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Abstract The potential energy curve for the adsorption of

a hydrogen molecule by a truncated hollow sphere con-

sisting of carbon atoms was evaluated by using the Len-

nard–Jones function for the pair interaction between a

carbon atom and a hydrogen molecule. The sphere surface

was regarded as a continuum with a uniform density

identical to that of a graphite layer. The lower limit of the

potential was found to be -200 meV when the sphere had

a radius of 3.4 Å and no opening. By increasing the radius

of the opening to 2.9 Å, the energy barrier for an incoming

molecule disappeared and the lower limit increased to

-150 meV, which is three times as deep as that observed

for a graphite surface. The Langmuir isotherm for the

truncated sphere of this size was evaluated based on the

eigenvalues of the potential curve. We found that the

pressure yielding a half occupancy was\50 bar at a tem-

perature below 250 K. This indicates that a carbon pore

with this shape and size can store a hydrogen molecule

under mild conditions.

1 Introduction

A secure hydrogen storage system with small size and light

weight is indispensable for transportation, stationary, and

portable applications of fuel cells and also for hydrogen

delivery and refueling facilities. Currently, fuel cell

vehicles need 4–10 kg of hydrogen to travel a distance of

approximately 480 km and require the storage of this

amount in the fuel tank with a volumetric density of

40–70 g/L and a gravimetric density of 5.5–7.5 wt% [1].

The storage systems currently under development or

investigation can be classified into two categories: physical

storage by compression or liquefaction and materials-based

storage by physisorption or chemisorption. Currently, high-

pressure compressed tanks have achieved storage densities

of 17–25 g/L and 2.8–4.4 wt% under pressures between

350 and 700 bar and have been adopted in prototype or

commercial vehicles [1]. However, to manage hydrogen

safely and to reduce the energy for compression, hydrogen

should be stored at lower pressures and this restriction

necessitates the development of materials-based storage. At

present, the main problems involving materials-based

storage are the increase of storage density without cryo-

genic conditions for physisorption materials and control of

the kinetics during the adsorption/desorption process for

chemisorption materials.

Turning our interest to physisorption materials, hydro-

gen gas is usually adsorbed under cryogenic conditions

because the adsorption force acting on a hydrogen mole-

cule is very weak owing to its small polarizability. To

operate hydrogen storage near-ambient temperature and

moderate pressures, the substrates need to increase the

adsorption energy to 150 meV per hydrogen molecule [2].

Among the physisorption materials, carbon materials, such

as activated carbons and carbon nanotubes, have been ex-

tensively studied because they adopt various porous

structures with high stability and low weight. However,

their hydrogen adsorption energies are about 50 meV [3,

4], and their storage densities are less than those of the

high-pressure tanks even under cryogenic conditions [5].

Conversely, theoretical studies predict that carbon
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materials can increase their adsorption energies to

100 meV or higher and achieve a large storage density if

their pore size is around 7 Å [6–8]. This prediction is

consistent with the experimental observation that the hy-

drogen storage in carbon materials increases with a de-

crease of the pore size to 7 Å or below [9]. A lot of

research into the optimal pore size of the carbon nanotubes

and carbon slits has been performed using various methods

[10–21].

Previously, we evaluated the hydrogen adsorption en-

ergies of nanocarbons with different shapes and sizes by

using the Lennard–Jones potential function and determined

the optimum nanostructure for storage [21]. The shapes of

the nanocarbons we examined were a pair of disks, a

cylinder with open ends, and a truncated sphere. Situating a

hydrogen molecule in each cavity, we calculated the ad-

sorption potential curve with various cavity sizes and ob-

tained the lower limit of the potential depth and the

optimum cavity width: -94 meV for a pair of infinite disks

with a separation of 5.78 Å, -158 meV for an infinite

cylinder with a diameter of 6.28 Å, and -203 meV for a

closed sphere with a diameter of 6.74 Å. The potential

depth of the pair of finite disks approached the lower limit

when the disk diameter was larger than three times the

optimum separation and that of the finite cylinder ap-

proached the limit when the cylinder length was greater

than double the optimum diameter. The potential depth of

the truncated sphere became half the limit when the

opening diameter increased to the sphere diameter. These

results suggest that the carbon cavity with cylindrical or

spherical shape can increase the adsorption energy to

nearly 150 meV if they have appropriate dimensions, and

they will serve as the adsorption sites of the hydrogen

storage materials working under mild conditions.

