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We have measured N, adsorption isotherms on single-wall carbon nanohorns (SWNHs) over the temperature range of
77-92 K, and isosteric heat of adsorption, g, were determined. Adsorption measurements for SWNHSs have been also done
for for H, at 20K, and for H, and D, at 77K, respectively. We have performed grand canonical Monte Carlo (GCMC)
simulations of N,, H,, and D, for single-wall carbon nanotube (SWNT) models to compare with the experimental data.
Simulated N, adsorption isotherm on a SWNT bundle model is in reasonably good agreement with the experimental isotherm
on the SWNH assembly over a wide range of pressures at 77 K; however, simulated gy-values for the SWNT bundle suggest
that the SWNH particles are incompletely arranged in the SWNH assembly. Simulated endohedral isotherm of classical H,
inside an isolated SWNT model at 20 K showed that a density of adsorbed H, in the internal space of the SWNH particle is
quite smaller than that of classical H, because of large quantum effects. In simulating H, and D, adsorption isotherms on the
model SWNT bundle at 77 K, GCMC simulations based on the Feynman-Hibbs (FH) effective potential were applied to
introduce quantum effects to the statistical properties generated by the classical Lennard-Jones (LJ) potential. We found that
an adsorption ratio of H, to D, on the SWNT bundle from the FH-GCMC simulations is less than 0.91 depending on
adsorption pressure; this is because the potential field of the SWNT bundle for H; is relatively weaker than that for D, even at
77K, due to the wide quantum spreading of a H, molecule.

Taylor & Francis
Taylor & Francis Group
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1. Introduction

Discovery of single-wall carbon nanotube (SWNT) in
1993 [1,2] has brought a new research subject of hydrogen
storage by SWNTs; experimental reports on great
hydrogen capacity of SWNTs [3,4] were examined by
many molecular simulation studies [5—7]. These simul-
ation studies showed that the large H, storage capacities
experimentally obtained for impure SWNT samples
cannot be reproduced at ambient temperature. In their
simulations, H, molecule was assumed to be a classical
particle; however, Wang and Johnson suggested that
quantum effects should be explicitly taken into account to
understand the adsorption of H, on SWNTs and their
interstitial channels over a wide range of temperatures
using path-integral Monte Carlo (PIMC) technique [8].
In view of experiments, however, we do not yet have

a reliable hydrogen adsorption data on SWNTs over the
range of temperatures from 20K (the normal boiling
temperature of H,) to ambient temperature. This is
because H, adsorption measurements need sufficient
amount of samples of high purity (more than 100 mg for
static adsorption measurements). Consequently, we have
not evidence yet the importance of quantum effects on H,
adsorption on SWNTs experimentally. However,
Setoyama and Kaneko reported an unusual behavior of
He in slit-shaped graphitic nanopores of activated carbon
fibers (ACFs) at 42K [9]. Nemirovsky et al. showed
quantum effects on the kinetic energy of adsorbed He and
Ne in the carbon slit pores of ACFs at low temperatures
[10,11]. We studied Ne adsorption on AIPOy4-5 at 27 K by
comparing experimental adsorption isotherms with
classical DFT calculations, showing a quantum contri-
bution to the configuration of the adsorbed Ne atoms in the
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quasi one-dimensional (1D) channel below 33K [12].
Therefore, the study on quantum effects on physical
adsorption is now one of the attractive subjects in the filed
of adsorption.

Recently lijima er al. prepared single-wall carbon
nanohorn (SWNH) of which fundamental tube structure is
similar to SWNTs [13]. SWNH can be produced by a CO,
laser abrasion of pure graphite in Ar atmosphere without
any metal catalysts at room temperature. SWNH has a
typical tube diameter of about 3nm with length in the
range of 30—50nm, and a conical cap at the end of the
tube. The apex of the conical cap is about 20°. SWNHs are
associated each other to form a dahlia flower-like
assembly (diameter 80 ~ 100nm), providing nano-
porosity [14—17] (A TEM image of the SWNT assembly
is shown in figure 1 with a schematic representation of the
SWNH particles). Abundant SWNHs of several grams
with high purity (>90%) can be easily produced.
The preceding particle density measurement of SWNHs
showed that the SWNH particles were completely closed,
and the internal tube spaces were not available for gas
adsorption. However, an oxidation of the SWNH sample
in O, atmosphere at 693K can produce nanoscale
windows on the wall of the SWNH particle [16].
Therefore, a separative determination of adsorption in
the internal tube and interstitial channels between SWNHs
can be carried out in case of the SWNH assembly. In the
previous work, we determined the adsorbed density of H,
inside the SWNH particles at 20 K, indicating an explicit
quantum contribution to the density of adsorbed H, [18].

