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Abstract

:

Hydrogen is considered as one of the promising clean energy sources for future applications including transportation. Nevertheless, the development of materials for its storage is challenging particularly as a fuel in vehicular transport. In the present study, density functional theory simulations for hydrogen adsorption on the surfaces of pristine, Ru-encapsulated, -doped and -supported C60 are reported. The results show that adsorption on the pristine C60 is exoergic and there is an enhancement in the adsorption upon encapsulation of a single Ru atom. The Ru-doped surface also adsorbs H2 more strongly than the pristine surface, but its efficacy is slightly less than the Ru-encapsulated surface. The strongest adsorption is calculated for the C60 surface supported with Ru.
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1. Introduction


Hydrogen is a promising alternative to the currently-used fossil fuels mainly due to its high energy efficiency and lower environmental burden in comparison with classical fuels such as gasoline [1,2,3,4]. Its technological applications are limited owing to its low volumetric energy density [5]. The storage of hydrogen in a suitable material with large quantities is a key challenge and considerable research activity has been devoted to this area both experimentally and theoretically [6,7,8,9].



A variety of materials including carbon nanomaterials [10,11,12], zeolites [13] and metal organic frameworks [14] have been examined for the adsorption of hydrogen. The requirements imposed on candidate host materials are cheap, non-toxic and thermodynamically, chemically and mechanically stable.



Buckyball structured fullerenes (C60) are candidate materials for the adsorption of hydrogen as they have open structures and are chemically inert [15,16]. Furthermore, they also have very high mechanical stability at higher pressures and temperatures [17]. The pristine surface of C60 cannot lead to the efficient adsorption of hydrogen as it is chemically less active. Surface modification is one of the strategies to improve the adsorption of atoms and molecules because such modification can alter the chemical nature of the surface. Surface modification via metal adsorption or doping has been considered both experimentally and theoretically for the adsorption of atoms and molecules in order to use the modified surface as a catalyst support [18,19,20,21,22,23,24,25,26,27,28]. A theoretical study by Shin et al. [29] demonstrates that Ni-dispersed fullerenes can store hydrogen exceeding the department of energy’s (DOE) target level of 6.5 wt % [30]. However, there is no experimental verification to validate this. Calcium was considered as a coating metal on the surface of the C60 fullerene in a theoretical study by Yoon et al. [31] and it was shown that a hydrogen uptake of > 8.4% is possible. Li-coated C60 was considered by Sun et al. [32] to show that about 120 hydrogen molecules can bind on the surface of Li12C60. Kaiser et al. [33] performed a combined quantum mechanical and experimental study to show that the Cs-doped C60 is a promising candidate and its adsorption efficacy is related to the significant charge transfer between Cs and C60. In an experimental study by Saha et al. [34], it is shown that there is an enhancement in the hydrogen adsorption on the surfaces of Pd-doped C60 (0.85 wt %) and Ru-doped C60 (0.69 wt %) compared to the adsorption on the surface of pristine C60 (0.3 wt %) though the department of energy (DOE) target for automobile application is 6.5 wt % [30]. There is no theoretical study reported to verify these experimental results on the enhancement upon doping. Furthermore, modification of the C60 surface via encapsulation and the deposition of metals is also worth investigating.



In this work, using density functional theory with dispersion correction (DFT+D), we examine the efficacy of pristine C60 and its modified forms (Ru-encapsulated, -doped and -supported) for the adsorption of hydrogen. The choice of Ru is based on its open-shell configuration (d7s1) that can interact with C60 via electron transfer and its catalytic activity in many useful reactions [35,36,37]. The current computational modelling technique provides insights into the nature of adsorption together with energy minimized structures and host–guest charge transfer.




