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Abstract
The adsorption of molecular hydrogen on activated nanostruture materials is studied through computational simulations based on the

pseudopotential density functional method. The hydrogen sorption energy and its diffusion through chemically activated pores in the materials are

particularly investigated. It is found that the sorption energy of hydrogen reaches as high as about 29 kJ/mol at activated sites and can be controlled

by modifying the structure and chemistry of the pores. The equilibrium pressure of hydrogen adsorption is also presented as a function of

temperature by including the temperature and pressure dependence of hydrogen entropy. The desorption temperature is estimated to be close to

270 K for optimized activated nanostructures. This study demonstrates a pathway of materials search based on computational simulations for

proper media that can hold hydrogen at ambient conditions through physisorption.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogen is considered as an ideal material for alternative

energy source [1–3]. One of the major problems faced by the

hydrogen economy is the lack of proper storage media of

hydrogen. Compressed gas or liquid hydrogen are currently

being used in prototype hydrogen-fueled vehicles, but they

inherently have serious technical drawbacks such as bulky tank

size, safety problems, and extra energy cost for liquidation,

which should be critical issues for commercial hydrogen

storages. There have been attempts to store hydrogen in solid

phase storages or in new forms of materials such as metal

hydrides, carbon nanotubes, and chemical hydrides [1], but

none of them has yet achieved both goals of high hydrogen

capacity and moderate desorption temperature set by the US

DOE. More robust and systematic approaches in searching for

hydrogen storage media are needed, and the atomistic

understanding of hydrogen sorption on materials is believed

to constitute a key component in such processes.

The adsorption of molecular hydrogen on surfaces is in

nature a type of physisorption due to strong H–H bond and
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closed-shell electronic configuration of the molecule. The

binding energy of H2 on solid surface is thus usually very small.

For example, the binding energy of hydrogen on graphite or

carbon nanotubes is about 6 kJ/mol which inevitably leads to

very high pressure (several hundred bars) and/or very low

temperature (�77 K) to store meaningful amount of hydrogen

in these materials. As the strength of the interaction between

hydrogen and adsorbent materials increases, molecular hydro-

gen tends to dissociate into atomic hydrogen and subsequently

diffuse into the adsorbents, which is typically observed in metal

hydrides. The heat of adsorption then increases so significantly

to more than 100 kJ/mol that the release of hydrogen should

occur at very high temperatures. The desorption temperature

(TD) reaches about 300 8C for MgH2, for example. The energy

scale involved in storing hydrogen differs significantly for those

two processes, and unfortunately there are no methods or

theories known capable to continuously control the strength of

hydrogen binding to materials, for example, from physisorption

to chemisorption energies. Modifying chemistry or structures

of materials that can hold hydrogen in either atomic or

molecular form is a feasible way to change desorption

temperature though in a limited range. A question is how we

choose right materials and efficiently perform optimal

modifications. There have been several attempts to increase

TD in carbon-based materials by mixing a small amount of
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alkali or transition metals [4]. The metal atoms, however,

simultaneously increase the mass-density of adsorbent mate-

rial, and thus only limited quantities of metals can be added

without sacrificing the hydrogen capacity. In this paper, we

present an example of heuristic but systematic approaches

based on quantum mechanical atomistic calculations to

improve the sorption strength of molecular hydrogen on

nanostructured materials.

The capacity of a hydrogen storage material through

physisorption is limited by its specific surface area (SSA)

[5–7], and the desorption (or release) temperature of hydrogen is

determined by the strength of the interaction between hydrogen

and the material’s surface, called the heat of adsorption. A

straightforward way to estimate the heat of adsorption is to

calculate the binding energy of hydrogen on the surface of the

material. These two parameters would be better to be treated

separately so that the search for hydrogen storages can be

pursued in parallel to reach both the goals of the storage capacity

and operation temperature. Materials search by computations for

room temperature hydrogen storages first focuses on finding

proper materials that have a hydrogen binding energy of about

20–30 kJ/mol as estimated by the van’t Hoff equation [8].

Developing optimized structures with large surface area for the

computationally screened materials is the next step to follow.

