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Abstract: H2 and D2 adsorption on single-wall carbon nanohorns (SWNHs) have been measured at 77 K,
and the experimental data were compared with grand canonical Monte Carlo simulations for adsorption of
these hydrogen isotopes on a model SWNH. Quantum effects were included in the simulations through
the Feynman-Hibbs effective potential. The simulation predictions show good agreement with the
experimental results and suggest that the hydrogen isotope adsorption at 77 K can be successfully explained
with the use of the effective potential. According to the simulations, the hydrogen isotopes are preferentially
adsorbed in the cone part of the SWNH with a strong potential field, and quantum effects cause the density
of adsorbed H2 inside the SWNH to be 8-26% smaller than that of D2. The difference between H2 and D2

adsorption increases as pressure decreases because the quantum spreading of H2, which is wider than
that of D2, is fairly effective at the narrow conical part of the SWNH model. These facts indicate that quantum
effects on hydrogen adsorption depend on pore structures and are very important even at 77 K.

I. Introduction

Hydrogen adsorption in carbonaceous materials has received
considerable attention in recent decades.1-9 The hydrogen
storage capacity of single-wall carbon nanotubes (SWNTs) and
graphitic slit pores has often been investigated by simulating
their hydrogen adsorption under the assumption that hydrogen
can be modeled as a classical fluid above 77 K.10-12 Wang et
al., however, have recently developed a path-integral grand
canonical Monte Carlo (PI-GCMC) technique to explore the

statistical properties of quantum fluids13 and have used PI-
GCMC simulation to study hydrogen storage capacity of
SWNTs and graphitic slit pores.14 Surprisingly, they showed
that even at 298 K quantum effects are important for adsorption
in the interstices of SWNT bundles; the interstitial adsorption
of hydrogen predicted by the quantum simulations is quite
smaller than that predicted by classical simulations. Challa et
al. used the PI-GCMC simulations to determine selectivities of
hydrogen isotopes for SWNTs through quantum molecular
sieving above 20 K15,16and found that the selectivity of tritium
over hydrogen in the (10,10) nanotube interstice is extremely
large at 20 K and is still significant at 77 K, even though
quantum effects diminish dramatically as temperature increases.
Darkrim et al.17-19 investigated hydrogen adsorption on SWNTs
at 293 and 77 K by using GCMC simulations with quantum
effective potential derived from the Feynman-Hibbs (FH)
perturbative approach.20,21 They showed that the hydrogen
adsorption at 298 K predicted by quantum simulations based
on the FH effective potential is several percent smaller than
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that predicted by classical simulations and that quantum effects
contribute 15-20% of the amount adsorbed at 77 K. It thus
seems that quantum effects on the adsorption of hydrogen must
be taken into account not only below 77 K but also at room
temperature when the adsorption site is in a pore whose size is
comparable to that of a hydrogen molecule.

The FH effective potential, which is thep2-Taylor expansion
of the original Gaussian FH potential, can be used when systems
are under usual densities andλB

/ e 0.5 (λB
/ ) p/(mkBTσ2)1/2,

wherem and σ are the mass and size of the fluid molecule,
respectively, andkB is the Boltzmann constant.22,23 The λB

/

value for hydrogen at 77 K is 0.47, so when hydrogen adsorption
above 77 K is considered, the FH method should give a result
identical to that given by the rigorous path integral method.21

The FH method is also of great advantage for simulating
quantum fluid systems (at appropriate densities and tempera-
tures) because the potential energy calculations are not as time-
consuming as the calculations required when the path-integral
method is used.

Many other theoretical and simulation studies concerning
quantum effects on helium and hydrogen adsorption at low
temperature have been reported,24-29 as have experimental
studies of the adsorption of helium, hydrogen, deuterium, and
neon quantum fluids.30-37 In few studies, however, have
experimental results been compared with the predictions of
simulations and theoretical studies including quantum effects.
It is therefore important to examine how the results of quantum
simulations of the adsorption for quantum fluids such as
hydrogen isotopes on SWNTs agree with the results of
experimental studies. Experimental results obtained with ordi-
nary SWNTs are hard to compare with theoretical results
because ordinary SWNTs are contaminated with metal catalysts
and amorphous carbon. Single-wall carbon nanohorns
(SWNHs),38-42 however, are free of such impurities and are
thus suitable for studying quantum effects appearing in the
adsorption of hydrogen isotopes. Iijima et al. reported that
SWNHs with purity greater than 90% can be produced at room

temperature without metal catalysts by CO2 laser ablation of
pure graphite under argon at atmospheric pressure.38 A SWNH
is typically a tube 2-6 nm in diameter and 40-50 nm long
and has a conical cap at one end. SWNHs associate with each
other and form a nanoporous Dahlia-flowerlike assembly 80-
100 nm in diameter. Because several grams of high-purity
SWNHs can be produced easily, the physical adsorption of
quantum hydrogen on SWNT-related materials should be
investigated by systematically studying the adsorption of
hydrogen isotopes on SWNHs.

