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A B S T R A C T

Nanoconfinement effect is crucial to improve the dehydrogenation kinetics of MgH2. However, the underlying 
micro-mechanism for nanoconfinement effect of carbon-based carrier on MgH2 nanoparticles is still ambiguous, 
hindering the design of carbon-based nanoconfined MgH2 nanoparticles. To address this dilemma, we applied 
density functional theory (DFT) calculations to investigate the interaction between carbon-based carrier and 
MgH2 nanoparticles. To analyze this issue, we designed various systems of carbon nanotubes nanoconfined MgH2 
nanoparticles, with the range of particle size/pore size ratio from 0.3 to 0.8. The interaction strength between 
carbon-based carrier and MgH2 nanoparticles gradually increases with the increase of particle size/pore size 
ratio, and the dehydrogenation temperature decreases with the increase of particle size/pore size ratio. The 
electron of carbon-based carrier will transfer to MgH2 nanoparticles, leading to the weakening of Mg–H bonds. 
The weakened Mg–H bonds corresponding to lower dehydrogenation barrier, which is consistent with the 
phenomenon that the dehydrogenation temperature is inversely proportional to particle size/pore size ratio in 
calculations and experiments. This work not only elucidates the size-dependent nanoconfinement effects on 
MgH2 from a microscopic perspective, but also provides the theoretical basis for the design and development of 
carbon-based nanoconfined MgH2 nanoparticles.

1. Introduction

Hydrogen energy, as a clean and efficient alternative, has garnered 
considerable attention [1–3]. Solid-state hydrogen storage [4,5], 
renowned for its high density, safety, and stability, exhibits promising 
applications [6]. However, obstacles such as slow hydrogen absorption 
rate, increased storage temperature, and high cost have impeded its 
widespread adoption and application in practical settings [7–9]. 
Therefore, safe and efficient hydrogen storage and transportation have 
emerged as paramount research priorities [10,11]. Among solid-state 
materials, magnesium hydride (MgH2) [12] has high theoretical stor-
age capacity, excellent reversibility, and high hydrogen storage density 
(7.69 wt%) [6,13]. However, its high dehydrogenation temperature 
(>300 ◦C) [14,15] and slow hydrogen storage kinetics [16,17] severely 
hinder its commercialization process.

Therefore, strategies such as nanostructures [18–21] and spatial 
nanoconfinement [22–25] have been proposed to regulate and optimize 

the hydrogen storage and release kinetics [19] and thermodynamics 
[26] of MgH2. Wu et al. [27] examined the nanoconfinement of MgH2 
(5.9–15.7 nm) in CNTs (9.5–34.9 nm), achieving 1-20 wt% confinement. 
They found that as the MgH2/CNT pore diameter ratio rose from 0.41 to 
0.61, the initial dehydrogenation temp. dropped significantly from 
369 ◦C to 337 ◦C. Similarly, Priscilla Huen et al. [28] confined MgH2 in 
carbon aerogels (CAs), observing a decrease in initial dehydrogenation 
temp. from 250 ◦C to 210 ◦C as the particle-to-pore ratio rose from 0.52 
to 0.77. Research by Yuen S. Au et al. [29] similarly reported a drop from 
275 ◦C to 253 ◦C with increasing ratio in carbon aerogels. Additionally, 
Jia et al. [30] found in CMK-3 that as the ratio decreased from 0.5 to 
0.18, the temp. fell from 152 ◦C to 102 ◦C. Notably, Zlotea et al. [31] 
achieved a remarkably low 117 ◦C with CT carbon with particle-to-pore 
diameters close to 1.3 nm. Zhang et al. [32] examined the impact of 
element-doped graphene (B, N, Si, P, S, Fe, Co, Ni, Al) on MgH2 dehy-
drogenation enthalpies. Notably, B-doped graphene significantly out-
performed other modifications in catalyzing Mg4H8/Mg6H12 clusters. 
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The MgH2+5 wt% CNTs composites prepared by Xu et al. [33] main-
tained a stable capacity of 6.3 wt% in 10 cycles without significant 
degradation. MgH2@BCNTs delivers a high reversible capacity of 5.78 
wt% (equivalent to up to 99.8% of the original capacity) was maintained 
after 10 cycles with no significant degradation of the dynamics [34]. 
However, the enhancement of MgH2 dehydrogenation and cycling sta-
bility by carbon carriers in the literature is limited. The reason for this 
deficiency may be our insufficient understanding of the mechanism of 
MgH2 dehydrogenation limited by carbon carriers.

