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Abstract: H, and D, 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 H, inside the SWNH to be 8—26% smaller than that of D,. The difference between H; and D,
adsorption increases as pressure decreases because the quantum spreading of H, which is wider than
that of D, 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 statistical properties of quantum fluidsand have used PI-

GCMC simulation to study hydrogen storage capacity of
WNTs and graphitic slit poré4.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 K16and found that the selectivity of tritium

over hydrogen in the (10,10) nanotube interstice is extremely

Hydrogen adsorption in carbonaceous materials has rece|vedS
considerable attention in recent decatiésThe 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 7#K2 Wang et
al., however, have recently developed a path-integral grand
canonical Monte Carlo (PI-GCMC) technique to explore the

T Graduate School of Science and Technology, Chiba University.

t Faculty of Science, Chiba University. large at 20 K and is still significant at 77 K, even though
ilJ\laEpCa%Srcier:C? ind Technology Agency. quantum effects diminish dramatically as temperature increases.
# Meijo UoniF\)/%riilt?/. ' Darkrim et al'7-1investigated hydrogen adsorption on SWNTs
(1) Carpetis, C.; Peschka, Wht. J. Hydrogen Energy198Q 5, 539. at 293 and 77 K by using GCMC simulations with quantum
(3) Dilon. A, C.. Jonee, K. M.. Bekketanl . A- Riang. C. H.. Bethune, p.  €ffective potential derived from the Feynmakibbs (FH)
S.; Heben, M. JNature 1997, 386, 377. perturbative approaci:2! They showed that the hydrogen

) oG i Loy, Cong . T Cheng, H. M.; Dresselhaus, M. aqsorption at 298 K predicted by quantum simulations based

(5) Ye, Y.; Ahn, C. C.; Witham, C,; Fultz, B.; Liu, J.; Rinzler, A. G.; Colbert,  on the FH effective potential is several percent smaller than
D.; Smith, K. A.; Smalley, R. EAppl. Phys. Lett1999 74, 2307.

(6) Murata, K.; Kaneko, K.; Kanoh, H.; Kasuya, D.; Takahashi, K.; Kokai, F.; (13) Wang Q.; Johnson, J. K.; Broughton, J. 3.Chem. Phys1997 107,
Yudasaka, M.; lijima, SJ. Phys. Chem. R002 106, 11132.

(7) Anson, A.; Callejas, M. A.; Benito, A. M.; Maser, W. K.; Izquierdo, M. (14) Wang ; Johnson, J. K. Chem. Phys1999 110, 577.
T.; Rubio, B.; Jagiello, J.; Thommes, M.; Parra, J. B.; Martinez, M. T.  (15) Challa, S R Sholl, D. S.; Johnson, J.Rys. Re. B 2001, 63, 245419.

Carbon2004 42, 1237. (16) Challa, S. R.; Sholl, D. S.; Johnson, J.XChem. Phys2002 116, 814.
(8) Wang, Q.; Johnson, J. K. Phys. Chem. B999 103 4809. (17) Darkrim, F.; Levesque Ol. Chem. Phys1998 109, 4981.
(9) Wang, Q.; Johnson, J. K. Phys. Chem. B999 103 277. 18) Darkrim, F.; Aoufi, A.; Levesque, DMol. Simul.200Q 24, 51.
(10) Rzepka, M.; Lamp, P.; de la Casa-Lillo, M. A. Phys. Chem. B998 (19) Darkrim, F.; Levesque Dl. Phys. Chem. BR00Q 104, 6773.

