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Abstract 

The safe and efficient use of hydrogen energy, which is in high demand worldwide today, requires 

efficient hydrogen storage. Despite significant advances in hydrogen storage using carbon-based 

nanomaterials, including carbon nanotubes (CNTs), efforts to substantially increase the storage 

capacity remain less effective. In this work, we demonstrate the effect of endohedral transition metal 

atoms on the hydrogen storage capacity of CNTs using reactive molecular dynamics simulations. We 

find that an increase in the volume fraction of endohedral nickel atoms leads to an increase in the 

concentration of physisorbed hydrogen molecules around single-walled CNTs (SWNTs) by 

approximately 1.6 times compared to pure SWNTs. The obtained results provide insight into the 

underlying mechanisms of how endohedral transition metal atoms enhance the hydrogen storage 

ability of SWNTs under nearly ambient conditions. 
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Introduction 

Hydrogen energy is currently regarded as a highly promising renewable energy source due to its 

environmental friendliness and high efficiency [1-3]. One of the most important challenges in 

hydrogen energetics is the safe and efficient storage of hydrogen atoms/molecules [3-11]. Various 

traditional methods of hydrogen storage [12], including compression [13], liquefaction [11,14], 

physisorption [15,16], hydrides [9,10,17,18] and other methods [2,7,8,15,19,20], are currently being 

investigated. Nevertheless, the issue of the effective use of hydrogen on a large scale remains a crucial 

problem that needs to be addressed [1,5,21]. In particular, the storage of compressed and liquified 

hydrogen is inappropriate for large-scale use due to its low density and high cost at high pressures as 

well as boiling-off issues at room temperature [3,5,12,21]. In this respect, metal hydrides have the 

ability to store hydrogen with a high volumetric density [10,17]. However, their gravimetric density 

is limited due to the presence of heavy transition metals [21]. Moreover, the process of hydrogen 

absorption, desorption, and release in metal hydrides requires high temperatures and significant 

energy input [21]. In contrast, complex hydrides possess remarkably high volumetric and gravimetric 

densities [9,18]. Still, their melting points are in close proximity to cryogenic temperatures (around 

200 K), causing them to exist in a liquid phase at room temperature [21]. 

In recent decades, the physisorption of hydrogen on and in porous materials has been developed 

to solve the above problems [7,15,16,22,23]. Most of the research related to this method uses metal-

organic frameworks (MOFs) [6,19,22,24,25] and various carbon-based nanostructures [8,20,23,26-

28] as porous materials. These materials are currently being studied to improve their hydrogen storage 

capacity by increasing the absorption and adsorption rates of hydrogen atoms or molecules [29]. 

Carbon-based nanomaterials are especially interesting candidates for hydrogen storage due to their 

low weight and chemical stability [30-32]. In particular, carbon nanotubes (CNTs) [33] have been 

proposed as efficient hydrogen storage materials due to their unique properties, such as low density 

and large surface area [7,28,34-36]. Consequently, significant research has been conducted on 

hydrogen storage using single- [7,26,37-40] and multiwalled CNTs [30,31,40-42]. Various studies 

have shown that physisorbed and chemisorbed hydrogen species can be stored in CNTs at gravimetric 

densities of 0.1–6.3 wt.% and pressures of 0.01–20 MPa [26,27,34,39,40,43-48]. Although CNTs 

appear to be more efficient at storing hydrogen than metal hydrides, the storage pressure in CNTs is 

approximately 5 to 10 times higher, resulting in increased storage costs. 

Alternatively, various transition metal nanocatalysts adsorbed on the CNT surface are also 

considered for hydrogen storage [36,42,47,49]. Using this method, the effective storage of hydrogen 

atoms on the CNT surface due to the chemical dissociation of hydrogen molecules by adsorbed 

nanocatalysts is being intensively studied [36,42]. In particular, transition metal-doped CNTs can 



store hydrogen at gravimetric densities in the range of 3.0 - 7.0 wt.% at a pressure of approximately 

0.1 MPa [36]. Despite the high storage capacity achieved even at low hydrogen pressures, the 

disadvantage of the method is the chemical instability of transition metal-doped CNTs [36]. For 

instance, an increase in the concentration of Ni nanoparticles on the surfaces of single-walled CNTs 

