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2 H Chemisorption
Hydrogen, which can be readily produced from renewable

energy sources, contains a much larger chemical energy per
mass (142 MJ kg') than any hydrocarbon fuel. For example,

a hydrogen electric fuel cell car, where hydrogen in a fuel e 1. (a) PWOL optimized » be struct _—

H H : : igure 1. (a optimized organosilica nanotube structure wi e
cell is burnt eIeCtrOChemlca”y with oxygen from air, needs periodic boundary condition, (b) its magnified view after physisorption,
to store only about 4 kg of hydrogen to cover the range and (c) its magnified view after chemisorption of two hydrogen atoms on
(~300 miles) of a gasoline-powered car, while generating abenzene ring. O, Si, C, and H atoms are shown in green, gray, light brown,
only environmentally clean water as a byproduct. Conse- ad pink, respectively.

quently, hydrogen is considered to be an ideal fuel for solving ¢4rhon nanotubes (CNTs) have been proposed as being a
an energy crisis and helping alleviate the earth's environ- ,.omising candidate for hydrogen storage since the first
mental problems that result from using petroleum fuels. The ¢y nerimental study by Dillon et &lA CNT has a cylindrical

U.S. Department of Energy has targeted a maximum weight sy ctyre and a high surface-to-volume ratio, which makes
percent (wt %) of reversibly adsorbed hydrogen of 6.5% and it jgeal for the development of reversible hydrogen storage.
a maximum hydrogen capacity per volume of 62 kgior  powever, recent studies show that the hydrogen content on
many applications, including vehicles and portable devices. 5 pristine CNT is releasable only in negligible amourt® (L
However, a major problem is that there is no hydrogen- yt o) at practical conditions, thus not satisfying the 6.5 wt
storage material as yet developed that can allow the releasey, targe® Consequently, a pristine nanotube itself did not
of 6.5 wt % (target of the Department of Energy, DOE) gppear to be ideal as hydrogen-storage media for use in cost-

hydrc_)gen at prgctical atmospheric temperatures and pressurgsective hydrogen fuel cells operating in common atmo-
conditions, which are the usual conditions for cars and the spheric conditions.

(c)

ideal conditions for many other practical applications. On the other hand, our recent experiniehis shown that
Thus far, several hydrogen-storage methods such asy.gispersed multiwalled CNTs (MWCNT) with an outer
carbon-fiber-reinforced high-strength containeliguid hy- diameter 0F~20 nm can release up to 2.8 wt % &t practi-

drogen? chemical hydrides and carbon nanotubes (CNTs) | conditions. On the other hand, as the Ni sizes dispersed
have been suggested. Hydrogen storage in a gas or liquidhecame larger, it was also found that the hydrogen desorption
phase is a relatively unsuitable system for a vehicle becausgemperature increased, which is not suitable for practical
it is dangerous and expensi¥&earing this in mind, there applications. However, unlike the CNT, benzermsdica

is a high level of interest in storing hydrogen on lightweight hybrid materials, as shown in Figure 1a, always have their
metals and advanced carbons. Many metals are capable of,anyzenes disconnected through Si@tworks; thus, it may
absorbing large amounts of hydrogen in the interstitial sites po possible to disperse nickel on an atomic-scale size in prin-
of their lattices, where hydrogen molecules are dissocigted ciple because only the benzene ring unit structures of an or-
to the atoms at the surface of the metal before absorption.ganesilica material are favorable for incorporating Ni atoms.
Although metal hydride is a potential hydrogen-storage consequently, benzensilica materials are considered to be
material, some problems have to be overcome before it canye igeal host structures for Ni dispersion to give optimal
be put into practical use, such as the slow kinetics during py4rogen desorption properties compared to that for CNTSs.
hydride formation and decompositiérOn the other hand, Recently, we observed a hydrogen-storage capacity of 0.9
wt %! in the mesoporous organic silica at 2000 kPa and
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0.68 wt %42 in the rodlike organic silica at 80 kPa. However,
these results indicate that it is very hard to achieve a high
hydrogen-storage capacity exceeding 1 wt % at practical
pressure conditions on pristine benzegdica materials.
Here, we have explored the hydrogen adsorption properties
of the organosilica nanotubes doped with the Ni metal, as it
seems that the hydrogen-storage capacity of metal-doped
benzene-silica materials could be higher than that on pristine
materials because they are capable of modulating hydrogen-
storage capacities.

