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Physical adsorption of xenon in open single walled carbon nanotubes:
Observation of a quasi-one-dimensional confined Xe phase

A. Kuznetsova and J. T. Yates, Jr.
Department of Chemistry, Surface Science Center, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

J. Liu and R. E. Smalley
Department of Chemistry, Rice University, Houston, Texas 77005

~Received 8 September 1999; accepted 7 January 2000!

The adsorption of Xe into carbon single walled nanotubes with both closed and open ends has been
investigated using temperature programmed desorption and other surface analytical tools. It has
been found that opening the ends of the nanotube by chemical cutting increases both the kinetic rate
and the saturation capacity of the nanotubes for Xe at 95 K. Further enhancement in Xe adsorption
kinetics and capacity are achieved by treating the nanotubes in vacuum at 1073 K where CO, CO2,
CH4, and H2 are evolved. On this basis it is postulated that surface functionalities such as2COOH
block entry ports for adsorption at the nanotube ends and at the defect sites on the walls. The thermal
destruction of these functionalities leads to enhanced adsorption. The denser phase of Xe inside the
saturated nanotubes desorbs by zero-order kinetics (Ed526.860.6 kJ/mol!. It is postulated that a
quasi-one-dimensional Xe confined phase in equilibrium, with a two-dimensional Xe gas phase on
the exterior, provides a phase transition governing the zero-order kinetics desorption process.
© 2000 American Institute of Physics.@S0021-9606~00!71313-4#
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I. INTRODUCTION

A theoretical and experimental understanding of carb
nanotubes has developed very rapidly over the last few ye
The mechanical and electronic properties of nanotubes
interesting and give promise for useful nanotube applicati
in nano-engineering1–4 and as catalyst supports.5 The unique
shape of carbon nanotubes~hollow pipes up to 1mm length!
make nanotubes useful for physical adsorption, and this
per deals with this phenomenon.

Carbon nanotubes produced by the catalytic method
believed to have closed ends, composed of pentagonal
hexagonal carbon rings. The opening of the ends is achie
by cutting the tubes using an acidic and oxidizing solut
with sonication.6 This cutting procedure provides openin
in the nanotube for adsorption on the inner surface. The
troduction of metals and metal salts inside nanotubes d
onstrates the availability of the nanotube interior for inter
tion with other substances.3,7–10

The curvature of the nanotube interior compared to
plane graphitic sheet is expected to cause enhanced ad
tion properties for gaseous species, including hydrogen
the rare gases. Theoretical studies predict an increased
sorption capacity and adsorption binding energy of op
ended nanotubes.11–16

Theoretical findings about adsorption into nanotub
have been awaiting experimental verification. A few stud
of the adsorption of gases have appeared during the last
years. Ultrahigh pressures were used to introduce Ar into
interior of nanotubes.17 The experiment is complicated b
the existence of multiwalls and large amounts of impuriti
which can incorporate gas species in regions other than
nanotube interior. The adsorption of hydrogen was stud
on nanotube samples of only 0.2% purity.18 These results
9590021-9606/2000/112(21)/9590/9/$17.00
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have been extended to a higher purity nanotube samp19

The adsorption isotherm of N2 was measured on nanotube
with a broad distribution of diameters and wall layer thic
nesses, including also mesoporous multiwall nanotube20

The saturation adsorption of N2, benzene and methanol in
side of chemically cut single walled nanotubes~SWNTs! has
been shown to exceed that of uncut SWNTs.21

In this paper we report the results of Xe adsorption e
periments performed on single wall carbon nanotub
Fullerene pipes~o-SWNTs! and fullerene ropes~c-SWNT!
with open and closed ends, respectively, and with ident
mass were studied under ultrahigh vacuum conditions us
samples of the nanotubes with high purity. Measurement
the elemental purity of the SWNTs were carried out us
Auger electron spectroscopy and x-ray photoelectron sp
troscopy. Xe adsorption/desorption measurements were d
using temperature programmed desorption~TPD!. The mea-
sured kinetics of Xe desorption provide new physical insig
into the mechanism of Xe transport to and from the inter
of the SWNTs as well as evidence for a quasi-1D confin
Xe phase inside the open nanotubes.

