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Abstract

:

Based on density functional theory calculation, we screened suitable Ti-decorated carbon-based hydrogen adsorbent structures. The adsorption characteristics and adsorption mechanism of hydrogen molecules on the adsorbent were also discussed. The results indicated that Ti-decorated double vacancy (2 × 2) graphene cells seem to be an efficient material for hydrogen storage. Ti atoms are stably embedded on the double vacancy sites above and below the graphene plane, with binding energy higher than the cohesive energy of Ti. For both sides of Ti-decorated double vacancy graphene, up to six H2 molecules can be adsorbed around each Ti atom when the adsorption energy per molecule is −0.25 eV/H2, and the gravimetric hydrogen storage capacity is 6.67 wt.%. Partial density of states (PDOS) analysis showed that orbital hybridization occurs between the d orbital of the adsorbed Ti atom and p orbital of C atom in the graphene layer, while the bonding process is not obvious during hydrogen adsorption. We expect that Ti-decorated double vacancy graphene can be considered as a potential hydrogen storage medium under ambient conditions.






Keywords:


hydrogen storage; first-principles; graphene; titanium decoration; adsorption












1. Introduction


As an excellent substitute for fossil fuels, hydrogen is considered one of the most promising “green” fuels, because of its high heat value (144 MJ/kg), high energy density, abundant reserves, and the fact that it is environmental pollution free [1]. However, hydrogen storage performance is relatively poor; due to the low weight and volume densities of hydrogen adsorbed at ambient temperature, it cannot meet the strict parameters set by US Department of Energy (DOE). Therefore, the use of hydrogen as an energy carrier has not yet been commercialized, and the storage of hydrogen is currently the most important challenge [2,3].



Traditional hydrogen storage methods use low-temperature and high-pressure liquid phase storage technology, which is difficult to apply at large scales due to high cost and safety problems [4]. Hydrogen storage in solid materials is considered to be a promising method that is safe, economical, and easy to transport. At present, common solid hydrogen storage materials can be divided into several categories: physical hydrogen storage such as metal-organic frameworks (MOFs), covalent-organic frameworks (COFs), carbon-based materials, chemical hydrogen storage materials like metal hydrides, and chemical hydrides.



The DOE has set strict targets for hydrogen storage systems, including that the weight and volumetric energy capacity of the systems must reach 2.2 kWh/kg (6.5 wt.%) and 1.7 kWh/L (5 kg H2/L), respectively, and the minimum and maximum delivery temperature and pressure are −40 and 85 °C and 5 and 12 bar, respectively [5]. To the best of our knowledge, there are currently no hydrogen storage materials that meet these stringent standards [6]. Therefore, the development of a novel high-capacity hydrogen storage material is currently an urgent need.



Because carbon-based materials possess the advantages of large specific surface area, numerous adsorption sites and a wide range of material sources, they are considered to be one of the candidates for hydrogen storage materials. Since Dillon et al. [7] proved the good hydrogen storage capacity of single-walled carbon nanotubes in 1997, a lot of studies on hydrogen storage using carbon-based materials have been conducted. Many carbon-based materials have demonstrated good hydrogen storage performance, including fullerene [8], carbon nanotubes [9,10,11], graphene [12,13,14,15,16,17], porous graphene [18,19,20], and zig-zag graphene [21,22]. Because of the high chemical energy barrier of the pristine carbon nanostructure, it does not suffice as a good hydrogen storage material [23]. Many studies have shown that the use of metal atoms to modify carbon nanostructures is an effective way of improving their hydrogen storage capacity [24]. Metals commonly used to decorate carbon backbones include transition metals [25,26,27], alkali metals [28], alkaline earth metals [29] and other simple metals [30]. First-principles calculations have attracted more and more attention because of their low cost, easy implementation, and ability to reveal mechanisms. Using first-principles calculations, many studies on hydrogen storage have achieved outstanding results. Zheng et al. [31] studied the hydrogen storage performance of lithium-decorated graphene materials and found a gravimetric hydrogen density of 3.8 wt.%. Ramos-Castillo et al. [32] compared the hydrogen storage performance of Ti4- and Ni4-doped defective graphene nanoplatelets. The results showed that Ti4-doped graphene offers better hydrogen storage performance, and its hydrogen gravimetric content can be as high as 3.4 wt.%, while the gravimetric content of Ni4-doped graphene is only 0.30 wt.%, 10-fold lower than Ti4-doped graphene. Liu et al. [33] provided evidence that the binding strength of hydrogen on Ti-decorated graphene could be significantly increased to 0.23–0.60 eV. Park et al. [34] found that the substitution of boron in graphene could enhance the adsorption energy of titanium, with the hydrogen storage capacity reaching as high as 7.9 wt.%. Despite these meaningful results, there is still a common problem. They need to significantly reduce the storage temperature to achieve the required capacity, which is adverse to the requirements of practical applications that are close to environmental conditions [35].