102, 10894. (20) Feynman, R. P.; Hibbs, AQuantum Mechanics and Path Integrals
(11) Yin, Y. F.; Mays, T.; McEnaney, BLangmuir200Q 16, 10521. McGraw-Hill: New York, 1965.
(12) williams, K. A.; Eklund, P. CChem. Phys. Let00Q 320, 352. (21) Feynman, R. PStatistical MechanigsBenjamin: New York, 1972.
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that predicted by classical simulations and that quantum effectstemperature without metal catalysts by £l@ser ablation of

contribute 15-20% of the amount adsorbed at 77 K. It thus

pure graphite under argon at atmospheric presSukeSWNH

seems that quantum effects on the adsorption of hydrogen musis typically a tube 26 nm in diameter and 4650 nm long

be taken into account not only below 77 K but also at room

and has a conical cap at one end. SWNHSs associate with each

temperature when the adsorption site is in a pore whose size isother and form a nanoporous Dahlia-flowerlike assembly 80

comparable to that of a hydrogen molecule.
The FH effective potential, which is th&-Taylor expansion

100 nm in diameter. Because several grams of high-purity
SWNHs can be produced easily, the physical adsorption of

of the original Gaussian FH potential, can be used when systemsquantum hydrogen on SWNT-related materials should be

are under usual densities aafl < 0.5 ¢l = h/(mksTo?)Y?,
wherem and ¢ are the mass and size of the fluid molecule,
respectively, andg is the Boltzmann constaft?3 The Aj

investigated by systematically studying the adsorption of
hydrogen isotopes on SWNHs.
In this paper, we present adsorption isotherms pahd D,

value for hydrogen at 77 K is 0.47, so when hydrogen adsorption on SWNHs at 77 K and study the constitutive properties of
above 77 K is considered, the FH method should give a result quantum fluid adsorption by comparing the &hd D, adsorp-

identical to that given by the rigorous path integral metfod.
The FH method is also of great advantage for simulating

tion isotherms. We also report the results of GCMC simulations
with the FH effective potential (FH-GCMC) for Hand D

quantum fluid systems (at appropriate densities and tempera-adsorption on SWNTs and SWNHs at 77 K, and we compare
tures) because the potential energy calculations are not as timethe predictions of those simulations with the adsorption mea-
consuming as the calculations required when the path-integralsured experimentally.

method is used.

Many other theoretical and simulation studies concerning
quantum effects on helium and hydrogen adsorption at low
temperature have been reporté?® as have experimental

studies of the adsorption of helium, hydrogen, deuterium, and

neon quantum fluid®-37 In few studies, however, have

experimental results been compared with the predictions of

Il. 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
elsewheré! Adsorption isotherms of fHand D, at 77 K for the SWNH
samples were measured with a laboratory-designed volumetric adsorp-
tion equipmeri¥-2¢ consisting of a gas-handling system and a cryostat

simulations and theoretical studies including quantum effects. ith a He closed-cycle refrigerator. All samples were outgassed at 423
Itis therefore important to examine how the results of quantum g for 2 h under a pressure below 0.1 mPa before each isotherm
simulations of the adsorption for quantum fluids such as measurement. The exact same sample, which was placed in the sample
hydrogen isotopes on SWNTs agree with the results of cell, was used for Hand Dy adsorption measurements without replacing
experimental studies. Experimental results obtained with ordi- for reducing experimental errors. The temperature was kept within
nary SWNTs are hard to compare with theoretical results +0.05 K during the adsorption measurements, and thermal transpiration
because ordinary SWNTSs are contaminated with metal catalystsWas taken into account by using the empirical equation of Takaishi
and amorphous carbon. Single-wall carbon nanohorns and Sensuf?

(SWNHs)38-42 however, are free of such impurities and are
thus suitable for studying quantum effects appearing in the
adsorption of hydrogen isotopes. lijima et al. reported that
SWNHSs with purity greater than 90% can be produced at room

(22) SeSeL. M. Mol. Phys.1994 81, 1297.

(23) SeseL. M. Mol. Phys.1995 85, 931.

(24) Gatica, S. M.; Stan, G.; Calbi, M. M.; Johnson, J. K.; Cole, M.J\Low
Temp. Phys200Q 120, 337.

(25) Cole, M. W.; Herhadez, E. SPhys. Re. B 2002 65, 092501.

