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Abstract— We predict that a single ethylene molecule can form a stable complex with two transition metals (TM) such as Ti. The resulting TM-ethylene complex then absorbs up to ten hydrogen molecules, reaching to gravimetric storage capacity of ~14 wt%.  Our results are quite remarkable and open a new approach to high-capacity hydrogen-storage materials discovery.

Hydrogen is considered to be one of the best alternative and renewable fuels [1,2] because of its abundance, easy synthesis, and nonpolluting nature when used in fuel cells. However, the main concern is the safe storage and efficient transport of this highly flammable gas [3]. The main obstacles in hydrogen storage are slow kinetics, poor reversibility and high dehydrogenation temperatures for the chemical hydrides [4], and very low desorption temperatures or energies for the physisorption materials [metal-organic frameworks (MOF) [5], carbide derived carbons [6], etc.]. Recently, a novel concept to overcome these obstacles has been suggested [7,8]. It was predicted that a single Ti atom affixed to carbon nanostructures, such as C60 or nanotubes, strongly adsorbs up to four hydrogen molecules [7,8].

     In this work, we explored this idea and indeed found that a single ethylene molecule can hold not only one but also two Ti atoms, i.e., C2H4Ti2, which then reversibly binds up to ten H2 molecules yielding an unexpectedly high storage capacity of ~14 wt%. These results suggest that ethylene, a well-known inexpensive molecule, can be an important basis in developing frameworks for efficient and safe hydrogen-storage media.
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    We first studied the bonding of a single Ti-atom to an ethylene molecule to form C2H4Ti. We found no energy barrier for this reaction. The binding energy is calculated by subtracting the equilibrium total energy ET of C2H4Ti molecule from the sum of the total energies of free ethylene molecule and of Ti-atom; EB(Ti)= ET(C2H4)+ ET(Ti) - ET(C2H4Ti). The Ti atom forms a symmetric bridge bond with the C-C bond of ethylene with EB= 1.45 eV. Interestingly, it is also possible to attach a second Ti atom to the C2H4Ti to form C2H4Ti2 without any potential barrier and about the same binding energy as the first Ti atom. In the optimized structure, each Ti atom is closer to one of the carbon atoms, leading to two different Ti-C bonds. The bonding orbital for the Ti atoms and C2H4 results from the hybridization of the LUMO orbital of the ethylene molecule and the Ti-d orbitals, in accord with Dewar coordination. The spin-polarized calculation gives 1.53 eV lower energy than the non-spin-polarized one, suggesting a magnetic ground state for C2H4Ti2 with moment μ=6 μB per molecule.
    We next discuss the possibility of the dimerization and polymerization in the course of recycling and its effect on the hydrogen storage capacity. We found that two molecules can form a dimer through a Ti-Ti bond. The dimer formation is exothermic with an energy gain of ED =2.28 eV, and leads to a stable structure. The ground state is ferromagnetic with μ=6 μB. While each Ti atom at both ends of the dimer can bind 5 H2 molecules, two linking Ti-atom can absorb only 4 H2 totaling to 14 H2 per dimer. The gravimetric density for dimmer is ~10 wt %. The complex can also form stable paramagnetic polymer which can store hydrogen more than 6 wt %.
    In summary, we showed that an individual ethylene molecule functionalized by two light transition metals can bind up to ten hydrogen molecules via Dewar-Kubas interaction, reaching a gravimetric density as high as 14 wt %. We propose to incorporate the TM-ethylene complex into carbon-based nanoporous materials to avoid dimerization/polymerization during recycling. Our results open a new approach to the high-capacity hydrogen storage materials discovery by functionalizing small organic molecules with light transition metals. This work was partially supported by TUBITAK under Grant No. TBAG-104T536. W. Z. and T.Y. acknowledge partial support from DOE under DE-FC36-04GO14282 and BES Grant No. DE-FG02-98ER45701. We thank Dr. Sefa Dag for fruitful discussions.
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Figure: (a) One of the most stable structures of the Ti-C60 complex where the Ti atom (blue) is bonded to a double bond with four hydrogen molecules attached (red). (b) The local structure of the Ti-C60 double bond. (c) Replacing the end carbon atoms shown in (b) by H results in an ethylene molecule. This suggests that we may simply use the ethylene molecule to hold Ti atoms, which then binds multiple hydrogen molecules.