II. EXPERIMENT

A. Carbon nanotube samples

Single walled carbon nanotubes were produced using
technique described previously6 in which collected material
was purified by HNO3/H2SO4 treatment. The measured pu
rity of these samples is.90% using TEM and AFM mea-
surement. The nanotube diameter distribution centered
that of ~10,10! SWNTs with diameter of 13.6 Å.22,23 The
purified sample of nanotubes were suspended in meth
and deposited onto evaporated Au films on a Ta foil. T
0 © 2000 American Institute of Physics
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samples are believed to have closed ends as they were
duced and are designated asc-SWNT samples in this work.

The samples of open-end nanotubes~o-SWNTs! were
prepared by cutting the purified sample using
HNO3/H2SO4 mixture and sonication followed by treatme
in H2O2/H2SO. The length distribution ofo-SWNTs as mea-
sured from AFM images is shown in Fig. 1. Both samples
open- and closed-end carbon nanotubes were deposited
the methanol suspension in a 1 cm2 spot onto the Au-covered
Ta foil by the drop/dry technique. The nanotubes are held
the Au surface by van der Waals forces. As will be describ
later, the nanotube samples were heated in ultrahigh vac
to 623 K or 1073 K prior to Xe adsorption. The mass of t
open- and closed-end nanotube samples used was 46mg. The
Au-plated Ta foils are rigidly and reproducibly fixed b
tween two Ta rods by interlock holders describ
elsewhere.24 The cooling of the sample below 95 K wa
achieved by bubbling He~g! through al -N2 column in the
manipulator tube which lowers the cryogenic fluid tempe
ture to the N2 triple point ~63 K!.25 Using this method we
achieved a minimum sample temperature of 82 K after
adsorption experiments at 95 K, and all temperature p
gramming also started at 82 K. The samples were reprod
ibly programmed linearly in temperature at a ramp rate of
K/s using a typeK thermocouple and Labview software. Th
accuracy of the temperature is60.2 K. An accurate compari
son of Xe adsorption on the nanotube sample and onto
identical clean Au/Ta support foil was made for each adso
tion experiment at equivalent Xe exposures. Adsorption
the support is reproducible and does not exceed a few
cent of the nanotube adsorption in any of the measureme

Raman spectra were taken on as prepared and ann
nanotubeo-SWNT materials using 782 nm diode laser a
514 nm Ar ion laser.

B. Vacuum techniques

The experiments were done under ultrahigh vacu
conditions with a base pressure in the chamber of 8310211

Torr. The chamber is equipped with 360 L/s ion pump, a 1
L/s turbo pump and a titanium sublimation pump. As sho
in Fig. 2, the TPD measurements were done using an a
tured quadrupole mass spectrometer~UTI Instruments/100
C!. This permits measurements of the thermal desorption
Xe from the nanotubes while discriminating against poss
desorption from the surrounding region of the cooled supp

FIG. 1. Length distribution foro-SWNT sample. The average length is ne
320 nm.
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assembly. The aperture of the QMS is biased to270 V to
exclude the possible effect of stray electron emission fr
the thermionic emitter of the QMS. The mass spectrome
was calibrated against a Bayard–Alpert ionization gauge
suming a gauge sensitivity ratio of Xe and N2 of 2.7.26 It was
shown that the QMS response was linear over a wide
pressure range. The sensitivity of the mass spectromete
emission current was carefully measured for currents of
mA and 2.0 mA, used, respectively, for high and low inte
sity Xe TPD measurements.

The auxiliary tungsten contacting electrode~shown in
Fig. 2! is used as a fiducial point~using the micrometer on
the sample manipulator! to accurately and reproducibly lo
cate the sample 1 mm away from the 3.0 mm diameter
erture for controlled measurement of the TPD spectra.

