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Nitrogen adsorption on carbon nanotube bundles: Role of the external surface
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Nitrogen adsorption on two types of single-walled carbon nanotube bundles at both subcritical and super-
critical temperatures is studied using Gibbs ensemble Monte Carlo simulation to understand the role of the
external surface in the type of isotherm. On an infinite periodic hexagonal buittieutan external surface,
which was mostly used in previous theoretical studies, subcritical adsorption is of type | with two steps in the
adsorption isotherm and two maxima in the isosteric heat corresponding to adsorption, first forming annuli
inside the nanotubes, and then with increased coverage at the centers of the nanotubes. Supercritical adsorption
is also of type I, but with one step in the adsorption isotherm and a single maximum in the isosteric heat. Also,
at high pressures the interstitial channels between the nanotubes become accessible to nitrogen molecules. On
a small isolated hexagonal bundiéth an external surface, subcritical adsorption is of type Il, as has been
observed in experiments, with two steps in the adsorption isotherm and two maxima in the isosteric heat. The
first step corresponds to adsorption at the internal annuli and the grooves between the nanotubes, and the
second step results from adsorption at the ridges on the external surface of the bundle and at the centers of the
nanotubes. At higher coverages multilayer adsorption and wetting occur on the external surface as the bulk
phase approaches saturation. Supercritical adsorption is of type I, without a step in the adsorption isotherm or
a maximum in the isosteric heat, and there is no nitrogen adsorption in the interstitial channels even at high
pressures. These results demonstrate the important role of the external surface of the nanotube bundle in the
character of adsorption isotherm, and provide a substantial physical explanation for the difference between
experimental observation and previous theoretical prediction.
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[. INTRODUCTION Molecular simulations, first-principles quantum mechan-
ics methods, and their combinations, have been applied to
Since their discovery by lijima in 1994 carbon nano- aim to understand gas adsorption on nanotube bundles. Stud-
tubes have stimulated intense interest in physics, chemistrigs of gas adsorption inside a single SWNT or MWNT are
material science, and biologyCarbon nanotubes have a va- not mentioned here, as that is not the focus of this work.
riety of superior properties including well-defined nanodi- Simulations have been conducted on SWNT square bundles
mensional structure, high electrical and thermal conductivityfor the physisorption of nitrogen at 77 ¥;of methane at 75,
good mechanical stability, ef¢ These structures provide a 148, and 300 K2 of ethane at 180 K® and of hydrogen at
large specific surface area per unit weight, indeed, highef7 K;2°?1 293 K?22-2* and 298 K?° Also there have been
than that of graphite, although the density is lower due to thesimulations on SWNT hexagonal bundles for the physisorp-
hollow interiors. This suggests that carbon nanotubes coulton of hydrogen at 77 K%2125293 K 225and 298 K20:26:27
be excellent candidates for gas storage, purification, andf xenon at 95 K¥® and of hydrogen on heterogeneous
separation. SWNT bundles at 298 K° To take into account quantum
There have been a large number of experimental investieffects of light gas molecules at very low temperatures or to
gations of gas adsorption on carbon nanotubes. For exampligwestigate gas chemisorption on SWNT bundles, quantum
the adsorption isotherms of nitrogémxygen® methané,  mechanics methods have been employed, including path in-
and kryptofi on single-walled carbon nanotubWNT)  tegral simulatiort’ ab initio simulation®! and density func-
bundles were measured near 77 K, and all found to be type Honal theory*
according to the IUPAQInternational Union of Pure and The adsorption isotherms that have been predicted theo-
Applied Chemistry classification. A similar isotherm was retically are of type I, or in a few cases type 1V, independent
reported for nitrogen adsorption at 71 K on closed-endeaf temperature. Physically, the prediction of a type | isotherm
SWNT bundles, and it was found that the adsorption of is not unexpected at bulk adsorbate supercritical tempera-
nitrogen on open-ended SWNT bundles is three times largaures as multilayer adsorption is not likely to occur. How-
than on closed-ended SWNT bundfasitrogen? methand?  ever, at subcritical temperatures, where multiple adsorption
and butan¥ adsorption isotherms on multiwalled carbon layers may form and wetting may occur, the theoretical pre-
nanotubesMWNT) bundles have also been found to be typediction is not in agreement with the experimental observation
[I. Much work has been done on hydrogen adsorption orof type Il isotherms. This difference is, as shown here, the
carbon nanotubes at both cryogenic and ambient temperaesult that an infinite periodic nanotube bunai@hout an
tures toward developing renewable and environmentallyexternal surface was assumed theoretically. However,
friendly pollution-free fuel cell technology for future electric experiments®*3*have shown that nanotubes form hexagonal
vehicles; for details, see recent revietfst® bundles that are nearly uniform and of finite diameter. Con-
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TABLE |. Parameters, in the endohedral and exohedral averaged potentials of a nitrogen atom along the radial distance from the center
of a (10,10 SWNT.