The surface area of about 1000 m2/g or higher is a big

constraint in the search for hydrogen storage based on

physisorption. Materials made of the first row elements would

be a natural choice, and their nanostructured forms are expected

to provide several advantages such as high surface area and

relatively strong chemical reactivity with respect to hydrogen

adsorption. Recently, Jhi et al. showed that non-carbon light-

element nanostructured compounds could be potential hydrogen

storages with higher desorption temperatures than carbon-based

materials [9–11]. Here we choose two types of nanotubes to study

the effect of chemical activation on hydrogen adsorption, namely

boron nitride nanotubes (BNTs) and carbon nanotubes (CNTs).

The BNTs have sp2-like bonding as carbon nanotubes and thus

are expected to have high surface area. Previous studies also

showed that hydrogen molecules bind more strongly on BNT

than on CNT [10]. An interesting feature of BNTs is that they

have substantial buckling of B–N bonds and hence a dipole layer

of boron atom and nitrogen atom shells [12,13]. The dipole shell

may induce extra dipole moment in hydrogen, leading to a

stronger adsorption of hydrogen. This feature may in fact be true

for all ionic materials because the (induced) dipole moment of

hydrogen is sensitive to local electric fields. While atomic

substitution in hexagonal boron nitride (hBN) was shown to

increase the chemical reactivity and hydrogen binding strength,

there have been few systematic and atomistic studies on how

chemical activations in nanotubes can affect the adsorption of

hydrogen. It is also interesting to compare the effects of the

activation in different platforms of nanotubes.

2. Computational methods

In order to estimate the heat of adsorption of hydrogen on

candidate materials, a series of total energy calculations based
on ab initio pseudopotential density functional methods were

performed [14]. Computation by these methods can predict key

physical properties of materials such as crystal structure,

electronic and optical properties, transport properties, and gas

adsorption kinetics. Atomic orbitals with double-z polarization

are used for the expansion of single-particle wavefunctions with

a cut-off energy of 80 Ry for real-space mesh construction [15].

We choose 0.01 Ry for the confinement energy shift, which

defines the cut-off radii of the atomic orbitals. The exchange-

correlation interaction of electrons is treated with a generalized

gradient approximation approach (GGA) [16], which is known

to be superior to the local density approximation (LDA) and has

been successful in describing a wide range of interactions. At

each step of the total energy calculations, a full range of

structural relaxation is carried out under the constraint of a fixed

distance between H2 and adsorbents until their Hellmann–

Feynman forces are less than 0.01 eV/Å. Once a set of values

for the total energy as a function of the distance between H2 and

adsorbents has been calculated, the data are fit with Morse

function. The minimum total energy corresponding to the heat

of adsorption and the binding distance, at which the minimum

occurs, are then obtained.

Once the binding energy is obtained, the desorption

temperature and equilibrium pressure of hydrogen can be

estimated from a thermodynamic equation known as the van’t

Hoff equation [8]. For a more accurate estimation, we need to

know the entropy of hydrogen at gas and adsorbed phase,

respectively, at varying temperature and pressure. We assume

that the entropy of adsorbed hydrogen can be approximated as

that of liquid hydrogen and is not sensitive to temperature and

pressure. The temperature (T) and pressure ( p) dependence of

entropy of hydrogen gas was fully considered by fitting the

experimental data [17] to a simple ideal gas-like form,

DSð p; TÞ ¼ S0 þ a p logð pÞ þ aT logðTÞ; (1)

where S0, ap, and aT are fitting parameters. The equilibrium

pressure of hydrogen is plotted in Fig. 1 as a function of

temperature for several hydrogen binding energies. The deso-

rption temperature, which is defined as the temperature that

gives the equilibrium pressure of 1 atm (or more precisely

1 bar), can reach as high as 270 K when the binding energy

is about 30 kJ/mol. We note that the pressure of hydrogen

should go over several hundred bars if we use activated carbons

to store hydrogen at room temperature.

