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Physical adsorption of xenon in open single walled carbon nanotubes:
Observation of a quasi-one-dimensional confined Xe phase
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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 £O, CO
CH,, and H are evolved. On this basis it is postulated that surface functionalities sueE@©OH

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 kineffigs- 6.8+ 0.6 kJ/ma). 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 Physid$50021-9606800)71313-4

I. INTRODUCTION have been extended to a higher purity nanotube satfple.
A theoretical and experimental understanding of carbor;r he adsorptlon_ |spthgrm ole\_lNas measured on nanotupes
. with a broad distribution of diameters and wall layer thick-
nanotubes has developed very rapidly over the last few years. ) : .
. . ) Resses, including also mesoporous multiwall nanotébes.

The mechanical and electronic properties of nanotubes a

. . . : DS Ao saturation adsorption of,Nbenzene and methanol in-
interesting and give promise for useful nanotube applications. . :
: . 14 . Side of chemically cut single walled nanotud&NNTS9 has
in nano-engineerinig® and as catalyst supportdhe unique

. been shown to exceed that of uncut SWNTs.
shape of carbon nanotubéw®llow pipes up to Jum length

! ) . In this paper we report the results of Xe adsorption ex-
make nanotubes useful for physical adsorption, and this pa- . .
: . periments performed on single wall carbon nanotubes.
per deals with this phenomenon. .
. Fullerene pipego-SWNT9 and fullerene ropegc-SWNT)
Carbon nanotubes produced by the catalytic method are . ) o .
. wijth open and closed ends, respectively, and with identical
believed to have closed ends, composed of pentagonal an : . . .
) : : . ass were studied under ultrahigh vacuum conditions using
hexagonal carbon rings. The opening of the ends is achieve . X
. . - s . _samples of the nanotubes with high purity. Measurements of
by cutting the tubes using an acidic and oxidizing solution

. g . ; : .~ _the elemental purity of the SWNTs were carried out using
with sonicatiorf This cutting procedure provides openings
) X . -~ Auger electron spectroscopy and x-ray photoelectron spec-
in the nanotube for adsorption on the inner surface. The in: : :
: L troscopy. Xe adsorption/desorption measurements were done
troduction of metals and metal salts inside nanotubes dem- .
I L . using temperature programmed desorpi{ioRD). The mea-
onstrates the availability of the nanotube interior for interac- Lo . . o
. . _10 sured kinetics of Xe desorption provide new physical insight
tion with other substancés. ) . o
o into the mechanism of Xe transport to and from the interior
The curvature of the nanotube interior compared to a . . .
. . of the SWNTs as well as evidence for a quasi-1D confined
plane graphitic sheet is expected to cause enhanced adso(p- L
. : L . %’e phase inside the open nanotubes.
tion properties for gaseous species, including hydrogen an
the rare gases. Theoretical studies predict an increased ad-
sorption capacity and adsorption binding energy of opentl. EXPERIMENT
ended nanotubeg 1t A Carb b I
Theoretical findings about adsorption into nanotubes ™ arbon nanotube samples
have been awaiting experimental verification. A few studies  Single walled carbon nanotubes were produced using the
of the adsorption of gases have appeared during the last twlechnique described previou$lin which collected material
years. Ultrahigh pressures were used to introduce Ar into thevas purified by HNQ/H,SO, treatment. The measured pu-
interior of nanotubed’ The experiment is complicated by rity of these samples i590% using TEM and AFM mea-
the existence of multiwalls and large amounts of impuritiessurement. The nanotube diameter distribution centered near
which can incorporate gas species in regions other than thidat of (10,10 SWNTs with diameter of 13.6 A% The
nanotube interior. The adsorption of hydrogen was studiegurified sample of nanotubes were suspended in methanol

on nanotube samples of only 0.2% purityThese results and deposited onto evaporated Au films on a Ta foil. The
0021-9606/2000/112(21)/9590/9/$17.00 9590 © 2000 American Institute of Physics
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samples are be“ev,Ed to have closed ends a_s th?y Were pigg. o Experimental apparatus, containing 2-sample manipulator, quadru-
duced and are designated@SWNT samples in this work.  pole mass spectrometé®MS), and molecular beam doser.

