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Binding energy and monolayer capacity of Xe on single-wall carbon nanotube bundles
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We have determined the adsorptive capacity of Xe on the different groups of binding sites available to this
atom on a sample of single-walled carbon nanoti®#&NT) bundles. The SWNT's used were not treated after
production: hence, the caps at the ends of each of the tubes remain intact. By comparing these experimental
values to the values computed for the different portions of the bundles obtained from geometrical consider-
ations, we conclude that Xe adsorption takes place only on the outer surfaces of the SWNT bundles. We have
also measured Xe adsorption isotherms on the same SWNT sample at a low coverages for nine different
temperaturegbetween 210 and 295)Ko determine the isosteric heat of adsorption of Xe on the SWNT’s; this
quantity is directly related to the binding energy of the adsorbate to the substrate. We determined that the
binding energy of Xe on the SWNT’s is 282L1 meV. This value is 74% larger than that for Xe on planar
graphite.
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INTRODUCTION surface of the bundles. Computational results*de and Ne
(which the calculations expect to be sufficiently small to fit
The study of the adsorption of gases on carbon nanotubdsa the IC’9) find that the groove sites have stronger binding
has been attracting considerable interest recéntfyA num-  energy than planar graphite, but weaker than the {CEhe
ber of studies, experimental as well as theoretical'* least attractive of the three groups of sites, those on the out-
have been conducted on these systems. Interest in adsorptiside surface of individual nanotubes located at the outside of
on nanotubes stems in part from fundamental considerationg, bundle, have binding energies which are smaller than those
since systems formed by gas adsorption on nanotubes cé@r adsorption on planar graphitThis sequence of binding
provide experimental realizations of matter in oneénergies can be understood in terms of the following simple
dimensior®®12 There are very strong practical motivations, argument. For an atom capable of penetrating into the IC’s,
as well, for studying adsorption on nanotubes. Gases adhe large number of C atoms near every adsorption site
sorbed on nanotubes have the potential of revolutionizingvould result in a considerably larger binding energy than that
gas storage technologgnd gas distillation processes.
Xe is being increasingly used in the automotive industry
in headlights for automobiles. This provides a strong eco- Outer surface ‘.. Groove

nomic incentive for finding new and efficient ways of distill- /
ing this rare gas from air. Xe is only present at 0.08 ppm in @ Q Q O'
air; its separation from air’s other components is carried ouf

in several consecutive steffsin the last one of these, a

O
@,
O

mixture of Kr and Xe is separated by solidifying the mixture Q
at liquid-nitrogen temperatures and using the difference be; L)
tween the vapor pressures to extract essentially pure Kr fron Q

the vapor, leaving a Xe-rich solid residtfeProvided that Xe

has a sufficiently large binding energy on the single-walled

carbon nanotube$SWNT’s), this last purification step could

be replaced with a room-temperature, Xe-capturing SWNT Q
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O
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filter.

A SWNT can be viewed as a single graphene sheet rollec
over itself and closed seamlessly, with its ends capped.
SWNT’s assemble into bundé&!®2° Theoretical studies
have identified three different types of adsorption sites in
close-ended SWNT bundlé$: (i) the cylindrical outer sur-
faces of the individual nanotubes that lie at the external sur-
face of the bundlegji) the region where two of these exter-
nal tubes come close together, i.e., the outer “grooves” on
the surface of the bundle, arfii) the space in between the [, 1. Schematic drawing of the three groups of adsorption
individual nanotubes at the interior of the bundle, i.e., thesjtes on a nanotube bundle. The groove sites and the external sur-
interstitial channel$IC’s). A schematic of a cross section of face sites are available for adsorption in all cases, regardless of the
a nanotube bundle indicating these three different groups afize of the adsorbate. Whether or not the IC's are available for
sites is shown in Fig. 1. The grooves and cylindrical outeradsorption by any gas is at present a matter of considerable research
surfaces of the individual nanotubes constitute the externalctivity.
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FIG. 2. Adsorption isotherms at 138 and 150 K. The amount of gas adsorbed is givefi Torcrand plotted in thg axes as a function
of the logarithm of the pressufén Torr) which is plotted in thex axes. Here 1 ciilorr at 273 is equivalent to 58.8 nanomoles.

available on planar graphité:121*Similarly, the number of results of two Xe adsorption isotherms which were used to
C atoms near each site in the outer grooves is greater than @onduct precisely this type of comparison.
planar graphite, but smaller than on the IC’s, resulting in
intermediate binding energies for the ridge sites.

