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A B S T R A C T

Magnesium-based solid-state hydrogen storage boasts high hydrogen density and exceptional safety, yet it 
frequently encounters hurdles due to sluggish absorption/desorption kinetics and excessive operating temper-
atures. Currently, the nanoconfinement effect is widely considered a pioneering strategy to overcome these 
obstacles, thereby directing ongoing research toward the discovery of effective confining materials. However, 
developing a new nanoconfinement system capable of storing and releasing hydrogen at low temperatures re-
mains a challenge. To address this challenge, we employed density functional theory (DFT) to explore the 
nanoconfinement effect of fullerene (Cn) on magnesium hydride (MgH2) nanoparticle clusters. By systematically 
changing the ratio of particle size to pore size and introducing heteroatom doping (boron and phosphorus), we 
found that increasing this ratio can improve structural stability, promote the weakening of H–Mg bonds, and 
enhance interfacial charge transfer, thereby significantly reducing the initial dehydrogenation temperature. 
Significantly, compared to the observed 102 ◦C in ordered mesoporous carbon (CMK-3) experiments with the 
same size ratio, the C180 doped with 1.01 wt% B reduces the predicted ultra-low onset dehydrogenation tem-
perature to only 69.26 ◦C. In addition, all nano constrained structures share the same dehydrogenation tem-
perature linear fitting descriptor k value, while the b value can be predicted using the single point energy of the 
carbon-based carrier as a descriptor. These results provide theoretical insights into the structureproperty rela-
tionship of nanoconfined MgH2 and practical strategies for designing efficient hydrogen storage materials under 
mild conditions.

1. Introduction

Hydrogen, heralded as the most promising secondary energy source 
of the 21st century, offers a multitude of advantages, such as its high 
energy content, eco-friendliness, abundant availability, and extensive 
use [1–3]. It has emerged as a pivotal solution to address challenges in 
energy storage, smoothing out fluctuations in renewable energy, and 
spearheading the transition towards a low-carbon future [4–6]. Among 
the myriad hydrogen storage and transportation technologies, 
solid-state hydrogen storage distinguishes itself with its high density, 
safety, and extended storage capabilities [7]. Research endeavors and 
practical applications in this domain, particularly involving magnesium 
and carbon-based materials, are progressively advancing [8,9]. How-
ever, existing research indicates that magnesium-based hydrogen stor-
age materials exhibit sluggish hydrogen absorption and desorption 

rates, inadequate reaction kinetics, and a tendency to undergo corrosion 
when employed as anode materials, resulting in diminished cycling 
stability. Moreover, the most critical factor limiting their application is 
the high temperature required for hydrogen liberation [10–12].

Therefore, developing efficient solid-state hydrogen storage mate-
rials and technologies is crucial for the practical use of hydrogen energy. 
Currently, there are several approaches to improving the hydrogen 
storage and release performance of magnesium hydride (MgH2), such as 
spatial nanoconfinement, MgH2 powder nanonization [13], alloy 
doping, and catalyst selection. Carbon-based spatial confinement is an 
effective approach to enhance the hydrogen storage and release per-
formance of MgH2. However, the underlying microscopic mechanisms 
and optimal synthesis strategies remain unclear, hindering the practical 
application and widespread adoption of this technology. In recent years, 
research has increasingly focused on exploring the potential of 
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nanoscale spatial confinement. Wu et al. [14] studied MgH2/CNT 
(5.9–15.7 nm) confined by carbon nanotubes, yielding hydrogen storage 
kinetic enhancement within a mere 1–20 wt% range. Also, as the initial 
pore size ratio of MgH2/CNT increased from 0.41 to 0.61, the onset 
desorption temperature decreased from 369 ◦C to 337 ◦C. Jia et al. [15] 
found that in CMK-3 material, as the initial pore size ratio decreased 
from 0.5 to 0.18, the desorption temperature dropped from 152 ◦C to 
102 ◦C. Notably, Peng et al. [16] synthesized carbon aerogel micro-
spheres (CA) with highly folded surfaces and a mesh-like internal 
structure, using graphene sheets as carriers for MgH2 particles, thus 
forming a MgH2@CA core-shell structure. The hydrogen absorption and 
desorption enthalpies of MgH2@CA were 63.34 kJ/mol and 69.57 
kJ/mol, respectively, both lower than the standard 75 kJ/mol for pure 
MgH2, indicating a reduction in thermodynamic stability. With regard to 
hydrogen storage performance, MgH2@CA significantly lowered the 
onset desorption temperature to 105 ◦C and was capable of absorbing 
absorb 6.2 wt% H2 within 5 min at 275 ◦C. Furthermore, Nayak et al. 
[17] modified MgH2–Mg2Ni nanocomposites with CNTs, achieving a 
hydrogen storage capacity of 5.78 wt% (99.88 % of the high reversible 
capacity from MgH2 to BNCTs) with minimal degradation after 10 cycles 
[18]. However, challenges remain in developing and designing a new 
system. To diversify the specific systems of carbon materials in hydrogen 
storage applications, Simanullang et al. [19] investigated the spatial 
nanoconfinement effect of fullerenes (Cn) on MgH2, finding it exhibited 
reversible hydrogen storage under mild conditions (10 bar and 150 ◦C) 
[20]. In the recent fervor of scientific exploration, Kassaoui [21] et al. 
delved into the dehydrogenation thermodynamics of MgnHm nano-
clusters of varying sizes (spanning from 0.5 to 2.8 nm), revealing that as 
the dimensions of the MgnHm nanoclusters expand, their formation en-
ergy undergoes a significant enhancement, ascending from -65.12 
kJ/mol for the 0.5 nm nanocluster to -51.37 kJ/mol for the 2.8 nm 
counterpart. Compared to bulk MgH2, nanoclusters are less stable and 
more prone to hydrogen desorption. Concurrently, Razouk et al. [22] 
embarked on a theoretical investigation of the hydrogenation properties 
of two-dimensional MgH2, determining its formation enthalpy to be 
-49.82 kJ/molH2, a value notably inferior to the -63.018 kJ/molH2 
characteristic of bulk MgH2. This finding underscores that the studied 
two-dimensional material, upon the introduction of Mg vacancies, not 
only attains a lower dehydrogenation temperature but also approaches 
the desirable ambient conditions.