The xenon gas~99.995% purity, Matheson! was intro-
duced into the system from a pyrex flask through a co
mated and calibrated molecular beam doser, shown in Fig
It provides a known uniform flux of Xe molecules creating
local high pressure~compared to the background pressure! of
adsorbate at the sample surface.27 The doser was calibrate
with Xe gas and was shown to give an absolute Xe deliv
rate of 7.261.231013 molecules Torr21 s21. From the calcu-
lation of the fractional interception of the gas beam by t
sample estimated from the doser/sample geometry,27 the in-
cident Xe flux is 5.331013 molecules cm2 s21 at a backing
pressure of 1.8 Torr Xe. The exposure of the nanotu
sample to the xenon flux was performed at 95 K. For
exposures above 231018 molecules/cm2, adsorption was
carried out by filling the vacuum chamber to Xe pressu
from 3.731026 Torr to 3.731024 Torr using the ionization
gauge for measurements. Prior to the TPD measurement
was pumped away from the chamber to a pressure be
;431029 Torr.

C. Surface spectroscopy

A hemispherical Leybold–Heraeus EA-10 electron an
lyzer oriented at 45° to the sample was used for XPS stu
of the carbon nanotube samples. The calibration of the X
energy scale was done using the Au 4f 7/2 transition. The
Al Ka line of 1486.6 eV energy was used for XPS measu
ments. Based on this calibration the binding energy accur
in multiple measurements was estimated to be61.0 eV.

FIG. 2. Experimental apparatus, containing 2-sample manipulator, qua
pole mass spectrometer~QMS!, and molecular beam doser.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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9592 J. Chem. Phys., Vol. 112, No. 21, 1 June 2000 Kuznetsova et al.
A Perkin Elmer Auger spectrometer~Model 11-010-
cylindrical mirror analyzer! was used for the characterizatio
of SWNT samples by Auger electron spectroscopy. The
mary beam energy used was 3 keV, and an emission cu
of 0.2 mA was employed.

D. Estimates of absolute Xe coverages

The coverage of Xe on the nanotube samples was de
mined using the desorption peak area from the Au sup
surface as a standard. The literature shows that the surfa
various metals saturates with a monolayer coverage of xe
under the same conditions as in our experiment. T
W~111! and Pt~111! surfaces can accommodate 1 ML of x
non atoms at 95 K.28–30

Figure 3 shows the rise in Xe coverage on the clean
with increasing exposure to Xe at 95 K, as judged from
integrated Xe TPD peak. The saturation coverage reache
assumed to correspond to a close-packed Xe overlayer w
surface coverage of 6.031014 Xe/cm2.30 This value is em-
ployed as a calibration standard for Xe desorption stud
from the various nanotube samples. In addition, in all m
surements, the Xe coverage measured from the nano
samples has been corrected for the small Xe desorption
tribution from the clean Au surface using these data.

We therefore report the absolute coverage of Xe on
nanotubes in terms of the atomic ratio of Xe to C as NXe/NC.
In addition the initial sticking coefficient for Xe is reporte
as an absolute rate of Xe adsorption per Xe collision on
nanotube exterior.

III. EXPERIMENTAL RESULTS

A. Thermal desorption spectra of Xe from single
walled nanotubes prepared at 623 K

Figure 4 shows the series of temperature programm
desorption spectra of xenon after exposure to different
ences of xenon. This experimental series was performed
the activation of nanotubes at 623 K.

A series of TPD spectra obtained for closed sin
walled nanotubes is shown on the left-hand side of Fig
stacked together for increasing Xe exposure. A small sin

FIG. 3. Adsorption of Xe on polycrystalline Au support surface to saturat
coverage of 6.031014 Xe/cm2. This measurement is used for calibration
the Xe coverage onc-SWNT ando-SWNT samples.
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desorption peak is observed here. For the open single wa
nanotubes~shown in the right portion of Fig. 4! at least two
peaks are contained in the desorption feature and they lar
overlap with each other.

The integrated areas of the Xe desorption peaks
shown as a function of Xe exposure in Fig. 5. The ordin
of Fig. 5, expressed as the ratio NXe /NC, is calculated on the
basis of the integrated Xe TPD signal from the known m
of nanotubes deposited on the 1 cm2 spot.

As shown in Fig. 5, the Xe uptake of the open-end c
bon nanotube sample is much higher than the uptake for
closed-end nanotubes, prepared at 623 K. The initial stick
coefficient measured as the slope of the coverage-expo

n

FIG. 4. Comparison of Xe temperature programmed desorption onc-SWNT
ando-SWNT samples after activation in vacuum at 623 K, for various
exposures.