The optimum diameters of the cylinder and the sphere

are close to the diameters of the narrowest carbon nanotube

(*7 Å) and of C60 (7.12 Å), respectively. Carbon nan-

otubes are sonicated with acid to make the openings [22].

The opening on a C60 molecule can be made by a chemical

process [23], and the encapsulation of a hydrogen molecule

by the opening has been clearly demonstrated [24].

Therefore, in this paper, we investigate the hydrogen ad-

sorption by a truncated carbon sphere under finite tem-

peratures and pressures based on the Langmuir isotherm

derived from the adsorption potential curve. In Sect. 2, we

derive the adsorption potential curve using the Lennard–

Jones potential function regarding the sphere surface as a

continuum with a uniform density. In Sect. 3, we draw the

Langmuir isotherm based on the adsorption eigenvalues

calculated by the Wentzel–Kramers–Brillouin (WKB) ap-

proximation and give a crude estimation of the storage

density of the material consisting of truncated carbon

spheres based on the crystal structure of C60. The

descriptions of the symbols used in this paper are sum-

marized in the ‘‘Appendix’’.

2 The potential energy curve for the adsorption
of a hydrogen molecule by a hollow sphere
consisting of carbon atoms

We derive the adsorption potential function of a hydrogen

molecule bound in a truncated carbon sphere following the

theory used in our previous paper [21]. We adopt the

Lennard–Jones function for the pair interaction between a

carbon atom and a hydrogen molecule separated by dis-

tance r. This is given by

VLJ rð Þ ¼ 4�C�H2

rC�H2

r

� �12

� rC�H2

r

� �6
� �

; ð1Þ

where �C�H2
and rC�H2

denote the potential depth and the

distance at which VLJ crosses zero, respectively. This

function has been used widely for a long time despite its

obvious defects because it facilitates the analytical calcu-

lations [25].

Assuming the carbon atoms are continuously distributed

on the sheet with a uniform density qs, the adsorption en-

ergy can be obtained by integrating VLJ over the sheet,

W ¼ qs

Z

r

VLJ rð Þdr; ð2Þ

where dr denotes the surface element of the sheet. In the

case of a single graphene sheet with an infinite size, the

adsorption energy of a hydrogen molecule located at

the distance d above the sheet is calculated as [26]

Wsg dð Þ ¼ Dsg

3
2

dsg

d

� �10

�5
dsg

d

� �4
" #

; ð3Þ

where Dsg and dsg denote the potential depth and the op-

timum distance, respectively, giving the minimum energy

-Dsg. They are given as

Dsg ¼ 6

5
pqsr

2
C�H2

�C�H2
; ð4Þ

dsg ¼ rC�H2
: ð5Þ

The values of �C�H2
, rC�H2

, and qs used in this paper are

shown in Table 1. Values of �C�H2
and rC�H2

were adopted

from a scattering experiment of a hydrogen molecule from

the (0001) graphite surface [3], and that of qs was made to

be identical to the surface density of the carbon layer of

graphite.

The reliability of the whole methodology employed in

our study depends on the degree of the accuracy of Eq. (2)

obtained by integrating the Lennard–Jones potential over
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the carbon surface. The adopted values of the Lennard–

Jones parameters (�C�H2
and rC�H2

) were determined by

using the potential function derived from Eq. (3) (hence

from Eq. 2) by summing up the attractive parts over the

graphite layers and these parameters succeeded to repro-

duce the energy eigenvalues of the hydrogen adsorption on

the graphite surface measured by the experiment [3]. These

values yield Dsg = 46.8 meV and dsg = 2.89 Å, which are

close to those of the hydrogen adsorption on aromatic

hydrocarbon molecules as calculated by the quantum che-

mical methods [13, 27]. The adoption of these parameter

values is consistent with the use of Eq. (2). We suppose the

use of Eq. (2) with those adopted parameters leads quan-

titatively credible results.