Therefore, in order to study the mechanism, corresponding research 
work should be carried out in both experiments and theoretical calcu-
lations. However, there are still two challenges to be faced. In-situ 
characterization of CNT-nanoconfined MgH2 faces challenges like 
nanoscale complexity, capturing rapid dynamic hydrogen absorption/ 
desorption, environmental influences, and sample prep difficulties. 
Ensuring MgH2 uniformity, controlling morphology/composition, and 
minimizing impurities/defects are vital. Advancements in character-
ization technology will likely overcome these challenges, bolstering 
MgH2 solid-state hydrogen storage research. DFT calculations for CNT- 
nanoconfined MgH2 hydrogen storage face complexities: intricate 
CNT-MgH2 interactions, diverse bonding types, and morphological fac-
tors affecting MgH2 distribution. Large systems with numerous atoms 
amplify computational demands, requiring balance between accuracy 
and efficiency. Overcoming these challenges necessitates advanced 
computing methods and substantial resources.

In this work, we focus on the hydrogen storage and release kinetics 
and cycling stability of carbon constrained MgH2 nanoparticles. We 
delved into the effects of CNTs with different pore sizes on the hydrogen 
storage and release performance of MgH2 clusters, and sought to 
enhance dehydrogenation ability through B-doped carbon-based car-
riers. We reveal the anchoring effect of CNTs on MgH2 nanoparticles and 
the activation mechanism of H–Mg bonds based on their structural 
characteristics and H–Mg bond properties. We also investigated the ef-
fect of initial dehydrogenation temperature on carbon nanotube 
confined MgH2 cluster systems with different particle size to pore size 
ratios under different pressures. Meanwhile, we study the charge 
transfer characteristics between non-uniform interfaces and explore the 
size matching mechanism between the pore size of CNTs and the particle 
size of MgH2 nanoparticles. Ultimately, we expect to develop a regula-
tory strategy to synergistically optimize the thermodynamic, kinetic, 
and cyclic stability of MgH2 solid-state hydrogen storage materials. 
Through a detailed study of the size matching effect between CNTs and 
MgH2 nanoparticles, we aim to provide a solid theoretical basis and 
experimental support for the commercial application of solid-state 
hydrogen storage technology.

2. Method

In this study, calculations were performed using the ORCA 5.0.3 
package based on Density Functional Theory (DFT) [35,36]. VMD [37] 
software was employed for visualization and result plotting. The struc-
tural optimization and frequency analysis were conducted using the 
PBE0-D3 functional combined with the def2-TZVP(-f) basis set 
(including DFT-D3). Single-point energy calculations were performed 
using the B3LYP-D3 hybrid functional with the def2-TZVP(-f) basis set 
(including DFT-D3), which has been proven to be an accurate method 
for small organic systems. Optimizing hybrid functionals, especially 
vibration analysis, is very expensive. Optimization and vibration anal-
ysis are much less sensitive to computational levels than energy calcu-
lations. The use of ordinary functionals such as PBE0-D3 in structural 
optimization and vibration analysis can effectively save time and 
computational costs, while the use of hybrid functionals such as 
B3LYP-D3 in single point energy calculations can ensure better accu-
racy. To accelerate the calculations, the RIJCOX method was used [38].

The CNT structures used were constructed in Materials Studio and 
Avogadro software [39,40], where periodicity was eliminated, and 

hydrogenation was performed at the entrance and exit positions of the 
CNTs. The (MgH2)n nanoparticle clusters were initially generated using 
the Molclus program [41] combined with the MOPAC program, utilizing 
the PM6 functional, to produce the 10 lowest-energy configurations of 
(MgH2)n (n = 1–9) nanoclusters from 200 candidate structures. The spin 
multiplicity for both CNTs and MgH2 is designated as 1. The final 
structure with the lowest energy was selected after geometric optimi-
zation and single-point energy calculations using the B3LYP hybrid 
functional combined with the def2-TZVP(-f) basis set (including 
DFT-D3). Among them, the original MgH2 clusters generated by Moclus 
are displayed in the MgnH2n.xyz (n = 1–9) file. The formation energy of 
MgH2 clusters was calculated using the following equation (1): 

EF = E
(
(MgH2)n

)
− nE(Mg) − nE(H2) (1) 

where EF is the formation energy [42] 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.