(SWNTs) (from 0 to 8 wt.% Ni) leads to an increase in the concentration of chemisorbed H atoms 

(from 1.61 to 5.25 wt.%), a further increase in the concentration of nickel (12 wt.% Ni) sharply 

reduces the hydrogen storage capacity of SWNTs (2.99 wt.%), which was explained by the blocking 

effect due to the association of Ni nanoparticles on the surfaces of SWNTs [47]. On the other hand, 

this phenomenon can also be associated with a change in the physical properties of the SWNT surface 

caused by the nanocluster binding nature due to the confinement effect [50]. Because of this effect, 

endohedral metal atoms bind weakly to the interior of the SWNT wall compared to those adsorbed 

on the outside of the SWNT, regardless of their catalytic activity [50,51]. Thus, transition metal atoms 

can form nanoclusters [52-54] or nanowires [55,56] inside a CNT instead of being located separately 

in the interior [57]. This has resulted in the thorough investigation of the chemical vapor deposition 

(CVD) growth of these nanoclusters and nanowires inside SWNTs [58], as well as their resulting 

electronic and magnetic properties [55,56]. Nevertheless, to the best of our knowledge, studies on 

hydrogen storage on the surface of SWNTs using endohedral transition metals have not yet been 

conducted. 

In this study, we explore for the first time the role of an endohedral transition metal (namely, 

nickel) in enhancing the hydrogen storage capacity of SWNTs under ambient conditions, i.e., room 

temperature and atmospheric pressure, by reactive molecular dynamics (MD) simulations. 

 

Computational details 

The process of hydrogen storage on SWNTs with endohedral Ni atoms is investigated by 

employing reactive MD simulations using the LAMMPS package [59]. To describe interatomic 

interactions in the system, the ReaxFF potential with a previously validated parameter set developed 

by Mueller is used [60]. In the simulations, a pristine (5,5) nanotube and a (5,5) nanotube with 

endohedral Ni atoms at different concentrations (i.e., Nin@SWNT, where n=0, 1, 5, 13) are selected 

as model SWNTs (Fig. 1). The diameter of the SWNTs is 6.93 Å, which is within the range of 

experimentally obtained nanotube diameters (6.3–7.9 Å) [61]. Periodic boundary conditions are 

applied along the z-axis, which represents the length of the SWNT (27.25 Å), allowing the simulation 

of infinitely long SWNTs. 



 

Figure 1. Top and side views of (a) pristine SWNT, (b) Ni@SWNT, (c) Ni5@SWNT, and (d) 

Ni13@SWNT. SWNT and Ni atoms are represented in sticks and balls, respectively. The 

system atoms exhibit partial charges ranging from -0.7e to +0.7e, depicted by a color 

spectrum from red to blue, indicating the conversion from electron-rich to electron-poor 

regions. 

 

As a result, the filling or volume fraction of endohedral Ni atoms in the SWNT is used (instead of 

their concentration); hence, this fraction is independent of the length of the SWNT. The volume 

fraction of endohedral Ni atoms inside SWNT is calculated by dividing the average volume of Ni 

atoms by the effective volume of SWNT (in %). The average volume of each Ni atom is determined 

using the van der Waals radius, which is approximately 1.63 Å [62]. The effective volume of SWNT 

is calculated using the concept of the effective diameter [63], i.e., 𝑑𝑒𝑓𝑓 = 𝑑𝑔𝑒𝑜 − 𝜎𝐶−𝑁𝑖, where 𝑑𝑒𝑓𝑓 

is the effective diameter of the SWNT, 𝑑𝑔𝑒𝑜 is the geometric diameter of the SWNT (i.e., 6.93 Å), 

and 𝜎𝐶−𝑁𝑖 is the sigma bond length of C–Ni (i.e., 2.5 Å). According to this formula, the inner volume 

fraction of the nanotube filled by Ni atom, Ni5, and Ni13 clusters is estimated to be approximately 4, 

22, and 56%, respectively. We use these volume fractions instead of the number of Ni atoms inside 

SWNT to compare our results with experimental data. 

Initially, the energy of all model systems is minimized by the conjugated gradient method. 