2. Computational Methods


Electronic structure calculations were performed using DFT simulations as implemented in the VASP (Vienna ab initio simulation program) code [38] which solves standard Kohn–Sham (KS) equations using plane wave basis sets and projected augmented wave (PAW) potentials [39]. In all calculations, we used a plane wave basis set with a cut-off of 500 eV. The exchange correlation was described using the generalized gradient approximation (GGA) as parameterized by Perdew, Burke and Ernzerhof (PBE) [40]. Geometry optimizations were performed using a conjugate gradient algorithm [41]. Forces on the atoms were smaller than 0.001 eV/Å in relaxed configurations. A single k-point was used to optimize C60, its derivatives and molecular hydrogen (H2). Bulk ruthenium was optimized using a 4 × 4 × 8 Monk-horst [42] k-point mesh.



Here, C60, its derivatives and H2 were treated as molecules. A cubic supercell with a dimension of 15 Å × 15 Å × 15 Å was used to ensure that adjacent molecules do not interact each other. Dispersive interactions were modelled using a semi-empirical scheme (DFT+D3) as implemented by Grimme et al. [43].



Adsorption energy for a single H atom on the surface of C60 was calculated using the following equation.


Eads = EH_C60 − EC60 − EH



(1)




where EH_C60 is the total energy of a single hydrogen atom adsorbed on the surface of C60, EC60 is the total energy of a C60 molecule and EH is the energy of an isolated gas phase hydrogen atom.



Encapsulation energy of a single Ru atom within C60 was calculated using the following equation.


Eenc = ERu@C60 − EC60 − ERu



(2)




where ERu@C60 is the total energy of a single ruthenium encapsulated within C60, EC60 is the total energy of a C60 molecule and ERu is the energy of an isolated gas phase ruthenium atom.




3. Results and Discussion


3.1. Validation of Computational Parameters


In this section, we discuss the efficacy of the pseudopotentials and basis sets used in this study by making comparisons between calculated and available experimental structural parameters for bulk Ru, C60 and the H2 molecule.



First, bulk ruthenium which crystalizes into a hexagonal closed pack structure with the space group P63/mmc (no. 194) [44], was relaxed under constant pressure. From Table 1 it is observed that there is an excellent agreement between the calculated and experimental lattice parameters.



Next, we considered the optimization of a C60 molecule. The calculated bond lengths of C–C and C=C (1.45 Å and 1.40 Å), were in excellent agreement with the corresponding experimental values (1.43 Å and 1.39 Å) [45].



Finally, molecular hydrogen was optimized and its bond length was compared with the experimental value reported by Olmsted et al. [46]. There is excellent agreement between the calculated (0.75 Å) and experimental values (0.74 Å).




3.2. Adsorption of Hydrogen on the Surface of Pristine C60


Here we discuss the adsorption of atomic and molecular hydrogen using on the surface of pristine C60. First the thermodynamic stability of atomic hydrogen on the pristine C60 surface was examined by considering five different initial sites as shown in the Figure 1. The Hydrogen atom occupying the top of the hexagonal ring, the pentagonal ring and the carbon atom on the surface are denoted by H, P and C, respectively. The sites 65 and 66 show the positions of the H atom on top of the bonds bridging hexagonal–pentagonal rings and hexagonal–hexagonal rings, respectively.



Table 2 reports the final configurations calculated for each initial configuration, adsorption energies calculated using atom and molecule as reference states, the Bader charge on the H atom and the shortest C–H bond distance in the optimized structures. The most favorable site is calculated for the site C. Adsorption energy is exothermic in all cases with respect to atomic hydrogen. This implies that isolated gas phase atomic hydrogen is unstable compared to its form adsorbed with C60. The adsorption energies are less negative or positive with respect to molecular hydrogen as the reference state. This is due to the energy penalty for dissociating a hydrogen molecule. The strong adsorption on the “C” site is due to the formation of strong C–H covalent bonds as shown in Figure 2. This is further confirmed by the shortest C–H bond distance of 1.11 Å and charge density plot. Furthermore, sp2 hybridization of carbon in the C60 molecule turns into sp3 hybridization as evidenced by the formation of the CC3H tetrahedral unit and elongation in the C–C bond lengths (refer to Figure 2b). The Bader charge analysis shows that there is no significant charge transfer from hydrogen. This is due to the formation of the C–H covalent bond in the CC3H tetrahedral unit. The configurations H and P are less stable by 2.06 eV than the configuration C. This is consistent with the weak van-der Waals interaction and this is supported by the long C–H distances (3.06 Å) (refer to Table 2).



