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Abstract  Although clathrate hydrates (CHs) can be used as potential hydrogen storage materials for large-scale
industrial applications due to their high energy storage density and environmental friendliness, major gaps in the
understanding of the structures and diffusion of hydrogen gas in CHs remain. Here, we theoretically explored the
hydrogen storage structure and properties of type I CHs using density functional theory (DFT) calculations. The
results show that up to two H, molecules can be occupied in the 5" cages of the CHs, and the CH, and C,H,
promoters have no significant effect on its structure and properties. However, inclusion of the N, and CO, promoters
in the CHs cages could considerably change the structures and properties including the number of H, molecules
occupied in the 57 cages increased to three, stability increase, the host-guest electrostatic and hydrogen bonding
interactions enhance, and the H—H stretching blue-shifts of the H, molecules. Moreover, when hydrogen occupies

up to three H, molecules in the 5" cages of N, and CO, CHs, calculated energy barriers for one H, molecule migration
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through the pentagonal surface are close to twice that of pure hydrogen CHs, effectively hindering the diffusion of

hydrogen between the cages.

Keywords Clathrate hydrates; Hydrogen storage; Stability; Diffusion; Promoter effect
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Fig. 1 Spatial structures of the cages in X-nH,@CH crystalline(A) and possible distributions for promoter
molecules(X=CH,, C,H,, N,, CO,)(B) and the guest H,(C)
(B) The purple balls denote the promoter molecules in the large(5'%6%) cages; (C) the green balls denote different

numbers of H, molecules in the small(5'%) cages.
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Fig.2 Host-guest interaction energy(A), HOMO energy and the corresponding HOMO distributions

(inset) (B) of X-nH,@CH and nH,@CH
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Fig. 3 Hydrogen bond distribution and average hydrogen bond distance(d,,...,, nm) between host O
and guest H atoms of X -3H,@CH and 3H,@CH
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Fig.4 Mulliken charge distribution of promoter molecules(A), clathrate hydrates cages(B), and H,
molecules(C) for X-nH,@CH and rH,@CH
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(A) ’—Hz@CH . (B) - 2H2@‘,CH (C)

— CHsH@CH — CH,2H@CH — 3H,@CH
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Fig. 5 Raman spectra of hydrogen gas in X-nH,@CH and nH,@CH with single occupancy(A), double

occupancy(B), and triple occupancy(C)
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Fig. 6 Illustration of an H, molecule moving through the pentagonal face of sI clathrate(A), and the
corresponding calculated energy profiles with single occupancy(B), double occupancy(C) and

triple occupancy(D) of hydrogen
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