k 0 1 2 3 4 5 6 7 8

Endohedral 9276.09 —49227.1 105086 —121229 83007.9 —34674.7 8608.90 —1173.05 72.31
Exohedral 5.797 66.41 314.03 799.83 1185.09 1150.62 651.71 210.08 30.73

sequently, the external surface of a finite bundle ought to bef 1.10 A, unlike other simulation studies of nitrogen adsorp-
available for gas adsorption, and experimental evidence fation in nanotubeg’ in which nitrogen had been represented
this has been provided by gas adsorption on closed-endda a spherical molecule. Such an assumption is probably not
SWNT bundles®~38 Only recently have there been a few appropriate as the molecular dimensions of the adsorbate and
simulations examining the effect of the external surface orthe nanotube diameter are of the same order of magnitude.
gas adsorption on SWNT bundles for hydrogen at superThe nitrogen-nitrogen interaction is modeled by the Lennard-
critical temperature®’ and for a variety of gaseéneon, Jones potential with a well depthy/ks=36.4 K (kg is the
argon, krypton, xenon, and methaneat subcritical Boltzmann constapt and a collision diameteroy.y
temperature&®—*2 In the latter, the adsorption isotherms =3.32 A, which were fitted to the experimental bulk prop-
were found to be type Il, consistent with experimental obsererties of nitrogert* It has been found that the nanotube-
vation. This suggests that to correctly predict adsorption orxenon interaction can be approximated by the graphite-xenon
the nanotube bundles, the external surface must be taken iniateraction since a nanotube can be considered as a rolled up
account. graphene sheét. Similarly, to model the nanotube-nitrogen
The goal of this work is to more thoroughly explore the interaction, we use the Lennard-Jones potential with param-
role of the external surface in gas physisorption at both subeterse /kg=233.4 K andoc.y=3.36 A, which were fitted
critical and supercritical temperatures on two types of SWNTto the measured properties of nitrogen adsorption on graphite
bundles: an infinite periodic hexagonal bundle that does nah the limit of zero coveragé
have an external surface, and a finite isolated hexagonal The open-ended nanotube is considered to be infinitely
bundle that does have an external surface. Open-endédng along the tube axis; consequently, averaging over the
SWNTs are considered here to allow gas endohedral adsorpibe axis leads to a nanotube-nitrogen potential that depends
tion inside the nanotubes in addition to exohedral adsorptiomnly on the radial distance from the tube center. We first
on the external surface, which is different from earlier calculate the explicit potential for a nitrogen atom at a given
studies}®~*?in which adsorption only on the external surface radial distance by accounting for the frozen carbon atoms
at subcritical temperatures was considered. explicitly, and then fit the results to a polynomial function of
In Sec. Il the atomistic models of the two types of SWNT r of the form
bundles under study are described in detail and the favorable
adsorption sites are identified, followed in Sec. Il by a dis- 8 R \X
cussion of simulation methods. In Sec. IV, the simulated den- u(r)=k20 Ck(ﬁ) , @
sity distributions of adsorbed nitrogen molecules, the loca-
tions of their centers of mass, the adsorption isotherms, anethereR=6.78 A is the radius of thé€10,10 nanotube. The
the isosteric heats are presented on both types of bundles @tdohedralinside and exohedrafoutside averaged poten-
two subcritical temperatures, 77 and 100 K, and one supetials are fitted separately and the parametgrare given in
critical temperature, 300 K. Finally, concluding remarks areTable |. Using these averaged potentials, simulations are sig-
given in Sec. V. Note that the critical temperature of nitrogennificantly accelerated without a significant loss of accuracy.
is about 126 K2 Traditionally, one uses the term “gas ad- Because of the van der Waals interactions, nanotubes
sorption” to refer to the adsorption at supercritical tempera-form hexagonal bundles of finite diameter. The average num-
tures, and “vapor adsorption” at subcritical temperatures.ber of nanotubes within a bundle varies with the synthesis
Throughout this manuscript, we simply use “gas adsorption"’method. For example, bundles between 100 and*3@fd
to refer to both cases. of the order of 20 nanotub¥s have been reported. For
(10,10 SWNT bundles the experimentally measured inter-
tube distance, i.e., the van der Waals gap, is nearly constant
at 3.2 A333% Although there have been a few simulation
A SWNT is a seamless cylinder formed by rolling up a studies on gas adsorption in square bundfté8the forma-
graphene sheet. The SWNT under study is the metallic arntion of hexagonal bundles is energetically more favorable.
chair type with a highly symmetrical structure, a HamadaSuch hexagonal bundles have also been found in some poly-
index 0f (10,10, and a diameter of 13.56 A, as this SWNT is meric supramolecules formed by self-assenibly.
the most frequently observed experimentafifhe armchair To investigate the effect of the external surface of a
SWNT is comprised of cylindrical sheet of hexagons withSWNT bundle on gas adsorption, we compare nitrogen ad-
long axes perpendicular to the tube axis, while they are parsorption in two types 0f10,10 SWNT bundles{(i) an infi-
allel in the zigzag SWNT. The adsorbate, nitrogen, is reprenite periodic hexagonal bundigithout an external surface,
sented by a rigid two-site molecule with a fixed bond lengthand (ii) a finite isolated hexagonal bundth an external