Next, we considered the adsorption of two hydrogen atoms in three different possible configurations as shown Figure 3. In the first configuration (HH_66), hydrogen atoms are bonded to the carbon atoms bridged by two adjacent hexagonal rings. The second configuration (HH_65) has two hydrogen atoms bonded to the carbon atoms bridged by a hexagonal ring and a pentagonal ring that are next to each other. In the third configuration (HH_CC), hydrogen atoms are further away from each other.



The most favorable configuration is found to be HH_66. In C60, there are alternative single and double bonds present. The double bond bridges the two adjacent hexagonal rings (66). Addition of hydrogen is easier in double bond (C=C) than in single bond (C–C) explaining the preference of adsorption in 66 configurations. The second most stable configuration (HH_65) is 0.39 eV less energetically favorable than the HH_66 configuration. The stability of the third configuration is energetically less favorable by 0.80 eV than the first configuration. The preference of hydrogen adsorption on the bridge carbon atoms is also linked to the degree of C–C elongation in the tetrahedral unit because such elongation facilitates the formation of C–H bond. In the single hydrogen adsorption, the largest C–C bond distance is 1.536 Å (refer to Figure 2b). The second hydrogen adsorption elongates the C–C bond further by ~0.05 Å.



Table 3 reports the initial and final configurations, adsorption energies calculated with respect to the gas-phase hydrogen atom and diatomic molecule as reference states and Bader charges on the H. Exoergic adsorption energies are observed for all three cases with respect to atomic hydrogen implying that gaseous atomic hydrogen is not stable and prefers to interact with C60. The adsorption of H atom becomes stronger by 0.65 eV than that observed for the most stable single hydrogen adsorption (refer to Table 2). It clearly shows that the second atomic hydrogen prefers the carbon that is nearest neighbor to the carbon bonded with hydrogen.



Finally, molecular hydrogen was allowed to adsorb on the surface of pristine C60. Several configurations were considered. The first two most stable configurations are shown in Figure 4. In both cases, adsorption is non-covalent. Adsorption energies calculated with respect to atoms are −2.52 eV and −2.51 eV for configurations 1 (Figure 1a) and 2 (Figure 1d), respectively. Corresponding adsorption energies with respect to the hydrogen molecule as a reference are −0.22 eV and −0.21 eV, respectively. The high negative adsorption energy mainly consists of exothermic binding of hydrogen atoms to form dimers on the surface. According to the optimized configurations, there is no bonding between the H2 molecule and the surface. Negative adsorption energies calculated with respect to the molecule show that the molecule is stable on the surface with almost the same H–H bond distance (refer to Figure 4b,e). The Bader charge analysis shows that there is no electron lost or gained on the hydrogen molecule inferring the absence of charge transfer. The bond distance of the hydrogen molecule is almost the same as observed in the isolated hydrogen molecule. Furthermore, C–C bond distances in the C60 molecule do not show any significant difference compared to that calculated on the pristine C60 molecule. This further supports the physisorption of the hydrogen molecule on the surface.




3.3. Adsorption of Hydrogen on the Modified Surfaces C60


The improvement in the adsorption of hydrogen, particularly in the form of the molecule, was considered by modifying the surface of C60. Here we considered three different possible modifications namely encapsulation, doping and supporting. In the encapsulation process, a single Ru atom was encapsulated. Doping here is the substitutional replacement of a C atom by a Ru atom. In the process of supporting, C60 molecules were allowed to interact with a single Ru atom.



3.3.1. Ru-Encapsulated C60 (Ru@C60)


First, a single Ru atom was encapsulated. The relaxed structure is shown in Figure 5a. The C–C bond distances in the relaxed geometry and charge density plot are shown in Figure 1b,c, respectively. The encapsulated Ru atom occupies the center of the cage and the encapsulation energy is −1.48 eV, meaning that the Ru atom is stable inside the cage. The Bader charge analysis shows that the Ru atom transferred 0.32 e to the cage. A small change in the C–C bond distances is noted.