We examined the binding energy of a hydrogen mole-

cule adsorbed in a truncated hollow sphere consisting of

carbon atoms. In Fig. 1, we show the geometry of the

truncated sphere with radius d and opening radius a. The

origin of the system is located at the center of the sphere

and the z-axis is drawn through the center of the opening.

The axis crosses the opening at z = d cos ha, where ha

represents the azimuthal angle of the opening edge

(ha ¼ sin�1a=d). Adding a hydrogen molecule at a position

along the z-axis and integrating Eq. (2) with respect to the

azimuthal angle of the carbon surface h from ha to p with

substitutions r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ z2 � 2dz cos h

p
and dr ¼ 2pd2

sin hdh, we obtain the adsorption energy in the form as

W z; d; að Þ ¼ D

3

1

10 z=dð Þ
1

1 � 2 z=dð Þ cos ha þ z=dð Þ2
h i5

2
64

8><
>:

� 1

1 þ z=dð Þ½ �10

#
de

d

� �10

� 5

8 z=dð Þ
1

1 � 2 z=dð Þ cos ha þ z=dð Þ2
h i2

2
64

� 1

1 þ z=dð Þ½ �4

#
de

d

� �4
)
;

ð6Þ

where D and de denote the potential depth and the optimum

sphere radius, respectively, giving the minimum energy

-D at z = 0 when a = 0. They are given by

D ¼ 8
2

5

� �2=3

Dsg; ð7Þ

de ¼
5

2

� �1=6

dsg: ð8Þ

The D is about 4.4 times as large as Dsg, and the de is about

1.2 times as large as dsg. The values of D and de are

203 meV and 3.37 Å, respectively.

The form of Eq. (6) was derived without any ap-

proximation, and it holds for any position along the z-axis.

In Eq. (6), the term proportional to (de/d)10 represents the

repulsive component and the term proportional to (de/d)4

represents the attractive component of the potential. Both

components include the factor having the form of

(z/d)-1{[1 - 2(z/d) cos ha ? (z/d)2]-n - [1 ? (z/d)]-2n}.

In the case, when we can divide the carbon surface into the

upper and lower parts at h ¼ cos�1z=2d where r becomes

equal to d, the first term of this factor arises from the

integration of the upper part and the second term arises

from that of the lower part. They increase or decrease the

potential components when the hydrogen molecule ap-

proaches or leaves these parts by moving along the z-axis.

The first term depends on the size of the opening through

the cos ha term.

Table 1 The values of the

parameters used in the hydrogen

adsorption potential

qs (Å-2) �C�H2
(meV) rC�H2

(Å) Dsg (meV) dsg (Å) D (meV) de (Å)

0.382 3.89 2.89 46.8 2.89 203 3.37

qs, the surface density of the nanocarbon; �C�H2
, the depth of the Lennard–Jones potential between C and

H2; rC�H2
, the distance parameter of the potential; Dsg, the potential depth of the H2 adsorption by an

infinite single carbon sheet; dsg, the distance from the sheet giving the potential minimum; D, the potential

depth of the H2 adsorption by a closed carbon sphere; de, the radius of the sphere giving the potential

minimum

Fig. 1 The geometry of the truncated carbon sphere: d, the radius of

the sphere; a, the radius of the opening; ha, the azimuthal angle of the

opening edge. The H2 molecule enters the sphere along the z-axis

passing through the center of the opening
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In the case of d = de, the adsorption energy of the

truncated sphere at z = 0 is given by

W 0; de; að Þ ¼ � cos2 ha=2ð ÞD: ð9Þ

This formula gives -0.93D, -0.75D, and -0.50D when

a = 0.50de (ha = p/6), 0.87de (p/3), and de (p/2), respec-

tively. In Fig. 2, we show the adsorption potential energy

curve of the sphere with radius de upon changing a from

zero to de. The curve becomes shallow with the increase of

a. The deepest minimum of each curve is found near the

origin, and its depth is close to that given by Eq. (9). The

maximum, located near the opening at z = d cos ha, de-

creases as a increases. These maxima show negative values

when a exceeds 0.74de (ha = p/4) and are not observed

when a approaches 0.87de (ha = p/3). At a = 0.87de, the

curve shows a smooth decrease until the incoming mole-

cule reaches the minimum and a steep increase as the

molecule approaches the opposite side of the opening. The

minimum of this curve is -154 meV.