FIG. 5. Adsorption of xenon onc-SWNT ando-SWNT samples after acti-
vation at 623 K. The initial sticking coefficient,SXe

0 , is determined from the
slope of the initial portion of the curve~shown in the inset!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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9593J. Chem. Phys., Vol. 112, No. 21, 1 June 2000 Adsorption of Xe in carbon nanotubes
plot is found to be 0.0001 for the closed-end sample a
0.0006 for the open-end sample. In this sticking coeffici
measurement we approximate a surface area of 2.6 Å2/C
atom which is the area per carbon atom on a flat grap
sheet. Figure 5 shows that the Xe uptake at saturation for
open-end nanotubes prepared at 623 K is 12 times hig
than for the closed-end nanotubes.

B. High temperature activation of nanotubes

The gas evolution observed during the thermal activat
of the nanotube samples with open ends is shown in Fig
We observed the evolution of CO, CO2, H2, and CH4 gas
during annealing at temperatures up to 1073 K. The on
temperature of the gas evolution is around 500 K. The
evolution from thec-SWNT sample was very similar in mag
nitude and in desorption peak distribution to that shown
Fig. 6. This observation demonstrates that the level of fu
tionalization of SWNTs as measured by gas evolution
heating is not a means to discriminateo-SWNTs from
c-SWNTs as suggested previously.6

The origin of the CO2 desorption feature was studied b
a control experiment involving CO2 physisorption from the
gas phase. After the exposure of the 1073 K annealed o
ended nanotube sample to CO2 a TPD spectrum was taken
The desorption peak of CO2 in this case occurs at 112 K
~shown in the inset to Fig. 6! as compared to the 500 K ons
temperature for CO2 evolution during thermal activation
Thus, the CO2 observed above;600 K from botho-SWNTs
andc-SWNTs must be due to a chemical decomposition p
cess in the nanotube material. Similarly, H2, CO, and CH4
must also originate from a chemical decomposition proc
in the nanotube material.

C. Xe adsorption on activated „1073 K… nanotubes

Another series of Xe TPD spectra was taken af
o-SWNT andc-SWNT samples were annealed at 1073
The uptake of xenon on botho-SWNTs andc-SWNTs in-
creased, but to a larger extent for theo-SWNTs. The inte-

FIG. 6. Initial activation ofo-SWNT sample. Thec-SWNT samples show
similar gas evolution spectra. The inset shows the desorption spectrum
CO2 which has been adsorbed purposely on theo-SWNT ~1073 K! sample.
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grated area of the Xe desorption, representing the cove
of Xe achieved at these exposures foro-SWNT, is shown in
Fig. 7.

An approximately 23-fold increase in the saturation c
pacity of Xe on theo-SWNTs is observed, comparing th
623 K activation to the 1073 K activation. In addition, ac
vation at 1073 K causes the initial sticking coefficient of X
to increase from 0.0006~Fig. 5! to 0.0021~Fig. 7!.

Figure 8 displays the stacked Xe TPD spectra for a w
range of Xe exposure onc-SWNTs~1073 K! ando-SWNTs
~1073 K! which form the basis for Fig. 7. For thec-SWNTs,
two weak Xe desorption features are observed at about
K and 120 K at the highest Xe exposure. For theo-SWNTs,

for
FIG. 7. Adsorption of xenon ono-SWNT after activation at 623 and 107
K. The initial sticking coefficient,SXe

0 , is determined from the slope of th
initial portion of the curve~shown in the inset!.

FIG. 8. Comparison of Xe temperature programmed desorption onc-SWNT
ando-SWNT sample after activation at 1073 K.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the 120 K feature dominates in the TPD spectra and
feature develops and shifts to higher temperature as the
coverage increases. The coalescence of the leading ed
the Xe TPD spectra beginning at a Xe exposure of
31017 Xe/cm2 is evident. In addition, a pronounced desor
tion tail above about 200 K is observed for the higher
exposures.