In the present study, N, adsorption isotherms on
SWNHs have been measured over the temperature range
77-92K and isosteric heats of adsorption, gy, were
calculated. We compared the N, adsorption isotherm at

Figure 1. TEM image of the SWNH assembly (a) and a schematic
representation of the SWNH particles (b).

77K and g, with those from grand canonical Monte Carlo
(GCMC) simulations [19] for a simplified SWNT bundle
model. Adsorption isotherm of H, on SWNHs was also
obtained at 20K, and compared with the simulated
isotherm of classical H, inside an isolated SWNT model.
In simulating H, and D, adsorption isotherms on the
model SWNT bundle at 77 K, The Feynman-Hibbs (FH)
effective potential [20-26] were used to introduce
quantum effects into intermolecular interactions. The FH
effective potential can be successfully applied when
systems are under usual densities and Ay = 0.5, where
Ay, = i/ (mkgTo)'/?, m and o are mass and size of a fluid
molecule, and kg is the Boltzmann constant, respectively
[22,23]. The /\E-Value for H, at 77K is 0.47, and thus
the FH method should give identical results with those
from the rigorous path integral method for quantum H,
above 77 K.

2. Experimental

The as-grown SWNH sample was oxidized at 693K to
open nanoscale windows on the wall of the SWNH
particle. Details of the oxidation method have been
provided elsewhere [16]. The as-grown and oxidized
SWNH samples are denoted by as-SWNH and
ox-SWNH, respectively. The adsorption isotherms of
H, at 20K, H, and D, at 77K, and N, at 77, 81, 85 and
92K on the SWNH samples were measured with
laboratory-designed volumetric adsorption equipment.
The apparatus consists of a gas handling system and a
cryostat with a He closed-cycle refrigerator. All samples
were outgassed under a vacuum better than 0.1 mPa at
423K for 2 h. The temperature was kept within = 0.05 K
during adsorption measurements. Thermal transpiration
was corrected by use of the empirical equation of
Takaishi and Sensui [27].

3. Potential models and simulations

3.1 Fluid—fluid interaction potential

In this work, N,, H,, and D, molecules are treated as a
structureless spherical particle, and thus we model the
fluid—fluid interaction by the Lennard-Jones (LJ) potential

v = e (7) (7))

The LJ interaction parameters used are,
o = 0.3615nm and er/k=101.5K for N,, and
ogr = 0.2958 nm and eg/k = 36.7K for H,, respectively.
Here, we used the FH effective potential for H, and D,
adsorption at 77 K. In the FH treatment, a quantum fluid
molecule is represented by a Gaussian wavepacket of
width %/(12mkg T)l/ 2. thus, the effective potential can be
obtained by averaging the classical LJ potential over the
Gaussian. If this Gaussian FH effective potential is
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expanded to second order, the quadratic FH effective
potential can be obtained

2

Vea(r) = Vii(r) + <m

)vﬁaﬂn, 2)

where w = m/2 is the reduced mass of a pair of quantum
molecules in interaction.

3.2 Fluid-SWNH interaction potential

We assumed here a homogeneous cylindrical tube like
SWNT as a model of the SWNH particle, by ignoring the
cone part of the SWNH particle. The fluid-SWNT
interaction potential inside the tube can be modeled by
the LJ potential integrated over an infinitely long tube, and
that is given by [28,29]

4 63 F(—4.5,—4.5,1.0;r*%)
internal _ 2 ) ) P
VLJ (rv R) = psssfo-ff |:32 [R*(l _ r*Z)]lo