Next, we considered the adsorption of a single hydrogen atom on the surface of Ru@C60 at five different sites as discussed previously for the surface of pristine C60. Initial and final configurations, adsorption energies, Bader charges on the Ru and H atoms and C–H bond distances are tabulated in Table 4. The results show that the most favorable site is “C” as observed in the case of hydrogen on the pristine C60 surface. Adsorption is exothermic in all cases with respect to the hydrogen atom and endothermic for the sites “H and “P” with respect to molecular hydrogen. Interestingly, there is an enhancement in the adsorption of hydrogen upon Ru encapsulation. The charge transfer from the Ru atom to the cage increases with the adsorption of hydrogen particularly in the case of configuration “C” (refer to Table 4). The formation of a C–H single covalent bond has disturbed the electron delocalization on the ring and has reduced the electron density on the surface. The encapsulated Ru counteract the loss of the electron by donating some of its electrons. However, the donation is not significant due to its location, which is the center of the cage further away from the surface in the optimized structure.



Figure 6 shows the relaxed structure of the most stable configuration, C–C bond distances on the surface of C60 and the charge density plot showing the adsorption of hydrogen. The C–C bond distances in the tetrahedral unit differ slightly compared to those calculated on the surface of pristine C60.



Thereafter, the adsorptions of two hydrogen atoms were considered. As discussed earlier, three possible configurations were considered. The most favorable adsorption site is 66. As explained earlier, the preference for this site is due to its double bond character in which hydrogen can be easily reacted. Figure 7 shows the relaxed structure, bond distances in the tetrahedral units (CC3H) and charge density plot of the adsorbed configuration.



Encapsulation of Ru has increased the degree of hydrogen adsorption in all three configurations compared to the adsorption on the pristine C60 (refer to Table 5). Adsorption energies are exothermic in all cases with respect to both reference states. The positive Bader charges on the Ru infer the donation of electrons to the C60. This is due to the donation of π electrons from the ring to the C–H bond.



Next, we considered the adsorption of molecular hydrogen on the surface of Ru@C60. Two possible optimized configurations are shown in Figure 8. Encapsulation yields stronger adsorption than that observed on the surface of pristine C60 (refer to Table 6). A small amount of charge has been transferred from the Ru atom to the surface of C60. The C–C and H–H bond distances are not significantly affected.




3.3.2. Ru-Doped C60


The second modification was made by substituting a C atom with a single Ru atom. The relaxed structure is shown in Figure 9. The Ru atom forms a trigonal pyramid structure and displaces away from the surface. The Bader charge on the Ru is +1.01 meaning that one electron has been transferred from Ru to the adjacent carbons. The amount of charge transferred is almost equally distributed (refer to Figure 9b).



A single hydrogen atom was allowed to interact with the Ru-doped surface. The relaxed structure, bond distances and charge density plot are shown in Figure 10. Adsorption energies calculated using atom and molecular hydrogen as reference states are −1.94 eV and 0.36 eV, respectively. The strength of adsorption is lower than that observed on the surfaces of pristine and Ru-encapsulated C60. This is due to the different bonding feature between the Ru and hydrogen. A small charge transfer from Ru to hydrogen is observed. Hydrogen and Ru are negatively and positively charged, respectively. The formation of the Ru–H bond is due to the electrostatic attraction between the oppositely charges ions. A very small change in the bond distances on the Ru-doped surface is noted compared to Ru-doped C60 surface.



Molecular hydrogen was allowed to interact with Ru-doped C60. Figure 11 shows the relaxed structures of two possible configurations. Adsorption energies are negative with respect to both references meaning that both the atom and molecule would prefer to adsorb on the surface. The H–H bond distances are slightly elongated (refer to Table 7). The Bader charges on the Ru changes slightly. The adsorption of hydrogen by the Ru-doped C60 surface is less favorable than that observed on the Ru-encapsulated C60 surface and more favorable than that observed on the surface of pristine C60.