3 The Langmuir isotherm of hydrogen adsorption
by the truncated sphere

We have shown that the carbon sphere with a radius of de

truncated at ha = p/3 has thermodynamic and kinetic ad-

vantages for hydrogen storage because of the deep ad-

sorption potential and lack of energy barrier. We then

examined the hydrogen adsorption by this sphere under

finite temperatures and pressures based on the Langmuir

isotherm, which we derived by using the statistical me-

chanics method. We need the eigenvalues of the adsorption

potential curve to obtain the partition function of the ad-

sorbed molecule. In Table 2, the eigenvalues calculated by

the WKB method are shown with those of the hydrogen

adsorption on the (0001) graphite surface obtained by

experiment [3]. The number of bound states used to eval-

uate the partition function is 16 for the sphere and 6 for the

graphite surface. The lowest eigenvalue of the sphere is

-144 meV, which is about three times lower than that of

the graphite surface. In Fig. 3, the levels of the bound

states are shown with the potential curve. The bottom of

the curve (-154 meV) is located at z = -0.13 Å. The

farthest turning point of the hydrogen molecule bound in

the sphere is about 2de.

Fig. 2 The potential energy

curve with respect to the

position of the H2 molecule

adsorbed by the truncated

carbon sphere with a radius of

de (=3.37 Å). The curve was

plotted by changing the opening

radius a from 0 to de. The

deepest minimum -D (= -

203 meV) was obtained at

z = 0 when a = 0

Table 2 The eigenvalues of the potential energy curve of the H2

adsorption by the truncated carbon sphere and those by the (0001)

graphite surface

n �n (meV)

Truncated sphere Graphite surface

0 -143.6 -41.6

1 -124.3 -26.4

2 -107.0 -15.3

3 - 91.6 -8.0

4 -78.1 -3.6

5 -66.5 -1.5

6 -56.5

7 -47.4

8 -38.9

9 -30.8

10 -23.4

11 -16.7

12 -10.9

13 -6.2

14 -2.8

15 -0.8

The radius of the sphere and that of the opening are de and
ffiffiffi
3

p
=2de,

respectively. The eigenvalues of the sphere were calculated by the

WKB method, and those of the graphite surface were obtained by

experiment [3]
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We propose a hydrogen adsorption substrate consisting

of truncated spheres with each sphere adsorbing up to one

hydrogen molecule. The occupancy of the sphere at pres-

sure p and temperature T is given by the Langmuir

isotherm,

h p; Tð Þ ¼ p

pþ p0 Tð Þ ; ð10Þ

where p0(T) denotes the pressure giving a half occupancy

of the site at the given temperature and its reciprocal gives

the equilibrium constant for the adsorption. This is given

by [28]

p0 Tð Þ ¼ zgas Tð Þ
zads Tð Þ kBT; ð11Þ

where zgas(T) and zads(T) denote the molecular partition

function of the hydrogen gas per unit volume and that of

the adsorbed molecule in the sphere, respectively. We re-

gard the hydrogen molecule as both a point particle with

mass m in the gas phase and one moving along the one-

dimensional potential curve in the bound state. The parti-

tion functions are given by

zgas Tð Þ ¼ 2pmkBT

h2

� �3
2

ð12Þ

for the gas molecule, and

zads Tð Þ ¼
X
n

e��n=kBT ð13Þ

for the adsorbed molecule, where �n denotes the nth

eigenvalue of the potential.

Table 3 presents the value of p0(T) of the truncated

sphere and that of the graphite surface for temperatures

between 60 and 300 K. The p0(T) of the truncated sphere is

212 bar at 300 K and becomes lower than 52 bar at tem-

peratures below 250 K. Conversely, p0(T) of the graphite

surface shows larger values than those of the sphere at the

same temperatures. The p0(T) decreases to 47 bar when the

temperature is lowered to 100 K.