(26) Stan, G.; Cole, M. WJ. Low Temp. Physl998 112 539.

(27) Wang, Q.; Johnson, J. Klol. Phys.1998 95, 299.

(28) Gu, C.; Gao, G.-HPhys. Chem. Chem. Phy2002 4, 4700.

(29) Gu, C.; Gao, G.-H.; Yu, Y. XJ. Chem. Phys2003 119, 488.

(30) Setoyama, N.; Kaneko, Kidsorption1995 1, 165.

(31) Stephanie-Victorie, F.; Goulay, A.-M.; Cohen de Lara,lBngmuir1998
14, 7255.

(32) Teizer, W.; Hallock, R. B.; Dujardin, E.; Ebbesen, T. Rhys. Re. Lett.
1999 82, 5305;200Q 21, 1844.

(33) Day, C.Colloids Surf., A2001, 187—188 187.

(34) Tanaka, H.; El-Merraoui, M.; Kodaira, T.; Kaneko, &hem. Phys. Lett.
2002 351, 417.

(35) Tanaka, H.; Murata, K.; Miyawaki, J.; Kaneko, K.; Kokai, F.; Takahashi,
K.; Kasuya, D.; Yudasaka, M.; lijima, Sviol. Cryst. Lig. Cryst.2002
388 429.

(36) Tanaka, H.; EI-Merraoui, M.; Kanoh, H.; Steele, W. A.; Yudasaka, M.;
lijima, S.; Kaneko, K J. Phys. Chem. B004 108 17457.

(37) Wilson, T.; Tyburski, A.; DePies, M. R.; Vilches, O. E.; Becquet, D.;
Bienfait, M.; J. Low Temp. Phy2002 126, 403.

(38) lijima, S.; Yudasaka, M.; Yamada R.; Bandow, S.; Suenaga, K.; Kokai,
F.; Takahashi, KChem. Phys. Lett1999 309, 165.

(39) Murata, K.; Kaneko, K.; Steele, W. A.; Kokai, F.; Takahashi, K.; Kasuya,
D.; Yudasaka, M.; lijima, SNano Lett.200], 1, 197.

(40) Ohba, T.; Murata, K.; Kaneko, K.; Steele, W. A.; Kokai, F.; Takahashi,
K.; Kasuya, D.; Yudasaka, M.; lijima, SNano Lett.2001, 1, 371.

(41) Murata, K.; Kaneko, K.; Steele, W. A.; Kokai, F.; Takahashi, K.; Kasuya,
D.; Hirahara, K.; Yudasaka, M.; lijima, S. Phys. Chem. 2001, 105
10210.

(42) Bekyarova, E.; Murata, K.; Yudasaka, M.; Kasuya, D.; lijima, S.; Tanaka,
H.; Kanoh, H.; Kaneko KJ. Phys. Chem. B003 107, 4681.
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11l. 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,+HH, interaction by the
Lennard-Jones (LJ) potential

) -
r r
wherer is the distance between two particles. The LJ interaction
parameters we used for hydrogen in this work@fe= 0.2958

nm ande/k = 36.7 K1819Here, we use the Feynmahiibbs

(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
A/(12mksT)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

V() = 4egy ()

2
h )VZVLJ(r) )

24uk;T

whereu = m/2 is the reduced mass of a pair of interacting

Veu(r) = V() + (

(43) Takaishi, T.; Sensui, YTrans. Faraday Socl963 53, 2503.
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fluid molecules. The potential parameters fos &hd Dy 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 sotidluid 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 giverfoy

63F(—4.5,—4.5, 1.0;r*?)
VLJtUbe(r,R) = ﬂzpsésfasfz 32 RF(1 — r*z)] 0
S 1515, 1.0;r*?)

