 19.3, 30.3, 16.4, 15.8, 12.9, and 22.2%, 
respectively, with the capability to interact with a 
maximum of three, five, six, six, five, and eight H2 
molecules, respectively. As demonstrated in Table 3, 
the hydrogen uptake capacities of all studied complexes 
exceed the target established by the U.S. Department of 
Energy, which is set at 5.5 Wt% by 2025. A 
comparative analysis confirms that all desired 
complexes possess higher H2 uptake capacities than 
previously reported compounds for hydrogen storage. 
Notably, this study marks the first instance of NH2Be+ 
compounds being able to adsorb three H2 molecules. 

 
Fig. 5. (Color online) temperature dependent Gibbs free energy 
corrected H2 adsorption energies for NH2M+(nH2) complex, where 
M is Be, Li, Sc, Ti, V, and Ca (MP2/6-311++G(d,p) level). 

The next step involves examining the effects of 
varying temperatures and pressures on H2 adsorption, 
utilizing Gibbs free energy corrected adsorption energy 
changes across a broad spectrum of temperatures (from 
50 K to 400 K) and pressures (from 50 atm to 400 atm) 
as illustrated in Figures 5 and 6. The findings indicate 
that H2 adsorption on NH2Be+ and NH2V+ compounds 
is thermodynamically feasible across the range of 
pressures and temperatures analyzed. Notably, the 
temperature and pressure-dependent ∆EG values for 
these complexes are more positive compared to other 
complexes. Interestingly, for the other complexes, the 
Gibbs free energy corrected adsorption energies are 
positive at lower temperatures and negative at all 
pressures examined, except for the NH2Ti+(6H2) 
complex, for which H2 molecule adsorption is 
favorable below 350 K across all pressures considered. 
Therefore, the NH2Be+, NH2V+, and NH2Ti+ 
compounds present promising materials for H2 storage, 
as the Gibbs free energy corrected adsorption energies 
remain positive over a wide range of temperatures and 
pressures. 

 
Fig. 6. (Color online) pressure dependent Gibbs free energy 
corrected H2 adsorption energies for NH2M+(nH2), where M is Be, 
Li, Sc, Ti, V, and Ca (MP2/6-311++G(d,p)  level). 

Another objective of this research is to assess the 

electrical response of these complexes by analyzing the 

gap between the highest occupied molecular orbitals 

(HOMO) and the lowest unoccupied molecular orbitals 

(LUMO), as illustrated in Fig. 7. The variation in the 

HOMO-LUMO gap (HLG) of the complexes before 

and after the adsorption of H2 molecules has depicted 

in this figure. It is evident from Fig. 7 that the HLG of 

the NH2Be+ and NH2V+ compounds increases 

significantly following H2 adsorption, while the 

NH2Li+(6H2) complex remains unchanged and exhibits 

the highest HLG energy. In other complexes, the HLG 

increases moderately after H2 adsorption. The HLG for 

the NH2M+ complexes with maximum H2 adsorption 

ranges from 10.0 to 15.8 eV. Ultimately, it can be 

concluded that the NH2Be+ and NH2V+ compounds 

within the NH2M+ series exhibit the highest electrical 

response, characterized by the largest change in HLG. 
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Fig. 7. (Color online) energy gap between highest occupied and 
lowest unoccupied molecular orbital for NH2M+(nH2), where M is 
Be, Li, Sc, Ti, V, and Ca (MP2/6-311++G(d, p) level). 

The next step involves measuring the H2 desorption 

temperatures from NH2M+ complexes using the van't 

Hoff equation (see Table 4). The H2 desorption 

temperatures for the NH2Be+, NH2Li+, NH2Sc+, NH2Ti+, 

NH2V+, and NH2Ca+ complexes at the DFT (MP2) 

computational level are 617 (604), 90 (64), 238 (86), 

329 (420), 506 (587), and 77 (51) K, respectively. 

Desorption temperatures increase in the following 

order: NH2Be+ > NH2V+ > NH2Ti+ > NH2Sc+ > NH2Li+ 

> NH2Ca+. The results indicate that H2 desorption from 

the NH2Be+, NH2V+, and NH2Ti+ complexes is stronger 

than from the other complexes, which aligns with 

findings from other analyses. Notably, the 

NH2Be+(3H2) complex exhibits the highest H2 

desorption temperature, while the NH2Ca+(8H2) 

complex shows the lowest temperature among the 

NH2M+(nH2) complexes. This observation suggests 

that the interaction with adsorbed H2 molecules is 

stronger at higher desorption temperatures. 

Additionally, the desorption temperatures of the 

NH2Sc+and NH2Ti+ complexes are 238 and 329 K at the 

wB97XD/6-31++G (d, p) level, indicating 

thermodynamic favorability under ambient conditions. 