3. Results and discussion

3.1. Atomic substitution

As a starting template, a perfect (10,0) BNT is chosen for

studying the hydrogen adsorption. First, some aspects of

hydrogen binding on the perfect heteropolar nanotube are

briefly given [10], and then the effect of atomic defects in the

nanotube will be discussed. Fig. 2 shows schematic views of

boron nitride nanotubes with: (a) substitutional atomic doping,

(b) 5 � 7 Stone–Wales defect pair, and (c) a hydrogen molecule

on top of the atomic defect. For computation of hydrogen



S.-H. Jhi / Catalysis Today 120 (2007) 383–388 385

Fig. 1. Equilibrium pressures (in atmospheric pressure unit) of hydrogen

adsorption on surfaces are plotted as a function of temperature using van’t

Hoff equation for several binding energies. The entropy change (DS in Eq. [8])

is estimated by subtracting the entropy in liquid phase from that in gas phase at

given temperature and pressure, which is in turn obtained by fitting the

measured data from the literature [17]. The desorption temperature reaches

as high as 270 K when the binding energy is about 30 kJ/mol. For activated

carbons, the binding energy is about 6 kJ/mol and it needs a pressure of several

hundred atmospheric pressure for the full capacity adsorption of hydrogen at

near room temperature.
binding on BNT, the nanotubes are put in a supercell of

triangular lattice with 25 Å tube–tube distance. The wall-to-

wall distance is 17 Å for (10,0) tubes, which is enough to

minimize the effect from adjacent tubes on hydrogen binding.

The H2–H2 distance along the tube axis is about 8.6 Å, and the

intermolecular interaction can be neglected. It is found that

nitrogen atoms move outward by 0.05 Å from boron atom layer,

creating boron and nitrogen dipole shells. Fig. 3 shows the

calculated binding energy curves of hydrogen on: (a) a perfect
Fig. 2. Schematic drawing of the BNT chemically activated by atomic defects. (a) A

Wales defects, and (c) (10,0) boron nitride nanotube with hydrogen (green circles) o

orange circles in all three figures (for interpretation of the references to color in t
and (b) a carbon-doped (10,0) boron nitride nanotube (details

are given below). The difference between the minimum total

energy and that at 7 Å is defined as the binding energy. For the

perfect BNT, the binding is the biggest for hydrogen on top of

the center of hexagon rings, but the difference in energy

between sites is not significant. Compared to carbon nanotubes

(�6 kJ/mol [18–21]), perfect BNTs have about 40% larger

binding energy, and the desorption temperature is estimated to

be about 125 K, well above the liquid nitrogen temperature.

Although TD is still much lower than the room temperature, it

would be of significant importance to be above the liquid

nitrogen temperature for practical applications. In fact, recent

studies by Ma et al. [22,23] showed that boron nitride nanotube

can adsorb hydrogen up to 2.6 wt% at about 10 MPa at room

temperature, which is larger in capacity than multiwall carbon

nanotubes. The nanotubes in that study have bamboo-like

structures and their surface area is not significant (about

200 m2/g) compared to that of high surface area activated

carbon (�2600 m2/g) [24]. Since the capacity of hydrogen

storage depends on the surface area, the study demonstrated

that BNT can be a good hydrogen storage material once high

surface area is achieved, which is in accord with the present

calculations. Synthesis of high surface area BNT at large

quantities is required for enhancing the capacity and also for

future applications [25].

Next, we consider atomic substitutions in BNT to study the

effect of atomistic chemical modifications on hydrogen

binding. First we substitute a boron or nitrogen atom in

BNT by a carbon atom, which can readily form sp2-like

bonding with surrounding B or N atoms. It is well known that

the BNT can retain the sp2-like bonding and hence the tubular

structure even if a substantial amount of boron and nitrogen

atoms are replaced by carbon. For example, it is possible to

control the chemical composition in BxCyNz while maintaining
tomic substitution in BNT with carbon or oxygen (a red circle), (b) 5 � 7 Stone–

n top of activated sites. Boron and nitrogen atoms are depicted as blue and dark

his figure legend, the reader is referred to the web version of the article).
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Fig. 3. Binding energy curves of hydrogen: (a) on a perfect (10,0) boron nitride nanotube with hydrogen on top of hexagon center (HC), boron (B), and nitrogen (N),

respectively, and (b) on a carbon-doped (10,0) BNT with hydrogen on top of the carbon substituting for boron [C(B)] and for nitrogen [C(N)]. There are about 30%

increases of the binding energy near the dopants.
the tubular structure [26]. After structural relaxation, it is found

that the bond length of C–B and C–N is 1.53 and 1.41 Å,

respectively. The C–N bond length is a little bit smaller than that

in a hexagonal carbon nitride and hBN sheet [10,27]. The atomic

substitution is found to increase binding energy on BNT by about

30% as shown in Fig. 3(b), which can be translated into a similar

increase in TD. The binding distance is reduced to about 2.95 Å

for both substitutions compared to that in the perfect BNT. We

note that the enhancement of binding energy is the largest at the

top of carbon atom and becomes less significant at other sites.