In this study, we compare a variety of adsorbent structures by means of Ti modification, screening the most suitable adsorbent structure, and verifying the stability of the adsorbent from an energy point of view. Then, we research the adsorption characteristics of different numbers of hydrogen molecules on the adsorbent, thus obtaining the hydrogen storage capacity. Finally, we analyze the mechanism of hydrogen adsorption on the adsorbent by partial density of states.




2. Computational Methods


We performed all density functional theory (DFT) calculations with the Vienna Ab Initio Simulation Package (VASP). The exchange and correlation interactions were described using the generalized gradient approximation (GGA) in the form of the Perdew–Burke–Ernzerhof (PBE) [35] and the projector-augmented-wave (PAW) potentials [36,37]. The cell shape and cell volume are not allowed to be changed, and all atoms are allowed to relax when the structure is optimized. The spin polarization and van der Waals interactions [38] were included in all calculations. During the structural optimization, the dipole correction is calculated parallel to the third lattice vector direction. The convergence standard is set to 10−5 eV for the difference of the total energies of the last two consecutive steps and 0.05 eV/Å for the maximum force allowed on each atom. The graphene cells are separated by a vacuum region of 15 Å to prevent the interactions of adjacent slabs. The energy cutoff was set as 450 eV for the plane-wave basis. A (6 × 6 × 1) Г-centered k-point grid for the Brillouin zone was used. Some of the main simulation parameters are presented in Table 1 below:



The binding energy (Eb) that can be used for determining the stability of the adsorbent is calculated by the following equation:


   E b  = (  E  adsorbent   − 2  E  m e t a l   −  E  g r a p h e n e   ) / 2  



(1)




where Emetal, Egraphene and Eadsorbent are the energy of metal atom, graphene-based substrate and metal atom decorated substrate, respectively. On the basis of Equation (1), the binding energy is negative, indicating that metal atoms can be anchored on the graphene substrate. The more negative the binding energy, the more stable the binding. The binding energy should be less than the metal cohesive energy, avoiding the clustering of metal atoms [39].



To express the adsorption strength of hydrogen molecules, the adsorption energy (Ead) is calculated on the basis of Equation (2):


   E  a d   = (  E  s y s t e m   −  E  adsorbent   − n ×  E  h y d r o g e n   ) / n  



(2)




where Esystem and Ehydrogen are the energy of the adsorption systems including hydrogen and adsorbent and a single hydrogen molecule, respectively; n is the number of hydrogen molecules adsorbed.



The hydrogen storage capacity of a hydrogen storage system can be expressed by gravimetric storage capacity or gravimetric hydrogen density, which can be calculated using the following equation:


   g d  =    M  h y d r o g e n      M  h y d r o g e n   +  M  a d s o r b e n t     × 100 %  



(3)




where gd is the gravimetric hydrogen density, Madsorbent and Mhydrogen are the mass of the adsorbent and all H2 molecules adsorbed, respectively.




3. Results and Discussion


As we discussed above, Ti-decorated carbon-based materials show good capability to adsorb hydrogen. Therefore, the first step is to screen the most suitable Ti-decorated carbon-based hydrogen adsorbent structures. Figure 1a shows the screening process. At the beginning, we researched the adsorption energies of different Ti-decorated carbon-based materials, like graphene and graphyne. After structural optimization, the structure of graphyne modified by Ti deforms significantly. Therefore, graphene is a better choice for the adsorbent substrate material. Then, we compared the binding energy of Ti atoms on different scales of graphene unit cells, including (2 × 2), (3 × 3) and (4 × 4) cell. As studied in the existing literature [17,22,24], in the Ti-decorated carbon-based materials, the amount of hydrogen molecules that can be absorbed by a Ti atom remained almost unchanged, while the mass of the (3 × 3) and (4 × 4) graphene cells was much higher than that of the (2 × 2) graphene cell. Therefore, the mass fraction of hydrogen adsorbed on a (2 × 2) cell of graphene was the largest, and the binding energy was the largest too, which is consistent with previous research [33]. Therefore, the (2 × 2) graphene cell was chosen as the size of the adsorbent substrate.