Figure 1a shows the schematic surface structure of the
benzene-silica materials. All atoms are displayed as a ball
model. This organosilica structure is made of a covalently S Lt
bonded network composed of; €5i—CgHs—SIiO; 5 units,
which is fully described in the previous wotkIn this study, (e}
our focus is on exploring hydrogen-adsorption and -desorp- Figure 2. PW91 optimized structures: (a) Ni-atom-doped organosilica
tion properties of pristine organosilica and Ni-atoms- gfg ggust;%gg tﬂ:gr 'ﬁorpt'on of two hydrogen atoms on a M: atorn, (g) & H

; . . ; gh van der Waals interactions while qrie dissociated
dispersed hybrid nanotubes. The calculations were mainlyinto two H atoms on the Ni atom. O, Si, C, H, and Ni atoms are shown in
performed using the PW%1 method with the periodic  green, gray, light brown, pink, and blue, respectively.
condition®® All atoms were described using nonlocal norm-
conserving Vanderbilt scalar pseudopotenfigimd a plane-  1b is the lowest-energy structure for a hydrogen physisorbed
wave basis was truncated to include only plane waves havingorganosilica nanotube, where a hydrogen molecule is ad-
kinetic energies less than 300 eV where the sdt-pbints sorbed above two adjacent carbon atoms of a benzene ring
used to expand the electronic wave function was based Onand the axis of the molecule is same as that of the nanotube.
the Monkhorst-Pack schem&. On the other hand, the self- The distance between the adsorbed hydrogen atom and the
consistent B3LYP and KMLYP® density functional theo- ~ carbon atom is in the range of 3.28.24 A, and the
ries were used for determination of thermochemical and molecular hydrogen adsorption energy is determined to be
kinetic parameters involved in hydrogen adsorption on the —23.0 kd/mol. Also, it is found that two hydrogen atoms
pristine and the Ni-atom-doped organosilica structét@he are chemisorbed on C atoms of the benzene ring forming
electronic wave function was expanded using the 6-31G- the ChH unit. This dissociative chemisorption energy of
(d,p) valence doublé&-plus polarizatiod! basis set for all hydrogen is—12.6 kJ/mol, and the activation barrier of the
atoms. The frequency calculations to determine zero-point chemisorption is 424.7 kJ/mol. Although the enthalpy for
energy (ZPE) corrections are performed at the geometriesthe dissociative hydrogen chemisorption is thermodynami-
obtained through full optimization. cally exothermic, it is considered that the high activation

The interaction between a hydrogen molecu|e and the barrier of 424.7 kJ/mol hinders kinetica”y the reaction. From

carbon atoms in the exterior side of the nanotube is these results, it is considered that only two hydrogen

determined. It is found that the structure as shown in Figure molecules adsorb on the pristine organosilica materials
without the dissociative chemisorption of,Hand the

calculated hydrogen storage capacity is 2.2 wt %.

Figure 2 shows hydrogen storage properties of the Ni-
doped benzenesilica hybrid nanotubes. The nickel adsorp-
tion energy on the nanotube is178.7 kJ/mol, which
indicates that the nickel-doped organosilica material is a very
stable structure. When one hydrogen molecule comes to the
nickel-adsorbed benzene ring, the hydrogen molecule is
dissociated into the atoms and then chemisorbed on the nickel
atom, as shown in Figure 2b. The distance between two
hydrogen atoms is elongated to 0.94 A from 0.75 A, and

2 H Chemisorption
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the distance between the hydrogen atom and the nickel atom
is 1.52 A. The hydrogen chemisorption energy-i437.2
kJ/mol. After two hydrogen atoms are chemisorbed, the next-
coming hydrogen molecules are physisorbed above the nickel
atom. We determine the jHadsorption energies until the
number of hydrogen molecules around the nickel atom
reaches seven, at which point one hydrogen molecule is
dissociatively chemisorbed and six Hre physisorbed on a

Ni atom (see Figure 2c). The physisorption energy per
molecule of hydrogen is-12.6 kJ/mol, and the distance
between the physisorbed hydrogen molecule and the nickel
atom is in the range of 3.243.34 A. Hydrogen adsorption

is 10.4 kd/mol more exothermic in the pristine structure than
in the Ni-atom-dispersed organosilica nanotube. However,
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) o Figure 4. Charge densities for (a) the Ni-dispersed organosilica nanotube,