To further investigate the anti-aggregation or nanoconfinement ef-
fect of pristine/modified CNTs on MgH2 nanoparticles, the binding en-
ergy EB between the (MgH2)n cluster (structure A) and the pristine/ 
modified CNT (structure B) was calculated using equations (2)–(4): 

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 energy of the MgH2 nanoparticle nanoconfined 
within the pristine/modified CNT, E(A) is the energy of the (MgH2)n 
cluster nanoparticle, E(B) is the energy of the pristine/modified CNT, 
EAB(A) is the energy of the (MgH2)n cluster nanoparticle corrected for 
basis set superposition error (BSSE), and EAB(B) is the energy of the 
pristine/modified CNT corrected for BSSE.

To further demonstrate the influence of different particle-to-pore size 
ratios on the dehydrogenation performance of (MgH2)n nanoparticles 
nanoconfined within CNTs, the bond length of Mg–H bonds, Mayer bond 
order, charge density difference maps, and ELF [43,44] maps were 
analyzed using the Multiwfn [41] wave function analysis program 
developed by Lu Tian [45], based on the analysis of molden wave 
function files.

The Mayer level [46] between atom A and B is defined as 

IAB = Iα
AB + Iβ

AB =2
∑

a∈A

∑

b∈B

[
(PαS)ba(P

αS)ab +
(
PβS

)

ba

(
PβS

)

ab

]
(5) 

where Pα and Pβ are alpha and beta density matrix respectively, S is 
overlap matrix. Above formula can be equivalently rewritten using total 
density matrix P = Pα + Pβ and spin density matrix PS = Pα + Pβ. 

IAB =
∑

a∈A

∑

b∈B

[
(PS)ba(PS)ab +

(
PSS

)

ba

(
PSS

)

ab

]
(6) 

For restricted closed-shell circumstance, since spin density matrix is 
zero, the formula can be simplified to 

IAB =
∑

a∈A

∑

b∈B
(PS)ab(PS)ba (7) 

Generally, the value of Mayer level is in agreement with empirical 
bond order; for single, double and triple bonds, the values are close to 
1.0, 2.0 and 3.0 respectively. For unrestricted or restricted open-shell 
wavefunction, alpha, beta and total Mayer level will be outputted 
separately. From a physical perspective, the Mayer level serves as an 
indicator of the number of electrons shared between two atoms. For 
comparable chemical bonds, a positive correlation exists between the 
Mayer level and bond strength. In this study, only those Mayer levels 
exceeding 0.05 will be deemed valid and incorporated into the subse-
quent calculations.
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The charge transfer amounts in this article were calculated using the 
charge model 5(CM5) [45,47] method, yields class IV partial atomic 
charges by mapping from those obtained by Hirshfeld [48] population 
analysis of density functional electronic charge distributions. the 
expression of CM5 charge is: 

qCM5
i = qHirsh

i +
∑

j∕=i
TijBij (8) 

Bij = exp
[
− α

(
rij − Ri − Rj

)]
(9) 

where rij is distance between atom i and j, Bij may be regarded as their 
Pauling bond order, Ri and Rj are their atomic covalent radii, which are 
defined as follows: For Z = 1–96, the average between CSD radii and 
Pyykkö radii are used, while for Z = 97–118, the Pyykkö radii are 
employed. The global parameter α equals to 2.474 Å− 1.

Fig. 1. (a) The structure of CNTs with pore sizes of 0.92 nm, 1 nm and 1.17 nm, (b) the structure of (MgH2)n clusters with a 1 nm pore size of CNTs nanoconfined to n 
= 2,4,7, and (c) the formation energy and structure of nanoclusters with different particle sizes (MgH2)n (n = 1–9).
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3. Results and discussion