These studies suggest that carbon material modification of MgH2 
could be a fundamental solution to the issues in magnesium-based solid- 
state hydrogen storage and transportation. However, they mainly focus 
on experimentally exploring the optimal carbon content and ball milling 
time, while the enhancement mechanism of MgH2 dehydrogenation and 
the role of carbon carriers are not well understood. This lack of under-
standing likely stems from insufficient analysis of the dehydrogenation 
mechanism of MgH2 under carbon carrier confinement.

Therefore, to explore the modification of magnesium-based 
hydrogen storage materials through the use of carbon carriers, we 
have undertaken pertinent research endeavors, incorporating both 
experimental data and theoretical simulations. Nonetheless, character-
izing the surface of MgH2 confined within fullerene poses several chal-
lenges, including material structural harmony, nanoscale intricacies, 
capturing swift dynamical shifts, and susceptibility to ambient condi-
tions. Moreover, the distinctive spherical morphology of fullerene may 
give rise to intricate interfacial interactions with MgH2, rendering the 
characterization of fullerene-confined MgH2 and its hydrogen storage 
behavior a multifaceted, dynamic, and intricate endeavor. Furthermore, 
spatially confined nanomodels that entail substantial computational 
demands necessitate sophisticated algorithms and ample computational 
resources [23–25]. Thus, we leveraged Density Functional Theory (DFT) 
to describe the ground-state properties of the system through electron 
density rather than wavefunctions. However, given the computational 
intensity of this system, we integrated ORCA with the advantages of 
Density Functional Theory (DFT) to significantly reduce computational 

complexity, thereby overcoming a critical technological challenge in the 
hydrogen storage field.

In this work, we use fullerenes (Cn) as confinement matrices, inte-
grating experimental and theoretical approaches to elucidate dehydro-
genation mechanisms. By systematically varying Cn diameters and MgH2 
particle sizes, we establish the particle-to-pore ratio as a key determi-
nant of hydrogen storage performance. Boron and phosphorus doping 
are introduced to optimize dehydrogenation kinetics. Using DFT in 
conjunction with ORCA, we analyze the electronic structure, H–Mg bond 
activation, and interfacial charge transfer within MgH2-Cn systems. 
Crucially, we investigate the influence of particle size distribution and 
pressure on dehydrogenation onset temperature, aiming to refine ther-
modynamic and kinetic properties. Through comprehensive structural 
analysis and experimental validation, this work provides a robust 
theoretical framework for designing high-performance magnesium- 
based hydrogen storage materials with reduced dehydrogenation tem-
peratures, accelerating the advancement of hydrogen energy 
technologies.

2. Method

In this study, the RIJCOX method [26] was employed to speed up the 
calculations overall. We utilized the ORCA 5.0.3 package, grounded in 
density functional theory (DFT) [27,28], to conduct the calculations, 
including structural optimization and frequency analysis, while fully 
accounting for zero-point energy. The VMD [29] was employed for 
visualization and result plotting. To ensure both conciseness and accu-
racy, the PBE0-D3 functional along with the def2-TZVP(-f) basis set 
(incorporating DFT-D3) was employed to perform structural optimiza-
tion and frequency calculations [30,31]. For single-point energy com-
putations, the B3LYP hybrid functional with the same basis set was 
applied, which is proven to match small organic systems.

The fullerene carbon sphere structures were constructed using Ma-
terials Studio and Avogadro software [32,33], with periodicity removed 
and hydrogenation applied to the shell.

The Molclus program [34], combined with MOPAC, utilized the PM6 
functional to generate the ten lowest-energy configurations of (MgH2)n 
(n = 1~9) nanoparticle clusters, from which the lowest energy structure 
was selected. This structure underwent geometric optimization and 
single-point energy calculations using the B3LYP hybrid functional and 
the def2-TZVP (-f) basis set (including DFT-D3). The following equation 
(1) can be used to calculate the formation energy of the MgH2 clusters: 

EF = E
(
(MgH2)n

)
− nE(Mg) − nE(H2) (1) 

where EF is the formation energy [35] of the MgH2 nanocluster, E 
((MgH2)n) is the total energy of the MgH2 nanocluster, E(Mg) is the 
energy of a single Mg atom, and E(H2) is the energy of H2.