Figure 3. Hydrogen adsorption isotherms for the (a) 10 and (b) 15 wt % (b) the Ni-dispersed organosilica nanotube with 7adsorbed around the

nickel-doped organosilica nanotubes at 78 K. nickel atom. The yellow contour is the charge density, whereas blue and
gray indicate the nickel and silicon atoms, respectively. Electron density

the maximum number of adsorbed hydrogen molecules is Og states for d(c) tge Nidoped °r9a”°5ti)”ca nanotube and (d) the; 7 H
3.5 times larger when the hybrid material is doped by the adsorbed Ni-doped organosilica nanotube.

nickel. In this respect, the expected hydrogen storage capacity : .
is capable of exceeding the 6 wt % at moderate pressuremolecule, which results in the small charge vacancy between

conditions. the nickel atom and the benzene ring, as shown in Figure

: . 4b. We also explore the effect of hydrogenation on the
We have also synthesized 10 and 15 wt % nickel-doped . . -
benezenesilica nanotubes using 1,4-bis(triethoxysilyl)- g]ear][Z'rtiélO];:i“j:giégﬁf&:&?ggggﬁ';ggpﬁf dgr%%nﬁsgﬁg
benzene for the precursor (see the Supporting Information),material' Bgcause of the existence of the bang a y it is
and TEM images of Ni-doped organosilica nanotubes ' 9ap,

indicate that the metal particles of 10 wt % Ni doped structure ger:]eertg]lll?cer?]g;:rtigl]eC%rgr?n:ss:gcﬁstlg)uocjglggrvtvrr r:g(kjléi ng(tj
are much smaller than that of the 15 wt % Ni loading as ' 9 b

shown in Figure S1 of the Supporting Information. Figure 3 hybrid material after the hydrogen adsorption are presented

shows the correlation between the hydrogen-storage capaciln Figure 4d. The contours of the two DOS graphs are fairly

ties and the sizes of dispersed Ni nanoparticles at pressureg'm”ar' and the changes in the three band gaps in the low-

anging rom 0 10 60 kPa. The igherycrogen-acaorpton 121 [0S e eoiuble afer e lyroen melecles
capacity of 0.9 wt % on smaller Ni nanoparticles, compared 9 | '

to the 0.2 wt % on larger sizes of Ni nanoparticles, indicates gap located slightly above the Fgrmi Ie\{el s increaseq from
that the hydrogen-adsorption capacity on the nanotube havinqo '4”:0 f1'2 E\{. by tf;ef{hhyd[]ogenatlon. This rrr:ay tl%e ert]ttrébuted
smaller Ni particles is higher than that having larger metal 0 the formation ot the charge vacancy when the hydrogen
particles. Consequently, these preliminary results show thatmolecules are ?“?sorbed on the nickel atom.

attachment of agglomerated Ni cluster atoms instead of one In summary, itis demonstrat_ed that 2 que.cules COUId. .
Ni atom on the benzene ring unit could significantly reduce be adsorbed on the benzene ring of the pristine organosilica

the maximum hydrogen-storage capacity obtained when onegqegre;'eghbsligrtglselz Z?ériuﬂgvevg/fe(?r \?\/Laecr:l(;ﬁleur?iigg Efio?n
Ni atom is attached on each benzene unit. This is becauselsyads%rbed ongthe >t/)enze.ne i §'rHoIecuIes could be
H, molecules around each Ni on agglomerated clusters could 9,

involve more chemisorption processes than physisorption phyS|sorbed around each nickel atom after operidlecule

processes because of geometric constraints. In this respecfS dissociatively chemisorbed on the nickel atom, where the

e . . Slight movement of charge density around the nickel atom
it is considered that the development of reversible hydrogen- - .

oo T . . . to the adsorbed hydrogen stabilizes the hydrogen adsorption
storage media with high 4btorage capacity using Ni-coated up to 7 H. In this light, we conclude that nickel-atom-

orggnosilica nanotgbes requires the ingenuou;s meth.Odomgydispersed organosilica nanotubes could provide viable al-
to disperse one Ni atom on each benzene ring unit of an . . ; o
ternatives to reversible hydrogen-storage materials with high

organosilica nanotube. i 4 0
Images a and b of Figure 4 show the charge densities thydrogen capgpltles exceeding the 6 wt % at moderate
pressure conditions.

the Ni-dispersed organosilica nanotube and the sevwen-H
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