[Re(1 —r+%]"

5.9 nm

®3)

Figure 1. Schematic representation of the SWNH model used for the FH-
whereF(a, 3, v; x) is a hypergeometric functiol is the radius GCMC simulations; only one conical part of the SWNH model is shown
of the tube;ps is the density of solid atoms in the tube wall (@ and the TEM image of SWNH (b).

(38.2 nnT2 in a SWNT); r* = r/R, and R* = Rlog. The
interaction parameters we used for the hydrog8WNT
interaction arers; = 0.3179 nm ands/k = 32.06 K. They were
obtained by using the LorentBerthelot rules and combining
the parameters for graphites{= 0.34 nm andsdk = 28.0 K)
with those for hydrogen. The quantum hydrog&SWNT
interaction potential, obtained by integrating the pairwise FH
effective potential (eq 2), is given by

assuminge = 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 hydrogdobe 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 hydrogeffube wall] interaction
inside the SWNH model reproduced the potential profile for a
SWNT of finite length. Thus, along the tube axis, the [quantum

tub _\/ b
Vey R =V R + hydrogen}-[tube wall] interaction was continuously reduced
) #2 \|2541F(—5.5,—5.5, 1.0;r*2) from near the connection between the tube and cone parts to
T P miT)| 256 R (1 — r*2)]12 - the inside of the cone part.

D. Isosteric Heat of Adsorption. To evaluate the solid
25F(=2.5,-2.5, 1.0;r*?) @) fluid interaction potentials of the SWNH model, we calculated
8 [Re(1 —r*?)]° the isosteric heat of adsorptions from the fluctuations in
the number of adsorbed molecules and the total en€rgy:

where instead of using the = m/2, we used for the p+H,
interaction; we used = mfor the quantum interaction between Qo = ngT _ [ENC— [EMING (5)
hydrogen and carbon atoms because we assumed that the carbon st 5 N2~ NGB
atoms in the SWNT wall are linked together rigidly.

C. Hydrogen—SWNH Interaction Potential. In the present where the total energl is the sum of the kinetic and potential
study, a SWNH was modeled by a SWNT-like tube with a €nergies. The total energy based on the FH model is given by
conical cap at each end. These two caps were used to avoid

f
cutting off of the intermolecular interactions discontinuously 3 N dVEH,ij N dVGFH,i N " N ’

when terminating the one end of the SWNH model. The tubular E=_NkgT+ 25 q + Zﬁ q + VFH,ij + zVIS:H,i
part and one conical cap of the SWNH model are shown in = p ! p = ! (6)

Figure la, together with a TEM image of SWNH (Figure 1b).

The tube and the base of the cone of the SWNH model are 2where Vi, and V3, are the fluid-fluid and solid-fluid inter-

nm in diameter, and the lengths of the cone and tube are 5.9action potentials, respectively, based on the FH effective
and 2.958 nm (1@%), respectively. The angle of the apex of potential;N is the number of adsorbed molecules in the system,
the cone was set to 19rom the TEM observations. We made andg = 1/kgT. The first term on the right-hand side of eq 6 is
the length of the tubular part of the SWNH model less than a the kinetic energy of classical molecules; the second and third
tenth the length of the actual SWNHs because we wanted toterms are quantum corrections to the classical kinetic energy,
evaluate adsorption behaviors of the hydrogen isotopes aroundand the rest of the terms are the potential energies.

the conical parts of SWNHSs. Each conical part of the SWNH  E. Simulation Details. The grand canonical Monte Carlo
model consists of a graphite layer one atom thick rolled into a method® based on the FH effective potential (FH-GCMC) was
cone. Thus, as shown in Figure 1a, it also has an atomisticused to simulate quantumytnd D, adsorption at 77 K. The
structure. The interaction potential between a quantum hydrogenprobabilities of a single displacement, creation, and deletion
and a carbon atom in the conical wall were calculated by were set to 0.4, 0.3, and 0.3, respectively. The system was