3.3.3. Ru-Supported C60


The last modification was made by interacting a single Ru atom on the surface of pristine C60. Five different positions were considered as discussed before. The lowest energy configuration was found to be “66”. Relaxed structure is shown in Figure 12. The adsorption energy was calculated to be −3.75 eV meaning that the formation is exoergic. The Bader charge on the Ru was +0.50.



A single hydrogen adsorption was first considered. Adsorption energies calculated with respect to hydrogen atom and molecular hydrogen were −2.48 eV and −0.18 eV, respectively. The strong adsorption is due to the charge transfer between the Ru and hydrogen. The Bader charge on the Ru in the Ru-supported structure is +0.50. Once the hydrogen is adsorbed, the Ru becomes more positively charged (+0.73) and hydrogen negatively charged (−0.39) (Figure 13). The Ru–H bond formation is driven by the electrostatic attraction between positively charged Ru and negatively charged hydrogen.



Next, molecular hydrogen was considered for the adsorption. Two different relaxed configurations are shown in Figure 14. Table 8 reports the adsorption energies, H-H bond distance and the Bader charges on the Ru and H atoms. In the first configuration, hydrogen atoms are completely dissociated and both hydrogen atoms are negatively charged. This is confirmed by the increase in the positive charge on the Ru atom compared to that observed in the Ru-supported C60. The adsorption energy is −3.20 eV with respect to the atom and −0.90 eV with respect to the molecular hydrogen showing the strongest adsorption of hydrogen.



In the second configuration, the hydrogen bond has been significantly activated and highly polarized (refer to Table 8 and Figure 14e). Adsorption is slightly weaker than that calculated in configuration 1 and stronger than the adsorption calculated for the other modified or pristine C60 surfaces.






4. Conclusions


The present computational study has considered the adsorption of hydrogen on the pristine and defective surfaces of C60 using density functional theory together with dispersion. The hydrogen is adsorbed exothermically on the pristine surface of C60. In order to increase the efficacy of adsorption, the surface of C60 was modified by encapsulating, doping and supporting a single Ru atom. The C60 encapsulated with Ru exhibited a strong adsorption. The enhancement in the adsorption was also noted for the doped-C60 but its degree of adsorption is less than that observed for the encapsulated complex. The C60 surface supported with a single Ru atom with the adsorption energy of −3.74 eV adsorbs hydrogen very strongly and this modified surface is identified as the best surface. The present model calculation results reported at the atomic scale can be tested experimentally for the scope of assembling storage materials for hydrogen.
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Figure 1. Initial configurations of a single hydrogen atom adsorbed on five different sites on the surface of pristine C60. 
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Figure 2. (a) Optimized structure of a single hydrogen atom adsorbed on the “C” site, (b) bond distances and (c) charge density plot showing the strong bonding nature of hydrogen with C atom on the surface. 
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Figure 3. (a–c) Three different initial configurations considered for the adsorption of two hydrogen atoms, (d) relaxed structure of the most stable configuration (HH_66), (e) bond distances near the adsorbed atoms and (f) charge density plot associated with the interaction of hydrogen atoms with carbon atoms on the surface. 






Figure 3. (a–c) Three different initial configurations considered for the adsorption of two hydrogen atoms, (d) relaxed structure of the most stable configuration (HH_66), (e) bond distances near the adsorbed atoms and (f) charge density plot associated with the interaction of hydrogen atoms with carbon atoms on the surface.
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Figure 4. (a) Relaxed configuration of molecular hydrogen adsorbed on the surface of pristine C60, (b) bond distances (H–H and C–C) in the relaxed configuration and (c) charge density plot showing the non-covalent interaction. Similar figures (d–f) are shown for configuration 2. 