Therefore, a moderate doping rate is necessary to have a global

increase of the binding energy. Atomic oxygen is also

considered, but it is found that oxygen changes the bonding

characteristics of BNT significantly compared to carbon. For

oxygen substituting for boron, one of the three O–N bonds is

broken at structural relaxation, which indicates that a direct

substitutional doping by oxygen may lead to a structural

instability of the BNT. Other structural modifications such as

5 � 7 Stone–Wales defects as shown in Fig. 2(b) are also found to
Fig. 4. Schematic drawing of: (a) an (10,0) activated carbon nanotube and (b) an (1

created by removing boron (blue) and nitrogen atoms (dark orange) and then subst

applied for activating CNT (carbon atoms colored in blue). Hydrogen molecule (g

nanotubes (for interpretation of the references to color in this figure legend, the re
increase the binding energy but their effect is less significant than

the chemical doping [10]. The enhancement of binding energy of

hydrogen on atomic defects suggests that chemical modifications

of sp2 bonding in BNT can lead to higher binding energies. The

local dipole moments at the defect sites may induce a stronger

dipole–dipole interaction between hydrogen and the nanotube.

Atomic substitution in CNT leads to a similar increase in binding

energy, but the enhanced binding energy is smaller than that in

perfect and carbon-doped BNTs [21]. For CNT, a somewhat large

binding energy is obtained for oxygen-dimer (O2) substitutional

doping of about�18 kJ/mol. Drastic changes in the bonding tend

to increase the hydrogen binding energy, and next we study a

more strained chemical modification of the nanotubes.

3.2. Activation through heavy oxygenation of nanotubes

In recent studies, it was found that porous glassy B2O3 can

have a quite large hydrogen binding energy [9,10]. The

enhancement of binding energy was attributed to the pores in
0,0) activated boron nitride nanotube. The active sites in the activated BNT are

ituting neighboring atoms by oxygen atoms (red). The same procedure is also

reen) is put on top of the activated sites to calculate its binding energy on the

ader is referred to the web version of the article).
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B2O3, which contain strong ionic B–O bonds and lone-pair

electrons from oxygen. We extend this observation to

nanotubes and study the effect of chemical activations that

mimic the pore structures. The (10,0) zigzag nanotube structure

is chosen for both types of nanotubes. Fig. 4 shows a schematic

view of an activated: (a) (10,0) carbon and (b) (10,0) boron

nitride nanotube studied here, respectively. To emulate the

chemical activation that can create similar structures as the

pores in B2O3, one or two carbon atoms are removed from the

nanotubes, and then the atoms neighboring the vacancy are

replaced by oxygen atoms. The vacancy–oxygen complexes

also resemble the oxygenated edge-structures in activated

graphite. The bond length of C–O bonds in the carbon nanotube

is obtained to be about 1.38 Å, which is in between the bond

length of a single (1.43 Å) and a double C–O bond (1.20 Å).

Without hydrogen adsorption, the activated CNT has a radial

deformation due to the strain induced by CO bonds. The radial

deformation, however, is much reduced when hydrogen binds

to the nanotubes. For the activated BNT, the B–O and N–O

bond lengths are found to be about 1.38 and 1.46 Å,

respectively. The B–O bond length is close to that in B2O3

while the N–O bond length is larger than those of both single-

and double-bonded N–O.

In order to study the adsorption of hydrogen on such

activated nanotubes, a hydrogen molecule is put on top of the

sites activated by oxygen. The bond length of hydrogen

molecule changes very little upon adsorption. A direct chemical

bonding between oxygen and hydrogen atoms is not observed

during atomic relaxations, and the reaction barrier for the

bonding is estimated to be larger than 1.5 eV. It is interesting to

note that there is a small charge transfer from nanotube to

hydrogen of about 0.05 electron/H2 as estimated from the

Mulliken population analysis. The charge transfer in the

oxygen-activated nanotubes is comparatively larger than that in

non-activated nanotubes. This implies that the hydrogen

adsorption on activated nanotubes may not be a pure

physisorption type. The hydrogen binding energy on the

activated nanotubes was calculated to be about 22–29 kJ/mol as

shown in Fig. 5. The calculated energy is in a marginal energy
Fig. 5. Binding energy curves of hydrogen on top of activated boron nitride and