D. Auger spectroscopic and XPS characterization of
nanotubes

The Auger spectrum of the nanotube samples after 1
K activation is shown in Fig. 9. The C~KVV ! transition is
observed at 272.8 eV. The C~KVV ! Auger line shape is very
similar to that of graphite.31

The O~KLL ! transition at 515 eV was also observe
This is associated with remaining oxygen functionalities
the (o- or c-! SWNTs and no differences were observed b
tweeno- andc-SWNT samples. The atomic fraction of oxy
gen in the depth of Auger sampling is estimated to be 0
from the intensity comparison for the O~KLL ! and C~KVV !
transition using the formula CO/CC5I O/I C3SC/SO;
C5concentration of oxygen or carbon;I5intensity of Auger
peak; andS5sensitivity for oxygen or carbon from Ref. 31
Within the detection limits of Auger spectroscopy no oth
elements were observed. The contribution to the O an
intensities from the Au substrate were negligible, as de
mined in control experiments on the Au blank.

Figure 10 shows theC~1s! transition for the o- or
c-SWNT ~1073 K! samples. A similar spectrum was ob
served for thec-SWNT ~1073 K! sample. ThisC~1s! binding
energy is about 1.3 eV lower than the binding energy
graphite, which is consistent with the measurements of o
ers, whereC~1s! binding energies from 0.3 eV to 0.5 e
lower than that for graphite were observed for nanotubes.32,33

The shape of theC~1s! peak is similar to the shape of th

FIG. 9. Auger spectrum ofo-SWNT ~1073 K! sample. A similar spectrum is
observed for thec-SWNT ~1073 K! sample. An atomic fraction of 0.03 O is
observed in the depth of Auger sampling.
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C~1s! peak of graphite. Small features on the high bindi
energy side at 290 eV are, on graphite and on aromatic p
mers, related to thep–p* transitions, accompanying th
C~1s! excitation.34,35

Figure 11 shows the Raman spectral region of unhea
o-SWNTs and annealedo-SWNTs ~1073 K!. The similarity
of the spectra is a strong indicator that the tube structure
the o-SWNT is not influenced significantly in this heatin
process.

FIG. 10. XPS spectrum of theo-SWNT ~1073 K! sample. A similar spec-
trum is observed for thec-SWNT ~1073 K! sample.

FIG. 11. Raman spectral comparison of unheatedo-SWNTs and heated
o-SWNTs. The similarity of the two spectra indicates that the tube struc
of the SWNTs is not perturbed by annealing in ultrahigh vacuum.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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IV. DISCUSSION

A. Preparation of closed-end and open-end single
wall nanotubes „o-SWNTs and c-SWNTs…

As produced nanotubes are believed to be compose
long bundles of intertwisted tubes, which have closed en
The closing of the ends with a cap is the cause of the gro
termination. The length of these bundles can be a few
crometers.

To open nanotubes a number of techniques could
employed.1–3 One tube opening method, used for this wo
involves treatment in oxidizing HNO3/H2SO4 solution and
sonication followed by H2O2/H2SO4. As a result the closed
ends of nanotubes are etched away. The nanotube ope
process is also accompanied by a tube cutting process, re
ing in a rather sharp distribution of tube lengths, as shown
Fig. 1.

Our Xe adsorption results provide the first physical e
dence that cutting the nanotubes causes enhanced int
adsorption to be possible.

Together with cutting, the acidic treatment may al
cause the oxidation of regions the nanotube surface. A n
ber of studies on the oxidation of graphite4,36 showed that an
oxidizing agent like nitric acid can attack a graphite surfa
mainly by creating oxygenated groups, such as CvO,
OvC–O, C–OH, and C–O–C.These groups are forme
preferentially at the edges of large defects—steps or d
holes present on the graphite surface, as observed by S
We believe that similar functional groups are present on
nanotubes employed here. Based on the observation of C4,
CO, H2, and CO2 evolution above 600 K for both uncut an
cut nanotube samples, these functionalities must be pre
in both samples at approximately the same fractional co
position. This is reasonable, since the fraction of tube
carbon atoms in a 320 nm SWNT is of order 1023.