The samples of open-end nanotull@esSWNT9 were  assembly. The aperture of the QMS is biased-{t0 V to
prepared by cutting the purified sample using anexclude the possible effect of stray electron emission from
HNO3/H,SO, mixture and sonication followed by treatment the thermionic emitter of the QMS. The mass spectrometer
in H,0,/H,SO. The length distribution a-SWNTs as mea- was calibrated against a Bayard—Alpert ionization gauge as-
sured from AFM images is shown in Fig. 1. Both samples ofsuming a gauge sensitivity ratio of Xe and &f 2.72° It was
open- and closed-end carbon nanotubes were deposited frashown that the QMS response was linear over a wide Xe
the methanol suspensioma 1 cn? spot onto the Au-covered pressure range. The sensitivity of the mass spectrometer to
Ta foil by the drop/dry technique. The nanotubes are held oemission current was carefully measured for currents of 0.5
the Au surface by van der Waals forces. As will be describednA and 2.0 mA, used, respectively, for high and low inten-
later, the nanotube samples were heated in ultrahigh vacuusity Xe TPD measurements.
to 623 K or 1073 K prior to Xe adsorption. The mass of the  The auxiliary tungsten contacting electrof&own in
open- and closed-end nanotube samples used wag4bhe  Fig. 2) is used as a fiducial poir{using the micrometer on
Au-plated Ta foils are rigidly and reproducibly fixed be- the sample manipulatpto accurately and reproducibly lo-
tween two Ta rods by interlock holders describedcate the sample 1 mm away from the 3.0 mm diameter ap-
elsewheré* The cooling of the sample below 95 K was erture for controlled measurement of the TPD spectra.
achieved by bubbling Hg) through al-N, column in the The xenon ga$99.995% purity, Mathesgnwas intro-
manipulator tube which lowers the cryogenic fluid tempera-duced into the system from a pyrex flask through a colli-
ture to the N triple point (63 K).2° Using this method we mated and calibrated molecular beam doser, shown in Fig. 2.
achieved a minimum sample temperature of 82 K after Xdt provides a known uniform flux of Xe molecules creating a
adsorption experiments at 95 K, and all temperature prolocal high pressurécompared to the background presswe
gramming also started at 82 K. The samples were reprodu@dsorbate at the sample surfaé&he doser was calibrated
ibly programmed linearly in temperature at a ramp rate of 1.0nvith Xe gas and was shown to give an absolute Xe delivery
K/s using a typek thermocouple and Labview software. The rate of 7.2- 1.2x 10" molecules Torr! s1. From the calcu-
accuracy of the temperaturedd.2 K. An accurate compari- lation of the fractional interception of the gas beam by the
son of Xe adsorption on the nanotube sample and onto asample estimated from the doser/sample geonfétitye in-
identical clean Au/Ta support foil was made for each adsorpeident Xe flux is 5. 10" molecules crhs ! at a backing
tion experiment at equivalent Xe exposures. Adsorption byressure of 1.8 Torr Xe. The exposure of the nanotube
the support is reproducible and does not exceed a few pesample to the xenon flux was performed at 95 K. For Xe
cent of the nanotube adsorption in any of the measurementexposures above >210'® molecules/cry adsorption was

Raman spectra were taken on as prepared and annealedrried out by filling the vacuum chamber to Xe pressures
nanotubeo-SWNT materials using 782 nm diode laser andfrom 3.7x10 © Torr to 3.7 10" % Torr using the ionization

Sample/QMS Spacing

514 nm Ar ion laser. gauge for measurements. Prior to the TPD measurement, Xe
was pumped away from the chamber to a pressure below
B. Vacuum techniques ~4x10"° Torr.

The experiments were done under ultrahigh vacuu
conditions with a base pressure in the chamber xfl8™ 1!
Torr. The chamber is equipped with 360 L/s ion pump, a 150 A hemispherical Leybold—Heraeus EA-10 electron ana-
L/s turbo pump and a titanium sublimation pump. As shownlyzer oriented at 45° to the sample was used for XPS studies
in Fig. 2, the TPD measurements were done using an apeof the carbon nanotube samples. The calibration of the XPS
tured quadrupole mass spectromefel Instruments/100 energy scale was done using the Afi;4 transition. The
C). This permits measurements of the thermal desorption ofl K, line of 1486.6 eV energy was used for XPS measure-
Xe from the nanotubes while discriminating against possiblenents. Based on this calibration the binding energy accuracy
desorption from the surrounding region of the cooled supporin multiple measurements was estimated totie0 eV.