Subsequently, the temperature and pressure of the systems are equilibrated to the desired values (300 

K and 0 Pa) in the NpT ensemble using a Berendsen thermostat and barostat [64] with coupling 

constants of 100 fs and 5000 fs, respectively. The chosen heating rate (i.e., 1 K/ps) corresponds to a 



previously reported range of values (0.1 - 10.0 K/ps) [65,66] and indicates that the deviations in the 

thermodynamic equilibrium of the model systems are insignificant during the temperature increase. 

In the case of the physisorption of H2 molecules on Nin@SWNT (n ϵ 0, 1, 5 and 13), the system’s 

temperature is kept at 300 K for 100 ps using a Bussi thermostat [67] with a coupling constant of 100 

fs in the canonical NVT ensemble. 

In the simulations, the pressure of H2 molecules in the system is calculated as  𝑝 = 𝐽√2𝜋𝑀𝑅𝑇/𝑁𝐴, 

[68] where 𝐽 is the impingement flux (nm-2·ns-1), NA is Avagadro’s number, R is the universal gas 

constant, M is the molar mass of the H2 molecule (kg·mol-1) and T is the temperature of the system 

(K). During the NVT simulations, H2 molecules are introduced into the environment surrounding the 

nanotube surface (~ 5.34 nm2) at a time interval of 10 ps. The distance between each introduced H2 

molecule and the model system is chosen to be at least 10 Å (i.e., the cutoff radius of the interaction 

potential). Under these conditions, the impingement flux of the incident H2 gas (consisting of 300 H2 

molecules) is 18.72 nm-2·ns-1, and its corresponding pressure is approximately 0.174 MPa. The total 

simulation time for the H2 physisorption process lasts 3 ns. In all MD simulations, a time step of 0.1 

fs is used. The simulations are repeated 5 times for each study case (resulting in a total of 40 

simulations), and the final results are obtained by averaging the individual physical quantities. 

 

Results and discussion 

SWNT with endohedral Ni atoms. Studying the interaction of endohedral Ni atoms with the 

inner surface of SWNT is important for a better understanding of the process of hydrogen storage 

using Nin@SWNT. For this purpose, we evaluate the interaction energy of the endohedral Ni atoms 

with the interior of SWNT, which is defined as 𝐸 = 𝐸𝑁𝑖𝑛@𝑆𝑊𝑁𝑇 − (𝐸𝑁𝑖𝑛 + 𝐸𝑆𝑊𝑁𝑇), 

where 𝐸𝑁𝑖𝑛@𝑆𝑊𝑁𝑇, 𝐸𝑁𝑖𝑛 and 𝐸𝑆𝑊𝑁𝑇 are the potential energies of Nin@SWNT, Nin cluster, and pristine 

SWNT, respectively [56,69]. Figure 2a shows this interaction energy as a function of the volume 

fraction of Ni atoms inside the SWNT (see red curve). The interaction energies are found to be -

43.42±1.93, -30.88±0.96, and -16.40±0.96 kJ∙mol-1 for volume fractions of 4, 22, and 56%, 

respectively. This indicates that an increase in the volume fraction of endohedral Ni atoms results in 

a decrease in their interaction energies with the interior of the SWNT. A similar interaction behavior 

was obtained for the cases of Fe atom, Fe2 dimer, and F1D nanowire with the inner wall of an (8,8) 

CNT, and the calculated DFT energies were found to be -77.19, -11.58, and -2.89 kJ∙mol-1 per Fe 

atom, respectively [51]. In general, the interaction behavior between the interior of the SWNT and 

the metal atoms belonging to the iron family depends on the type of metal. In particular, quantum 

mechanical calculations showed that the interaction energies of endohedral Co and Fe nanoclusters 



with the interior of (5,5) nanotube are 1.22 and 1.44 times higher than the energy of Ni nanocluster 

at the same concentration [56]. 

 
 

Figure 2. (a) The absolute values of the negative interaction energy of endohedral Ni atoms with the 

interior of the SWNT (left, red curve) and the average bond order between Ni and C atoms 

(right, black curve) as a function of the volume fraction of Ni atoms. (b) The sum of the 

partial charges of SWNT and Ni atom/cluster (left, black curves) and the average partial 

charge of Ni atom (right, red curve) as a function of the volume fraction of endohedral Ni 

atoms. 