In this paper, we present adsorption isotherms of H2 and D2

on SWNHs at 77 K and study the constitutive properties of
quantum fluid adsorption by comparing the H2 and D2 adsorp-
tion isotherms. We also report the results of GCMC simulations
with the FH effective potential (FH-GCMC) for H2 and D2

adsorption on SWNTs and SWNHs at 77 K, and we compare
the predictions of those simulations with the adsorption mea-
sured experimentally.

II. Experimental Section

An as-grown SWNH sample (denoted as-SWNH) was oxidized at
693 K to open nanoscale windows on the wall of the SWNH particle
(ox-SWNH). Details of the oxidation method have been provided
elsewhere.41 Adsorption isotherms of H2 and D2 at 77 K for the SWNH
samples were measured with a laboratory-designed volumetric adsorp-
tion equipment34,36 consisting of a gas-handling system and a cryostat
with a He closed-cycle refrigerator. All samples were outgassed at 423
K for 2 h under a pressure below 0.1 mPa before each isotherm
measurement. The exact same sample, which was placed in the sample
cell, was used for H2 and D2 adsorption measurements without replacing
for reducing experimental errors. The temperature was kept within
(0.05 K during the adsorption measurements, and thermal transpiration
was taken into account by using the empirical equation of Takaishi
and Sensui.43

III. Potential Models and Simulations

A. Hydrogen-Hydrogen Interaction Potential. In this
study, we treat a hydrogen molecule as a structureless spherical
particle and, therefore, model the H2-H2 interaction by the
Lennard-Jones (LJ) potential

wherer is the distance between two particles. The LJ interaction
parameters we used for hydrogen in this work areσff ) 0.2958
nm andεff /k ) 36.7 K.18,19 Here, we use the Feynman-Hibbs
(FH) effective potential to introduce quantum corrections to the
statistical properties predicted from GCMC simulations with
the classical LJ potential. In the FH treatment, a quantum fluid
molecule is represented by a Gaussian wave packet of width
p/(12mkBT)1/2, so the effective potential can be obtained by
averaging the classical LJ potential over the Gaussian. If we
expand this Gaussian FH effective potential to the second order,
we can obtain the following quadratic FH effective potential:
22,23

where µ ) m/2 is the reduced mass of a pair of interacting
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fluid molecules. The potential parameters for H2 and D2 are
identical, so that the difference in properties of these quantum
fluids is due solely to the difference in molecular mass. In other
words, it is due to the difference in quantum effects.

B. Hydrogen-SWNT Interaction Potential. For simplicity,
we assumed that a SWNT can be modeled as an infinitely long
cylindrical tube with a smooth wall. The solid-fluid interaction
potential based on the classical LJ potential inside such a tube
can be calculated by integrating the pairwise LJ potential (eq
1) over the infinitely long tube, and that integral is given by44

whereF(R, â, γ; ø) is a hypergeometric function;R is the radius
of the tube;Fs is the density of solid atoms in the tube wall
(38.2 nm-2 in a SWNT); r* ) r/R, and R* ) R/σsf. The
interaction parameters we used for the hydrogen-SWNT
interaction areσsf ) 0.3179 nm andεsf/k ) 32.06 K. They were
obtained by using the Lorentz-Berthelot rules and combining
the parameters for graphite (σss ) 0.34 nm andεss/k ) 28.0 K)
with those for hydrogen. The quantum hydrogen-SWNT
interaction potential, obtained by integrating the pairwise FH
effective potential (eq 2), is given by

where instead of using theµ ) m/2, we used for the H2-H2

interaction; we usedµ ) m for the quantum interaction between
hydrogen and carbon atoms because we assumed that the carbon
atoms in the SWNT wall are linked together rigidly.