In this paper we report on an experimental determination EXPERIMENT
of the isosteric heat of adsorptiog,;, and of the binding
energye of Xe adsorbed on SWNT's. Both of these quanti-

ties were determined from adsorption isotherm data measi . s\wNT's were not subjected to any post-production

sured at low coverages. treatment; hence, the ends of the tubes are capped. The re-

Nanotubes form a triangular array in the bundles. While : .
: . . orted purity of the samples produced by the arc discharge
there is some spread in the value of the tube diameters, th ethod is on the order of 80% by weidhit.

are peaked around 71%?9’25 and the intertube separation 1S The mass of the nanotube-containing sample was 0.290
peaked around 17 A181929Based on purely geometrical . X
. ) . -~ £0.00059g. The nanotubes were kept in a container open to
considerationgand assuming a perfectly narrow distribution .
atmosphere. The sample was placed in a copper cell and

for the diameters the largest sphere that could fit in an IC evacuated 1o a pressure below 10~ Torr for a period of

would have a diameter of 0.58 nm. However, this value sig- .
e . . L at least 12 h at room temperature prior to the performance of
nificantly overestimates the diameter which is actually aCCeSy . Hsorption measurements. The adsorotion isotherm appa-
sible for adsorption, since it ignores the electronic clouds P o . P PP
tatus used has been described previoffsly.

associated with each of the tubes forming the IC’s. The ac- .
The low-coverage adsorption measurements were con-

tal diameter avqllable for adsorption In-an IC can be es.t"ducted at nine different temperatures between 210 and 295
mated by assuming that the electronic clouds have a siz

o . e bt ) s g o TS S g g aneges el el
ite, i.e., 3.4 A% Subtracting this value from the geometric - <Y b ' P

diameter, we obtain that the diameter available for adsorptiotri(ef‘.lt_o(:retfeu ngg}f%ggee rU\ZaZL;)r;)el?e(\;v':nefrl::)errr]éllelt:ﬂ-lgrrr Coorr_a

in the IC's is approximately 0.26 nm. We have assumed Inrections to all the dat& This correction takes into account

these considerations that the bundles are rigid, i.e., that th
. . o p S ifferences between actual and measured values when the
intertube separation remains fixed and no “swelling” of the : , :

essure is determined for a low-temperature location by a

bundles occurs; this is quite reasonable for larger adsorbate?’ 3 . .
such as Xe. rdom-temperature gaug@ The correction was, in all cases

. . . . considered here, less than 10% of the uncorrected value.
Estimates for the adsorptive capacity of a specific sample

of close-ended SWNT, as well as estimates for the adsorptive
capacities of each of the three sets of adsorption sites can be
obtained by combining information on the weight and purity
of the sample with simple geometric considerations. Com- We have measured Xe adsorption isotherms at 138 and
paring the results of these geometrical estimates to the ex50 K (both of these temperatures are below the bulk triple
perimental adsorption data provides a reasonable, if indirecpoint of Xe, T;~164.5K). In Fig. 2, which displays these
approach for determining which type of sites are availabledata, the amount of Xe adsorbed on the substrate ftiTom

for adsorption for a given species. We present below thél cnt Torr at 273 K is equivalent to 58.8 nanomalds

The SWNT samples utilized in this study were prepared
by electric arc discharge; details are provided elsewhere.