Our attention is centered on pivotal indicators of MgH2 hydrogen 
sequestration and release kinetics, encompassing binding energy, H–Mg 
bond length, Mayer level, and initial dehydrogenation temperature. We 
scrutinize factors such as the particle size-to-diameter ratio and doping 
density to ascertain the optimal material parameters.

To further investigate the anti-agglomeration and nanoscale 
confinement effects of pristine/modified carbon spheres on MgH2 
nanoparticles, the binding energy EB between the (MgH2)n cluster 
(structure A) and the pristine/modified carbon sphere (structure B) was 
calculated as follows: 

EB = E(AB) − E(A) − E(B) + EBSSE (2) 

EBSSE = (E(A) − EAB(A)) + (E(B) − EAB(B)) (3) 

EB = E(AB) − EAB(A) − EAB(B) (4) 

where E(AB) is the total confinement energy of MgH2 nanoparticles 
within the pristine/modified carbon spheres, E(A) is the energy of the 
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(MgH2)n cluster nanoparticle, E(B) is the energy of the pristine/modified 
carbon sphere, and EAB(A) and EAB(B) are the energies of the (MgH2)n 
cluster and the pristine/modified carbon sphere, respectively, corrected 
for basis set superposition error (BSSE).

To further demonstrate the influence of the particle-to-carbon sphere 
size ratio on the dehydrogenation performance of MgH2 nanoparticles 
within carbon spheres, we focused on the H–Mg bond lengths, charge 
distribution, Mayer bond orders and ELF [36,37] maps, analyzed using 
the Multiwfn [38] program, developed by Lu Tian, based on wave 
function analysis.

According to theoretical analysis, the adsorption and desorption 
behavior of H2 at a given temperature and pressure can be characterized 
by the relative energy Er, defined as: 

Er = E(AB) − E(A) − nE(Mg) − n
[
E(H2) + μH2

(T,P)
]

(5) 

where E(AB), E(A), E(Mg) and E(H2) represent the total energies of the 
carbon-confined MgH2 system, the carbon-based carrier, Mg and the H2 
molecule, respectively. The term μH2(T,P) denotes the chemical po-
tential of H2 at a given temperature and pressure, which can be deter-
mined using the following equation: 

μH2
(T,P) = ΔH − TΔS + kBT ln

P
P0

(6) 

where p0 refers to the standard atmospheric pressure (0.1 MPa), kB is the 
Boltzmann constant [42], and ΔH and ΔS represent enthalpy and en-
tropy changes, respectively. The value of ΔH − TΔS can be obtained 
from thermochemical tables [43]. The critical temperature (Tc) [22] is 
determined by numerically solving Er = 0 in Equation (5), which marks 
the thermodynamic equilibrium between hydrogen adsorption and 
desorption. Here, H2 integrates standard enthalpy (ΔH) and entropy 
(ΔS) values from Ref. [43].

3. Results and discussion

3.1. Model establishment

To investigate the interplay between particle size and fullerene Cn 
diameter, aiming to optimize the dehydrogenation performance of 
MgH2 nanoparticle clusters confined in Cn , we constructed Cn with 
different diameters: C180 (1.2 nm, comprising 180 carbon atoms with 12 
pentagons and 150 hexagons, Fig. S2) and C240 (1.34 nm, comprising 
240 carbon atoms with 12 pentagons and 228 hexagons, Fig. S3). 
Additionally, as is shown in Fig. 1a and b, the optimal configurations of 
nanoparticle clusters (e.g. Mg2H4, Mg4H8, Mg8H16) were determined. 
Fig. 1a illustrates the (MgH2)n (n = 3, 6, 9) cluster structures under 
varying diameters of Cn confinement. The C–C bond lengths of benzene 
rings in carbon nanotubes are depicted, where the edge length shared 
between hexagons and pentagons is approximately 1.45 Å, and the edge 
length between hexagons is about 1.4 Å. This curvature, induced by the 
fullerene sphere at the microscopic level, causes the pentagonal struc-
tures to be relatively bent, while the hexagonal structures remain rela-
tively flat. Consequently, pentagonal bond lengths are more susceptible 
to strain, resulting in slightly shorter bond lengths compared to hexag-
onal ones. These results align with previous experimental and theoret-
ical values, thereby validating the standardization of our graphene 
sphere model [39].

To obtain low-energy MgH2 nanoparticles of varying sizes and 
structures, we systematically optimized the configurations of 200 
(MgH2)n (n = 1~9) clusters. Through trend analysis, we identified 
locally favorable energy configurations among these 200 possible 
structures, calculating their particle sizes and formation energies. The 
calculated particle sizes for the (MgH2)n (n = 1~9) clusters are 0.343 
nm, 0.439 nm, 0.513 nm, 0.594 nm, 0.630 nm, 0.641 nm, 0.675 nm, 
0.716 nm, 0.847 nm, and 0.874 nm, respectively. As is shown in Fig. 1b, 
the formation energy (eV) of MgH2 increases with n, indicating a 

tendency for MgH2 to aggregate into larger clusters under standard 
conditions. The scatter plot, accompanied by three-dimensional molec-
ular structures, further visualizes the geometric shapes and configura-
tions of nanoparticles with different sizes.