Figure 4. (a) Relaxed configuration of molecular hydrogen adsorbed on the surface of pristine C60, (b) bond distances (H–H and C–C) in the relaxed configuration and (c) charge density plot showing the non-covalent interaction. Similar figures (d–f) are shown for configuration 2.
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Figure 5. (a) Optimized structure of Ru@C60, (b) bond distances and (c) charge density plot of encapsulated configuration. 






Figure 5. (a) Optimized structure of Ru@C60, (b) bond distances and (c) charge density plot of encapsulated configuration.
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Figure 6. (a) Energy minimized structure of a single hydrogen atom adsorbed on the most stable site (C) of Ru@C60, (b) bond distances in the relaxed configuration and (c) charge density plot. 






Figure 6. (a) Energy minimized structure of a single hydrogen atom adsorbed on the most stable site (C) of Ru@C60, (b) bond distances in the relaxed configuration and (c) charge density plot.



[image: Surfaces 03 00030 g006]







[image: Surfaces 03 00030 g007 550] 





Figure 7. (a) Energy minimized structure of two hydrogen atoms adsorbed on the most stable site (66) of Ru@C60, (b) bond distances in the relaxed configuration and (c) charge density plot. 






Figure 7. (a) Energy minimized structure of two hydrogen atoms adsorbed on the most stable site (66) of Ru@C60, (b) bond distances in the relaxed configuration and (c) charge density plot.
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Figure 8. (a) Relaxed configuration (configuration 1) of molecular hydrogen adsorbed on the surface of Ru@C60, (b) bond distances (H–H and C–C) in the relaxed configuration and (c) charge density plot showing the non-covalent interaction. Similar figures (d–f) are shown for configuration 2. 






Figure 8. (a) Relaxed configuration (configuration 1) of molecular hydrogen adsorbed on the surface of Ru@C60, (b) bond distances (H–H and C–C) in the relaxed configuration and (c) charge density plot showing the non-covalent interaction. Similar figures (d–f) are shown for configuration 2.
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Figure 9. (a) Relaxed structure of Ru-doped C60, (b) bond distances and Bader charges on the Ru and its adjacent C atoms and (c) charge density plot showing the interaction of Ru with the surface. 






Figure 9. (a) Relaxed structure of Ru-doped C60, (b) bond distances and Bader charges on the Ru and its adjacent C atoms and (c) charge density plot showing the interaction of Ru with the surface.
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Figure 10. (a) Relaxed structure of a single hydrogen adsorbed on the Ru-doped C60 surface, (b) bond distances and Bader charges on the Ru and its adjacent C atoms and (c) charge density plot showing the interaction between a single hydrogen atom and Ru-doped C60 surface. 






Figure 10. (a) Relaxed structure of a single hydrogen adsorbed on the Ru-doped C60 surface, (b) bond distances and Bader charges on the Ru and its adjacent C atoms and (c) charge density plot showing the interaction between a single hydrogen atom and Ru-doped C60 surface.
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Figure 11. (a) Relaxed configuration (configuration 1) of molecular hydrogen adsorbed on the surface of Ru-doped C60, (b) bond distances (H–H and C–C) in the relaxed configuration and (c) charge density plot showing the interaction of molecular hydrogen with Ru-doped C60. Similar figures (d–f) are shown for configuration 2. 






Figure 11. (a) Relaxed configuration (configuration 1) of molecular hydrogen adsorbed on the surface of Ru-doped C60, (b) bond distances (H–H and C–C) in the relaxed configuration and (c) charge density plot showing the interaction of molecular hydrogen with Ru-doped C60. Similar figures (d–f) are shown for configuration 2.



[image: Surfaces 03 00030 g011]







[image: Surfaces 03 00030 g012 550] 





Figure 12. (a) Relaxed structure of Ru-supported C60, (b) bond distances and Bader charges on the Ru and its adjacent C atoms and (c) charge density plot showing the interaction of Ru with the surface. 