B. Thermal treatment of nanotubes in vacuum

The activation of nanotubes by heating in vacuum fro
623 K to 1073 K has been shown to enhance Xe adsorp
at 95 K. In the case of thec-SWNT sample, the Xe capacit
increases by about a factor of 10: foro-SWNT sample, heat-
ing to 1073 K increases the Xe adsorption capacity b
factor of about 23.

It is likely that CvO, OvC–O,and C–OH groups, an
possibly other oxidized groups are formed by oxidation
the tube ends and at defect sites on the tube walls. Bo
oxygen and hydrogen in the functional groups stabilize
carbon dangling bonds at these sites. The bulky surf
groups are present at the tube ends. Foro-SWNT activation
temperature above;580–600 K, these functional groups b
gin to decompose, yielding CO2, CO, CH4, and H2. This
process of chemical removal of the blocking functionalit
by thermal decomposition opens entry ports into the na
tube interior causing two effects:

~1! Enhanced Xe saturation capacity.
~2! Enhanced Xe adsorption kinetics rate~sticking probabil-

ity!.
Downloaded 31 Mar 2002 to 128.42.10.113. Redistribution subject to A
of
s.
th
i-

e
,

ing
ult-
in

-
nal

-

e

ep
M.
e

ent
-
d

n

a

t
nd
e
ce

-

For c-SWNTs which have not been chemically cut, he
ing from 623 K to 1073 K in vacuum also opens some en
ports into the nanotubes, but the Xe capacity and Xe stick
coefficient on such samples is always far below that fou
on o-SWNTs.

C. Comparison of c-SWNT „623 K… and o-SWNT „623
K… using Xe adsorption

Figures 4 and 5 show the comparison of the Xe deso
tion kinetics, the Xe sticking coefficient, and the Xe satu
tion coverage forc-SWNTs ando-SWNTs which have been
activated in vacuum at 623 K. Figure 4 shows that diffe
ences in the Xe desorption kinetics exist for thec-SWNT and
o-SWNT samples. A desorption process near 120 K is
served on theo-SWNT which is not present on thec-SWNT
sample. Figure 5 shows that the initial sticking coefficie
SXe

0 increases by a factor of 6 foro-SWNTs compared to
c-SWNTs, both of which have been activated at 623 K. T
saturation capacity of Xe is also increased by a factor of
from NXe /NC50.00015 toNXe /NC50.0018 comparing the
c-SWNTs ~623 K! to theo-SWNTs ~623 K!.

The enhanced rate of Xe adsorption and of the Xe sa
ration coverage foro-SWNTs ~623 K! reflect the increased
availability of entry ports to the interior of the SWNTs whic
have been cut by the acidic cutting process with sonicat
This comparison involveso-SWNTs which possess a signifi
cant number of entry ports which contain oxygenated fu
tionalities blocking or retarding Xe entry to the nanotu
interior. As will be discussed below, further opening of the
entry ports can be achieved by heating to 1073 K.

D. Comparison of o-SWNT „623 K… and o-SWNT „1073
K… using Xe adsorption

The effect of the opening of the functionalized ent
ports by chemical decomposition of the blocking groups
illustrated by experiments ono-SWNTs. After 623 K activa-
tion of o-SWNTs, only slight decomposition of the oxygen
ated groups has occurred~see Fig. 6!. Upon heating to 1073
K, a significant loss of these blocking groups has occur
judging from the gas evolution measured in Fig. 6. The
composition of the blocking groups results in an enhan
ment of the Xe sticking coefficient fromSXe

0 50.0006 to
SXe

0 50.0021, and an increase in the saturation capacity fr
NXe /NC50.0018 toNXe /NC50.042, as shown in Fig. 7.

E. Summary—effect of opening entry ports on Xe
adsorption in nanotubes

1. Adsorption control

These experiments have demonstrated two effects c
trolling adsorption inside of single walled carbon nanotub
First, it has been shown kinetically, and by quantitative m
surements of the Xe saturation coverage, that the chem
cutting ofc-SWNTs results in an enhanced kinetic rate of X
capture at 95 K and also in an enhanced Xe saturation c
erage. Second, we have demonstrated that HNO3/H2SO4

treatment of the nanotubes leaves functional groups cont
ing carbon, oxygen, and hydrogen. These groups block
entry ports to the nanotube interior to some degree, retard
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Xe adsorption. Decomposition of these groups at 1073 K
vacuum leads to further enhancement in the rate of Xe
sorption and increased Xe saturation capacity as the e
ports are opened.