Fig. 8 shows the trajectories of H2 molecules from 

the metal atom during ADMP-MD simulations. The 

ADMP simulations start with an optimized structure at 

wB97XD/6-31++G (d, p) level as the initial geometry 

for the simulation. As can be seen from Fig. 8, all the 

adsorbed H2 molecules in the initial structure do not 

remain adsorbed on NH2M+ complexes. Some of the H2 

molecules fly away from the complex during the 

simulation. Two, two, three, four, three, two H2 

molecules remain adsorbed on NH2Be+, NH2Li+, 

NH2Sc+, NH2Ti+, NH2V+, and NH2Ca+ compounds 

during the ADMP-MD simulations. 

Table 4. Desorption temperature (TD) in Kelvin for NH2M+(nH2) 
where M is Be, Li, Sc, Ti, V, and Ca complexes utilizing the 
wB97XD and MP2 methods with 6-31++G(d, p) basis set. 

System wB97XD MP2 

NH2M+(nH2) 

NH2Be+(3H2) 617 604 

NH2Li+(5H2) 90 64 

NH2Sc+(6H2) 238 86 

System wB97XD MP2 

NH2Ti+(6H2) 329 420 

NH2V+(5H2) 506 587 

NH2Ca+(8H2) 77 51 
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Fig. 8. Trajectories of the time evolution of distance of H2 
molecules from M in the NH2M+ (nH2) complexes at 300 K. Where 
the M is Be, Li, Sc, Ti, V, and Ca. 

We will now summarize the results of this study: 

According to PDOS analysis, the NH2Ca+ compound 

exhibits a greater capacity for H2 molecule adsorption 

compared to other complexes, attributed to the higher 

electron density on the Ca atom. The NH2Be+, NH2Li+, 

NH2Sc+, NH2Ti+, NH2V+, and NH2Ca+ compounds can 

interact with a maximum of three, five, six, six, five, 

and eight H2 molecules, respectively, thereby 

demonstrating a higher H2 uptake capacity than 

previously reported compounds for hydrogen storage. 

The gravimetric density of hydrogen storage (%W) for 

all considered complexes exceeds the target established 

by the US Department of Energy (5.5 wt% by 2025). 

The NH2Ti+ compound has been identified as more 

suitable material for hydrogen storage because: 

1. The H2 molecule demonstrates optimal 

adsorption characteristics owing to its minimal 

M-H2 bond lengths, with desorption 

temperatures ranging 329 K, making it suitable 

for vehicular applications under ambient 

conditions. 

2. The positive values of ∆E, ∆EZPE, and ∆EG at the 

MP2 and DFT computational levels indicate 

that the formation of these complexes is 

thermodynamically favorable under ambient 

conditions. 

3. The corrected Gibbs free energy of adsorption 

remains positive over a wide range of 

temperatures and pressures. 

4. The hydrogen uptake capacities of all studied 

complexes exceed the target established by the 

U.S. Department of Energy. 

4. Conclusions 

This study utilized density functional theory (DFT) and 

second-order Møller-Plesset perturbation theory (MP2) 

to assess the hydrogen storage capabilities of NH2M+ 

compounds (M = Be, Li, Sc, Ti, V, Ca). The results 

reveal that NH2Be+, NH2Li+, NH2Sc+, NH2Ti+, 

NH2V+, and NH2Ca+ complexes can bind up to three, 

five, six, six, five, and eight H2 molecules, respectively, 

with gravimetric hydrogen uptake capacities of 19.3%, 

30.3%, 16.4%, 15.8%, 12.9%, and 22.2%. These 

capacities significantly exceed the U.S. Department of 

Energy’s 2025 target of 5.5 wt%. However, atom-

centered density matrix propagation molecular 

dynamics (ADMP-MD) simulations indicate lower H2 

uptake compared to DFT and MP2 results. Notably, 

NH2Be+, NH2Ti+, and NH2V+ complexes 

demonstrate thermodynamically favorable H2 

adsorption across a wide range of temperatures (50–

400 K) and pressures (50–400 atm), with positive 

Gibbs free energy-corrected adsorption energies, 

indicating spontaneous adsorption at ambient 

conditions. These complexes also exhibit the highest 

H2 desorption temperatures, reflecting strong 

interactions with H2 molecules. Additionally, NH2Be+ 

and NH2V+ show the most significant changes in 

HOMO-LUMO gap (HLG), indicating a robust 

electrical response. Among the studied compounds, 

NH2Ti+ stands out as a highly promising candidate for 

hydrogen storage under ambient conditions due to its 

exceptional adsorption characteristics and high 

capacity. 
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