.52

_3F( 1.5*7 1_.5,*1.0£r )} 3)
[R*(1 —r*)]

where r is the distance between a fluid molecule and the
central axis of SWNT, F(a, B, v; x) is a hypergeometric
function, R is the radius of the tube, p is the density of
solid atoms in the tube wall (in case of SWNT,
ps=2382nm"?), r*=r/R, and R* = R/0y, respecti-
vely. For N,-SWNT and H,-SWNT interaction para-
meters, the combining rules of the form ey = (Sffsss)l/ 2,
oy = (o + 05)/2 were used with e /kg = 28K and
s = 0.34 nm (LJ parameters for graphite). Likewise, the
fluid-SWNT interaction potential on the external surface
of SWNT can be calculated as

63 r* 1 F(—4.5,—4.5,1.0,r*2)

external _ 2
VL_It (r7 R) =1 PsSSfof |:§ [R*(l — r*z)]l()

rPF(=1.5,-1.5,1.0;7")
- ; “)

[R*(1 =)

where r* =R/r.

Quantum H,-SWNT interaction potentials for the
internal and external of SWNT, which employs the
pairwise FH effective potential (Eq. 2), can be also
obtained by the similar way [30],

i i hz
Vl?}f[emal(r’ R) :V}I‘Jternal(r,R) + 772p585f (kaT>

2541 F(—5.5,—5.5,1.0; r*2)
256 [R*(1 — r2)|12

_25F(—2.5,—2.5,1.O;r*2)] )

8 [R*(1 — r*2)]°

and then

'3 2
Vexternal R) = Vexternal R 2 e
FH (ra ) L) ("7 ) + PsEst kaT

2541 r*BF(—5.5,-5.5,1.0;r*?)
256 [R*(1 — r*2)]2
_25rF(=2.5,-2.5,1.0; r*z)}
8 [R*(1 — r*2)1° ' (6)

where we used w = m for the quantum H,-carbon atom
interaction differently from w = m/2 for the H,—H,
interaction, since we assumed that the carbon atoms are
rigidly linked together inside the SWNT wall.

An isolated SWNT model was used to model the
endohedral adsorption on the SWNH particle, as noted
above. The diameter of the SWNT model was set to
3.2nm, according to Ohba et al. [15]. Then, from TEM
observations, it is clear that the SWNH assembly has at
least two adsorption sites: an interstitial channel (the space
between the tubular parts of the SWNH particles;
abbreviated IC) and an external surface of the SWNH
particle, which protrudes from the SWNH assembly (see
figure 1). Thus, in this study, we assumed that the structure
of the SWNH assembly could be modeled by a SWNT
bundle with a finite number of tubes. The model of the
SWNT bundle is shown in figure 2. The SWNT bundle
model consists of a hexagonal bundle containing seven
SWNTs with a tube diameter, D = 3.2 nm, and a van der
Waals gap between tubes, ¢ = 0.4nm. In the SWNT
bundle model, SWNTs are close-ended tube, and thus
there are three adsorption sites for adsorbates: IC between
three SWNTs, a groove site between two outer tubes of the
bundle, and an outer surface of a tube on the surface of the
bundle, respectively.

4. Isosteric heat of adsorption

We calculated the isosteric heat of adsorption to evaluate
the N,-SWNT interaction potential. The isosteric heat of

Figure 2. Schematic representation of the SWNT bundle model.
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adsorption can be computed from the fluctuations in the
number of adsorbed molecules and the potential energy

_ (UN) — (UXN)

(N2) = (N) @

qs. = kgT

where g is the isosteric heat of adsorption, N is the
number of adsorbates, and U is the total energy,
respectively.

5. Simulation details

The GCMC method based on the classical LJ potential
was used to simulate classical N, adsorption at 77 K, and
H, at 20K. The probabilities to attempt a single
displacement, creation, and deletion were set to 0.4, 0.3,
and 0.3, respectively. The system was equilibrated for
1 x 107 Monte Carlo (MC) steps, after which data were
corrected for 1 X 107 steps. The fluid—fluid interaction
was truncated at distance of 5 oy Periodic boundary
conditions were applied along the tube axis for the
endohedral adsorption on the isolated SWNT model, and
all three directions for the adsorption on the SWNH
bundle model, respectively. The tube length of 10 oy was
used for the both models. In the grand canonical ensemble,
the volume, temperature, and chemical potential are fixed;
however, to compare with experimental isotherms as a
function of a bulk fluid pressure, it is needed to obtain the
pressure of the bulk fluid as a function of the chemical
potential and temperature. We have therefore performed
canonical MC simulation with the LJ and FH effective
potentials, which is combined with the Widom test particle
insertion method [31], to determine the excess chemical
potential. The pressures of the classical and quantum
fluids were simultaneously calculated during the MC
simulations.