(44) Tjatjopoulos, G. J.; Feke, D. L.; Mann, J. A, JrPhys. Cheml988 92, (45) Allen, M. P.; Tildesley, D. JComputer Simulation of Liquigi€larendon
4006. Press: Oxford, 1987.
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10 12
—o—H, (as-SWNH ) 124 r (@
{ —=—D, (as-SWNH) s k (] 3
—0—H, (ox-SWNH) 104 —a

8 - ——D,(ox-SWNH) [
——H, (inside of SWNH )
1 - D, (inside of SWNH ) r

24

0
b 0.00 0.02 0.04 0.08 0.08

adsorption [mmol/g]
adsorption [mmol/cm’]

——H, { SWNH, simul. )
4 ——D, { SWNH, simul. )
=—H, { SWNT, D =2 nm, simul. }
AAAAAAA D, ( SWNT, D =2 nm, simul. }

0
T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
pressure [MPa]

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

—
10° 10° 10" 10° 107 107
pressure [MPa]

Figure 3. H, and D adsorption isotherms at 77 K. The circles represent
- . the experimental values for the internal space of SWNH. The four lines
equilibrated for 5x 10° Monte Carlo steps, after which data  gre predictions from the FH-GCMC simulations for the SWNH and SWNT

were collected for another & 1P steps. The fluig-fluid and models.

solid—fluid (for the atomistic cone parts of the SWNH model)

interactions were truncated at distances o0& and 5 oy, pressure range from 0.007 to 0.1 MPa. The ratio of the
respectively. We have calculated the adsorption gakd D value for H to that for Oy is 1.4, so the quantum correction

in the internal space of the SWNT model (the tube diameter is (the second term on the right-hand side of eq 2) to the interaction
2 nm) and the SWNH model (the diameters of the tube and the potential for b is twice as large as that to the interaction
base of the cone are 2 nm). Periodic boundary conditions werepotential for 3. As a consequence, for example, the potential
not used for the SWNH model but were used for the SWNT well depth of the H—H, interaction at 77 K calculated from
model, and there only along the tube axis. Thus the tube lengtheq 2 is 1.8 K shallower than that of theBD; interaction and

of 10 o was used. The simulations yield an absolute amount is 4.4 K shallower than that of the classical-H+H interaction
adsorbedNasg, and thus it must be converted to a surface excess (LJ potential). Similarly, the potential well depth of theH
(Nexo for comparison with experimental data. In the present SWNT (D = 2 nm) interaction at 77 K calculated from eq 4 is
study, the surface excess has been calculatedefy= Naps — 10 K shallower than that of the 2 SWNT interaction and 22
poV, wherepy, is the bulk density of gas, andis the volume of K shallower than that of the classicabHSWNT interaction

the internal space of the SWNH model. In the grand canonical calculated from eq 2. These quantum contributions would result

ensemble, the volume, temperature, and adsorbate chemicajn the difference between the amounts of &hd D, adsorbed
potential are fixed. To compare with experimental isotherms on the SWNH samples.

as a function of a bulk fluid pressure, however, we need to obtain  \y/e have performed the FH-GCMC simulations fos &hd

the pressure of the bulk fluid as a function of the chemical D, adsorption at 77 K on the SWNH model and also the model

potential and temperature. Therefore, to determine the excess,¢ gyNT, which is 2 nm in diameter. The simulated adsorption
chemical potentials of the quantum hydrogen isotopes at 77 K, isotherms at 77 K are shown in Figure 3a,b, together with the

we performed Monte Carlo simulations with the FH effective experimental isotherms for the,Hand Dy adsorption inside

potential in the canonical ensemble (FH-MC), which is com- SWNH. The adsorbed amount from the experimental data has

bined with tfh fhW|domttesthp3rtlcle |nsetrt|on meth“édﬂ:e lat een converted to that on a volumetric basis by using the internal
pressures of the quantum hydrogen ISOlOpes were calculateq, , o o\ me of SWNH (0.55 cfty) obtained by nitrogen