Il. MODELS
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() infiteperiodicbundle (i) finstgisolated bundle u/kgT=—23.0, and a somewhat less favorable site is the

* g ridge nanotube center witlu/kgT=—7.8. The adsorption site at
the interstice bounded by three nanotubes is a narrow chan-
nel at 9.7 A from the nanotube center witthkgT= —4.4,

20
u(x,y) kg T

. groove
—— -20

3 0 < 1 : center . . .
=2 'Y ] m;ms and the interstices surrounding each nanotube form a honey-
60 -10 f .

[ nersice comb lattice. For the isolated bundle, the most favorable site
is the groove between two adjacent nanotubes witkyT
e ne o =—23.0, but this site is a very small region at 20.2 A from
X (&) the bundle center. Another favorable site is the annulus at 3.4
A from the center of the middle nanotube witlVkgT
=—22.8. The interaction energy at the annulus inside the
nanotube surrounding the middle nanotube is not uniform,
nd is more attractive closer to the middle. The next most
avorable site is the ridge surrounding the nanotube on the
external surface witlhu/kgT= —11.4, then the center of the

L . iddle nanotube withu/kgT=—7.6, and the center of the
surface. A periodic rectangular parallelepiped of 33.5 AMK ; B ' -
x29.0 Ax36.9 A with aligned hexagondll0,10 SWNTs  n€ighboring nanotube with/kgT=—7.2. Similar to the pe-
is used to represent the infinite periodic bundle. This is”Od'C bundle, the interstice here also has an energy of

shown in Fig. 1i) where the large circles are the SWNT u/kgT=—4.4 at 9.7 A from t.he bundle center. In the regiqn
walls with the tube axis in the dimension. The finite iso- of the external surface starting from the ridge, the attractive

lated bundle is assumed to be composed of se¢en0 energy decreases with increasing distance from the bundle.

SWNTs with a diameter of approximately 47 A in a periodic Sulfficiently far from the bundle, bulk gas behavior is reached
rectangular parallelepiped of 100.04.00.0 Ax36.9 A as the gas molecules do not interact with the nanotubes.

The lengths in thex andy dimensions are sufficiently large
to eliminate the nearest neighbor interactions with its peri-
odic images, to ensure that the bundle is truly isolated. Ill. METHODS

Shown in Fig. 1ii) is the central region of the finite isolated 1, grand canonical Monte Carl&CMC) simulatior”
bundle. _ . _ ) with the chemical potential of adsorbate fixed is widely used
To identify the likely favorable adsorption sites, Fig. 1 4 gyudy gas adsorption. Usually adsorption is analyzed as a
further shows the potential e_nerg;(x,y)/kBT (T=77K) " function of bulk pressure, so an accurate equation of state or
contours in the-y plane of a nitrogen molecule kept parallel gimyjation of the bulk phase is needed to convert the chemi-
to the nanotube axis if) the infinite periodic bundle an@) 4| potential to bulk pressure. However, an accurate equation
the finite isolated bundle. The energy is g:alculatgad betwggn 8f state may not be availabke priori, and additional simu-
nitrogen molecule parallel to the tube axis at a given positiontion may be time consuming, especially for a wide range of
with all the carbon atoms in the bundle. The favorable ad’[emperatures and pressures. Consequently, the bulk phase is

sorption sites are indicated ifi) with the corresponding g ally assumed to be an ideal gas; however, this assumption
pqtentlal energies given in Table Il. For the perlod|c_ bun_dlefa”s at high pressures, such as those of interest here.
without an external surface, all the nanotubes are identical, |, this work we employ the isobaric isothermal Gibbs

and there are no groove and ridge sites. The most favorablg,comble Monte Carlo NPT GEMC) simulation. The

site is the annulus at 3.4 A from the nanotube center WithsEMC simulation was initially proposed to simulate phase

equilibria’®*%in which two simulation cells are used, one for

TABLE 1. Potential energyi(x,y)/kgT (T=77 K) atthe favor- - ne |ow-density phase and the other for the high-density
able adsorption sites for a nitrogen molecule aligned parallel to th‘f:)hase. In such a simulation. the total number of molecules is
nanotube axis. fixed, but molecules can be transferred from one cell to the
other. The volume of each simulation cell is allowed to fluc-
tuate to maintain pressure equality between the two bulk

FIG. 1. (Color onling Potential energy(x,y)/kgT (T=77 K)
contours in thec-y plane for a nitrogen molecule aligned parallel to
the tube axis in the dimension on(i) the infinite periodic bundle
and(ii) the finite isolated bundle. The favorable adsorption sites ar
indicated in(ii).

