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Today’s raising concerns of global warming and environmental p—
pollution have spurred an interest in alternative fuels. Hydrogen is ——UceT
energy rich and when used in a fuel cell produces only water as
a byproduct. A major concern is the development of a safe storage
and transport system for this highly flammable gas. To overcome
this problem, solids which adsorb hydrogen under various conditions
have been investigated. Many mefadésd metal hydride alloys
adsorb between 2 and 7 wt % of hydrogen between 100 and 200
°C,* while carbon based nanotulse%and microporous metal !
organic frameworks (MOF&) 12 have shown promise for cryogenic 0+
hydrogen storage. Since the U.S. Department of Energy has defined
9 wt % and 81 kg/thas the 2015 sy'_stem targets, these mater_ial; Figure 1. High-pressure blisotherms for pristine and reduced microporous
have so far fallen short of expectatlons. Recent advances Wlthlntitanium oxides synthesized using hexylamine as the template at 77 K in
our group suggest that mesoporous Ti oxides may serve as hostgravimetric uptake. Filled markers represent storage capacity and open
for hydrogen storagé.These materials possess extremely high markers denote adsorption capacity.
surface areas, tunable pore sizes, and the capacity for coordinative
unsaturation and variable oxidation states of the Ti cédté?,a
feature not present in MOFs, zeolites, or porous carbon. These
properties are important because the binding eftédtransition
metals is strongly dependent on the electron density at the metal
center and its ability to back-donate throughr-anteraction into
the antibonding H-H orbital 1617 Recent calculations by Zhao et
al. have predicted high storage capacities and ideal enthalpies o
20—30 kJ/mol for hypothetical Sc and Ti modifiedsgdmoieties
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Gravimetric uptake (wt. %)

Pressure {atm)

is just as important as the surface area and pore size in determining
storage capacit® It is therefore possible that suehbinding of

H» to Ti can occur in our system, where the Oh MXTi centers*
present at the surface and in the walls are nominally electron
deficient 12 electron species possessing vacagnorbitals. A
schematic representation of a monolayer portion of the wall is
fshown in Figure S6, in which Hmolecules can potentially bind to

e ’ the Ti centers via a side-on interaction to tRecdnter through the
based on a Kubas-type binding of the-H sigma bond t0 an  1j , get16.17 or can exist as a compressed gas phase within the

electron rich coordinatively unsaturated metal ceftdiowever,  hore strycture of the material. While anatase and rutile are poor
to date, there is no experimental study demonstrating the feasibility hydrogen storage materials, the low-density amorphous structure
of this approach. With this goal in mind, we report a comprehensive o the walls in our materials preserves a degree of coordinative
study of i storage at 77 K for pristine and chemically reduced nsaturation while also allowing easy access of theid-the Ti
amine-templated Ti oxides. centers.

Hydrogen pressure-composition isotherms were recorded at 77 explore the role of Ti oxidation state inlétorage capacity,

K for a series of five pristine micro- and mesoporous Ti oxide cg_Tjwas reduced with a variety of organometallic species. Figure
materials, synthesized as described previdastpm Cs, Cs, Cuo, 1 shows the Ksorption isotherms at 77 K for C6-Ti, C6-Ti reduced

Ciz, _and G4 amine templateg possessing BE.T. surface_ areas ith 1.0 mol equivalent of Li naphthalene (Li C6-Ti), C6-Ti treated

ranging from 643 to 1063 #g (Figure S2, Supporting Information).  yith 1.0 mol equivalent of Na naphthalene (Na C6-Ti), and C6-Ti
The XRD (Figure S3), nitrogen adsorption desorption isotherm yeqyced with excess bis(toluene) Ti (BTTi C6-Ti). The results are
(Figure S4), and TEM (Figure S5) are shown for the materials g,mmarized in Table 1, complete with extrapolations to 100 atm.

synthesized with hexylamine (C6-Ti). The pore sizes of these pjrect measurements of AX-21 are shown for comparison. The
materials decreased monotonically from 26 to 12 A as described adsorption values reflect the amount of hydrogen bound to the

previously for a similar series of porous Nb oxidéghe isotherms g iface of the porous structure, while the total storage is a sum of
for _aII r_nategals gentl)_/ rise sharply at low pressure and continue hq adsorption and the compressegifl the pores. The former
to rise in a linear fashion from 10 atm onward to 65 atm and then ¢ is useful in studying surface binding, while the latter is a

return on desorption without significant hysteresis. Equilibration \,aasure of the total Favailable as fuel in any system. Reduction
is immediate, implying a very low activation barrier for adsorption/ ¢ ~g_Ti with Li leads to an increase in gravimetric storage capacity
desorption. Extrapolation to 100 atm, a feasible pressure for f,m 536 t0 5.63 wt % and an increase in the volumetric storage
cryogenic storage tanks, yields total storage values as high as 5'3Q:apacity from 29.37 to 31.30 kgfat 77 K and 100 atm. The Na-

wt % and 29.37 kg/thfor C6-Ti. In MOF materials it has been  (oqced material exhibits a slight decrease in gravimetric storage
proposed that bican bind to the metal linker and that this feature  oyer the Li-reduced material, but possesses a higher volumetric

t University of Windsor. storage capacity of 31.58 kg?mTreatment of C6-Ti with bis-
* Hydro-Quidec Research Institute. (toluene) Ti leads to a decrease in the gravimetric storage to 4.94
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Table 1. Hydrogen Sorption Capacity of C6-Ti Materials and unusual and may reflect a different mechanism of surface binding
AX-21 than simple physisorption, possibly involving a Kubas-type interac-
gravimetric volumetric tion. The maximumAH for C6-Ti is 4.21 kJ/mol, similar to the

apparent skeletal ~gravimetric ~ storage at  volumetric  storage at value calculated for amorphous carl#8ihi C6-Ti possesses AH

density - density  adsorption - 100am? - adsorption 100 atm® of 5.79 kJ/mol, while Na C6-Ti has AH of 5.87 kd/mol. BTTi
samplename  (gimb) (gml) (TK.wtoh) (%) (7K kgim)  (kgim) C6-Ti has aAH of 8.08 kJ/mol, which compares well with values
CeTi 0548 2698  1.08 5.36 5.918 2937 determined by Kaye et & for MOFs materials, in which transition
',(l'acg;.'n %?556% 22'.57%81 %‘_7912 55'%% 35'%88 ?’311%% metals are thought to act as Hinding sites, but fallg far short of_
BTTiC6-Ti 0.819 2.835 1.14 4.94 9.337 40.46 the 20 kJ/mol value proposed for porous materials to function
AX-21 0.328 2103  4.19 11.96 13.75 39.23 effectively at ambient temperatuté.

v t st the t . K and 65 In summary, micro- and mesoporous Ti oxide materials with a
ydrogen storage measurement IS at the temperature o and 65range of pore sizes from ca. 12 to 26 A and surface areas from
atm extrapolated to 100 atm with goodness of Rf)E& 0.9963~ 0.9995. 643 to 1063 g were prepared and screened fos $torage

9 capacity. While surface area and pore size had some effect on
] storage, surface Ti reduction provided an even greater increase in
performance, possibly because of a Kubas-type interaction. These
results suggest that reduction by the appropriate organometallic
reagent may lead to even greater storage densities at temperatures
higher than 77 K with more precise control over the enthalpies of
adsorption.
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