simultaneously during the FH-MC simulations. We also obtained adsorption at 77 K6 Although the experimental data indicate

the pressure of bulk quantum hydrogen as a function of density . : .
from the FH-MC simulations at 78 K and confirmed that the that the uptake of the hydrogen_ |§otopes increases rapidly up
. . . to about 0.01 MPa, the predictions from the FH-GCMC
results are in good agreement with experimental data up to at_. . . .
least 10 MPa simulations for the SWNT model do not reproduce this rapid
' increase (see Figure 3b). The simulatedadd D, adsorption
IV. Results and Discussion isotherms for the SWNH model are in reasonably good

H, and D; adsorption isotherms at 77 K for as-SWNH, ox- agreement with the experimental data over a wide range of

SWNH, and the inside of SWNH are shown in Figure 2. The pressures, although this SWNH model is quite simplifigd in
isotherms for adsorption inside the SWNH were obtained by comparison with the r_:lctual S_WNH'_ Some configurational
subtracting the isotherms for adsorption on as-SWNH from the snapshots collected during the simulations for hydrogen adsorp-

isotherms for adsorption on ox-SWNH. Differences in adsorp- tion in the SWNH model are shown in F'gqre% and it is i
tion between K and D, are 6% for as-SWNH, 7% for clear from these snapshots that the rapid rise in the adsorption

ox-SWNH. and 8% for the inside of SWNH. and those isotherms up to about 0.01 MPa can be attributed to adsorption
differences are constant to withi2% deviation over the 1 the conical part of the SWNH model. These facts indicate
that at 77 K and pressures below 0.1 MPa most of the hydrogen
(46) Widom, B.J. Chem. Phys1963 39, 2802. isotopes are preferentially concentrated in the conical part of

7514 J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005
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Figure 4. Configurational snapshots collected from the FH-GCMC simulations foads$orption in the SWNH model at 77 K; (a) TOMPa, (b) 103
MPa, (c) 102 MPa, and (d) 0.1 MPa.

120 14
@ | | "1 (b) (a)

126250 00 0-

,&%%

T L

80 -3 L

—o—H, (SWNH)
—o—D,(SWNH)
——H, (SWNT,D=2nm)
=D, (SWNT, D=2nm)

40 4 1 -

H, /D, [%]
3
1
S
T
isosteric heats of adsorption [ kJ/mol ]

20 4 0 -_— —0o— (SWNH, simul.) -
10™ 10° 10° 107 10° 10° 10% 10° 10° 10" ® (SWNH, exp.)
0 T T T T T T T T T 4 T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0 2 4 6 8 10 12
pressure [MPa] adsorption [mmol/cm®]
Figure 5. Relation between pressure and the ratio gfadsorption to R Figure 6. Simulated isosteric heats forlnd Oy in the SWNH and SWNT
adsorption in the internal space of SWNH at 77 K. models versus the average amounts adsorbed at 77 K.