RESULTS
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presented on thg axis as function of the logarithm of the 3(a) and 3b) shows that each one of the two broad peaks, in
pressurgin Torr). turn, possesses some structure. In Fi() 3ve present a
For a fixed temperature, the logarithm of the pressure isnuch expanded view of the derivative of the adsorption data
directly proportional to the chemical potential of the film. On in the region corresponding to the lower-pressure peak for
a substrate characterized by several sets of well-defined binthe 138-K data. There are two closely spaced peaks at
ing energies(as should be, roughly, the case for nanotubeslightly different pressures. A similar behavior is present in
bundle$, adsorption on a given set of sites takes place at éhe data for the higher pressure step. In Figl) 3ve present
nearly constant value of the chemical potential. Hence thé¢he derivative of the adsorption data for coverages corre-
choice of axes in Fig. 2 is apt to reveal adsorption occurringsponding to that of the higher-pressure step for isotherms
on the different groups of adsorption sites as steps in theneasured at lower temperatydel5 K). The same features in
data. This is indeed the case here. There are two, somewhilite second step are also present at 138 and 150 K, although
rounded, steps present. The first one starts at zero coverafpr these higher temperatures they are harder to resolve. Each
and ends at about 2000 &iforr; the second ends at a cov- of the two pairs of closely spaced compressibility maxima
erage of about 7200 ctiorr. The midpoint of the first step associated with the two isotherm steps corresponds to two
occurs at about 0.01 Torr (IP=—4.605) for the 138-K and subsets of sites with close, but slightly different, binding
at about 0.06 Torr (IfP=—2.813) for the 150-K isotherm. energies
The midpoint of the second step in the data occurs near
2.27orr (InP=0.788) at 138 K and near 9.5Torr (fn ISOSTERIC HEAT AND BINDING ENERGY RESULTS
=2.251) at 150 K. For comparison, an estimate of the pres-
sure at the midpoint of the first layer for Xe on planar We have performed low-coverage adsorption isotherm
graphité* at 138 K (calculated using values derived from measurements at nine different temperatures to determine the
lower temperaturgsis 0.28 Torr (InP=—1.273) and it is isosteric heat of Xe on the high-energy sites in the nanotube
1.25Torr (InP=0.223) at 150 K. That is, the pressure at thebundles. In Fig. 4 we present, plotted in a semilogarithmic
midpoint of the first layer for Xe on graphite is greater thanscale all the adsorption data measured for the nine tempera-
the value of the pressure of the first step on the SWNT’s antures investigated between 210 and 295 K. The amount of Xe
smaller than the value of the second step for Xe on thedsorbedy axi9 is plotted as a function of the logarithm of
SWNT'’s for the same temperature. the pressuréx axis). Note that the entire range of coverages
In Figs. 3a) and 3b) we display the derivative of the utilized in these isosteric heat determinations is less than
adsorption data as a function of pressure for the two isoene-fifth of the value corresponding to the first step.
therms displayed in Fig. 2. This quantity is directly propor-  The isosteric heat of adsorptiog,, is the amount of heat
tional to the isothermal compressibility of the film. There arereleased when an atom adsorbs on a substtdtecan be
two broad maxima present in Fig(e8, indicated by arrows. determined from adsorption isotherm data measured at dif-
Each maximum corresponds to a broad step in Fig. 2. ferent values of the temperature by using the following
A more careful look at the compressibility data in Figs. expressiort®

075415-3



A. J. ZAMBANO, S. TALAPATRA, AND A. D. MIGONE

PHYSICAL REVIEW B64 075415

650

600 |- v *

550 |- $ e R + 295K
T 600 |- v * ) R n @ N . 980K
K 450 - . = A 270K
€ 400 |- v X ¢ w4 7 @ 260K
3 350 |- . . T v u 250K
g 300 |- * @ ++ + 240K
£ 20 - M * o . =B + e 230K
é 200 |- - i ) +! * 220K
< 180 ) X W oa W v 210K

100 |- * * =a P

50 |- v | +

o . . . . . .
4 3 2 1 0 1 2 3

tLn (Pressure)

FIG. 4. Low-coverage adsorption data. Note that the entire span of coverages shown is less than one-fifth of the amount corresponding

to the lower-pressure step. Plotted, from left to right, are data for

Use=KT?[dIn(P)/JT],. )

Here, k is Boltzmann’s constantp is the one-dimensional
(1D) density of the adsorbed gas in the nanotubes)Iig
the logarithm of the pressure of the coexisting 3D elsich
is present in the vapor phase inside the )calhd T is the

average value of the temperature. In practice, the derivatives

210, 220, 230, 240, 250, 260, 270, 280, and 295 K.

amount adsorbed was then obtained. Finally, the average
value of all theseyg/'s was calculated.