3.1. Model establishment

To elucidate the interaction between particle size and pore diameter 
in optimizing the dehydrogenation performance of MgH2 nanoparticle 
clusters encapsulated within CNTs, we have constructed CNTs with 
varying pore diameters, encompassing 0.92 nm CNTs (constructed with 
142C atoms and 26H atoms appended on both ends to neutralize the 
negative charge), 1 nm CNTs (composed of 160C atoms and 28H atoms), 
and 1.17 nm CNTs (composed of 156C atoms and 36H atoms). Among 
the examined structures, the spin multiplicity is designated as 1 for the 
majority, with notable exceptions being the CNTs with pore sizes of 0.92 
nm doped with 0.58 wt% B, 1 nm doped with 0.52 wt% B, and 1.17 nm 
doped with 0.58 wt% B, where the spin multiplicity is set to 2. Addi-
tionally, CNTs with B concentrations ranging from 0.29 to 1.18 wt% B 
for 0.92 nm CNTs, 0.26–1.04 wt% B for 1 nm CNTs, and 0.26–1.06 wt% 
B for 1.17 nm CNTs were synthesized by incorporating 1–4 B atoms, as 
depicted in Fig. 1a and b shows the optimal configuration of nano-
particle clusters such as Mg2H4, Mg4H8, Mg7H14, etc. (The graphics of 
other structures are displayed on Fig. S1, S2 and S3, Afterwards, the 
coordinates of the three structures in Fig. 1b were also displayed). The 
C–C bond length of one benzene ring of carbon nanotubes is shown 

Fig. 1b (average C–C bond length of 1.44 Å), The Mg–H bond length of 
MgH2 clusters is in the range of 1.7–1.9 Å (Fig. 3c), and the Mayer level 
of Mg–H bonds is in the range of 0.2–1 (Fig. 4c) which is consistent with 
previous experimental and theoretical values, verifying the standardi-
zation of our carbon nanotube model [49].

To acquire MgH2 nanoparticles of diverse sizes and structures with 
minimal energy, we conducted optimization studies on the configura-
tions of 200 (MgH2)n (n = 1–9) clusters. This optimization process 
allowed us to identify the local minima among the 200 possible con-
figurations, and the sizes and formation energies of these clusters were 
subsequently calculated. The particle sizes of (MgH2)n (n = 1–9) clusters 
were determined to be 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. As 
depicted in Fig. 1c, the formation energy of MgH2 exhibits an upward 
trend with increasing n, suggesting that under standard conditions, 
MgH2 prefers to aggregate into larger clusters. Moreover, the calculated 
Mg–H bond lengths in MgH2 clusters range from 1.7 to 1.9 Å [50,51], 
which is consistent with the cognitive understanding of MgH2 clusters. 
The literature summarizes that the absolute binding energy of MgH2 
clusters with different carbon-based carriers obtained by previous re-
searchers is in the range of approximately 0.1–6.9 eV, which is consis-
tent with the calculations in this paper [52].

Fig. 2. The relationship between the ratio of MgH2 nanoparticle size to CNT pore diameter and the binding energy.
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3.2. Structural stability

Utilizing the optimized structures aforementioned, the binding en-
ergy of CNT confined MgH2 clusters was calculated and depicted as the 
line graph in Fig. 2, plotted against the ratio of particle size to pore 
diameter. As shown in the figure, as the ratio of particle size to pore size 
increases, the binding energy of the nanoconfined structure also shows a 
monotonic trend. In the range of particle size to aperture ratio of 
0.6–0.8, the best binding effect is found in the 1 nm CNTs nano-
confinement structure doped with 0.52 wt% B (Fig. 2b); In the range of 
particle size to aperture ratio of 0.2–0.6, the best binding effect is ach-
ieved through the nanoconfinement structure of 1.17 nm CNTs doped 
with 0.53 wt% B (Fig. 2c). The CNTs nanoconfined MgH2 structure has a 
negative binding energy as the particle size to pore size ratio of MgH2 to 
CNTs increases. As a result, the stability of the CNTs nanoconfined 

structure system increases, and its cycling performance is also devel-
oping in a positive direction.

3.3. Mg–H bonding properties

On the basis of the above structure, the Mg–H bond lengths that meet 
the bonding conditions of each carbon nanotube confined (MgH2)n (n =
1–9) cluster composite structure were statistically analyzed. The arith-
metic mean of the Mg–H bond lengths in each composite structure was 
calculated, and the relationship between these values and the ratio of 
particle size to pore size was plotted as Fig. 3. The average bond length 
of Mg–H bonds in the structure of nanoconfined Mg9H18 (i.e. a series of 
structures with the largest particle size to pore size ratio) is about 1.87 Å, 
making it the structure with the longest bond length. The shortest Mg–H 
bond length is 1.73 Å. This is very consistent with the experimentally 