C. Hydrogen-SWNH Interaction Potential. In the present
study, a SWNH was modeled by a SWNT-like tube with a
conical cap at each end. These two caps were used to avoid
cutting off of the intermolecular interactions discontinuously
when terminating the one end of the SWNH model. The tubular
part and one conical cap of the SWNH model are shown in
Figure 1a, together with a TEM image of SWNH (Figure 1b).
The tube and the base of the cone of the SWNH model are 2
nm in diameter, and the lengths of the cone and tube are 5.9
and 2.958 nm (10σff), respectively. The angle of the apex of
the cone was set to 19° from the TEM observations. We made
the length of the tubular part of the SWNH model less than a
tenth the length of the actual SWNHs because we wanted to
evaluate adsorption behaviors of the hydrogen isotopes around
the conical parts of SWNHs. Each conical part of the SWNH
model consists of a graphite layer one atom thick rolled into a
cone. Thus, as shown in Figure 1a, it also has an atomistic
structure. The interaction potential between a quantum hydrogen
and a carbon atom in the conical wall were calculated by

assumingµ ) m and using eq 2, but the structureless model
was used for the tubular part of the SWNH model and the
potential contribution from the quantum hydrogen-tube wall
interaction was calculated using eq 4, which was multiplied by
a polynomial function to account for the finite length of the
tubular part of the SWNH model. The polynomial function was
fitted so that the [quantum hydrogen]-[tube wall] interaction
inside the SWNH model reproduced the potential profile for a
SWNT of finite length. Thus, along the tube axis, the [quantum
hydrogen]-[tube wall] interaction was continuously reduced
from near the connection between the tube and cone parts to
the inside of the cone part.

D. Isosteric Heat of Adsorption. To evaluate the solid-
fluid interaction potentials of the SWNH model, we calculated
the isosteric heat of adsorption (qst) from the fluctuations in
the number of adsorbed molecules and the total energy:27

where the total energyE is the sum of the kinetic and potential
energies. The total energy based on the FH model is given by

whereVFH
ff andVFH

sf are the fluid-fluid and solid-fluid inter-
action potentials, respectively, based on the FH effective
potential;N is the number of adsorbed molecules in the system,
andâ ) 1/kBT. The first term on the right-hand side of eq 6 is
the kinetic energy of classical molecules; the second and third
terms are quantum corrections to the classical kinetic energy,
and the rest of the terms are the potential energies.

E. Simulation Details. The grand canonical Monte Carlo
method45 based on the FH effective potential (FH-GCMC) was
used to simulate quantum H2 and D2 adsorption at 77 K. The
probabilities of a single displacement, creation, and deletion
were set to 0.4, 0.3, and 0.3, respectively. The system was

(44) Tjatjopoulos, G. J.; Feke, D. L.; Mann, J. A., Jr.J. Phys. Chem.1988, 92,
4006.
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Press: Oxford, 1987.
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Figure 1. Schematic representation of the SWNH model used for the FH-
GCMC simulations; only one conical part of the SWNH model is shown
(a) and the TEM image of SWNH (b).
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5
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equilibrated for 5× 106 Monte Carlo steps, after which data
were collected for another 5× 106 steps. The fluid-fluid and
solid-fluid (for the atomistic cone parts of the SWNH model)
interactions were truncated at distances of 5σff and 5 σsf,
respectively. We have calculated the adsorption of H2 and D2

in the internal space of the SWNT model (the tube diameter is
2 nm) and the SWNH model (the diameters of the tube and the
base of the cone are 2 nm). Periodic boundary conditions were
not used for the SWNH model but were used for the SWNT
model, and there only along the tube axis. Thus the tube length
of 10 σff was used. The simulations yield an absolute amount
adsorbed (Nabs), and thus it must be converted to a surface excess
(Nexc) for comparison with experimental data. In the present
study, the surface excess has been calculated byNexc ) Nabs-
FbV, whereFb is the bulk density of gas, andV is the volume of
the internal space of the SWNH model. In the grand canonical
ensemble, the volume, temperature, and adsorbate chemical
potential are fixed. To compare with experimental isotherms
as a function of a bulk fluid pressure, however, we need to obtain
the pressure of the bulk fluid as a function of the chemical
potential and temperature. Therefore, to determine the excess
chemical potentials of the quantum hydrogen isotopes at 77 K,
we performed Monte Carlo simulations with the FH effective
potential in the canonical ensemble (FH-MC), which is com-
bined with the Widom test particle insertion method.46 The
pressures of the quantum hydrogen isotopes were calculated
simultaneously during the FH-MC simulations. We also obtained
the pressure of bulk quantum hydrogen as a function of density
from the FH-MC simulations at 78 K and confirmed that the
results are in good agreement with experimental data up to at
least 10 MPa.