Figure 4 shows the isotherms at these temperatures for

the truncated sphere and the graphite surface. The dashed

lines in the figure are the contributions from the lowest

eigenvalues. The isotherm of the truncated sphere at 250 K

shows that the occupancy exceeds 0.8 when the pressure

exceeds 208 bar. At 200 K, the occupancy reaches 0.8 at

28 bar. At 150 K, the occupancy approaches 1 under lower

pressures, and almost all the molecules are bound in the

lowest state. The graphite surface requires lower tem-

peratures to achieve a large occupancy under low pressures

compared with the truncated sphere. The occupancy ex-

ceeds 0.8 under pressures over 188 bar at 100 K and 24 bar

at 77 K. The occupancy approaches 1 under lower pres-

sures when the temperature is lowered to 60 K.

We estimated the storage density of the substrate by

assuming that the substrate forms an fcc lattice which is

identical to that of C60. The lattice constant of a C60 crystal

is 14.15 Å, and the radius of C60 sphere is 3.56 Å [29]. The

unit cell of the fcc lattice has a net total of four lattice

points and four octahedral and eight tetrahedral voids

which use the lattice points as their vertexes. Therefore, we

have four octahedral adsorption sites and eight tetrahedral

sites between the spheres in addition to the four sites in the

spheres. The distance from the center of the octahedral site

to the sphere surface (opening) is 3.52 (5.30) Å and that

from the center of the tetrahedral site to the sphere surface

(opening) is 2.61 (4.39) Å. These sizes allow each site to

accept one hydrogen molecule. The volume of the cell

removing the truncated spheres becomes more than ten

times as large as that of the sphere, so that each site has

room to accept about one hydrogen molecule on average.

Therefore, we consider that the unit cell has up to 16 ad-

sorption sites, which gives a maximum storage density of

Fig. 3 The levels of the eigenvalues for the adsorption potential

curve of the H2 molecule bound in the truncated carbon sphere with

the radius of de (=3.37 Å) and the opening radius of a ¼
ffiffiffi
3

p
=2de

(=2.92 Å). The eigenvalues were calculated by the WKB method

Table 3 The half-occupancy pressure of the Langmuir isotherm at

the temperature T for the truncated carbon sphere and the (0001)

graphite surface

T (K) p0(T) (bar)

Truncated sphere Graphite surface

60 2 9 10-9 6 9 10-1

77 1 9 10-6 6

100 4 9 10-4 47

150 2 9 10-1 508

200 7 1896

250 52 4574

300 212 8798

The radius of the sphere and that of the opening are de and
ffiffiffi
3

p
=2de,

respectively
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18.9 g/L to the substrate. The intersphere sites possibly

show large adsorption energies because the pore size is

close to the optimum value (*7 Å). For simplification in

the analysis, we assume that the all adsorption sites have

the same value of p0(T).

The number of hydrogen molecules per unit volume of

the substrate and that of the gas are given, respectively, by

Nads
H2

p; Tð Þ ¼ Nsiteh p; Tð Þ; ð14Þ

N
gas
H2

p; Tð Þ ¼ p

kBT
; ð15Þ

where Nsite denotes the number of the adsorption sites in

the substrate per unit volume. The gradient of Nads
H2

ðp; TÞ
with respect to p gives Nsite=p0ðTÞ at p = 0. Therefore, for

Nads
H2

ðp; TÞ to be larger than N
gas
H2

ðp; TÞ under a constant

temperature, the Nsite must satisfy the condition,

Nsite [
p0ðTÞ
kBT

: ð16Þ

This condition gives the lower limit of Nsite,

N0ðTÞ ¼
p0ðTÞ
kBT

: ð17Þ

The range of pressures where Nads
H2

ðp; TÞ exceeds N
gas
H2

ðp; TÞ
under a constant temperature is given by

0\p\ Nsite � N0ðTÞ
	 


kBT : ð18Þ

At the maximum pressure,

pmaxðTÞ ¼ Nsite � N0ðTÞ
	 


kBT; ð19Þ

Nads
H2

ðp; TÞ coincides with N
gas
H2

ðp; TÞ and becomes

Nads
H2

pmax; Tð Þ ¼ Nsite � N0ðTÞ ð20Þ

This equation indicates that N0ðTÞ refers to the density of

vacant sites at pmax.