6. Results and discussion

Figures 3 and 4 show adsorption isotherms of N, at 77 K
and H, at 20 K on as-SWNH and ox-SWNH, respectively.
Here, the adsorption isotherms of H, and N in the internal
space of SWNHs were calculated by subtracting the
adsorption isotherm on as-SWNH from that on ox-SWNH,
and are also shown in figures 3 and 4. From the preceding
TEM observation, it has been confirmed that the assembly
structure of ox-SWNH sample does not change on the
oxidation process. Therefore, the adsorption isotherms
obtained by the subtraction can be regard as those only in
the internal tube nanospaces.

6.1 N, adsorption on the SWNH assembly at 77 K

The adsorption isotherm for N, on the SWNT bundle
from the GCMC simulations are shown in figure 5a and b.
The simulated adsorption amount (mmol/g) for the

SWNT bundle model was divided by the BET surface
area (983 mz/g) obtained from the simulated isotherm
itself, and then the values was multiplied by the
experimental BET surface area (358 m*/g) for as-SWNH
to compare with the experimental adsorption isotherm on
as-SWNH. Figure 6a—d show the snapshots from the
GCMC simulations. The simulations show that N,
molecules adsorb in ICs of the SWNT bundle around
P/Py = 1077 (figure 6a), and one-dimensional phases of
N, are formed on the groove sites at about P/Py = 1073
(figure 6b). The experimental isotherm on as-SWNH
shows a significant adsorption at P/Py = 107>, and thus
this suggests that the SWNH assembly has adsorption
sites with strong interaction potentials between SWNHs
at least like the groove site of the SWNT bundle model.
The simulations predict the monolayer completion on the
outer surface of the SWNT bundle around P/Py = 0.01
(figure 6d), and are in good agreement with the
experimental adsorption isotherm on as-SWNH over a
wide range of relative pressures above P/Py = 0.01
(figure 5). This indicates that after the monolayer
completion, the adsorption process of N, on the outer
surface of SWNT is similar to that on the external surface
of SWNH. In the SWNT bundle model, the second layer
of adsorbed N, is not completed near saturated vapor
pressure, that is, the multilayer adsorption on the external
surface of the tube-like wall (including SWNH) is hard to
be achieved because of the relatively weak solid-fluid
interactions. Then, the steep rise in adsorption on the
SWNH assembly over P/Py = 0.8 would be attributed to
a capillary condensation between the SWNH assemblies.
Note that the adsorption step for the bundle model
around P/Py = 0.01 is more distinct compared with that
for the experimental isotherm on as-SWNH. This is
because the ratio of the outer surface area of the SWNT
bundle to its ICs is larger than that for the SWNH
assembly.

The isosteric heats of adsorption, gy, from the
simulations are shown in figure 7 together with the
experimental data for the SWNH assembly which were
calculated from the adsorption isotherms at 77-92K.
We found four characteristic peaks in the gy curve from
the simulations, which correspond to (1) filling of N,
molecules in IC, (2) formation of a 1D phase of N, on
the groove site, (3) formation of a 2-strip phase of N,
over the 1D phase of N, on the groove site, (4) monolayer
completion of N, on the outer surface of SWNT,
respectively. Before the monolayer completion, the
gs-values from the experiments are high compared with
those from the simulations. This should be attributed to
incomplete arrangement of the SWNH particles in their
assembly. In contrast, the monolayer heats from the
simulations are in good agreement with the experimental
data. This suggests that the assumed N,-SWNT
potential is relatively accurate and that only adsorption
on the heterogeneous ICs in the SWNH assembly
gives the discrepancy between the simulations and
experiments.
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Figure 3. N, adsorption isotherms on as-SWNH, ox-SWNH, and the internal space of SWNHs at 77 K.