IV. Results and Discussion

H2 and D2 adsorption isotherms at 77 K for as-SWNH, ox-
SWNH, and the inside of SWNH are shown in Figure 2. The
isotherms for adsorption inside the SWNH were obtained by
subtracting the isotherms for adsorption on as-SWNH from the
isotherms for adsorption on ox-SWNH. Differences in adsorp-
tion between H2 and D2 are 6% for as-SWNH, 7% for
ox-SWNH, and 8% for the inside of SWNH, and those
differences are constant to within(2% deviation over the

pressure range from 0.007 to 0.1 MPa. The ratio of theλB
/

value for H2 to that for D2 is 1.4, so the quantum correction
(the second term on the right-hand side of eq 2) to the interaction
potential for H2 is twice as large as that to the interaction
potential for D2. As a consequence, for example, the potential
well depth of the H2-H2 interaction at 77 K calculated from
eq 2 is 1.8 K shallower than that of the D2-D2 interaction and
is 4.4 K shallower than that of the classical H2-H2 interaction
(LJ potential). Similarly, the potential well depth of the H2-
SWNT (D ) 2 nm) interaction at 77 K calculated from eq 4 is
10 K shallower than that of the D2-SWNT interaction and 22
K shallower than that of the classical H2-SWNT interaction
calculated from eq 2. These quantum contributions would result
in the difference between the amounts of H2 and D2 adsorbed
on the SWNH samples.

We have performed the FH-GCMC simulations for H2 and
D2 adsorption at 77 K on the SWNH model and also the model
of SWNT, which is 2 nm in diameter. The simulated adsorption
isotherms at 77 K are shown in Figure 3a,b, together with the
experimental isotherms for the H2 and D2 adsorption inside
SWNH. The adsorbed amount from the experimental data has
been converted to that on a volumetric basis by using the internal
pore volume of SWNH (0.55 cm3/g) obtained by nitrogen
adsorption at 77 K.36 Although the experimental data indicate
that the uptake of the hydrogen isotopes increases rapidly up
to about 0.01 MPa, the predictions from the FH-GCMC
simulations for the SWNT model do not reproduce this rapid
increase (see Figure 3b). The simulated H2 and D2 adsorption
isotherms for the SWNH model are in reasonably good
agreement with the experimental data over a wide range of
pressures, although this SWNH model is quite simplified in
comparison with the actual SWNH. Some configurational
snapshots collected during the simulations for hydrogen adsorp-
tion in the SWNH model are shown in Figure 4a-d, and it is
clear from these snapshots that the rapid rise in the adsorption
isotherms up to about 0.01 MPa can be attributed to adsorption
in the conical part of the SWNH model. These facts indicate
that at 77 K and pressures below 0.1 MPa most of the hydrogen
isotopes are preferentially concentrated in the conical part of(46) Widom, B.J. Chem. Phys.1963, 39, 2802.

Figure 2. H2 and D2 adsorption isotherms for as-SWNH, ox-SWNH, and
the internal space of SWNH at 77 K.

Figure 3. H2 and D2 adsorption isotherms at 77 K. The circles represent
the experimental values for the internal space of SWNH. The four lines
are predictions from the FH-GCMC simulations for the SWNH and SWNT
models.
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SWNH, which is less than 2 nm in diameter, because of the
strong solid-fluid interaction potential field there.

To discuss the agreement between the predictions from the
FH-GCMC simulations for the SWNH model and the experi-
mental data with respect to quantum effects, we have calculated
the ratio of H2 adsorption to D2 adsorption from the simulations
and the experimental data and plotted it as a function of pressure
in Figure 5. The H2/D2 ratios obtained from the FH-GCMC
simulations agree very well with the experimental results over
the pressure range from 0.007 to 0.1 MPa. This suggests that
quantum effects at 77 K are represented in the FH-GCMC
simulations. The H2/D2 ratio obtained from the FH-GCMC
simulations is 92( 2% over the range of pressures from 10-6

to 0.1 MPa and decreases to about 74% at 10-10 MPa. Below
10-7 MPa, most hydrogen isotopes are adsorbed only at the tip
of the conical part of the SWNH model, where only one
adsorbate molecule can be accommodated. The large difference
in adsorption between H2 and D2 at low pressures should
therefore be attributed to significant quantum effects. That is,
it is harder for a H2 molecule to approach the tip of the SWNH
model, which has the strongest potential field, than it is for a
D2 molecule because of the wide quantum spreading of a H2