Adsorption site (i) Periodic bundle (i) Isolated bundle

Annulus —23.0 —22.8 phases. Two simulation cells are also used for adsorption, but
Center -78 —7.8 one with adsorbent and the other with bulk fluid. The volume
Interstice —4.4 —4.4 of the adsorbent is fixed, but that of the bulk phase can be
Groove c 930 either fixed® or permitted to change at fixed bulk presstire.
Ridge c 114 The NPT GEMC simulation was previously adapted by

us to investigate the adsorption of pure oxygen, pure nitro-
a—22.8 inside the middle nanotube and inhomogeneous inside thgen, and their mixtures on the g schwarzite structure, and
neighboring nanotubes. results consistent with those of the GCMC simulation were
b_ 7.6 inside the middle nanotube anrd7.2 inside the neighboring obtained??>3 From theNPT GEMC simulation one obtains
nanotubes. the extent of adsorption at fixed bulk pressure, as well as the
‘Due to the periodic geometry, there are no groove and ridge sitebulk density and enthalpy. This information is useful in com-
on the periodic bundle. puting the isosteric heat of adsorption giverrby
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. H _ (‘9U—A) (2) 020 P=10°kPa P=10"kPa ~—0.91 P=1kPa
Ost=Hp INp T,VA' o \=/A\>/j 7R\ N\
X : N \
whereHy, is the bulk enthalpylJ , is the adsorption energy, " %F\C )/\/\C )/\F\C

andN, is the number of admolecules. The isosteric heat of oo
adsorption is a quantity used to measure the change of intet /\

actions during adsorption. At conditions at which the bulk °“c s & s o s . s 0o s o

fluid is an ideal gasHg can be approximated iy, T where @ e A

Ry is the gas constant. As mentioned earlier, gas molecules FIG. 2. (Color onling Density profiles of the centers of mass of
far from the isolated bundle do not interact with the carbonsnitrogen molecules versus the distance from the center of the peri-
and the density approaches the bulk density. Consequentlydic bundle at 77 K. The insets are snapshots generated by accu-
the number of admolecules is the total number of gas molmulating 50 equilibrium configurations.

ecules in the simulation cell with adsorbent as corrected by

subtracting the number of gas molecules behaving as bultton on the periodic bundle at 77 K and 10 kPa expressed as
gas. To do so, a cutoff distance from the center of the isothe ratio of the number of nitrogen molecules to the number
lated bundle is selected, within which the gas molecules aref carton atoms is p/C=0.10, which has a standard devia-
considered adsorbed. Note that this correction is negligible aton of 1.7<10™4, suggesting that the simulation is suffi-

low pressures, but it is significant at high pressures. ciently long.
Five types of trial moves are conducted randomly in the
NPT GEMC simulation here, displacement, rotation, cre- IV. RESULTS AND DISCUSSION
ation, and deletion in each phase, and volume change of the o o
bulk phase. For the first two types of moves, the number of A. The infinite periodic bundle

molecules in each phase is fixed and a randomly chosen mol- Figure 2 shows the density profifr) of the centers of
ecule is moved. The acceptance probability is determined byhass of nitrogen molecules adsorbed on the infinite periodic
the Metropolis criterion bundle at 77 K, where is the radial distance from the center
of the bundle. Herep(r) is defined as the number of mol-

min[ 1, exg — BAU)], (3 ecules in an infinitesimal volume
whereAU is the change of the total energy of a trial move, _
and 8= 1/kgT. Creation of a molecule in the adsorbgal) p(r)=oNI(2mr ér z), @)

phase, corresponding to deletion of that molecule in the bullyherez is the tube length. The insets are the snapshots of the
(B) phase, is accepted with a probability of centers of mass of nitrogen molecules generated by accumu-
lating 50 equilibrium configurations. At a low pressure
(4) (107° kPa) nitrogen molecules adsorb at the most favorable
internal annuli, indicated by a peak at 3.4 A in the density
Similarly, the probability of acceptance for the deletion of aprofile, and no molecules are present between 0 and 3.4 A.
molecule in the A phase and its creation in the B phase is The density increases with increasing pressure, and at a mod-
erate pressure (16 kPa) nitrogen molecules also adsorb at
min{1,exd — B(AUA+AUg)INg Va/(Na+1)Vp)}. the nanotube centers, indicated by a small peak at zero in the
5) density profile. Adsorption approaches saturation at 1 kPa in