6.2 N, adsorption inside SWNH at 77 K

The simulated endohedral adsorption isotherm on the
isolated SWNT models is presented in figure 8, together
with the experimental isotherm on the internal space of the
SWNH particle. The adsorption (mmol/g) experimentally
obtained for the inside of SWNHs was divided by the pore

volume (0.55cm?/g) calculated by using the bulk liquid
density (28.9 mmol/cm?), to make a comparison between
the simulated and experimental adsorption isotherms. The
simulated adsorption isotherm has a step-like behavior at
P/Py = 10~*, indicating the monolayer completion on the
internal wall of the SWNT model. However the
experimental isotherm inside SWNHs exhibits a gradual

45

17 —o— as-SWNH
404 —o— inside of SWNH
4 —e— 0X-SWNH
35+
30
25 -

20—

15

10 -

Adsorpticn [mmol/g]

0 T 'llllllll T llllllll

10° 10" 10°

T l1[lll] T T l1llll| T LR LELLL
107 107 1¢°
P/P

0

Figure 4. H, adsorption isotherms on as-SWNH, ox-SWNH, and the internal space of SWNHs at 20 K.
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Figure 5. Comparison between the experimental N, adsorption isotherm on as-SWNH and simulated isotherm for the SWNT bundle model at 77 K.

The pressures are given in (a) logarithmic and (b) linear scales.

step from lower P/P, than the SWNT model. This should
be mainly attributed to the filling in the tubular part of the
SWNH particle less than 3 nm in diameter, including the
cone part. Two first order transitions in the simulated
isotherm at P/Py ~ 0.1 correspond to spontaneous
capillary condensation and evaporation transitions
(vapor-like and liquid-like spinodals), and thus

an equilibrium transition should exist within the hysteresis
loop between the spinodals. However, the experimental
data show a gradual increase over P/Py ~ 0.1, corres-
ponding to the capillary condensation inside SWNHs.
This suggests that SWNHSs have relatively wide tube size
distributions, and this has already reported in the previous
study [18].

Figure 6. Snapshots of adsorbed N, molecules on the SWNT bundle from the GCMC simulations at (a) P/Py =2 X 1077, (b) P/Py = 1073,
(c) P/Py =103, and (d) P/Py = 1072, respectively. The blue and gray spheres represent N, molecules and carbon atoms of SWNT, respectively.
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Figure 7. Comparison between isosteric heats of adsorption of N, from the experiments for as-SWNH and simulations for the SWNT bundle model.

6.3 H, adsorption inside SWNH at 20 K

Figure 9 shows the simulated adsorption isotherm of
classical H, inside the isolated SWNT model and the
experimental H, isotherm in the interior of SWNHs at
20K. The adsorption amount of H, (mmol/g) from the
experiments were divided by the pore volume of the inside

of SWNHs (0.55 cm3/g) obtained from the experimental
N, isotherm to roughly estimate a volumetric density of
adsorbed H,, and make a comparison with the results from
the GCMC simulations. The simulated adsorption
isotherm gives a steep completion of the monolayer on
the internal wall of SWNT at 10~''MPa, and a
discontinuous second layer formation at 10 > MPa,

40
—o— Simul. (SWNT, adsorption)
4 —o— Simul. (SWNT, desorption) R
—a— Exp. {inside of SWNH)

30 W u
o
£
2 . i
=}
£
E 20- B
o
e
=
o - L
oay
=
<

10 |

0 T T T T

10° 10* 10° 10* 107 10°

P [Pa]

Figure 8. Adsorption isotherms of N, inside the SWNT model by the GCMC simulations and the experimental isotherm in the interior of SWNHSs at
77 K. The arrows denote the positions of the spontaneous capillary condensation (right) and desorption (left), respectively.
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Figure 9. Adsorption isotherms of H, inside the SWNT model by the GCMC simulations with the classical LJ system and the experimental H, isotherm
in the interior of SWNHs at 20 K. The arrows denote the positions of the spontaneous capillary condensation (right) and desorption (left), respectively.

which are an indication of the first order transitions. The
adsorption isotherm of classical H, also exhibits another
two first order transitions corresponding to the spont-
aneous capillary condensation and desorption in the center
of the SWNT model. Therefore, the equilibrium
desorption should occur at between the two transitions.
The volumetric densities of classical H, from the GCMC
simulations are substantially higher than the experimental
data. The difference can be explained in terms of the
effective radius of quantum H, being larger than that of
classical H,, and thus this indicates that quantum effects
are very important at 20 K, and the classical H, adsorption
is not even qualitatively correct.