Fig. 3. The relationship between the ratio of MgH2 nanoparticle size to (a) 0.92 nm, (b) 1 nm, and (c) 1.17 nm CNT pore diameter and the average of all Mg–H bond 
lengths in MgH2 nanoparticles.
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determined Mg–H bond length, thus verifying the accuracy of our 
calculation range [53,54]. The overall growth of the 0.92 nm nano-
confined structure and its structure doped with 0.29–1.18 wt%B was 
gentle after 0.47, with the growth trend of the 0.58 wt% B element 
doped nanoconfined structure significantly higher than other structures 
after a ratio of 0.7 (Fig. 3a); The 1 nm nanoconfined structure and the 
structure doped with 0.26–1.04 wt%B exhibit the same trend, with a 
plateau period of 0.44–0.6 and 0.63–0.8 in ratio (Fig. 3b); After a sharp 
increase, both the 1.17 nm nanoconfined structure and its doped B 
element structure entered a plateau period. After a gradual increase in 
particle size to aperture ratio of 0.37–0.5, the structure rapidly increased 
again and then slowly increased again after 0.55 (Fig. 3c). Overall, as the 
ratio of particle size to pore size increases, the average bond length of 
Mg–H bonds shows an upward trend.

In addition, we also calculated the Mayer bond order of all Mg–H 
bonds in the nanoconfined structure of MgH2 nanoparticles. The Mg–H 

Mayer level of the original/doped nanoconfined structure with a pore 
size of 0.92 nm is 0.35–0.5, and the decrease trend of particle size to 
pore size ratio is severe within the range of 0.2–0.53 and 0.5–0.9 
(Fig. 4a); The Mg–H Mayer level with a pore size of 1 nm exhibits a 
significant decrease in particle size to pore size ratio within the ranges of 
0.3–0.42 and 0.6–0.9 (Fig. 4b); The Mg–H Mayer level with a pore size of 
0.92 nm exhibits a significant decrease in particle size to pore size ratios 
within the ranges of 0.2–0.35 and 0.5–0.55 (Fig. 4c). We also present the 
overall optimal distribution model of Mg–H Mayer level in the (MgH2)n 
(n = 1–9) series structure of CNTs with a pore size of 1.17 nm doped with 
0.53 wt% B in the graph. It can be clearly observed that: Among all 
MgH2 cluster structures, the Mg–H bonds situated on the outer perimeter 
of isolated clusters exhibit the highest Mayer level, with a value of 0.9; 
Compared to the Mg–H bonds far from the wall of CNTs, the Mg–H bonds 
closer to the wall of CNTs have smaller level.

As the particle size to aperture ratio increased in the range of 

Fig. 4. Relationship between the ratio of MgH2 nanoparticle size to CNT pore diameter and the average Mayer level of all Mg–H bonds in MgH2 nanoparticles.
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Fig. 5. (a–i) 3D and (j–r) 2D Charge Density Difference Maps and CM5 Charge Transfer Quantities of the Original 1.17 nm Pore Size CNT Confining (MgH2)n (n =
1–9) Structure (The isosurface size is ±0.05 electron/bohr^3).
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0.25–0.8, the Mayer level of Mg–H bonds gradually decreased, indi-
cating a better weakening effect of Mg–H bonds. And the Mayer level of 
Mg–H bonds near the wall of CNTs is smaller, indicating that the wall of 
CNTs will play a certain catalytic role in promoting the separation of 
Mg–H bonds. In summary, with the increase of particle size to aperture 
ratio in the range of 0.25–0.8, the nanoconfinement of CNTs has a good 
promoting effect on the dehydrogenation kinetics of MgH2 clusters.

3.4. Dehydrogenation temperature

All the results above and analyses are based on standard DFT cal-
culations, which is incapable of describing the behavior of H2 adsorption 
under practical operation condition (under elevated temperature and 
pressure). The adsorption and desorption behaviors of H2 at the given 
temperature and pressure could be described by relative energy (Er) [55] 
defined as: 

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

(T, P)
]

(10) 

Among them, E (AB), E (A), E (Mg), and E (H2) indicate the total 
energy of carbon confined MgH2 system, carbon-based carrier, Mg and 
H2 molecules. μH2 (T, P) refers to the chemical potential of H2 at the 
given temperature and pressure, which could be calculated by: 