Using Eq. (11), we can rewrite Eq. (17) as

N0 Tð Þ ¼ zgas Tð Þ
zads Tð Þ : ð21Þ

This equation determines the lowest eigenvalue of the

potential (�0) necessary to make Nads
H2

ðp; TÞ larger than

N
gas
H2

ðp; TÞ if the eigenvalues other than �0 can be ignored.

This is given by

�0 ¼ �kBT ln
zgas Tð Þ
N0ðTÞ

: ð22Þ

The right-hand side of this equation represents the chemi-

cal potential of the gas molecule with the density of N0ðTÞ.
When Nsite is equivalent to the number of hydrogen

molecules corresponding to the target density of 40 g/L

(i.e., 34 molecules in the unit cell under consideration) and

the storage is performed at 300 K, �0 is required to be

deeper than -140 meV because N0 Tð Þ must be smaller

than Nsite for the storage density to exceed the gas density.

The �0 needs -160 meV to occupy 50 % of Nsite at

pmaxðTÞ ¼ 250 bar, and it needs -200 meV to occupy

90 % of Nsite at pmax Tð Þ ¼ 450 bar. To strengthen hydro-

gen binding, adding Li or Be atoms into carbon cavities is

one of the methods [27].

We estimate the values of N0ðTÞ and Nads
H2

pmax; Tð Þ of

the substrate by assuming that the adsorption sites in the

substrate have the same p0(T) as the truncated sphere with

the optimum radius (3.37 Å). Taking the volume of the unit

cell as unity, we show these values with volumetric and

gravimetric densities in Table 4. At 300 K, N0ðTÞ becomes

14.5 and this value restricts Nsite to 16. These values yield a

Nads
H2

pmax; Tð Þ of 1.5 at pmax Tð Þ = 21 bar, where the occu-

pancy is 0.1. The volumetric and gravimetric densities are

1.7 g/L and 0.1 wt%, respectively. At 250 K, N0ðTÞ be-

comes 4.2 and this restricts Nsite to 8–16. The value of

Nads
H2

pmax; Tð Þ increases from 3.8 (at 46 bar) to 11.8 (at

143 bar) with the increase of Nsite from 8 to 16. Along with

Fig. 4 Langmuir isotherms of the H2 adsorption by carbon materials: a the truncated carbon sphere with a radius of de (=3.37 Å) and an opening

radius of a ¼
ffiffiffi
3

p
=2de (=2.92 Å), b the (0001) graphite surface. The dashed lines are the contributions from the lowest eigenvalues
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this change, the occupancy increases from 0.46 to 0.73.

The volumetric and gravimetric densities were 4.4–13.9 g/L

and 0.4–1.1 wt%, respectively. Below 200 K, N0ðTÞ
becomes lower than 1 and all sites are available. At 200 K,

Nads
H2

pmax; Tð Þ increases from 3.3 (at 32 bar) to 15.3 (at

149 bar) with the increase of Nsite from 4 to 16. The

occupancy changes from 0.83 to 0.96. The volumetric and

gravimetric densities were 3.9–18.1 g/L and 0.3–1.4 wt%,

respectively. At 150 K, all sites are occupied at pmaxðTÞ.
The Nads

H2
pmax; Tð Þ reaches the upper limit of 16.0 at

117 bar. This yields 18.9 g/L for the volumetric and

1.5 wt% for the gravimetric densities.

4 Conclusions

We showed that the truncated carbon sphere with a radius

of 3.37 Å adsorbed a hydrogen molecule with large ad-

sorption energy (*150 meV) and no energy barrier when

the opening radius was 2.92 Å. The Langmuir isotherm of

this sphere showed that the occupancy exceeded 0.5 at

lower pressures than 50 bar at temperatures below 250 K.