As was discussed in greater detail elsewHete relation
between the isosteric heat and binding energy for a one-
dimensional adsorbed film is given by

qst:8+2kT. (2)

are approximated by differences between data points in iso-
therms measured at different temperatures for the same value |4 Taple | we present the values of the binding energies

of the amount adsorbed.

calculated from the average valuesgef. The average value

Our rgsul_ts fqr the isosteric heat are presented in Table baineq from all the pairs of temperatures for the binding
The entries in this table were calculated for a selected set ‘gnergy of methane on the carbon nanotube bundles is

values for the amount adsorbé#i50, 200, 250, 300, 350,
400, 450, 500, and 550 chforr). For each value of the

formed (210 and 220 K, 210 and 230 K, etcThen theqg;
was determined for each amount adsorbed and each pair
temperatures. An averagg,; value corresponding to each

TABLE I. Values of isosteric heat of adsorptigim meV) deter-

mined for selected values of the amount adsorbed. For each cover-
ageqs; was calculated as the average value obtained using all th

possible different pairs of temperatures. The overall aveigge

=282+11meV. As a point of comparison, the reported
value of the binding energy for xenon on planar graphite is

62+ 4 meV 2 The value of the binding energy measured on

E) e SWNT's is 74% larger than on planar graphite.

DISCUSSION

We performed a geometrical calculation to estimate the
amount of Xe adsorbed on each of the three groups of sites
on close-ended SWNT bundles. We assumed, for simplicity,

value for Xe on the SWNT’s was calculated as the average of théhat the nanotubes form hexagonal bundies and that all the

gs; values for the different selected coverages.

Coverage st Uncertainty

(cm?® Torr) (meV) (meV)
150 327 16
200 328 15
250 330 11
300 328 9
350 326 9
400 320 10
450 330 7
500 329 9
550 315 6
Average 326 10

nanotubes were 1500 A in length and 13.8 A in diameter
with both ends closed. We calculated the amount of Xe ad-
sorbed for bundles of 19, 37, 91, 169, and 217 nanotubes.
The weight of each nanotube was computed by adding the
weight of all C atoms present on the nanotube. The total
number of bundles in the sample was calculated by dividing
the total weight of the sample by the weight of each bundle.
The amount adsorbed on each bundle was obtained by
adding the amounts adsorbed on each of the different types
of sites mentioned in the Introduction: IC’s, grooves, and
external surface. The amount adsorbed on the grooves was
calculated by dividing the length of a nanotube by the diam-
eter of a Xe atom and multiplying it by the number of
grooves in each bundle. Similarly, assuming that Xe can go
into the IC’s, the number of Xe atoms that would be ad-
sorbed on the IC’s if this were possible was calculated by
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TABLE Il. Geometric calculation of the maximum total possible tightly bound and one less tightly bound than the first layer
number of Xe atoms adsorbed at monolayer completion for SWNTof Xe on planar graphite.
samples constituted by identical bundles. Five different sizes were | the experimental data displayed in Fig. 2, the top of the
used: bundles with 19, 37, 91, 169, and 217 tubes in them, respegist step occurs at a coverage of about 2000 Tomr for
tively. For each bundle size, the number of Xe atoms adsorbed W‘ﬁoth 138 and 150 K. The top of the second step occurs at
0

calculated assuming two different scenarios: either that Xe cann . .
adsorb on the IC’s or that it can adsorb in these regions. The per‘”—IbOUt 7200 criiTorr in both cases. The ratio of the amounts

centages of the atoms adsorbed in each of the three groups of sitggsorbed in these two regions is approximately 2'.6 t(_) 1 The
(respectively, IC’s, grooves, and cylindrical outer surfaces of indi-/OWer-pressure step corresponds to the stronger binding sites.

vidual nanotubes at the outer surface of the buncies presented The result of our geometrica_l calculatiorisee Table Il
for each of the two scenarios. The final entry in the table is theshows that the when one considers the grooves to be the only

experimentally measured data. high-energy binding sites available for adsorption, the Xe
adsorbed in these high-energy ridge sites bears a ratio of 3:1
Amt. Ads.  Interstitial Outer with respect to the amount adsorbed on the outside surface.
SWNT's/ (Number ~ Channels Grooves Surface  Thjs result is in reasonably good agreement with that ob-
Bundle of atom3 (%) (%) (%) tained in the measurements.
19 From the fact that only two steps are observed and from
Without IC’s  4.46x 102° 0 21 79 the agreement between the geometrical calculation and the
With IC’s 6.33% 1020 29 15 56 experimental data, we conclude that Xe atoms adsorb exclu-
37 sively on the external surfaces of the bund(es., on the
Without IC’s ~ 3.26< 10%° 0 22 78 grooves and on the outer cylindrical surfaces of the indi-
With IC’s 5.4% 102° 40 13 47 vidual nanotubes
91 By comparing our result for the number of atoms ad-
Without IC’s 2 1% 1020 0 23 77 sorbed at layer completion obtained in the experiment to the
With IC’s 4.6x 102° 53 11 36 geometrical calculatiorfwhich was performed assuming a
169 sample purity of 80%*° we can arrive at our own estimate
Without IC’s 1.8<10%° 0 23 77 for the purity of the sample. The measured number of atoms
With 1C’s 4.3x 102° 53 10 32 adsorbed corresponds to 80% of the geometrical calculation.
217 This yields a purity estimate for the sample of 60% by
Without IC's ~ 1.6x 107 0 23 77 weight.
With IC’s 4.2% 102° 61 9 30 While the amount of impurities present is rather a rather
Experiment 2 5 1020 0 25 75 large weight fraction of the sample, we note that the most