The full dynamic range of the role of entry port form
tion is large. Forc-SWNTs prepared at 623 K the saturatio
Xe coverage isNXe /NC50.00015. Foro-SWNTs, prepared
at 1073 K, the Xe saturation coverage isNXe /NC50.0420, a
factor of 280 increase. Similarly, the initial rate of Xe a
sorption increases by a factor of about 21 in comparing
two cases.

2. Saturation capacity of Xe in o-SWNT (1073 K)

An unreachablegeometrical upper limit for the satura
tion coverage of Xe inside of ano-SWNT may be estimated
from the relative number of C atoms/Å2 in a flat graphene
sheet~0.38 C/Å2! and the number of Xe atoms in a flat clos
packed hexagonal monolayer of Xe~0.06 Xe/Å2!. For this
flat geometry,NXe /NC50.16 Xe/C. Our measurement
saturation yieldsNXe /NC50.042 Xe/C at 95 K in the
o-SWNT ~1073 K!. Thus the saturation density of Xe insid
theo-SWNT is quite high. For comparison, a single chain
Xe atoms, packed at the 4.4 Å/Xe atom spacing~found in a
flat Xe monolayer! inside a 13.6 Å diameter SWNT corre
sponds toNXe /NC50.014 Xe/C.

F. Phase behavior for Xe- o-SWNT „1073 K…

1. Detection of quasi-1D confined Xe phase inside the
o-SWNTs

Unusual desorption kinetic behavior is observed at
exposures above 631017 Xe/cm2 (NXe /NC>0.020), as
shown in Fig. 8. A distinct coalescence of the leading ed
of the multiple desorption traces is observed. This coa
cence is indicative of zero-order desorption kinetics, wh
the rate of desorption is independent of coverage. Zero-o
desorption kinetics are often observed from surfaces.
many cases of zero-order desorption kinetics, a phase tra
tion is occurring during desorption. For example, in the c
of inert gas adsorption on highly perfect metal single cr
tals, zero-order desorption kinetics indicate the presence
2D ordered layer in equilibrium with a 2D gas, whic
desorbs.37 As desorption occurs from the transient 2D g
species, this species is resupplied by a phase transi
which consumes the 2D ordered phase and leads to z
order kinetics.

The phase behavior of Xe adsorbed on single wa
nanotubes should be closely related to the well studied ph
equilibria for Xe on graphite. Theoretical estimates of t
adsorption potential of Xe on the outer surface of a sin
walled nanotubes and on a single layer flat graphene sur
are very similar, differing only by 2.3 kJ/mol with the X
being 20% less strongly bound on the outer SWNT surfac15

The phase diagram of Xe on graphite has been measure
several groups,38,39 and on the basis of Xe behavior o
graphite in the region of temperature and Xe pressure
ployed in this work, only the 2D Xe gas phase will be stab
on the outer surface ofo-SWNTs ~1073 K!.
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The ratio of Xe coverage on the inside and outside s
face of the SWNTs may be estimated using gas-surface v
coefficients,15,40 which represent the adsorbate interacti
over all accessible configurations. Under the conditions
this experiment, the ratio of Xe coverages on the inside co
pared to the outside of a nanotube is>106 at 95 K based on
the calculated adsorption energy on the wall exterior of
kJ/mol.15 Thus in order to achieve the measured covera
observed here (NXe /NC50.042) another Xe phase which
much more dense than the 2D phase is necessary. This
ond Xe phase, in equilibrium with the 2D Xe gas phase
the outer wall surface, is responsible for the observation
zero-order kinetics.

These results suggest that a quasi-one-dimensional
fined Xe phase is established inside theo-SWNT during ad-
sorption, and that this phase desorbs via an equilibrium
volving the 2D gas phase on the outer SWNT surface. T
1D Xe phase inside nanotubes is expected on theore
grounds.15 One criterion for its existence is that the diame
of the nanotube be two times the diameter of the molecul41

which is approximately fulfilled in this work. Recently a 1D
He phase has been detected in the interstitial regions w
exist between closed SWNTs in bundles.42 Such interstitial
regions cannot be responsible for the 1D phase of Xe po
lated here, since the small interstitial site dimensions will n
permit Xe atoms to enter these regions.