The acceptance probability for the trial volume change in thén€ layers at both the annuli and the nanotube centers. How-

min{1,exg — B(AUA+AUgR)INa Vg/(Ng+1)Vp)}.

bulk phase is ever, layer formation is not sequential in that the second
layer at the nanotube centers forms before the first layer at
min{1,exg — BAUg— BP AVg+NgIn(1+AVg/Vg)]}. the annuli is saturated, and from the snapshot, we see that the

(6) adsorption behavior in each nanotube on the periodic bundle
is identical. Also, no nitrogen molecule is observed to oc-
The cutoff length used for the calculation of the Lennard-cupy the interstitial channels, consistent with the experimen-
Jones site-site interaction is 14.5 A in the periodic bundleal observations for neon, xenon, and methane adsorption on
and 18.4 A in the isolated bundle. There is no significantclosed-end SWNT bundI€S*® The interstitial channels
change in the simulation results by increasing the cutofinay be accessible by increasing the van der Waals gap be-
length, and thus no long-range correction is applied. Periodibween the nanotubes or decreasing the size of the adsorbate
boundary conditions are implemented in all three dimen-molecule.
sions. Typical simulations consist 0#210* cycles and 5000 Figure 3a) shows the nitrogen adsorption isotherms on
trial moves per cycle, with the first $Ocycles used for the periodic bundle at the two bulk subcritical temperatures
equilibration, and the second “@ycles used to determine of 77 and 100 K. The points are simulation data and the lines
ensemble averages. At low temperatures or high coverageste drawn for visual clarity. The dotted lines indicate the
additional trial moves are required to obtain precise aversaturation pressures estimated from sepalk¥eT GEMC
ages. The block transformation method has been used to esimulations of bulk nitrogen, corresponding to 104 kPa at 77
timate the statistical errGr. For example, nitrogen adsorp- K and 771 kPa at 100 K, which are close to the experimental
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FIG. 3. (a) Nitrogen adsorption isotherms on a semilog arithmic scale of bulk pressure on the periodic bundle at 77 and 100 K. The points
are simulation data, the solid lines are drawn for visual clarity, and the dotted lines indicate the bulk saturation pressures. The inset shows
the isotherms on a linear scale of bulk pressug.Isosteric heats of nitrogen adsorption on the periodic bundle at 77 and 100 K. Two
maxima occur at B/C of 0.07 and 0.09, respectively.

values of 101 kPa at 77 K and 779 kPa at 108°On a |imiting value of g at zero coverage is approximately 14.5
semilogarithmic scale of bulk pressure, two steps in the isokJ/mol, in accordance with 14.64 kJ/mol calculated by the
therms occur at BVC coverages of about 0.08 and 0.10, test particle methodl,
respectively, corresponding to adsorption at the two favor- Figure 4 shows the density profilgr) of the centers of
able sites shown in Fig. 2. At low pressures the first layemass of nitrogen molecules on the periodic bundle at a bulk
forms rapidly with increasing pressure as a result of mi-supercritical temperature of 300 K, with the insets showing
cropore filling, whereas at moderate pressures the secorghapshots of the locations of the molecules. At a low pres-
layer forms gradually with increasing pressure, and at highsure (18 kPa), nitrogen molecules appear dispersed prima-
pressures the adsorption saturates and reaches a plateau engnat the annuli and at the centers inside the nanotubes. The
when the bulk pressure exceeds the saturation pressure. Thgpersion in the distribution of the molecules increases at a
Iayer formation at 77 K is more pronounced than at 100 Kmoderate pressure (ﬁ_@Pa), with nitrogen molecules
due to decreased thermal motion, and occurs at a lower pregresent throughout all locations between 0 and 3.4 A, which
sure. From zero coverage to the formation of the first layerjs quite different from the behavior at 77 K in Fig. 2. Be-
and then to the formation of the second layer, the transition igause of the increased thermal motion, the adsorbate mol-
continuous, i.e., no steep jump, suggesting that the temperacules sample more possible adsorption sites at 300 K. How-
ture is above the critical temperature for layer transition. Orever, at very high pressures €1Pa) distinct adsorption
a linear scale of bulk pressure shown in the inset, the adsorgayers appear, and the interstitial channels become accessible
tion isotherms appear to be of IUPAC typellangmuirian,  to nitrogen molecules, as shown by a peak at 9.7 A in the
which is characteristic of a highly microporous adsorbentgensity profile. Since the interstitial channel is narrow, nitro-
with pores of molecular dimensiorse., below 2 nm.>° gen molecules therein are preferentially aligned with their
Figure 3b) shows the isosteric heatg; of nitrogen ad-  honds parallel to the nanotube axiShere are 12663 and
sorption on the periodic bundle at 77 and 100 K. Note tha31 121 centers of mass in the snapshots Atat@ 16 kPa,
the enthalpy of bulk nitrogehig used in Eq(2) to evaluate  respectively, although the former may appear to contain
the heat of adsorption is approximated RyT at these con-  more than the latter.Similar to the behavior at 77 K, the
ditions. There are two maxima igs; at coverages close to |ayer formation is not sequential, but it is less pronounced
saturation of the adsorption layers. Initiallys; increases here, also due to stronger thermal motion.
with increasing coverage during the formation of the first  Figure 5a) shows the nitrogen adsorption isotherm on the