μH2
(T, P)=ΔH − TΔS+ kBT ln

P
P0

(11) 

where P0 represents the standard atmospheric pressure (0.1 MPa), kB 
denotes the Boltzmann constant [55], H and S indicate the changes of 
enthalpy and entropy. Thermochemical tables are employed to obtain 

the values of H − TS [56].
Fig. 6 shows the evolution of Er as a temperature function on carbon 

nanotubes loaded with different (MgH2)n (n = 1,3,5,7,9) clusters. Ac-
cording to this definition, negative Er indicates that the adsorbed state of 
H2 has more favorable energy than the desorbed state. At standard at-
mospheric pressure, the Er values of all H2 adsorption systems are 
negative within the temperature range of 0–390 K. However, as the 
temperature increases, the Er values gradually approach zero, showing 
an enhanced desorption trend. At a pressure of 0.1 MPa, the critical 
temperature (Tc) for H2 desorption ranges approximately between 690 
and 800 K. At 1 MPa, this critical temperature drops to approximately 
400–430 K. Under otherwise constant conditions, as the pressure rises, 
the Tc for H2 desorption decreases in all CNT confined MgH2 cluster 
composite structures.

Finally, we have summarized the initial dehydrogenation tempera-
tures of various carbon-based supports (CT carbon structure CT [31], 
carbon aerogel CA [28,29], Carbon nanotubes CNTs [57,58], graphene 
G [59]) confining MgH2 nanoparticles under different ratios of MgH2 
particle size to pore diameter in previous studies. We conducted a 
comparative analysis with the Mayer bond orders of Mg–H bonds in 
(MgH2) n clusters nanoconfined in original 1.17 nm, 1 nm, and 0.92 nm 
CNTs (Fig. 7). As the ratio of particle size to pore diameter increases in 
the range of 0.1–0.8, both the Mayer level of Mg–H bonds and the initial 
dehydrogenation temperatures of MgH2 nanoparticles nanoconfined in 
carbon-based supports decrease gradually, indicating our calculations 
are reliable. As the particle size to pore ratio of MgH2 nanoparticles to 
CNTs increases, the weakening effect of Mg–H bonds becomes more 
pronounced, indicating that the increase in particle size to pore ratio 
enhances the dehydrogenation dynamic of MgH2 nanoparticles.

Fig. 6. The relative energy of (MgH2)n (n = 1,3,5,7,9) under CNT confinement at (a) 1 MPa, (b) standard atmospheric pressure (P = 0.1 MPa) varies with 
temperature.
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3.5. The effect of B doping

B-doping introduces a modest enhancement in the Mg–H bond length 
of MgH2 confined within CNTs, albeit with limited overall impact, as 
several instances closely align along a common baseline (Fig. S13). 
Furthermore, the incorporation of B at varying concentrations exerts a 
specific influence on the binding energy, where nearly all B-doped 
nanoconfined structures exhibit a decrease in binding energy relative to 
pristine CNTs. Notably, the catalytic efficacy is most evident within a 
doping concentration range of 0.52–0.58 wt% B, as highlighted in 
Fig. S14.

In addition, B doping weakens the Mayer level of Mg–H bonds in 
MgH2 within carbon nanotubes. The nanoconfined structure doped with 
0.53 wt% B demonstrates the optimal effect. The trend in the Mayer 
level of Mg–H bonds within the original and doped nanoconfined 
structures, featuring a 1 nm aperture, exhibits a more pronounced 
variation. Conversely, the Mayer level of Mg–H bonds in the original and 
doped nanoconfined structures with a pore size of 0.92 nm displays a 
smoother trend compared to the 1 nm series (Fig. S15).

3.6. Mechanism analysis

The dehydrogenation process of (MgH2)n (n = 1–9) clusters nano-
confined within CNTs may involve a charge transfer mechanism. 
Therefore, we have calculated the Charge Model 5(CM5) charges of 
(MgH2) n clusters nanoconfined in CNTs (Fig. 5). The 3D and 2D charge 
density difference maps were generated using Multiwfn [41] software, 
and the CM5 charge transfer amounts were computed accordingly. Fig. 5
depicts the charge density difference of (MgH2)n nanostructures nano-
confined within the original 1.17 nm pore size of CNTs. In these graphs, 
we observe a significant accumulation of charge density near the 
interface between (MgH2)n clusters and CNT walls. Simultaneously, the 
charge transfer process in the CNT nanoconfined (MgH2)n cluster 
structure is demonstrated, with electrons diffusing from the CNT to the 
interior of the (MgH2)n cluster. As the ratio of MgH2 to CNTs particle size 
increases, the CM5 charge density transfer of the structure also becomes 
increasingly negative.