important consideration form the perspective of adsorption
isotherms is the fraction of the surface area in the substrate
dividing the length of an IC by the Xe diameter and multi- sample that is provided by the impurities, not their fractional
plying this by the number of IC’s present in each bundle. Theweight. Further, it has been notéd®that the most signifi-
number of Xe atoms on the external surface sites was estéant impurities by weight are amorphous carbon and the me-
mated by adding the outer area of each cylinder at the outdallic catalyst residue. The metallic particles are found em-
surface of the bundle, subtracting from this sum the portiorbedded in amorphous carb&t?° Amorphous carbon will
of the area covered by the Xe in the grooves, and dividindind rare gases less strongly than the grooves of the nano-
the resulting area by the area of the triangular unit cell oftube bundles, so the presence of these impurities will have
planar Xe. little effect on the binding energy values determined. In ad-
For each of the five bundle sizes used, we considered twdition, amorphous carbon will not produce any resolvable
possibilities: that the IC’s contributed to the adsorption andfeatures in an adsorption isotherm; it will just add a smooth
that they did not. The results are presented in Table Il. Theypackground contribution to the adsorption. The specific area
show that the fraction adsorbed in each type of site, for eacprovided both by the amorphous carbon as well as the me-
of two possibilities, is substantially independent of the num-tallic catalyst residue is very small when compared to the
ber of nanotubes per bundle in the range of bundle sizespecific area of the nanotubes in the sample. As a result of
investigated here. these considerations, we expect the principal effect of the
The first point to be noted when comparing the geometriimpurities to be a decrease the specific area of the sample.
cal calculations with experiment is that if Xe were adsorbing The main result of the isosteric heat measurements is our
on the IC’s, as well as on the grooves and external surfacdinding that the binding energy of Xe on the SWNT bundles,
of the outside tubes, we would expect to find three steps i282 meV, is 1.74 times the value of the corresponding quan-
the isotherms: one for the IC’s, one for the grooves, andity on planar graphite. Since the Xe atoms are limited to
one for the outer surfaces. adsorb on the external ridges on the surface of the bundles
The fact that only two steps are present in the dage  and on the external cylindrical surfaces of individual tubes in
Fig. 2, one below and one above the pressure for the firsbur closed-ended sample, we conclude that the groove sites
layer of Xe on graphite, indicates that there only are twoare the high-energy sites for which we have determined the
groups of sites available for adsorption for Xe: one morebinding energy. We note that very similar increases have

075415-5



A. J. ZAMBANO, S. TALAPATRA, AND A. D. MIGONE PHYSICAL REVIEW B64 075415

been determined for Ne and GHadsorbed on SWNT obtained from simple geometrical calculations, we conclude
substrateg.’ that Xe adsorbs only on the outer surface of the SWNT
It is interesting to compare the value we have determinedpundles. We have determined that the binding energy of Xe
for the binding energy on the grooves to very recent theoreton the high-energy binding sites available on the grooves on
ical estimates for this quantity. The theoretical calculations the external surface of the bundles has a value of 282
find an increase of approximately 70% in the groove binding=11 meV. This binding energy value is 74% larger than that
energy value over the value determined for the same adsofound for the same adsorbate on planar graphite. The mea-
bate on a sheet of planar graphife. sured increase in binding energy in the ridge sites over the
A recent adsorption study of GHand Kr on SWNT Vvalue on planar graphite is in agreement with the increase
samples, which possesses essentially the same qualitatiogtained in theoretical calculations.
characteristics as the data we have presented here for Xe,
was interpreted in terms of adsorption in the interstitial ACKNOWLEDGMENTS
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