On the other hand, to further investigate and quantify the charge 
transfer process, we used the Multiwfn software [38] to generate 3D 
(Fig. 2a-e) and 2D charge density difference maps (Fig. 2f-j) for the 
optimal structure of 1.01 wt%B-doped 1.2 nm C180 confined (MgH2)n 
clusters (n = 1, 3, 5, 7, 9), and subsequently calculated the CM5 charge 
transfer values. In these models, positive values (green) represent charge 
accumulation regions, and negative values (blue) represent charge 
depletion regions. Red arrows indicate the CM5 charge transfer values 
and the charge transfer paths. We observed significant charge accumu-
lation near the interface between the (MgH2)n clusters and the C180 
walls. Additionally, the charge transfer process in the confined (MgH2)n 
cluster structures was demonstrated, with electrons diffusing from Cn to 
the interior of the (MgH2)n cluster. Based on the changes in electron 
density and distribution across the system, we found that as the 
particle-to-pore size ratio of MgH2 and Cn increases, the CM5 charge 
density transfer also raises (Fig. 2k-o). The electron localization function 
(ELF) reveals the degree of electron localization within the molecule, 
reflecting the bonding characteristics of the structure. As n increases in 
the (MgH2)n clusters, the number of high-electron localization regions 
(red areas) in the ELF map increases, and their total area grows, indi-
cating a more dispersed electron distribution in the MgH2 structure and 
a redistribution of covalent bonds, consistent with the trend of electron 
transfer from the center to the interface.

3.2. Structural stability

Owing to the prohibitive computational costs and extensive time 
required for AIMD simulations of such large systems using ORCA, the 

Fig. 1. (a) Cn structures with different diameters (1.2 nm and 1.34 nm), and the 
(MgH2)n (n = 3, 6, 9) cluster structures under each diameter of Cn confinement; 
(b) Formation energy and structures of (MgH2)n (n = 1~9) nanoparticles with 
varying sizes.
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feasibility is currently low. Using the structural optimization above, we 
calculated the binding energy of MgH2 clusters confined in Cn and 
plotted the relationship between binding energy and the ratio of particle 
size to diameter in Fig. 3. As the ratio of MgH2 particle size to Cn 
diameter increases, the binding energy of the Cn-confined MgH2 struc-
ture becomes negative, with the absolute value of the negative binding 

energy increasing, indicating enhanced stability of the Cn confinement 
system. In the doping study, as is shown in Fig. 3a and b, the optimal 
binding energy ranges for the 0.75 wt% B-doped and 1.01 wt% B-doped 
fullerene particles are distinct. Specifically, when the particle size-to- 
diameter ratio is within 0.45–0.6, the CM5 charge transfer in the 0.75 
wt% B-doped fullerene structure is higher than that in the 1.01 wt% B- 

Fig. 2. 3D charge density difference maps (a–e), 2D charge density difference maps (f-j, cross-section fixed on planes based on B-34, C-91, and C-136), and ELF 
(Electron Localization Function) maps (k–o) of the optimal structure of 1.01 wt% B-doped 1.2 nm C180.
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doped fullerene structure. This higher charge transfer leads to stronger 
interactions and optimal binding energy in this range. Conversely, when 
the ratio is between 0.3-0.45 and 0.6–0.8, the CM5 charge transfer in the 
1.01 wt% B-doped fullerene structure is higher, resulting in stronger 
interactions and optimal binding energy within these ranges. The 
interaction strength, influenced by the amount of charge transfer, in turn 
affects the binding energy and structural stability. These findings 
highlight the importance of tuning the boron doping concentration to 
optimize hydrogen storage properties. The optimal doping structures of 
confined (MgH2)n (n = 1~9) at C180 and C240 are shown in Fig. S4–S5. To 
investigate the stability of the composite, we have analyzed the binding 
energy between (MgH2)n clusters and Cn fullerene in the manuscript. 
Our calculations reveal a binding energy as high as -6 eV, coupled with 
significant charge transfer, indicating a very strong interaction. Recog-
nizing the importance of validating stability and exploring adsorption 
dynamics through simulations, we plan to use periodic simulation 
software like VASP for more extensive AIMD simulations in future 
research.

Doping with B and P elements allows for precise modulation of the 
dehydrogenation dynamics of MgH2 nanoparticles by adjusting their 
concentrations, making them more adaptable to different application 
requirements. Fig. S6–S8 succinctly illustrate the effects of boron(B) and 
phosphorus (P) doping on binding energy, H–Mg bond length, and 
Mayer bond order. We also compared the influence of doping on various 
Cn diameters and particle size-to-pore ratio values. For Cn with larger 
diameters and particle size-to-pore ratios, doping has a more pro-
nounced effect on binding energy, yet no clear correlation is observed 
for bond length and Mayer bond order. Based on various B/P doping 
concentrations, we constructed schematic illustrations of C180 and C240 
carbon-based carriers with different doping levels (Fig. S1).