 

The weakening of the interaction can also be seen by a decrease in the average bond order between 

Ni and C atoms (Fig. 2a, black curve). Indeed, the average bond order between Ni∙∙∙C is 0.495±0.005, 

0.478±0.008, and 0.407±0.006 for volume fractions of Ni atoms of 4, 22, and 56%, respectively. It is 

thus clear that the interaction character between the Ni atoms and the inside wall is noncovalent. 

The nature of the interaction between the Ni atom/cluster and the interior of the SWNT can be 

explained by the confinement effect [50,70] associated with a change in the curvature of the adsorbent 

surface [71]. In particular, twisting or bending graphene leads to a deformation of the π bonding, 

which causes the transfer of electrons from the concave side to the convex side, thereby leading to a 

different distribution of electrons inside and outside the SWNT [51,70,71]. Hence, this phenomenon 

and the addition of Ni atoms inside the SWNT together influence the partial charges of atoms in the 

system (see Fig. 2b and cf. Fig. 1). In particular, an increase in the volume fraction of Ni atoms leads 

to an increase in the magnitudes of the sum of the partial charges of the SWNT and Ni cluster, which 

are found to be between -0.5e and -3.5e and +0.5e and +3.5e (see black curves), respectively. 

However, the average partial charge of individual nickel atoms decreases from 0.67e over 0.29e to 



0.27e for volume fractions of 4, 22, and 56%, respectively (see red curve), which is due to the 

formation and further strengthening (or an increase in the binding energy) of the Ni-Ni bonds. Indeed, 

according to quantum mechanical calculations, the binding energies of Ni2, Ni13 and Ni55 nanoclusters 

are found to be between 63.68-215.18, 260.53-411.05 and 338.69-440.97 kJ∙mol-1, respectively [71]. 

Consequently, the electron density between the Ni atoms in the cluster increases, causing a decrease 

between the Ni and C atoms, eventually leading to a weakening of the interaction between SWNT 

and endohedral Ni atoms. Therefore, a sharp drop (~2.6 times decrease) in the average partial charge 

per Ni atom is observed (Fig. 2b, red curve) due to the “atom-to-cluster” transition. 

In addition, a decrease in the Ni∙∙∙C interaction energy causes an increase in the mobility of Ni 

clusters [53,70] and hence most likely does not allow defect formation inside the SWNT by 

endohedral Ni atoms [53,72]. The simulation results also show that an increase in the volume fraction 

of Ni atoms leads to an increase in the number of C atoms with nonzero partial charges in the SWNT. 

In particular, the percentage of these carbon atoms is approximately 66, 86 and 99% for Ni volume 

fractions of 4, 22, and 56%, respectively. This indicates that a volume fraction of endohedral Ni atoms 

greater than 56% results in negative nonzero partial charges of almost all carbon atoms in SWNT. 

Hydrogen physisorption on SWNT with endohedral Ni atoms. The study of hydrogen storage 

using SWNTs by physisorption of H2 molecules is essential for understanding how to easily extract 

hydrogen to reuse it as an energy source [7,21]. In general, the physisorption of H2 molecules on 

pristine SWNT depends strongly on its surface curvature (or diameter) [48,73] and metallicity effects 

[45,74]. In addition to these effects, our simulation results strongly indicate that the physisorption 

also depends on the endohedral metal atoms of SWNT. As a specific example, Figure 3a illustrates a 

snapshot of the physisorption process of the H2 molecules on Ni5@SWNT (i.e., with a volume 

fraction of 22%). Here, dcut is the cutoff interaction distance from the surface of SWNT used to 

estimate the region for stored H2 molecules (see next paragraph). The figure indicates that the partial 

charges of Ni and H atoms near SWNT are positive, whereas those of C atoms are negative due to 

confinement [50,51,57,70] and the endohedral metal effect. Overall, our results show that the sum of 

the partial charges of SWNT carbon atoms are -2.56e, -3.72e, -5.63e, and -8.60e, nickel atoms are 

0.0, 0.85e, 2.35e, and 4.08e, and those of hydrogen atoms are 2.56e, 2.87e, 3.28e, and 4.52e for 

volume fractions of 0, 4, 22, and 56%, respectively. These changes in the partial charges significantly 

impact the nonbonded interactions between H2 molecules and SWNT.  