mC. Surface spectroscopy
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FIG. 3. Adsorption of Xe on polycrystalline Au support surface to saturation 9.3x10™ 9-3X1014
coverage of 6.8 10" Xe/cn?. This measurement is used for calibration of 3.7x10™ 3-7X1014
the Xe coverage on-SWNT ando-SWNT samples. 1.8x10" 1.8x10
A Perkin Elmer Auger spectrometéModel 11-010- é
cylindrical mirror analyzerwas used for the characterization A
of SWNT samples by Auger electron spectroscopy. The pri- P RN B L L L 1

mary beam energy used was 3 keV, and an emission curren: 100 200 300 400 100 200 300 400

of 0.2 uA was employed. T (K)

. FIG. 4. Comparison of Xe temperature programmed desorptian@WwNT
D. Estimates of absolute Xe coverages and o-SWNT samples after activation in vacuum at 623 K, for various Xe
exposures.
The coverage of Xe on the nanotube samples was dete?
mined using the desorption peak area from the Au support

surface as a standard. The literature shows that the surface @ésorption peak is observed here. For the open single walled
various metals saturates with a monolayer coverage of xenofanotubegshown in the right portion of Fig.)4at least two
under the same conditions as in our experiment. Thupeaks are contained in the desorption feature and they largely
W(111) and P{111) surfaces can accommodate 1 ML of xe- overlap with each other.
8-30 . .
non atoms at 95 K3 o The integrated areas of the Xe desorption peaks are
~ Figure 3 shows the rise in Xe coverage on the clean Ashown as a function of Xe exposure in Fig. 5. The ordinate

with increasing exposure to Xe at 95 K, as judged from theys Fig. 5, expressed as the ratigMNc, is calculated on the

integrated Xe TPD peak. The saturation coverage reached kusis of the integrated Xe TPD signal from the known mass
assumed to correspond to a close-packed Xe overlayer with@ nanotubes deposited on the 1%spot.

surface coverage of 6:010* Xe/cn?.* This value is em- As shown in Fig. 5, the Xe uptake of the open-end car-

ployed as a calibration standard for Xe desorption studieon nanotube sample is much higher than the uptake for the
from the various nanotube samples. In addition, in all meag|gsed-end nanotubes, prepared at 623 K. The initial sticking

surements, the Xe coverage measured from the nanotubgefficient measured as the slope of the coverage-exposure
samples has been corrected for the small Xe desorption con-
tribution from the clean Au surface using these data.

We therefore report the absolute coverage of Xe on the ST 2 K)' ' ' ' '
nanotubes in terms of the atomic ratio of Xe to C gg M. 0.0018 | o _ _
In addition the initial sticking coefficient for Xe is reported
as an absolute rate of Xe adsorption per Xe collision on the 0.002

nanotube exterior.

J
§°,,=0.0006

xe/Ne
Nye/Ne

Z 0.0009 | 8°,,=0.0001[-

IIl. EXPERIMENTAL RESULTS

0.000
A. Thermal desorption spectra of Xe from single o0

walled nanotubes prepared at 623 K c-SWNT (623 K) e

1.0x10'®

Figure 4 shows the series of temperature programmed ;000 L _ & *

desorption spectra of xenon after exposure to different flu- ' . : : — 1
. . - 0.0 5.0x10'7  1.0x10'®  1.5x10 2.0x10

ences of xenon. This experimental series was performed aftel ,
the activation of nanotubes at 623 K. éxe(Xe atoms/em’)

A series of TI_DD spectra obtained  for CI_Osed SI'_F]gleFIG. 5. Adsorption of xenon on-SWNT ando-SWNT samples after acti-
walled nanotubes is _Shown on the left-hand side of Fl.g. 4ation at 623 K. The initial sticking coefficienl,, is determined from the
stacked together for increasing Xe exposure. A small singlelope of the initial portion of the curvéshown in the insét
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FIG. 6. Initial activation ofo-SWNT sample. The-SWNT samples show
similar gas evolution spectra. The inset shows the desorption spectrum f
CO, which has been adsorbed purposely ond@WNT (1073 K) sample.