To suppress the clustering of Ti atoms, the binding energy of Ti atoms to the graphene substrates should be greater than the cohesive energy of Ti, which is −4.85 eV. Several modifications were made to the graphene structure to improve the binding energy, including doping with one, two and three boron atoms, single vacancy defect (SV) and double vacancy defect (DV) graphene substrates. Figure 1b shows the structure of single vacancy graphene fragment, double vacancy graphene fragment, and different numbers of boron atoms doped graphene fragments.



The binding energy of Ti on different graphene structures are shown in Figure 2a. From Figure 2a, the binding energies of Ti with pristine graphene, one boron-doped graphene, two boron-doped graphene, and three boron-doped graphene are −1.98 eV, −3.08 eV, −3.68 eV, −4.73 eV, respectively, all of which are less than the cohesive energy of Ti, implying that Ti atom prefers to aggregate on graphene under these cases. While in the cases of Ti-decorated SV and Ti-decorated DV graphene, the binding energies are −5.51 eV and −6.70 eV, respectively, which means that the clustering of Ti atom on SV and DV graphene will not happen. Therefore, the hydrogen adsorption on Ti-decorated SV and Ti-decorated DV graphene will be calculated below.



As shown in Figure 2b, the adsorption behavior for two, four, six and eight H2 molecules adsorbed on both sides of Ti-decorated SV and DV graphene was studied. To be able to adsorb and desorb under environmental conditions, hydrogen adsorption should be in an intermediate state between physical adsorption and chemical adsorption. According to the results of previous studies, the adsorption energy should be between about −0.6 and about −0.2 eV [40]. In Figure 2b, the adsorption energies for two, four, six and eight H2 molecules adsorbed on SV graphene are all less than −0.2 eV/H2, meaning that Ti-decorated SV graphene cannot satisfy the requirements of hydrogen recycling. For Ti-decorated DV graphene, when two, four and six H2 molecules are adsorbed on both sides of the substrate, the adsorption energies per molecule are −0.31, −0.28 and −0.25 eV/H2, respectively, and these are suitable for reversible hydrogen storage media. In the case of eight H2 molecules adsorbed on both sides of the substrate, the adsorption energy is −0.06 eV/H2, which is too low for hydrogen storage. Therefore, the maximum number for H2 molecules adsorbed on both sides of Ti-decorated DV graphene is six, with the gravimetric hydrogen density reaching up to 6.67 wt.%, exceeding the technical indicators (6.5 wt.%) issued by the DOE.



Figure 3a,b show the side view and the top view of Ti-decorated DV graphene after structure optimization. Ti atoms prefer to be embedded on the double vacancy sites above and below the graphene plane approximately symmetrically. Since the radius of Ti atomis larger than the radius of the carbon atom, the metal atoms are displaced outward from the graphene surface [41]. The heights of Ti atoms above and below the graphene plane are 1.09 and 1.07 Å. The average Ti-C distances above and below the graphene plane are 2.19 and 2.18 Å. Figure 3c–f show the side views of the equilibrium configuration for the adsorption of two, four, six and eight H2 on both sides of Ti-decorated DV graphene, respectively. Figure 3g shows the top view of the equilibrium configurations for six H2 molecules absorbed on the Ti-decorated DV graphene.



The interaction between transition metals and hydrogen molecules has been described in previous research [42]. Hydrogen molecules provide charges to the unfilled d orbitals of the transition metal atoms, while simultaneously obtaining electron filling antibonding orbitals from transition metal atoms. As a result, the bond of the hydrogen molecule is elongated. Table 2 shows the H-H bond lengths and adsorption energies when two, four, six and eight H2 molecules are adsorbed, respectively. It can be seen that the H-H bond length is stretched to the range 0.78–0.81 Å, which exceeds its value in free H2 (0.75 Å) [33]. Moreover, when eight H2 molecules are adsorbed on the graphene, the adsorption energy is significantly lower than in other cases, and the change of the H-H bond length is relatively small, indicating that Ti atoms have a weak adsorption effect on hydrogen. That is, the Ti-decorated DV graphene can only adsorb six H2 molecules at most.