molecule (proportional top/(6mkBT)1/2). We have also performed
additional simulations of the classical LJ hydrogen adsorption
at 77 K in the SWNH model without quantum corrections. The
density of adsorbed hydrogen predicted by the quantum simula-
tion is 81 ( 1% of that predicted by the classical simulation
over the pressure range from 0.001 to 0.1 MPa, and it is only

about 52% of that predicted by the classical simulation at 10-10

MPa. We have calculated the isosteric heat of adsorption (qst)
for the hydrogen isotopes in the SWNH model at 77 K, and the
values obtained from the FH-GCMC simulations for the SWNH
and SWNT (D ) 2 nm) models are shown in Figure 6a,b as a
function of average amounts adsorbed. At zero coverage, the
isosteric heats of adsorption for H2 on the SWNH model are
nearly 3 times as large as that on the SWNT model because of
the strong solid-fluid interaction potential at the tip of the
SWNH model. Then theqst values for the respective hydrogen
isotopes on the SWNT model are almost constant over the full
range of adsorption, while theqst values for the SWNH model
show a sharp decrease inqst from 0.2 to about 2 mmol/cm3.
The reason for the decrease inqst with an increase in amounts
adsorbed is that the solid-fluid interaction in the conical part
decreases rapidly from the tip of the cone to the connection
between the conical part and the tube part. That is, molecules
adsorbing after occupation of strong adsorption sites by other
molecules experience a smaller solid-fluid interaction potential.
This is also evident from the fact that theqst values for the
SWNH model approach those for the SWNT model after
completion of filling in the conical part of the SWNH model.
The qst for H2 is always smaller than that for D2, and at zero
coverage, the difference inqst between H2 and D2 for the SWNH
model is 0.35 kJ/mol, while for the SWNT model, it is 0.09
kJ/mol. This clearly indicates that the smaller the pore size, the
larger the quantum effects on the adsorption of hydrogen
isotopes. We have also estimated the quantum contribution to

Figure 4. Configurational snapshots collected from the FH-GCMC simulations for H2 adsorption in the SWNH model at 77 K; (a) 10-4 MPa, (b) 10-3

MPa, (c) 10-2 MPa, and (d) 0.1 MPa.

Figure 5. Relation between pressure and the ratio of H2 adsorption to D2
adsorption in the internal space of SWNH at 77 K.

Figure 6. Simulated isosteric heats for H2 and D2 in the SWNH and SWNT
models versus the average amounts adsorbed at 77 K.
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qst at zero coverage for H2 on the SWNH model by comparing
the prediction from the quantum simulation with that from the
classical simulation. Theqst value for classical H2 at zero
coverage is 0.78 kJ/mol larger than that for quantum H2 and is
about twice as large as the difference between theqst values
for quantum H2 and D2. These facts thus suggest that quantum
effects on hydrogen adsorption for SWNHs are very important
at 77 K.

V. Conclusions

We have measured H2 and D2 adsorption on SWNHs at 77
K and compared the experiments with the simulations for these
hydrogen isotopes adsorption on the SWNH model. Quantum
effects were incorporated in the simulations through the
Feynman-Hibbs (FH) effective potential. The simulation results
are in good agreement with the experimental results, even though
the SWNH model is much simpler than the actual SWNHs. The
ratio of H2 adsorption to D2 adsorption obtained from the FH-
GCMC simulations is 92( 2% over the pressure range of
0.007-0.1 MPa and shows close agreement with the experi-
mental results. This indicates that quantum effects at 77 K are

accurately represented in the FH-GCMC simulations. Moreover,
the ratio of quantum H2 adsorbed to classical H2 adsorbed
approaches 80% over the pressure range of 0.007-0.1 MPa.
The difference between the amounts of H2 and D2 adsorbed
that is predicted by the quantum simulations becomes larger as
pressure decreases. This is because the quantum spreading of
H2, which is wider than that of D2, is quite effective at the
narrow conical part of the SWNH model. Theqst values for H2

obtained from the quantum simulations are always smaller than
those obtained for D2. At zero coverage, theqst difference
between H2 and D2 is 0.35 kJ/mol, and theqst difference between
quantum H2 and classical H2 is 0.78 kJ/mol. These facts indicate
that quantum effects on hydrogen adsorption on SWNHs are
very important even at 77 K.
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