From the three figures, Fig. S6 reveals that B doping typically leads to 
a significant reduction in the binding energy of MgH2nanoparticles. This 
reduced binding energy implies that the MgH2 structure is more likely to 
interact with the surrounding environment, thus promoting hydrogen 
release. However, the binding energy does not continuously decrease 
with increasing B concentration, but instead reaches a peak. As shown in 

the figure, the extremum occurs at approximately 0.75 wt% (C180) and 
1.01 wt% (C240) in the experimental range. For P doping, although it 
may slightly increase the stability of the H–Mg bond in some cases, at 
larger particle size-to-pore ratios, P doping can also reduce the binding 
energy, particularly near the fullerene wall, further enhancing the 
dehydrogenation kinetics. Fig. S7 indicates that, for certain particle size- 
to-pore ratios, the H–Mg bond length increases with higher B doping 
concentrations. However, for C180 in the 0.51–0.61 particle size-to-pore 
ratio range and C240 in the 0.52–0.67 range, the bond length initially 
shortens and then increases as B doping concentration rises. The data 
suggest that P doping affects H–Mg bond length differently under 
varying conditions and can be tailored based on specific needs. Fig. S8
shows that B doping significantly lowers the average Mayer bond order 
of the H–Mg bond, indicating that the bond becomes more ionic and 
prone to breaking, which is advantageous for improving MgH2 dehy-
drogenation efficiency. P doping, however, exhibits a more complex 
influence on dehydrogenation kinetics. The variation in doping con-
centration leads to different adjustments in H–Mg bond stability. 
Overall, P doping may enhance dehydrogenation performance under 
certain conditions but requires optimization based on concentration. 
Therefore, to investigate the stability of the composite, we have 
analyzed the binding energy between (MgH2)n clusters and Cn fullerene 
in the manuscript. Our calculations reveal a binding energy as high as -6 
eV, coupled with significant charge transfer, indicating a very strong 
interaction.

3.3. H–Mg bonding properties

Based on the optimized structures mentioned above, the average 
H–Mg bond length in all structures was calculated and plotted against 
the particle size to Cn diameter ratio as is shown in the line graph in 
Fig. 4. Each curve represents the trend for different doping levels, with 
the average H–Mg bond length for each data set indicated by values such 
as Avg: 1.87 Å and Avg: 1.92 Å. In the Cn -nanoconfined Mg9H18 
structure (the series with the largest particle size to pore size ratio), the 
average H–Mg bond length is approximately 1.92 Å, making it the 
structure with the longest bond length. The shortest H–Mg bond length 
is 1.73 Å in the MgH2 structure, which is in excellent agreement with 
experimentally determined H–Mg bond lengths, thus validating the ac-
curacy of our calculation range [40,41].

Overall, in Fig. 4a and b, all curves depict an increasing trend in the 
average H–Mg bond length as the particle size to pore size ratio in-
creases. Both plots display a similar growth trend, with a rapid increase 
in bond length in the small particle size to pore size ratio range 
(approximately 0.3–0.37); a plateau phase in the intermediate range 
(0.35 < particle size to pore size ratio <0.55); and a new growth trend in 
the higher ratio range (>0.55). For different Cn diameters, the H–Mg 
bond length in the C180 (1.2 nm) confinement is generally longer than in 
the C240 (1.34 nm) confinement, with a noticeable difference in the high 
particle size to pore size ratio region. In the C180 (1.2 nm) structure, 
certain doped states (e.g., 2.01 wt% B and 5.54 wt% P) show more 
significant increases in H–Mg bond length (up to 1.92 Å), indicating that 
doping elements (B, P) have an additional impact on H–Mg bond length, 
enhancing the nanoconfinement effect and further increasing the bond 
length in certain regions.

In addition, we calculated the Mayer bond order of all H–Mg bonds in 
the Cn nanoconfined MgH2 nanoparticle structures. The average Mayer 
bond order of the H–Mg bonds in both figures shows a similar trend. 
Initially, for smaller particle size to pore size ratios (approximately 
0.2–0.3), the Mayer bond order is relatively high (close to 0.85). For 
H–Mg bonds in the 1.34 nm pore size structure, the Mayer bond order 
exhibits a significant decrease within the 0.25–0.35 and 0.46–0.55 ratio 
ranges (Fig. 5a). In the 1.2 nm pore size structure, the Mayer bond order 
significantly decreases within the 0.3–0.8 and 0.5–0.62 ratio ranges 
(Fig. 5b). In the larger particle size to pore size ratio region (larger than 
0.6), the Mayer bond order stabilizes or changes minimally. Comparing 

Fig. 3. Relationship between the ratio of MgH2 nanoparticle size to Cn pore 
diameter and the average binding energy in MgH2 nanoparticles.
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the two Cn diameters, particularly for particle size to pore size ratios 
above 0.5, the Mayer bond order in the 1.2 nm C180 structure is signif-
icantly lower than in the 1.34 nm C240 structure (Fig. 5a). Moreover, we 
considered the impact of element doping on the Mayer bond order. As is 
shown in the figure, doping with B elements (such as 0.51 wt% B or 2.01 
wt% B) and P elements (such as 2.82 wt% P) results in a slight decrease 
in Mayer bond order. However, doping with 2.82 wt% P leads to an 
increase in the Mayer bond order. Thus, selecting the appropriate doping 
concentration is beneficial for enhancing the dehydrogenation kinetics 
of MgH2 nanoparticle structures confined in Cn.