FIG. 7. Adsorption of xenon on-SWNT after activation at 623 and 1073
K. The initial sticking coefficientSy,, is determined from the slope of the
initial portion of the curve(shown in the inset

plot is found to be 0.0001 for the closed-end sample and

AR - rated area of the Xe desorption, representing the coverage
0.0006 for the open-end sample. In this sticking coe1‘f|C|emgf Xe achieved at these exposures 6sBWNT, is shown in

measurement we approximate a surface area of 2/6 A _.

atom which is the area per carbon atom on a flat graphitglg' ! . . . _
An approximately 23-fold increase in the saturation ca-

sheet. Figure 5 shows that the Xe uptake at saturation for the_ . . . .
open-end nanotubes prepared at 623 K is 12 times high acity of Xe on theo-SWNTS is observed, comparing the

than for the closed-end nanotubes 23 K activation to the 1073 K activation. In addition, acti-
' vation at 1073 K causes the initial sticking coefficient of Xe
to increase from 0.0006-ig. 5) to 0.0021(Fig. 7).
B. High temperature activation of nanotubes Figure 8 displays the stacked Xe TPD spectra for a wide
The gas evolution observed during the thermal activatiof2nge of Xe exposure oSWNTs (1073 K) ando-SWNTs

of the nanotube samples with open ends is shown in Fig. 61073 K which form the basis for Fig. 7. For teSWNTs,
We observed the evolution of CO, GOH,, and CH, gas two weak Xe desorption features are observed at about 105

during annealing at temperatures up to 1073 K. The onsdf and 120 K at the highest Xe exposure. For tR8WNTs,
temperature of the gas evolution is around 500 K. The gas
evolution from thec-SWNT sample was very similar in mag-

nitude and in desorption peak distribution to that shown in | c-SWNT (1073 K) | 0-SWNT (1073 K)
Fig. 6. This observation demonstrates that the level of func-
tionalization of SWNTs as measured by gas evolution on , . Xeexposure, BOKIOCA
heating is not a means to discriminaeSWNTs from 20T A W E—
c-SWNTSs as suggested previou§ly. 2'?‘1219 2:22:219

The origin of the CQ desorption feature was studied by 3:0;013 2.0x10"
a control experiment involving COphysisorption from the 6.9x101 ﬁﬁﬁﬁz
gas phase. After the exposure of the 1073 K annealed open 9.3x10"8 6.0x10"7
ended nanotube sample to €® TPD spectrum was taken. ° 56x10° 2.3x10'7
The desorption peak of GQn this case occurs at 112 K g% 2.8x10% s 1-7x101:
(shown in the inset to Fig.)Gas compared to the 500 K onset < < s
temperature for C© evolution during thermal activation. 4.5x10'5
Thus, the CQ observed above-600 K from botho-SWNTSs 2.7x10'
andc-SWNTs must be due to a chemical decomposition pro-
cess in the nanotube material. Similarly,, HCO, and CH
must also originate from a chemical decomposition process
in the nanotube material.

%

C. Xe adsorption on activated (1073 K) nanotubes L L L ' N R T |

. 100 200 300 400 100 200 300 400
Another series of Xe TPD spectra was taken after T (K
0-SWNT andc-SWNT samples were annealed at 1073 K. (K)
The Uptake of xenon on bot-SWNTs andC'SWNTS. n- FIG. 8. Comparison of Xe temperature programmed desorptian@WNT
creased, but to a larger extent for theSWNTs. The inte- ando-SWNT sample after activation at 1073 K.
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FIG. 9. Auger spectrum a-SWNT (1073 K) sample. A similar spectrum is
observed for the-SWNT (1073 K) sample. An atomic fraction of 0.03 O is

observed in the depth of Auger sampling. C(1s) peak of graphite. Small features on the high binding
energy side at 290 eV are, on graphite and on aromatic poly-

the 120 K feature dominates in the TPD spectra and thi§'€rS, related to ther—z" transitions, accompanying the

H i ~a34,35
feature develops and shifts to higher temperature as the Xa(1S) excitation:

coverage increases. The coalescence of the leading edge of Figure 11 shows the Raman spectral region of unheated
the Xe TPD spectra beginning at a Xe exposure of g0-SWNTs and annealed-SWNTs (1073 K). The similarity

X 1017 Xelcn? is evident. In addition, a pronounced desorp-Of the spectra is a strong indicator that the tube structure of
tion tail above about 200 K is observed for the higher xethe 0-SWNT is not influenced significantly in this heating
exposures. process.