This indicates that the sphere can store hydrogen molecules

under mild conditions. We suggest a substrate consisting of

the truncated spheres which form an fcc lattice identical to

that of the C60 crystal. Assuming that the substrate had up

to 16 adsorption sites in the unit cell, we obtained the

maximum storage density of 18.9 g/L at 117 bar and

150 K, where all sites were occupied.

We showed that Nsite and N0ðTÞ controlled the storage

density. The former is a structural quantity depending on the

shape and size of the adsorption site, and the latter is an

energetics quantity determined by the eigenvalues of the

adsorption potential inherent to the adsorption site. To

achieve a large amount of storage, the substrate should in-

crease the density of the adsorption sites by optimizing their

shape and size to give them large adsorption energies. We

propose hydrogen adsorption in the intrasphere and inter-

sphere sites. However, the adsorption sites should take

polyhedral structures that fill the unit cell to maximize the

number of adsorption sites in the cell which distributes the

large adsorption energy equally to each site. We need 34

adsorption sites in the unit cell to achieve the target density

of 40 g/L. Creating these sites in carbon materials is likely to

be impossible judging from the optimum size of the carbon

pore. To approach the target volume density with Nsite � 16,

some or all sites must adsorb more than two molecules. This

requires greater adsorption potential energies.
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Appendix: List of symbols

Table 4 The extent of

hydrogen storage at the

temperature T in the fcc unit cell

of the substrate consisting of the

truncated spheres

T (K) Nsite N0ðTÞ pmax(T) (bar) Nads
H2

ðpmax; TÞ dv (g L-1) dg (wt%)

150 4 0.0 29 4.0 4.7 0.4

8 58 8.0 9.4 0.7

12 87 12.0 14.1 1.1

16 117 16.0 18.9 1.5

200 4 0.7 32 3.3 3.9 0.3

8 71 7.3 8.7 0.7

12 110 11.3 13.4 1.1

16 149 15.3 18.1 1.4

250 8 4.2 46 3.8 4.4 0.4

12 95 7.8 9.2 0.7

16 143 11.8 13.9 1.1

300 16 14.5 21 1.5 1.7 0.1

Nsite, the number of the adsorption sites in the unit cell; N0ðTÞ, the lower limit of the Nsite; pmax(T), the

pressure at which the substrate has the same density as the gas; Nads
H2

ðpmax; TÞ, the number of H2 molecules

in the unit cell at pmax(T); dv, the volumetric density; dg, the gravimetric density. The Nads
H2

ðpmax;TÞ is given

by Nsite � N0ðTÞ

Symbols Description

�C�H2
Lennard–Jones potential depth between C and H2

�n The nth eigenvalue of the potential energy curve for the

H2 adsorption

h Azimuthal angle of the surface of the truncated carbon

sphere

ha Azimuthal angle of the opening edge on the truncated

carbon sphere
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continued

Symbols Description

h(p, T) Occupancy of the H2 adsorption site given by the

Langmuir isotherm

qs Surface density of the carbon sheet

rC�H2
Lennard–Jones distance parameter between C and H2

a Opening radius of the truncated carbon sphere

d Radius of the truncated carbon sphere or the distance

between H2 and an infinite single carbon sheet

de Equilibrium radius of the closed carbon sphere for the H2

adsorption

dg Gravimetric H2 density of the substrate

dr Surface element of the carbon surface

dsg Equilibrium distance between H2 and an infinite single

carbon sheet

dv Volumetric H2 density of the substrate

D Potential depth of the H2 adsorption by the closed carbon

sphere

N0ðTÞ Lower limit of the number density of the H2 adsorption

sites

Nsite Number density of the H2 adsorption sites

Nads
H2

ðp;TÞ Number density of adsorbed H2 molecules in the

substrate

N
gas
H2

p;Tð Þ Number density of gaseous H2 molecules

p0(T) Half-occupancy pressure of the Langmuir isotherm for

the H2 adsorption

pmaxðTÞ Pressure at which the substrate has the same H2 density

as the gas

r Distance between C and H2

z Position of the H2 molecule adsorbed by the truncated

carbon sphere

zads(T) Molecular partition function of the adsorbed H2 molecule

zgas(T) Molecular partition function of the gaseous H2 molecule

per unit volume

VLJ rð Þ Lennard–Jones potential

W Integral form of the H2 adsorption energy

Wsg dð Þ H2 adsorption energy by an infinite single carbon sheet

W(z, d, a) H2 adsorption energy by the truncated carbon sphere
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