Furthermore, a linear fitting analysis was conducted to examine the 
relationship between the CM5 charge transfer quantity and the Mayer 
bond order of Mg–H bonds in the nanoconfined MgH2 nanoparticles 
within CNTs with varying pore sizes and doped with different concen-
trations of boron (B) atoms. Specifically, for the nanoconfined structures 
of CNTs with original pore sizes of 1.17 nm, 1 nm, and 0.92 nm, the 
fitting result for the relationship between CM5 charge transfer quantity 
and Mayer bond order of Mg–H bonds is y = 1.61x + 0.88, with an R2 

value of 0.88. However, for the B-doped CNT nanoconfined structures, 
the fitting result for the same relationship is y = 1.39x + 0.88, with a 

reduced R2 value of 0.76 (Fig. 8a and b). Along the red line in the figure 
from top to bottom, it indicates an increase in the particle size to pore 
size ratio, the charge transfer of CM5 in the structure is becoming 
increasingly negative, and the Mayer level of Mg–H bonds is decreasing.

As the ratio of MgH2 particle size to CNTs pore size increases, the 
CM5 charge transfer of the structure also shows an increasingly negative 
trend. Compared with the relationship between particle size to aperture 
ratio and binding energy, Mg–H bond lengths, and Mg–H bond Mayer 
level mentioned earlier, we found similar trends, which proves the 
correctness of our conclusions. Furthermore, it was elucidated that as 
the ratio of particle size to pore size increases, the cycling stability, 
dehydrogenation kinetics, and degree of charge transfer of CNT nano-
confined MgH2 nanoparticles all increase. Linear fitting analysis 
revealed a strong correlation between the charge transfer amount of 
CM5 and the Mayer level of Mg–H bonds.

4. Conclusions

To elucidate the size-matching effect of carbon nanotubes confining 
MgH2 nanoparticles, we constructed three types of pristine/B-doped 
carbon nanotube models with different pore sizes and nine types of 
MgH2 clusters with different particle sizes based on experimental liter-
atures. Through calculating the Mg–H bond lengths, binding energies, 
and Mayer level of Mg–H bonds in these series of nanoconfined struc-
tures, as the ratio of the particle size of MgH2 clusters to the pore size of 
carbon nanotubes increases in the range of 0.2–0.8, the Mg–H bond 
lengths become longer, and the binding energies and Mayer level of 
Mg–H bonds in the optimized structures become smaller. As the particle 
size to pore size ratio increases, the calculated dehydrogenation tem-
perature decreases, and the dehydrogenation temperature can be further 
reduced by increasing the pressure. Meanwhile, we compared our 
findings with experimental literature and found that the Mayer bond 
order of Mg–H bonds was consistent with the initial dehydrogenation 
temperature at the experimental level. As the particle size to aperture 
ratio increases, the binding energy of the system becomes more and 
more negative, the weakening effect of Mg–H bond becomes more and 
more obvious, and the dehydrogenation kinetics may become better and 
better. It may be related to charge transfer, and subsequently studied the 
electronic structure of carbon nanotubes confining MgH2 clusters, 
including 3D and 2D electron density differences and charge model 5 
charge transfer amounts. Further understanding of the effect of charge 
transfer on the dehydrogenation of carbon nanotube-nanoconfined 
MgH2 clusters also reveals a similar pattern: as the ratio of particle 
size to pore size increases, the charge transfer becomes more intensive. 
There is also a good linear correlation between the Charge Model 5 
charge transfer amount of the structure and the Mayer level of Mg–H 
bonds. To our knowledge, this is the first time that the size-matching 

Fig. 7. A comparison of the mayer lecel of Mg–H bonds in (MgH2)n clusters nanoconfined in original CNTs and the initial dehydrogenation temperatures of MgH2 
nanoconfined in carbon-based supports in experiments, under the ratio of particle size to pore diameter.
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effect between carbon nanotubes and MgH2 clusters has been summa-
rized. This can help us deepen our understanding of the mechanism of 
carbon-based nanoconfinement of MgH2 nanoparticles.
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