D. Auger spectroscopic and XPS characterization of
nanotubes

The Auger spectrum of the nanotube samples after 1073
K activation is shown in Fig. 9. The (BVV) transition is
observed at 272.8 eV. ThelKVV) Auger line shape is very
similar to that of graphité®

The QKLL) transition at 515 eV was also observed.
This is associated with remaining oxygen functionalities on
the (o- or c-) SWNTs and no differences were observed be-
tweeno- andc-SWNT samples. The atomic fraction of oxy-
gen in the depth of Auger sampling is estimated to be 0.03
from the intensity comparison for the(KLL ) and GKVV)
transition using the formulaCy/Ce=1g/1cXSc/So;
C=concentration of oxygen or carboh=intensity of Auger
peak; andS=sensitivity for oxygen or carbon from Ref. 31.
Within the detection limits of Auger spectroscopy no other Radial mode
elements were observed. The contribution to the O and C I |
intensities from the Au substrate were negligible, as deter- ) 0-SWNT heated
mined in control experiments on the Au blank.

Figure 10 shows theC(1ls) transition for theo- or AL o-SWNT unheated
c-SWNT (1073 K) samples. A similar spectrum was ob- —_— T
served for the-SWNT (1073 K) sample. ThisC(1s) binding 100 150 200 250 300 350 400
energy is about 1.3 eV lower than the binding energy of
graphite, which is consistent with the measurements of oth- Raman shift, cm’
ers, whereC(1s) blndlng_energles from 0.3 eV 10 0.5 eV FIG. 11. Raman spectral comparison of unheate®WNTs and heated
lower than that for graphite were observed for nanoté$. o synTs. The similarity of the two spectra indicates that the tube structure
The shape of th&(1s) peak is similar to the shape of the of the SWNTs is not perturbed by annealing in ultrahigh vacuum.

782 nm

Radial mode

I
% 0-SWNT heated

0-SWNT unheated

514 nm

Raman Intensity, arb.units

1
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IV. DISCUSSION For c-SWNTs which have not been chemically cut, heat-
A. Preparation of closed-end and open-end single ing from 623 K to 1073 K in vacuum also opens some entry
wall nanotubes (0-SWNTs and c-SWNTs) ports into the nanotubes, but the Xe capacity and Xe sticking

) coefficient on such samples is always far below that found
As produced nanotubes are believed to be composed @f, o-S\WNTSs.

long bundles of intertwisted tubes, which have closed ends.
The closing of the ends with a cap is the cause of the growtly,  comparison of ¢-SWNT (623 K) and 0-SWNT (623
termination. The length of these bundles can be a few mik) using Xe adsorption

crometers. . .
To open nanotubes a number of techniques could be Figures 4 and 5 show the comparison of the Xe desorp-

employed:—3 One tube opening method, used for this work tion Kkinetics, the Xe sticking coefficient, and the Xe satura-
involves treatment in oxidizing HNgIH,SO, solution and t|oq coverage for-SWNTSs ando—SWNTs which have be_en
sonication followed by bO,/H,SO,. As a result the closed act|vat§d in vacuum at_623_K. _Flgurg 4 shows that differ-
ends of nanotubes are etched away. The nanotube openififces in the Xe desorption kinetics exist for BWNT and
process is also accompanied by a tube cutting process, resufft>WNT samples. A desorption process near 120 K is ob-

ing in a rather sharp distribution of tube lengths, as shown irp€ved on th@-SWNT which is not present on theSWNT
Fig. 1. sample. Figure 5 shows that the initial sticking coefficient,

O .
Our Xe adsorption results provide the first physical evi-Sxe increases by a factor of 6 fa-SWNTs compared to

dence that cutting the nanotubes causes enhanced interffaPWWNTS, both of which have been activated at 623 K. The
adsorption to be possible. saturation capacity of Xe is also increased by a factor of 12

Together with cutting, the acidic treatment may alsof®M Nxe/Nc=0.00015 toNx./Nc=0.0018 comparing the

cause the oxidation of regions the nanotube surface. A nunfSWNTS (623 K) to theo-SWNTs (623 K).

ber of studies on the oxidation of grapHité showed that an _The enhanced rate of Xe adsorption and of the Xe satu-
oxidizing agent like nitric acid can attack a graphite surfacd@lion coverage foo-SWNTs (623 K) reflect the increased
mainly by creating oxygenated groups, such as=G@, availability of entry ports Fo_the interior of the SWNTs vyh|c:_h
O—C-0, C-OH, and C—O-CThese groups are formed have been cut by the acidic cutting process with sonication.