layer due to the cooperative attractive interaction betweeperiodic bundle at 300 K. On a semilogarithmic scale of bulk
the admolecules. When the first layer approaches saturation

at a coverage WC of about 0.07g reaches a first maxi-

mum. With further increases in pressure, additional admol- °* Q"Q \:jb —ous @0@
ecules must occupy the less favorable adsorption sites leac ) O C ) Q C )C
ing to a weaker adsorbate-adsorbent interaction, which_"" = AN RS
results in a decrease @q;. Similar behavior was observed in = e e

our previous simulations of gas adsorption on thggC "

schwarzite’>®® As the second layer formsyg again in- - _A {\
creases, reaches the second maximum at a coveralga df B N R N

about 0.09, and then decreases rapidly. Because of the lim- @ r W

ited space available, additional admolecules result in a less FiG. 4. (Color online Density profiles of the centers of mass of
attractive adsorbate-adsorbate interaction and a weak@ftrogen molecules versus the distance from the center of the peri-
adsorbate-adsorbent interaction. The valuegspht 77 and  odic bundle at 300 K. The insets are snapshots generated by accu-
100 K show only a small temperature dependence, and theulating 50 equilibrium configurations.

245412-5



J. JJANG AND S. I. SANDLER PHYSICAL REVIEW B68, 245412 (2003
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pressure, the formation of one layer is barely seen at a cowsmall, it can be occupied only by a few molecules. As a
erage N/C of about 0.06, and in general the isotherm has aesult of the higher adsorption energy, the density at the an-
rounded shape. Similar to the subcritical adsorption at 77 andulus in the middle nanotube is higher than in the neighbor-
100 K of Fig. 3a), the isotherm shown in the inset is also of ing nanotubes. Moreover, the adsorbate density in the annu-
type I. This type of isotherm is not surprising, since gener{us of the neighboring nanotube is not uniform, in that the
ally, an adsorbate above its critical temperature does nQdensity is greater adjacent to the middle nanotube than adja-
form multiple layers. As expected, at any given pressure theent to the external surface. At a moderate pressure
coverage at 300 K is much lower than at 77 and 100 K, a%l(r3 kPa) nitrogen molecules adsorb at the ridges sur-
adsorption is an exothermic process so that increasing teMounding the nanotubes and at the nanotube centers. At
perature reduces adsorption capacity. higher pressurél kPg and increased coverage, adsorption
Figure b) shows the isosteric heal, of nitrogen ad-  occurs on the external surface near the ridges. At still higher
Sorption on the periOdiC bundle at 300 K. Unlike FlgbBat pressures close to Saturatiﬁmt ShOWT), mu|t|p|e adsorp_
subcritical temperatures; here only a single maximum exist§gon layers form on the external surface away from the
at a coverage W C of about 0.05 corresponding to the for- ridges. The density profiles show that the layer formation is
mation of a single adsorbed layer seen in the isotherm of Fighot sequential.
5(a). Above 0.07,g; continues increasing. This increase is  Figure 7a) shows the nitrogen adsorption isotherms on
not a result of strong gas-surface or gas-gas attractions; ifhe isolated bundle at two bulk subcritical temperatures of 77
stead it is due to the large value bifg in Eq. (2) used to  and 100 K, and the dotted lines are the saturation vapor
evaluateq at high pressures. At this condition, nitrogen is pressures of bulk nitrogen estimated fromvVT GEMC
not an ideal gas antg cannot be approximated bRyT.  simulations. Unlike on the infinite periodic bundle, the ad-
The limiting value ofqg at zero coverage is approximately sorption isotherm indicates multilayer formation, with the
14.8 kJ/mol, slightly larger than that at the subcritical tem-first layer occurring at a coverage, AC of 0.08, the second
perature of Fig. @), and consistent with 14.86 kJ/mol cal- |ayer at 0.18, and eventually multilayer adsorpti@retting

culated by the test particle methdd. on the external surface as the saturation condition of bulk
nitrogen is approached. The first layer corresponds to adsorp-
B. The finite isolated bundle tion in the annuli and the grooves, and the second layer at the

ridges and the nanotube centers, and the layer formation is

mass of nitrogen molecules on the finite isolated bundle at 7gontnuous. Th_ere is significant adsorption on the exter_nal