carbon nanotubes, where the subscript n in On-CNT (BNT) is the number of

oxygen atoms neighboring the vacancy in the active sites.
range for physisorption. Nonetheless, the increase of the

binding energy on top of the activated sites is mostly due to

larger contact area for hydrogen binding, which is a signature of

physisorption. For the activated CNTs, it was found that the

binding distance and energy are correlated: the shorter the

binding distance the larger the binding energy. The binding

energy is calculated to be about 29 kJ/mol with a binding

distance of about 2 Å while it is 20 kJ/mol at 2.5 Å.

The pore size is critical in determining the binding distance

and hence the binding energy. Such an effect is found less

significant for boron nitride nanotubes. Previous calculations

of hydrogen binding on B2O3 also showed that the energy

depends on the size of the pores on which the hydrogen is

adsorbed [11]. The optimal pore size is also estimated for CNT,

and details are given below. Calculated binding energies are in

a range right enough that the desorption temperature (or

operating temperature of hydrogen storages) could reach as

high as about 270 K.

Creating such chemically activated nanotubes can be

achieved relatively easily. Recent high-resolution transmission

electron microscopy images show that vacancies are created

and remain stable in graphite [28]. Structural defects including

vacancies in nanotube and graphite can be created by high-

energy ion or electron bombardment, or from processing

conditions [29–32]. Oxygen molecules react with such defects

in graphite, which leads to the formation of oxidized pits. A

direct substitution of carbon by oxygen is also possible by wet

chemistry or ‘‘molecular surgery’’ applied to nanotubes [33].

Little is known about oxidization of BNTs, but similar methods

used in CNTs may be applicable to oxygenating BNTs.

3.3. Hydrogen diffusion through pores

Another interesting issue is the diffusion of molecular

hydrogen through the pores of the active sites. In order to

estimate the optimal (or minimum) size of pores for efficient

hydrogen diffusion, the barrier height of the diffusion is

calculated on pores of various sizes. The pores are constructed

in such a way that carbon and oxygen atoms make a backbone

similar to the porous structures in activated nanotubes. The

model pore structures are constructed based on macrocyclic

polyethers known as crown ethers. It was found that the

structure remains quite rigid during structural relaxations. In

the present configuration, hydrogen atoms are symmetrically

attached to carbon atoms [34]. Therefore, the model molecules

have mirror symmetry with respect to the plane containing

carbon atoms. The chemical bonding at the pores is almost

identical to that in the activated CNT considered here.

Fig. 6 shows the calculated sorption energy curves at varying

hydrogen–pore distances. The optimum size of pores was

estimated to be about 6 Å, which gives a binding energy of

about 30 kJ/mol and a negligible energy barrier for hydrogen

diffusion. It is interesting to compare the optimum pore size of

6 Åwith that in boron oxides, which have a similar size of pores

for efficient hydrogen diffusion [11]. This implies that local

chemistries near the binding sites are more critical than the

overall compositions of adsorbents for hydrogen binding and
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Fig. 6. Calculated binding energy curves of hydrogen on the pores of various

sizes. The difference between the energy at the optimum distance, where the

energy is lowest, and that at 0 Å is considered as the energy barrier for hydrogen

diffusion through the pores.
diffusion. Studies of direct introduction of such large pores into

nanotubes are underway.

A heavy oxidization of carbons could also create similar

surface chemistries and pore structures for strong hydrogen

sorption [35]. With sufficient pores and oxidization as well as

high surface area, activated carbons, nanotubes, or polymers

could be good candidate media for storing hydrogen near room

temperatures, which needs further experimental tests.

4. Conclusions

The hydrogen adsorption on activated boron nitride and

carbon nanotubes is studied by quantum mechanical simula-

tions. It is found that the binding energy of hydrogen can reach

as high as 29 kJ/mol at activated sites in the nanotubes. Their

desorption temperature is estimated to be close to room

temperature. This study shows that severe chemical treatments

such as peroxidation can lead to a drastic increase of hydrogen

binding energy on nanotubes, thus demonstrating a possibility

of designing room temperature hydrogen storage based on

atomistic simulations.
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