We also present the overall optimal distribution model of the H–Mg 
Mayer levels in the (MgH2)n (n = 1~9) series structure doped with 0.51 
wt% B in Cn with a 1.2 nm diameter. From all figures and data, it is 
evident that in the fullerene structure, the Mayer bond order of H–Mg 
bonds near the pore walls is lower compared to those farther from the 
walls. This suggests that these bonds exhibit weaker covalency and are 
more prone to rupture. In the absence of wall interference, the Mayer 
bond order of these bonds is generally greater than 0.8. In addition, the 
H–Mg bonds located on the outer layer of the cluster tend to have lower 
Mayer bond orders compared to those on the inner layer. As the particle 
size to pore size ratio increases, the difference in Mayer bond order 
between the outer and inner layers becomes more pronounced, indi-
cating that with the introduction of spatial confinement, the aggregate 
bond strength becomes more heterogeneous. As the particle size to pore 
size ratio increases from 0.28 to 0.75, the Mayer bond order of H–Mg 
bonds gradually decreases, indicating a more significant weakening ef-
fect on the H–Mg bonds. In conclusion, the nanoconfinement of Cn 
effectively promotes the dehydrogenation kinetics of MgH2 clusters 

within the particle size to pore size ratio range of 0.28–0.75.

3.4. Onset dehydrogenation temperature

Fig. 6 and Fig. S9 illustrate the variation of relative energy (Er) as a 
function of temperature for different (MgH2)n (n = 1~9) clusters sup-
ported on 1.01 wt% B-doped C180 and 0.75 wt% B-doped C240 under 
varying pressures. The critical temperature (Tc), defined by the inter-
section of Er with zero (Fig. 6), demarcates the onset of spontaneous 
dehydrogenation. For 1.01 wt% B-doped C180, Tc drops to 378–447 K at 
0.1 MPa, a 150K reduction versus unconfined MgH2. This shift arises 
from weakened H–Mg bonds under nanoconfinement, as quantified in 
Section 3.3.

Notably, adjusting the particle size-to-pore diameter ratio can 
significantly reduce the dehydrogenation temperature, which is of great 
significance for the design of practical hydrogen storage systems. For 
example, in vehicular hydrogen storage systems that require rapid 
hydrogen release at moderate temperatures (50–100 ◦C), our prediction 
shows that the dehydrogenation temperature of 1.01 wt% B-doped C180 
at a ratio of 0.9 can be as low as 69.26 ◦C, demonstrating the feasibility 
of using fullerene-confined MgH2 without external heating.

According to the definition of relative energy (Er), a negative Er value 
indicates that the adsorption state of H2 is energetically more favorable 
than the desorption state, implying enhanced H2 adsorption. Compara-
tive analysis reveals that, under different pressure conditions, Er in-
creases with rising pressure across all (MgH2)n clusters, transitioning 
from an initial negative value to a positive one, signifying a shift in the 
composite material from hindered desorption to facilitated desorption. 
A cross-pressure comparison indicates that a decrease in pressure leads 

Fig. 4. Relationship between the ratio of MgH2 nanoparticle size to Cn pore 
diameter and the average H–Mg bond length in MgH2 nanoparticles.

Fig. 5. Relationship between the ratio of MgH2 nanoparticle size to Cn pore 
diameter and the average Mayer level of all H–Mg bonds in MgH2 
nanoparticles.
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to a reduction in the onset dehydrogenation temperature. In Fig. 6c, 
under standard atmospheric pressure, the critical temperature (Tc) drops 
to approximately 378–447 K. At this temperature, the adsorption- 
desorption energy difference is minimal, resulting in improved kinetic 
performance and stability. Notably, we investigated the temperature- 
dependent variation of relative energy for (MgH2)n clusters of 
different sizes in 1.01 % B-doped C180 under 0.1 MPa, as shown in 
Fig. S11. The image indicates that the hydrogen absorption temperature 
of H2 molecules by hydrogen free Mg nanoclusters in the C180 domain 
doped with 1.01 wt% B is 394.95K. Furthermore, an examination of 

different curves within the same figure reveals that as cluster size in-
creases, the variation in Er becomes more pronounced, indicating more 
intense H2 adsorption-desorption interactions, which further hinder the 
improvement of desorption kinetics.