2. Desorption energy for 1D confined Xe phase inside
SWNTs (1073 K)

A leading edge analysis43 of the kinetics of Xe desorp-
tion has been performed using the data shown in Fig. 8
the o-SWNTs ~1073 K!. The coverage dependence of th
activation energy for Xe desorption increases up to a
coverage ofNXe /NC50.020, and then becomes constant a
value of 26.860.6 kJ/mol, as shown in Fig. 12. The theore
ical binding energy of Xe in a 10 Å diameter SWNT ha
been estimated to be 22.6 kJ/mol,15 in good agreement with
our measurements. The measured activation energy for

FIG. 12. Activation energy of Xe desorption fromo-SWNT ~1073 K! as
measured in the leading edge of the TPD spectrum. The fractional depl
in the leading edge region which was analyzed is,3%.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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sorption from the 1D confined Xe phase, in rapid equilibriu
with the 2D Xe gas phase on the outer surface, will be eq
to or larger than the binding energy of Xe within the nan
tubes, depending on whether an activation barrier for ads
tion exists. The involvement of the transient 2D Xe g
phase will not affect the desorption activation energy m
sured for the 1D confined Xe phase.

3. Equilibrium for Xe on inner and outer surfaces of
SWNTs (1073 K)

The equilibrium between the 2D gas phase on the o
nanotube surface and the 1D confined Xe phase inside
nanotubes is achieved by rapid diffusion through the end
theo-SWNTs and possibly through defect sites on the na
tube walls. Thus the 1D Xe phase is not observed to
kinetically coupled to the 2D gas except for theo-SWNTs
which have been chemically produced by oxidative cutt
and subsequent thermal processing at 1073 K to produce
maximum number of entry ports in the tube ends and po
bly in the walls. It is reasonable to postulate on the basis
microscopic reversibility that Xe adsorption into th
o-SWNT interior also occurs via the 2D gas phase on
nanotube exterior.

V. SUMMARY OF RESULTS

The following results have been obtained in our study
Xe adsorption onc-SWNTs ando-SWNTs:

~1! The Xe adsorption capacity and sticking coefficient
SWNTs is strongly dependent on the preparation con
tions. Open SWNTs prepared by H2O2/H2SO4 treatment
exhibit an enhanced Xe adsorption rate and Xe capa
compared toc-SWNTs.

~2! Heatingo-SWNTs to 1073 K in vacuum evolves CO2,
CO, CH4, and H2which originate from surface function
alities present on the nanotube ends and at defect site
the nanotube surface.

~3! The destruction of the surface functionalities cause
strong enhancement of the Xe sticking coefficient a
the Xe saturation capacity of theo-SWNTs as blocking
of entry ports by these surface groups is diminished.

~4! The sticking coefficient of Xe at 95 K is only 0.0021 X
atoms/C atom ino-SWNTs~1073 K!, indicating that Xe
entry into the nanotube interior is relatively inefficie
even for nanotubes possessing the highest numbe
open entry ports.

~5! The observed saturation capacity for Xe ino-SWNTs
~1073 K! is NXe /NC50.042 corresponding to a hig
level of filling of the nanotubes with Xe at 95 K.

~6! In the high coverage range, Xe desorption fro
o-SWNTs ~1073 K! exhibits zero-order kinetics, indica
tive of the involvement of a phase transition during d
sorption. The activation energy for Xe adsorption in th
coverage range is 26.860.6 kJ/mol in good agreemen
with theoretical estimates.

~7! It is postulated that during desorption, a quasi-1D co
fined Xe phase inside theo-SWNTs~1073 K! is in equi-
librium with a 2D gas phase on the outer surface of
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o-SWNTs, and that this phase transition is responsi
for the observed zero-order desorption kinetics.

~8! By microscopic reversibility, the adsorption of Xe int
the interior ofo-SWNTs will occur via the 2D gas phas
on the nanotube exterior.
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