Figure 12. (a) Relaxed structure of Ru-supported C60, (b) bond distances and Bader charges on the Ru and its adjacent C atoms and (c) charge density plot showing the interaction of Ru with the surface.
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Figure 13. (a) Relaxed structure of a single hydrogen atom adsorbed on the Ru-supported C60 surface (b) bond distances and Bader charges on the Ru and its adjacent C atoms and (c) charge density plot showing the interaction of hydrogen atom with Ru-supportedC60 surface. 






Figure 13. (a) Relaxed structure of a single hydrogen atom adsorbed on the Ru-supported C60 surface (b) bond distances and Bader charges on the Ru and its adjacent C atoms and (c) charge density plot showing the interaction of hydrogen atom with Ru-supportedC60 surface.
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Figure 14. (a) Relaxed configuration (configuration 1) of molecular hydrogen adsorbed on the surface of Ru-doped C60, (b) bond distances (H–H and C–C) in the relaxed configuration and (c) charge density plot showing the non-covalent interaction. Similar figures (d–f) are shown for configuration 2. 






Figure 14. (a) Relaxed configuration (configuration 1) of molecular hydrogen adsorbed on the surface of Ru-doped C60, (b) bond distances (H–H and C–C) in the relaxed configuration and (c) charge density plot showing the non-covalent interaction. Similar figures (d–f) are shown for configuration 2.
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Table 1. Calculated and experimental lattice parameters of hexagonal (P63/mmc) Ru.






Table 1. Calculated and experimental lattice parameters of hexagonal (P63/mmc) Ru.





	Parameter
	Calc
	Expt [44]
	|∆| (%)





	a = b (Å)
	2.72
	2.71
	0.37



	c (Å)
	4.30
	4.28
	0.47



	c/a
	1.58
	1.58
	0.00



	α = β (°)
	90.0
	90.0
	0.00



	γ (°)
	120.0
	120.0
	0.00
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Table 2. Initial and final configurations of a single H atom adsorbed on the surface of pristine C60, adsorption energies calculated with respect to gas phase hydrogen atom and diatomic molecule as reference states, Bader charges on the H atoms and shortest C–H bond in the optimized configurations.






Table 2. Initial and final configurations of a single H atom adsorbed on the surface of pristine C60, adsorption energies calculated with respect to gas phase hydrogen atom and diatomic molecule as reference states, Bader charges on the H atoms and shortest C–H bond in the optimized configurations.





	
Initial Configuration

	
Final Configuration

	
Adsorption Energy (eV)

	
Bader Charge on H (|e|)

	
C–H (Å)




	
Ref: H

	
Ref: ½ H2






	
H

	
H

	
−0.26

	
2.04

	
+0.01

	
3.06




	
P

	
P

	
−0.26

	
2.04

	
+0.01

	
3.05




	
C

	
C

	
−2.32

	
−0.02

	
+0.08

	
1.11




	
66

	
C

	
−2.32

	
−0.02

	
+0.03

	
1.11




	
65

	
C

	
−2.32

	
−0.02

	
+0.04

	
111
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Table 3. Initial and final configurations of two single H atoms adsorbed on the surface of pristine C60, adsorption energies with respect to gas phase hydrogen atom and Bader charges on the H atoms.






Table 3. Initial and final configurations of two single H atoms adsorbed on the surface of pristine C60, adsorption energies with respect to gas phase hydrogen atom and Bader charges on the H atoms.





	
Initial Configuration

	
Final Configuration

	
Adsorption Energy (eV)/Atom

	
Bader Charge on H (|e|)




	
Ref: H

	
Ref: H2






	
HH_65

	
HH_65

	
−2.58

	
−0.28

	
+0.01, +0.06




	
HH_66

	
HH_66

	
−2.97

	
−0.67

	
+0.03, +0.04




	
HH_CC

	
HH_CC

	
−2.17

	
+0.14

	
+0.08, +0.04











[image: Table] 





Table 4. Final configurations of a single H atom adsorbed on the surface of Ru-encapsulated C60, adsorption energies with respect to gas phase hydrogen atom and diatomic molecule, Bader charges on the Ru and H atoms and shortest C–H bond distances in the relaxed configurations.