Fig. 7 and Fig. S10 investigate the pressure dependence of relative 
energy (Er) for different (MgH2)n (n = 1~9) clusters confined within 
1.01 wt% B-doped C180 and 0.75 wt% B-doped C240 at varying tem-
peratures. As pressure increases, Er decreases until it becomes negative, 
indicating the cessation of dehydrogenation. However, when Er ap-
proaches zero, a certain pressure range allows for relatively stable 
dehydrogenation. Studies reveal that at 500 K, stable dehydrogenation 
occurs within 1~11 bar, while at 700 K, it extends to 1–10 bar. 
Comparing clusters of different sizes, smaller n values exhibit smaller Er 
variations and a broader range for optimal stable dehydrogenation.

3.5. Mechanism analysis

The use of fullerene nanoconfined MgH2 nanoparticles to improve 
dehydrogenation kinetics is mainly attributed to mechanisms involving 
electronic structure modulation, H–Mg bond polarization, interface ef-
fects, and defect introduction. In the Cn fullerene structure, all carbon 
atoms are SP2 hybridized, forming a combination of five-membered and 
six-membered rings. This topology results in π-electrons being distrib-
uted across the spherical surface, creating a broad π-conjugated system. 
This conjugated property gives fullerene unique interface charge effects, 
enabling electronic interactions with MgH2 nanoparticles. Under Cn 
confinement, the electron density around Mg changes, weakening the 
Coulomb attraction between H–Mg. Additionally, charge accumulation 
at the Mg/Cn interface creates a charge separation region, facilitating 
hydrogen dissociation.

Moreover, based on the theoretical findings, we conducted a corre-
lation analysis between the Mayer bond order of H–Mg bonds and the 
CM5 charge transfer. We first investigated the nanoconfinement of 
pristine C180 and C240 structures, where each data point corresponds to a 
specific CM5 charge transfer value and its associated H–Mg Mayer bond 
index. As CM5 charge transfer increases (shifting positively), the H–Mg 
Mayer bond index rises accordingly. A linear fit of the data yielded the 
equation y = 1.65x + 0.83 with an R2 value of 0.93 (Fig. 8a), indicating a 
strong linear correlation. This further substantiates the influence of 
electronic structure on dehydrogenation performance. Afterwards, we 
selected Cn structures with different pore sizes and varying concentra-
tions of B and P atoms, recording the H–Mg bond Mayer order and CM5 
charge transfer values for each group. After fitting the data points, we 
obtained the fitting line: y = 1.67x + 0.81, with an R2 value of 0.84 
(Fig. 8b), indicating a high degree of correlation. This fitting process 
shows a clear linear relationship between the charge transfer and Mayer 
bond order in the Cn confined structures, where an increase in CM5 
charge transfer leads to a higher Mayer bond order for the H–Mg bond. 
Similar trends were observed when compared to the relationships be-
tween particle size ratio, binding energy, H–Mg bond length, and Mayer 

Fig. 6. Temperature-dependent variation of relative energy for (MgH2)n (n =
1–9) clusters of varying sizes confined within 1.01 wt% B-doped C180 under 
different pressures: (a) 1 MPa, (b) 0.5 MPa, and (c) standard atmospheric 
pressure (P = 0.1 MPa).

Fig. 7. Pressure-dependent variation of relative energy for (MgH2)n (n = 1~9) clusters of varying sizes confined within 1.01 wt% B-doped C180: (a) 700 K, (b) 500 K.
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bond order, further validating the correctness of our conclusions.

3.6. Materials comparison

Finally, we summarize the impact of varying MgH2 particle size-to- 
diameter (or pore size) ratio within different carbon-based supports 
(fullerene Cns, carbon aerogels CAs [44,45], Carbon-based Template CT 
[44], CMK-3 [15], carbon nanotubes CNTs [46,47], and Graphitized 
Carbon GC [48]) on the onset dehydrogenation temperature of MgH2 
nanoparticles according to Table 1, as observed in previous studies.

Specifically, we compared the kinetic characteristics of various Cn 
materials with the promising carbon-based supports CNT and CMK-3 
from multiple perspectives. Cn materials show significant differences 
from CNTs in terms of H–Mg bond length, Mayer bond order, and onset 
dehydrogenation temperature. Our calculations indicate that the Cn 
materials generally exhibit longer average H–Mg bond lengths (Fig. 9a), 
lower Mayer bond orders for the H–Mg bond (Fig. 9b), and can achieve 
lower onset dehydrogenation temperatures, as seen in the experimental 
data for 1.01 wt% B-doped 1.2 nm C180 (Fig. 10a). Compared to CMK-3, 
curve fitting predicts that the onset dehydrogenation temperature of 
1.01 wt% boron-doped 1.2 nm C180 can drop to 69.26 ◦C at a particle 
size-to-pore size ratio of 0.9, a decrease of 33◦C—marking a break-
through in optimizing dehydrogenation temperature. At the same ratio, 
Cn materials exhibit notably lower dehydrogenation temperatures, 
covering the applicability of the CMK-3 system. This suggests that Cn 
materials, when appropriately doped and nano-confined, can undergo 
stable dehydrogenation over a wide temperature range and are suitable 
for more stringent and lower temperature conditions, making them a 
promising kind of confined materials.