The nonbonded interaction energy of a single H2 molecule with pristine or Ni containing SWNT 

(Nin@SWNT, n ϵ 0, 1, 5 and 13) is depicted in Figure 3b, which is calculated as 𝐸 = 𝐸𝐻2+𝑁𝑖𝑛@𝑆𝑊𝑁𝑇 −(𝐸𝐻2 + 𝐸𝑁𝑖𝑛@𝑆𝑊𝑁𝑇), where 𝐸𝐻2+𝑁𝑖𝑛@𝑆𝑊𝑁𝑇, 𝐸𝐻2, and 𝐸𝑁𝑖𝑛@𝑆𝑊𝑁𝑇 are the potential energies of the 



whole system, H2 molecule and Nin@SWNT, respectively [54,69]. The lowest interaction energy 

(i.e., most negative value) between the Nin@SWNT and H2 molecule is found to be -9.87, -10.01, -

10.72 and -12.02 kJ∙mol-1 at approximately 2.24, 2.44, 2.34, 2.34 Å from the SWNT surface, for 

volume fractions of 0, 4, 22, and 56%, respectively. Overall, the area of the energy curve increases 

by increasing the number of endohedral atoms (see Fig. 3b). 

 

 

 

Figure 3. (a) The cross-section of Ni5@SWNT (i.e., the volume fraction of 22%) with surrounding H2 

molecules. The system atoms exhibit partial charges ranging from -0.7e to +0.7e, depicted 

by a color spectrum from red to blue, indicating the transition from electron-rich to 

electron-poor regions. The cutoff interaction distance (dcut) from the surface of Ni5@SWNT 

is 3.1 Å. (b) The distribution of the interaction energy between a single H2 molecule and 

Nin@SWNT (solid curves) as well as the concentration of H2 molecules (dashed curves), 

as a function of dcut. Each interaction energy curve is an average of 6 energy profiles 

obtained from trajectories equally distributed perpendicular to the nanotube's length (z-

axis). 

 

To determine the cutoff interaction distance from the surface of the SWNT (dcut) for physisorbed H2 

molecules, we use the energy point where the average kinetic energy of the H2 molecule and its 

interaction energy with SWNT equals. The average kinetic energy of an H2 molecule (
52 𝑘𝐵𝑇, where 

kB is the Boltzmann constant and T is the room temperature) is found to be approximately 6.23 kJ∙mol-

1 (see dashed line in Fig. 3b). This value is very close to the values reported by experiment (̴~6 kJ∙mol-

1 [75]) and quantum-mechanical calculation results (6.56 kJ∙mol-1 [46]) for H2 adsorption energy on 



SWNT. The change in n of the Nin@SWNT system leads to alterations in the shape of the interaction 

energy profile (as mentioned above), consequently varying the cutoff interaction distance. In 

particular, as can be seen in Fig. 3b (dotted lines), dcut is found to be approximately 2.88, 3.05, 3.10 

and 3.25 Å for n = 0, 1, 5 and 13 (or volume fractions of 0, 4, 22 and 56%), respectively. The obtained 

cutoff distance for the case of pristine SWNT (2.88 Å) is found to be within the experimental and 

theoretical adsorption distances for H2 molecules on SWNTs (i.e., 2.7-3.1 Å) [46,75]. 

For all volume fractions, the distribution of H2 concentration (represented by the dashed curves 

in Fig. 3b) reveals that while the distribution extends up to 7 Å, all peaks are located within 3.25 Å 

from the surface of the SWNT, corresponding to the largest dcut. Specifically, these peaks are found 

at 0.12, 0.16, 0.18, and 0.21 Å-3 for volume fractions of 0, 4, 22, and 56%, respectively. The H2 

concentrations, obtained within the specific cutoff distances of each case, contribute to calculating 

the gravimetric density of physisorbed H2 molecules. 