K wherer is the radial distance from the center of the surface of the isolated bundle, and the extent of adsorption,
' that is, the coverage MC is larger than on the infinite peri-

bundle. At a low pressure (18 kPa), nitrogen molecules . . : .
adsorb at the grooves between adjacent nanotubes and %ilc bundle, especially approaching the bulk saturation pres-
ure. The isotherm is of type Il as shown on a linear scale of

annuli within the nanotubes. Since the groove region is ver . ) L )
g g ulk pressure in the inset, which is the signature of adsorp-

tion in a macroporous absorbent, or on the surface of a non-
porous adsorbent that allows multilayer formattn.

Figure 6 shows the density profilegr) of the centers of

P=10"kPa P=10%kPa ~— 1.07 P=1kPa

= ©0O. .©0©. ‘:\ Qualitatively, our results support the observation of the
s © © @ type Il isotherm found from measurements of gas adsorption
'©.0° in SWNT bundles at subcritical temperature$.However,
005 obtaining quantitative agreement between simulation and ex-
oo L [N MJ\M periment is difficult for several reasons. First, the real nano-
10 20{(1&)30 © 0 M0 20[(/&)30 woowom 2 tubes on which measurements have been made are not pure,

vary in diameter and structutehirality), and frequently con-

FIG. 6. (Color onling Density profiles of the centers of mass of tain metallic catalyst residues and amorphous carbon par-
nitrogen molecules versus the distance from the center of the isdicles. Second, nanotubes may be single ended or closed
lated bundle at 77 K. The insets are snapshots generated by acoended rather than open ended, and hence the interiors may be
mulating 50 equilibrium configurations. inaccessible or only partially accessible by adsorbate mol-
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FIG. 7. (a) Nitrogen adsorption isotherms on a semilog arithmic scale of bulk pressure on the isolated bundle at 77 and 100 K. The points
are simulation data, the solid lines are drawn for visual clarity, and the dotted lines indicate the bulk saturation pressures. The inset shows
isotherms on a linear scale of bulk pressitg.Isosteric heats of nitrogen adsorption on the isolated bundle at 77 and 100 K. Two maxima
occur at N/C of 0.06 and 0.17, respectively. The horizontal arrows indicate the vaporization enthalpies of bulk nitrogen at these two
temperatures.

ecules. Third, there can be defect sites containing oxygenatdtle bulk region. The densities in both regions increase as
groups that may block the entrance of adsorbate into nangressure increases to“@nd 10 kPa, with the larger den-
tubes, and thus lower adsorption capatityFinally, the sity change in the bulk region. Due to the increased thermal
nanotube-nitrogen interaction has been assumed to be timeotion, nitrogen molecules are not in an ordered structure
same as the graphite-nitrogen interaction, which may be inwithin the nanotube. However, unlike on the infinite nano-
accurate. tube bundle, nitrogen molecules do not intercalate the inter-
Figure 1b) shows the isosteric heatg; of nitrogen ad- stitial channels at the highest pressure considered here as the
sorption on the isolated bundle at 77 and 100 K. The low-bulk region is energetically more favorable. As mentioned
pressure portion of the curve resembles those on the periodearlier, not all the molecules in the simulation cell of the
bundle of Fig. 8b), i.e., two maxima exist at coverages closeisolated bundle are admolecules, and we need to correct for
to the saturation of the two individual layers. Initially,,  this in determining the extent of coverage. From the density
increases with increasing coverage during the formation oprofile, the density approaches the bulk value at a distance of
the first layer due to the cooperative interaction between thabout 40 A, so that we consider only molecules within this
admolecules. When the first layer approaches a coveragritoff distance to be adsorbed. This correction is negligible
N, /C of about 0.06g; achieves the first maximum. Then at low pressures of Fig. 6, where there are few nitrogen mol-
with increased coverage, the admolecules occupy less favoecules beyond the cutoff distance; however, it is significant at
able adsorption sites leading to a weaker adsorbate-adsorbdrigh pressures.
interaction, which results in a decreaseajif. At the start of Figure 9a) shows the nitrogen adsorption isotherm calcu-
the formation of the second laygg; again increases, reaches lated in this way on the isolated bundle at 300 K. On a
the second maximum at a coveragg/N of about 0.17, and semilogarithmic scale of bulk pressure, the isotherm does not
then decreases. Multiple adsorbed layers form as the bulghow layer formation. On a linear scale, the isotherm appears
pressure is further increased, and finally wetting occurs ato be of type |, as expected.
the bulk saturation pressure is approached. At this condition, Figure 9b) shows the isosteric heaf of nitrogen ad-
Qs is close to the vaporization enthalpy of bulk nitrogen, for sorption on the isolated bundle at 300 K. Here no maximum
example, 5.57 kJ/mol at 77 ¥,and 4.39 kJ/mol at 100 R®  exists, and above a coverage /i€ of 0.2, g continues in-
as indicated by the two horizontal arrows. Similar behaviorcreasing with increasing coverage. As before, this is not due
for the heat of adsorption has been observed experimentallp strong gas-surface or gas-gas interactions, but is a result of
for krypton and ethane adsorption on graphitized thermathe large value of the enthalpy of bulk nitrogen at high pres-
carbon black! Furthermore, when wetting occurs, the den- oo
sity of the adsorbate far from the adsorbent is nearly that of