To understand the synergistic interaction between Ti, H, and graphene, we further investigated the electronic structure figure of their chemical bonding. We first studied the interaction between the graphene layer and the adsorbed Ti atoms. Figure 4a shows the partial density of states (PDOS) of the relevant atomic orbitals of Ti-decorated DV graphene. In Figure 4a, the DOS of the d orbital of Ti is drawn with a red line, and the p orbital of C is drawn using a blue line. There is an obvious hybrid peak between Ti (d) and C (p) near the Fermi level, indicating that there is a chemical bond between the Ti atom and DV graphene, and orbital hybridization contributes to the bonding process. It also proves the stability of the adsorbent structure. Figure 4b displays the PDOS for the d orbital of Ti and s orbital of H when H2 molecules are adsorbed on the Ti-decorated DV graphene. There is no obvious orbital hybridization between Ti (d) and H (s) near the Fermi level, indicating that hydrogen adsorption mainly relies on charge transfer rather than bonding process, consistent with previous work [22].




4. Conclusions


We performed DFT calculations to select the appropriate carbon-based hydrogen adsorbent, study the adsorption characteristics and adsorption mechanism of hydrogen molecules on the adsorbent. Among the adsorbents we analyzed, the Ti-decorated double vacancy (2 × 2) cell of graphene showed the best performance as an adsorbent, with a binding energy large enough to overcome the cohesive energy of Ti, avoiding the clustering of Ti atom on graphene surface. The adsorption energies per molecule are −0.31, −0.28 and −0.25 eV/H2 when two, four and six H2 molecules are adsorbed on both sides of the substrate, respectively, satisfying the requirement that hydrogen molecules can be adsorbed and desorbed under ambient conditions while being conducive to practical application. The Ti-decorated DV graphene can adsorb six H2 molecules on both sides at most, with gravimetric storage capacity up to 6.67 wt.%. There is a bonding process between Ti atoms and DV graphene, while hydrogen adsorption mainly relies on charge transfer rather than a bonding process. We expect that Ti-decorated double vacancy graphene can be regarded as a potential high-capacity hydrogen storage medium.
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Figure 1. (a) The screening process for suitable adsorbent structure. Where B stands for boron, SV and DV stand for single vacancy defect and double vacancy defects graphene substrates, respectively; (b) the structure of different adsorbent substrates. 
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Figure 2. (a) The binding energy of Ti atoms on different graphene structures (Pristine means pristine 2 × 2 graphene cell, 1 B means one boron-doped graphene, 2 B means two boron-doped graphene, 3 B means three boron-doped graphene, respectively); (b) the adsorption energies for two, four, six and eight H2 molecules adsorbed on both sides of Ti-decorated SV and DV graphene. 
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Figure 3. (a,b) The side view and top view of Ti-decorated DV graphene; (c–f) the side views of the equilibrium configurations of two, four, six and eight H2 molecules adsorbed on both sides of Ti-decorated DV graphene; (g) the top view of the configuration of six H2 absorbed on the Ti-decorated DV graphene. In the figure, green indicates H atoms, orange indicates C atoms and red indicates Ti atoms. 
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Figure 4. Partial density of states (PDOS) for (a) d orbital of Ti (red line) and p orbital of C (blue line) for Ti-decorated DV graphene; (b) d orbital of Ti (red line) and s orbital of H (blue line) when H2 are adsorbed on the Ti-decorated DV graphene. 






Figure 4. Partial density of states (PDOS) for (a) d orbital of Ti (red line) and p orbital of C (blue line) for Ti-decorated DV graphene; (b) d orbital of Ti (red line) and s orbital of H (blue line) when H2 are adsorbed on the Ti-decorated DV graphene.



[image: Energies 14 06845 g004]







[image: Table] 





Table 1. Some mainly simulation parameters during calculation.
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	Calculation Details
	Parameter





	spin polarization
	ISPIN = 2



	energy cutoff/eV
	ENCUT = 450.0



	convergence condition (energy)/eV
	EDIFF = 1 × 10−5



	convergence condition (force)/eV/Å
	EDIFFG = −0.05



	dipole correction
	LDIPOL = TRUE.

IDIPOL = 3



	degrees-of-freedom
	ISIF = 2



	van der Waals interactions
	IVDW = 12



	k-point
	6 × 6 × 1
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Table 2. Calculated adsorption energies (eV) and bond lengths (Å) of H2 molecules when two, four, six and eight H2 molecules are adsorbed on Ti-decorated DV graphene, respectively.
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	Number of H2
	Adsorption Energy
	Bond Length of H-H (Up)
	Bond Length of H-H (Down)





	2 H2
	−0.3134
	0.804
	0.814



	4 H2
	−0.2802
	0.804 0.800
	0.804 0.814



	6 H2
	−0.2519
	0.804 0.800 0.786
	0.804 0.814 0.789



	8 H2
	−0.0626
	0.788 0.783 0.784 0.785
	0.789 0.784 0.782 0.784
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