Table 4. Final configurations of a single H atom adsorbed on the surface of Ru-encapsulated C60, adsorption energies with respect to gas phase hydrogen atom and diatomic molecule, Bader charges on the Ru and H atoms and shortest C–H bond distances in the relaxed configurations.





	
Initial Configuration

	
Final Configuration

	
Adsorption Energy (eV)

	
Bader Charge (|e|)

	
C–H (Å)




	
Ref: H

	
Ref: ½ H2

	
H

	
Ru






	
H

	
H

	
−0.68

	
1.62

	
0.00

	
+0.28

	
3.05




	
P

	
P

	
−0.68

	
1.62

	
+0.01

	
+0.28

	
3.04




	
C

	
C

	
−2.93

	
−0.62

	
+0.07

	
+0.51

	
1.11




	
66

	
C

	
−2.93

	
−0.62

	
+0.02

	
+0.52

	
1.11




	
65

	
C

	
−2.93

	
−0.62

	
+0.04

	
+0.52

	
1.11
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Table 5. Final configurations of two single H atoms adsorbed on the surface of Ru@C60, adsorption energies with respect to gas phase hydrogen atom and Bader charges on the Ru and H atoms.






Table 5. Final configurations of two single H atoms adsorbed on the surface of Ru@C60, adsorption energies with respect to gas phase hydrogen atom and Bader charges on the Ru and H atoms.





	
Initial Configuration

	
Final Configuration

	
Adsorption Energy (eV)/Atom

	
Bader Charge (|e|)




	
Ref: H

	
Ref: H2

	
H

	
Ru






	
HH_65

	
HH_65

	
−2.87

	
−0.57

	
+0.01, +0.05

	
+0.45




	
HH_66

	
HH_66

	
−3.20

	
−0.90

	
+0.03, +0.04

	
+0.29




	
HH_CC

	
HH_CC

	
−2.56

	
−0.26

	
+0.03, +0.08

	
+0.49
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Table 6. Calculated adsorption energies with respect to gas phase molecular hydrogen, H–H bond distances and Bader charges on the Ru and H atoms.






Table 6. Calculated adsorption energies with respect to gas phase molecular hydrogen, H–H bond distances and Bader charges on the Ru and H atoms.





	
Configuration

	
Adsorption Energy (eV)

	
H–H (Å)

	
Bader Charge (|e|)




	
Ref: H

	
Ref: H2

	
H

	
Ru






	
1

	
−2.60

	
−0.31

	
0.749

	
+0.02, −0.03

	
+0.32




	
2

	
−2.73

	
−0.43

	
0.750

	
+0.02, −0.03

	
+0.28
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Table 7. Calculated adsorption energies with respect to gas phase molecular hydrogen, H–H bond distances and Bader charges on the Ru and H atoms.






Table 7. Calculated adsorption energies with respect to gas phase molecular hydrogen, H–H bond distances and Bader charges on the Ru and H atoms.





	
Configuration

	
Adsorption Energy (eV)/Atom

	
H–H (Å)

	
Bader Charge (|e|)




	
Ref: H

	
Ref: H2

	
H

	
Ru






	
1

	
−2.69

	
−0.39

	
0.807

	
+0.02, −0.05

	
+1.05




	
2

	
−2.65

	
−0.35

	
0.787

	
+0.02, −0.03

	
+1.04
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Table 8. Calculated adsorption energies with respect to gas phase molecular hydrogen, H-H bond distances and Bader charges on the Ru and H atoms.






Table 8. Calculated adsorption energies with respect to gas phase molecular hydrogen, H-H bond distances and Bader charges on the Ru and H atoms.





	
Configuration

	
Adsorption Energy (eV)/Atom

	
H–H (Å)

	
Bader Charge (|e|)




	
Ref: H

	
Ref: H2

	
H

	
Ru






	
1

	
−3.20

	
−0.90

	
1.889

	
−0.20, −0.20

	
+0.73




	
2

	
−3.02

	
−0.72

	
0.899

	
+1.00, −1.15

	
+0.61












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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