P=10"kPa P=10"kPa P=10°kPa

the saturated liquid, 28.71 mol/l at 77K, and 24.60 mol/l at oo 6 S G
100 K®° This is because these additional, faraway admol-% OO HoleIok:
ecules are in a bulklike environment in which they interact " ®O 00
almost exclusively with other adsorbate molecules. As in o "

Fig. 3(b), there is a small temperature dependencepht A A

77 and 100 K, and the limiting value at zero coverage is 0 © =2 @ @ o 1 = s
about 14.3 kd/mol. o o

Figure 8 shows the density profilgr) of the centers of FIG. 8. (Color online Density profiles of the centers of mass of

mass of nitrogen molecules on the isolated bundle at 300 Kpitrogen molecules versus the distance from the center of the iso-
with the insets showing the snapshots. At a pressure dhted bundle at 300 K. The insets are snapshots generated by accu-
10° kPa nitrogen molecules are inside the nanotubes and imulating 50 equilibrium configurations.
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sures. The limiting value af at zero coverage is estimated ~ The empirical potential for gas adsorption on graphite has
to be 12.8 kJ/mol, lower than that at the subcritical temperabeen used for the interaction between the gas and the nano-
tures of Fig. Tb). tube. This may be reasonable as a nanotube may be regarded
approximately as a curved graphene sheet. However, it is
V. CONCLUSIONS likely that the site-site interaction potential is influenced by
the curvature of the carbon surface. The curvature of the
This work reveals the significant role of the external sur-graphene sheet should increase the localization of the elec-
face of the nanotube bundle in gas physisorption. On theron density, causing a shift of the hybridization of carbon
infinite periodic bundle with no external surface, adsorptionatoms from purelysp? to somewhatsp®. The electronic
is of type | at both subcritical and supercritical temperaturesband structure of carbon nanotube has been found to be sen-
and adsorption occurs inside the nanotubes, first at the annuitive to the type and curvature of nanotB&€onsequently,
and then at the tube centers. The interstitial channels becomie site-site interaction potentials may depend on the local
accessible to nitrogen molecules only at high pressures. Ibonding structure of the carbon. In fact, recent experiments
contrast, as a result of the external surface on the finite ischave determined that the low-coverage binding energies of
lated bundle, the adsorption is of type Il at subcritical tem-methane, xenon, and oxygen on nanotube bundles are 76%,
peratures, as has been observed in experiments. Adsorptiga%, and 55%, respectively, larger than on planar
occurs first at the annuli inside the nanotubes and at thgraphite®*-%° Therefore, improvement of the interaction po-
grooves between the nanotubes, at higher pressures alsotaitials accounting for curvature and bonding is needed to
the ridges surrounding nanotubes and at the nanotube cemore accurately investigate gas adsorption on nanotubes.
ters, and at still higher pressures on the external surface. The
formation of external multilayer leads to wetting as the bulk
phase approaches saturation. No adsorption occurs at the in-
terstitial channels. When temperature increases from sub- We acknowledge the support of the National Science
critical to supercritical of the bulk adsorbate, the adsorptiof-oundation under Grant No. EEC-0085461 and the Depart-
on the finite isolated bundle changes from type Il to type I.ment of Energy under Grant No. DE-FG02-85ER13436. It is
The results provide a rational physical elucidation for thea pleasure to thank Patrick Berni@iniversitede Montpel-
difference between experimental observation and previouker II) and Akihiko Fujiwara(Japan Advanced Institute of
theoretical prediction. Science and Technologyor helpful communications.
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