Figure 4a illustrates how the gravimetric density of physisorbed H2 molecules varies based on 

the volume fraction of endohedral Ni atoms within the SWNT. The gravimetric density is determined 

as 𝑚𝐻𝑁𝐻 × (𝑚𝐻𝑁𝐻 + 𝑚𝐶𝑁𝐶 + 𝑚𝑁𝑖𝑁𝑁𝑖)−1 × 100%, where m and N are the mass and number of H, 

C or Ni atoms [76]. 

 

 

Figure 4. (a) The average gravimetric density of physisorbed H2 molecules as a function of the 

volume fraction of endohedral Ni atoms. (b) Comparative analysis of gravimetric densities 

for hydrogen adsorption on SWNT obtained from literature data as a function of hydrogen 

pressure at approximately room temperature. 

 



As shown in Figure 4a, the gravimetric density of the physisorbed H2 molecules on pristine 

SWNT is 1.86 wt.%. This value corresponds to a degree of hydrogen coverage (NH/NC) equal to 

22.72%, which is in good agreement with experimental (21-25% [26]) and simulation (22% [69]) 

data for pristine SWNTs at room temperature. In the case of SWNTs with endohedral Ni atoms at 

volume fractions of 4, 22, and 56%, the gravimetric density (or degree of hydrogen coverage) 

increases to 2.32 wt.% (29.09%), 2.75 wt.% (37.73%) and 2.92 wt.% (46.36%), respectively, i.e., by 

factors of 1.25 (1.28), 1.48 (1.66) and 1.57 (2.04) higher than that of pristine SWNT. The obtained 

results strongly indicate that an increase in the number of endohedral Ni atoms leads to an increase 

in the degree of surface coverage of SWNT with physisorbed H2 molecules. 

Please note that experimental studies typically focus on the average gravimetric density of SWNT 

forests, whereas our simulation work considers the gravimetric density of individual SWNTs, without 

accounting for environmental effects. To make a qualitative comparison, we review relevant literature 

data (detailed in Table S1) regarding gravimetric densities obtained in our simulations. Specifically, 

we select the values for pristine SWNT (1.86 wt.%) and SWNT with the highest concentration of 

endohedral Ni atoms (2.92 wt.%), denoted by D and E in Figure 4b, respectively. According to 

experimental and theoretical/computational reports [26,27,34,39,40,43-47], gravimetric densities of 

hydrogen on SWNTs are observed in the range of 0.2-5.27 wt.% at hydrogen pressures of 0.1-12 MPa 

and about room temperature (see Fig. 4b and Table S1). As is clear from the figure, most of the 

obtained higher values (see H-R in Fig. 4b) [26,44-47], including those above 5 wt.%, correspond to 

higher pressures (approximately 10 MPa), while at lower (including ambient) pressures, gravimetric 

densities are below 1 wt.% (see A-G in Fig. 4b) [26,27,34,40,43], except for the results of our study 

(see D and E in Fig. 4b). Although the gravimetric densities obtained from our simulations are similar 

to those reported by various experiments and Monte Carlo (MC) simulations (cf. D with J [46], O 

[47], P [47], and S [39] as well as E with M [46] and Q [77] in Fig. 4b and Table S1), the results 

convincingly show how to increase the hydrogen storage capacity of SWNTs under ambient 

conditions. 

 

Conclusions 

In this study, we investigated the effect of endohedral Ni atoms on hydrogen physisorption on the 

SWNT surface by means of reactive MD simulations. The results show that Ni atoms weakly interact 

with the interior of SWNT due to the confinement effect. Consequently, this effect, along with the 

addition of Ni, collectively contributes to an increase in the gravimetric density of physisorbed 

hydrogen on SWNT upon increasing the volume fraction of endohedral Ni atoms. In particular, for 

SWNTs with endohedral Ni atoms at volume fractions of 0, 4, 22, and 56%, the gravimetric density 



of physisorbed H2 molecules was found to be 1.86, 2.32, 2.75, and 2.92 wt.%, respectively. Although 

these values are qualitatively close to the experimental and theoretical data, the results were obtained 

for nearly ambient pressure, which is approximately two orders of magnitude lower than the hydrogen 

pressures used for conventional hydrogen storage. In general, this study contributes to the atomic-

level understanding of the role of endohedral transition metal nanocatalysts in enhancing the 

hydrogen storage capacity of carbon nanotubes under ambient conditions. 
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