3.7. Linear relationship between onset dehydrogenation temperature and 
nano-confined systems

The relationship between the onset dehydrogenation temperature 

and the particle-to-pore size ratio across various carbon-based supports 
is illustrated in Fig. 10a. The solid lines represent the experimental data 
obtained in this study, while the dashed lines correspond to theoretical 
predictions. Overall, as the ratio of the particle size of MgH2 nano-
particles to the diameter of Cn increases, the Mayer bond order de-
creases, enhancing the weakening effect on the H–Mg bond, thereby 
lowering the dehydrogenation temperature of MgH2. This indicates that 
increasing the ratio of particle size to diameter can improve the dehy-
drogenation kinetics of MgH2 nanoparticles. The universal nano-
confinement mechanism inherent to various nanostructures ensures that 
interfacial charge redistribution on different substrates consistently 
weakens the H–Mg bond by a similar order of magnitude, yielding linear 
relationships with comparable slope values. Numerically, the slopes for 
these nanomaterials are found to be closely clustered. This fundamental 
consistency validates the scientific rationale for employing identical 
slope fitting across diverse nano-structural configurations. Notably, 
when performing linear fitting, the comparison using the same slope is 
more evident. All data points were fitted with a uniform slope of 
− 184.39, exhibiting a highly consistent trend (R2 > 0.8). This linear 
relationship provides a robust foundation for constructing predictive 
models of dehydrogenation temperatures, offering valuable theoretical 
guidance for the rational design of advanced hydrogen storage mate-
rials. It can be observed that the data for 1.01 wt% boron-doped 1.2 nm 
C180 lies above all other curves, exhibiting superior performance at any 
particle size ratio.

Fig. 10b shows the relationship between activation energy (E(A)) 
and the b values from the linear fitting, with b representing the intercept 
of the linear fitting equation in Fig. 10a. A linear fit for multiple data sets 
from different materials yields the equation: y = − 0.56x + 118.98, R2 =

0.89. This strong correlation (R2 = 0.89) indicates a positive relationship 
between the absolute value of the E(A) and the b value, where lower b 
values correspond to reduced dehydrogenation activation energy. 
Referring back to Fig. 10a, this confirms the superior dehydrogenation 
performance of the Cn system. While the current study yields significant 
insights, the investigation of energy barriers and reaction heat in hy-
drogenation/dehydrogenation processes, which is computationally 
arduous, is left for future research endeavors.

4. Conclusions

To investigate the size-matching influence of fullerene configura-
tions on encapsulated MgH2 nanoparticles, this research primarily em-
ploys density functional theory (DFT) computations to establish two Cn 
structures with differing diameters: C180 with a diameter of 1.2 nm and 
C240 with a diameter of 1.34 nm, alongside nine (MgH2)n (n = 1~9) 
clusters, based on optimal configurations derived from experimental 
literature. The computational results reveal that as the particle size-to- 

Fig. 8. Comparison of two optimal series in fullerenes and three in carbon nanotubes: (a) Correlation between CM5 charge transfer and H–Mg bond Mayer index 
under the nanoconfinement of pristine C180 and C240 structures; (b) Correlation between CM5 charge transfer and H–Mg bond Mayer index under the nano-
confinement of different diameters and B doping concentrations.

Table 1 
Comparison of particle size/pore size, and onset temperature for different 
carbon-based supports.

Material Particle size/pore 
size

Onset temperature 
(◦C)

References

CAs 0.52–0.8 210~265 [44,45]
CT 0.85 117 [44]
CMK-3 0.41–0.89 102~250 [15]
CNTs 0.41–0.61 337~367 [46,47]
GC 0.75 280 [48]
CNTs 

(calculate)
0.29–0.77 111~206 [23]

Cn(calculate) 0.26~0.73 106~258 In this work
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diameter ratio escalates within the range of 0.2–0.8, the mean H–Mg 
bond length augments, whereas the binding energy and Mayer bond 
index of H–Mg diminish.

Comparative analyses with alternative carbon-based materials, 
including carbon nanotubes (CNTs), corroborate that fullerene encap-
sulation offers distinctive benefits in optimizing hydrogen sequestration 
properties. By fine-tuning the particle size-to-pore diameter ratio and 
incorporating suitable doping, we significantly enhanced the hydrogen 
storage capacity and cycling stability of MgH2. The strong linear rela-
tionship between CM5 charge transfer and the Mayer level of the H–Mg 
bond confirms the mechanism of enhanced dehydrogenation efficiency 
via fullerene nanoconfinement. Linear regression analysis shows that the 
onset dehydrogenation temperature of 1.01 % B-doped 1.2 nm C180 can 
be reduced to 69.26 ◦C at a particle size-to-pore diameter ratio of 0.9, 
33 ◦C lower than the CMK-3 system, indicating the potential for ultra- 
low temperature dehydrogenation.

While the current study yields significant insights, the investigation 
of energy barriers and reaction heat in hydrogenation/dehydrogenation 
processes, which is computationally arduous, is left for future research 
endeavors. The study on the dehydrogenation performance of carbon- 
based confined MgH2 provides important guidance for the design of 
practical hydrogen storage systems. Future research can prioritize the 
dehydrogenation performance of the predictive model proposed in this 
article to promote its practical application.
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