6.4 H adsorption on the SWNT assembly and the
GCMC simulations based on the FH effective potential

We have performed GCMC simulations based on the FH
effective potential (FH-GCMC) for H, and D, adsorption
on the SWNT bundle model at 77K. The simulated
adsorption isotherms are shown in figure 10, together
with the experimental isotherms of the hydrogen isotopes
on the SWNH assembly at 77 K. The experimental data
represent a gradual uptake of the hydrogen isotopes from
107> MPa; however, the predictions from the FH-GCMC
simulations show that the adsorption of the hydrogen
isotopes in ICs of the SWNT bundle start from about
10”*MPa. This indicates that the SWNH assembly has
narrower ICs than those of the SWNT bundle model, and
the narrow ICs may exist around the core of the SWNH
assembly. Although it is difficult to qualitatively compare
the FH-GCMC simulations and the experimental data

with respect to quantum effects as mentioned above, we
have calculated the ratio of H, adsorption to D, from the
simulations and experiment as a function of pressure
(figure 11a and b). The H,/D, ratio from the FH-GCMC
simulations is 0.835 £ 0.01 over the range of pressures
from 107> to 1073MPa, and increase to about 0.91 at
0.1 MPa. Below 10~ *MPa, most hydrogen isotopes are
preferentially adsorbed only in ICs of the SWNT bundle
model. Therefore, the large difference in adsorption
between H, and D, at low pressure should be attributed
to significant quantum effects, that is, the potential
field of IC for H, is weak because of the wide
quantum spreading of a H, molecule (proportional to
h/(6mkgT)'/?) compared with D,. Note that the
difference in adsorption between quantum and classical
H, should be larger than that between quantum H, and D,
at 77K. The H,/D, ratios from the experiments
are always smaller than the FH-GCMC simulations
over the whole range of pressures. This may be attributed
to the narrow ICs of the SWNH assembly because
the H,/D, ratio should be large in a pore, which has a
width comparable to the diameter of molecular quantum
H, at 77K.

7. Conclusion

We have compared the experimental adsorption isotherm
of N, on as-SWNH at 77 K with the GCMC isotherm for
the SWNT bundle model. The simulated N, adsorption
isotherm is in reasonably good agreement with the
experimental results after the monolayer completion on
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Figure 10. Adsorption isotherms of H, and D, from the FH-GCMC simulations for the SWNT bundle model and experiment for as-SWNH at 77 K.

The pressures are given in (a) logarithmic and (b) linear scales.

the outer surface of the SWNT bundle, and this has been
also confirmed from the isosteric heats of adsorption. The
discrepancy between the experimental and simulation
isotherms below the monolayer completion suggests that
SWNHs are heterogeneously arranged in the SWNH
assembly.

We have compared the experimental H, isotherm inside
SWNHs with simulated one of classical H, in the internal
space of the isolated SWNT model at 20 K. It shows that
the density of adsorbed H, inside SWNHs is quite smaller
than that of classical H, in the SWNT model due to
large quantum effects. The FH-GCMC simulations for
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Figure 11. Ratio of H, adsorption to D, from the FH-GCMC simulations for the SWNT bundle model and experiments for as- SWNH as a function of
pressure at 77 K. The pressures are given in (a) linear and (b) logarithmic scales.
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hydrogen isotopes adsorption on the SWNT bundle at
77K suggest that the SWNH assembly has narrower ICs
than those of the SWNT bundle model. The difference in
adsorption between H, and D, from the FH-GCMC
simulations is large at low pressure; this is because the
potential field of IC of the SWNT bundle for H, is
relatively weaker than that for D, even at 77 K, due to the
wide quantum spreading of a H, molecule.
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