SWNH, which is less than 2 nm in diameter, because of the about 52% of that predicted by the classical simulation at@0
strong solid-fluid interaction potential field there. MPa. We have calculated the isosteric heat of adsorptigh (
To discuss the agreement between the predictions from thefor the hydrogen isotopes in the SWNH model at 77 K, and the
FH-GCMC simulations for the SWNH model and the experi- values obtained from the FH-GCMC simulations for the SWNH
mental data with respect to quantum effects, we have calculatedand SWNT D = 2 nm) models are shown in Figure 6a,b as a
the ratio of H adsorption to Radsorption from the simulations  function of average amounts adsorbed. At zero coverage, the
and the experimental data and plotted it as a function of pressureisosteric heats of adsorption for;tbn the SWNH model are
in Figure 5. The H/D, ratios obtained from the FH-GCMC nearly 3 times as large as that on the SWNT model because of
simulations agree very well with the experimental results over the strong solietfluid interaction potential at the tip of the
the pressure range from 0.007 to 0.1 MPa. This suggests thatSWNH model. Then theg values for the respective hydrogen
quantum effects at 77 K are represented in the FH-GCMC isotopes on the SWNT model are almost constant over the full
simulations. The KD, ratio obtained from the FH-GCMC  range of adsorption, while the; values for the SWNH model
simulations is 92+ 2% over the range of pressures fronT480  show a sharp decrease dg from 0.2 to about 2 mmol/cfn
to 0.1 MPa and decreases to about 74% atd®Pa. Below The reason for the decreasegqwith an increase in amounts
10~7 MPa, most hydrogen isotopes are adsorbed only at the tip adsorbed is that the solidluid interaction in the conical part
of the conical part of the SWNH model, where only one decreases rapidly from the tip of the cone to the connection
adsorbate molecule can be accommodated. The large differencdetween the conical part and the tube part. That is, molecules
in adsorption between Hand D, at low pressures should adsorbing after occupation of strong adsorption sites by other
therefore be attributed to significant quantum effects. That is, molecules experience a smaller selituid interaction potential.
it is harder for a H molecule to approach the tip of the SWNH  This is also evident from the fact that tlg; values for the
model, which has the strongest potential field, than it is for a SWNH model approach those for the SWNT model after
D, molecule because of the wide quantum spreading of a H completion of filling in the conical part of the SWNH model.
molecule (proportional th/(6mksT)9). We have also performed  The g for H; is always smaller than that for,Dand at zero
additional simulations of the classical LJ hydrogen adsorption coverage, the difference @ between Hand D for the SWNH
at 77 K in the SWNH model without quantum corrections. The model is 0.35 kJ/mol, while for the SWNT model, it is 0.09
density of adsorbed hydrogen predicted by the quantum simula-kJ/mol. This clearly indicates that the smaller the pore size, the
tion is 81+ 1% of that predicted by the classical simulation larger the quantum effects on the adsorption of hydrogen
over the pressure range from 0.001 to 0.1 MPa, and it is only isotopes. We have also estimated the quantum contribution to
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gst at zero coverage for $on the SWNH model by comparing  accurately represented in the FH-GCMC simulations. Moreover,
the prediction from the quantum simulation with that from the the ratio of quantum K adsorbed to classical Hadsorbed
classical simulation. The value for classical K at zero approaches 80% over the pressure range of 6-:00r MPa.
coverage is 0.78 kJ/mol larger than that for quantugrahl is The difference between the amounts of &hd D, adsorbed
about twice as large as the difference betweencthealues that is predicted by the quantum simulations becomes larger as
for quantum H and D».. These facts thus suggest that quantum pressure decreases. This is because the quantum spreading of
effects on hydrogen adsorption for SWNHSs are very important H,, which is wider than that of B is quite effective at the
at 77 K. narrow conical part of the SWNH model. Thg values for b
obtained from the quantum simulations are always smaller than
those obtained for P At zero coverage, thes difference

We have measuredzrand Dy adsorption on SWNHs at 77 between Hand Dy is 0.35 kJ/mol, and they; difference between
K and compared the experiments with the simulations for these quantum H and classical His 0.78 kJ/mol. These facts indicate
hydrogen isotopes adsorption on the SWNH model. Quantum that quantum effects on hydrogen adsorption on SWNHs are
effects were incorporated in the simulations through the very important even at 77 K.
Feynmanr-Hibbs (FH) effective potential. The simulation results
are in good agreement with the experimental results, even thoug
the SWNH model is much simpler than the actual SWNHSs. The
ratio of H, adsorption to [ 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 JA0502573

V. Conclusions

h Acknowledgment. This work was partially funded by a
Grand-in-Aid for Fundamental Scientific Research (S) (No.
15101003) from the Japanese Government, and by the Advanced
Nanocarbon Application Project, NEDO. We would like to thank
Jing Fan for TEM observations.

7516 J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005