preferentially at the edges of large defects—steps or deep!iS comparison involves-SWNTSs which possess a signifi-

holes present on the graphite surface, as observed by ST@nt number of entry ports which contain oxygenated func-
onalities blocking or retarding Xe entry to the nanotube

We believe that similar functional groups are present on thé' ' ’ ) -
nanotubes employed here. Based on the observation gf cHinterior. As will be d|scqssed below, f_urther opening of these
CO, H,, and CQ evolution above 600 K for both uncut and €Nty Ports can be achieved by heating to 1073 K.
cut nanotube samples, these functionalities must be present )
in both samples at approximately the same fractional comP: Comparison of 0-SWNT (623 K) and 0-SWNT (1073
position. This is reasonable, since the fraction of tube endt) USiNg Xe adsorption
carbon atoms in a 320 nm SWNT is of order £0 The effect of the opening of the functionalized entry
ports by chemical decomposition of the blocking groups is
illustrated by experiments a:SWNTSs. After 623 K activa-
tion of 0-SWNTSs, only slight decomposition of the oxygen-
ated groups has occurrésee Fig. 6. Upon heating to 1073

The activation of nanotubes by heating in vacuum fromK, a significant loss of these blocking groups has occurred
623 K to 1073 K has been shown to enhance Xe adsorptiojudging from the gas evolution measured in Fig. 6. The de-
at 95 K. In the case of the SWNT sample, the Xe capacity composition of the blocking groups results in an enhance-
increases by about a factor of 10: iI¥SWNT sample, heat- ment of the Xe sticking coefficient fronSy,=0.0006 to
ing to 1073 K increases the Xe adsorption capacity by eS?(e= 0.0021, and an increase in the saturation capacity from
factor of about 23. Nye/Nc=0.0018 toNy./Nc=0.042, as shown in Fig. 7.

It is likely that C=0, O=C-0,and C—-OH groups, and
possibly other oxidized groups are formed by oxidation atE. Summary—effect of opening entry ports on Xe
the tube ends and at defect sites on the tube walls. Boungdsorption in nanotubes
oxygen and hydrogen in the functional groups stabilize the;. aAdsorption control
carbon dangling bonds at these sites. The bulky surface
groups are present at the tube ends. &WNT activation
temperature above 580-600 K, these functional groups be-

B. Thermal treatment of nanotubes in vacuum

These experiments have demonstrated two effects con-
trolling adsorption inside of single walled carbon nanotubes.
in to decompose. vieldin CO. CH.. and This First, it has been shown kinetically, and by quantitative mea-
9 Pose, y g GPCO, H". HZ'. ... _surements of the Xe saturation coverage, that the chemical
process of chemical removal of the blocking functionalities™ " . o

by thermal decomposition opens entry ports into the nan09Utt'ng ofc-SWNTSs results in an enhanced kinetic rate of Xe
tube interior causing two effects: capture at 95 K and also in an enhanced Xe saturation cov-

erage. Second, we have demonstrated that HNGBO,

(1) Enhanced Xe saturation capacity. treatment of the nanotubes leaves functional groups contain-
(2) Enhanced Xe adsorption kinetics ragticking probabil-  ing carbon, oxygen, and hydrogen. These groups block the
ity). entry ports to the nanotube interior to some degree, retarding
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Xe adsorption. Decomposition of these groups at 1073 K in — v . r T T T T
vacuum leads to further enhancement in the rate of Xe ad- [ 1
sorption and increased Xe saturation capacity as the entry
ports are opened.

The full dynamic range of the role of entry port forma-
tion is large. Forc-SWNTs prepared at 623 K the saturation 20
Xe coverage iNy./N-=0.00015. Foro-SWNTs, prepared I
at 1073 K, the Xe saturation coverageNg./N-=0.0420, a
factor of 280 increase. Similarly, the initial rate of Xe ad- AH[Xe(s) -> Xe(g)] = (14.2 kd/mol)
sorption increases by a factor of about 21 in comparing the 10 7
two cases. I T

25 |-

15 1

E,, kd/mol

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

0 1 1 n 1 1 1 L 1 1 1 L 1
An unreachablegeometrical upper limit for the satura- 000 001 002 003 004 005

tion coverage of Xe inside of annSWNT may be estimated Coverage, Ny /N

from the relative number of C atoms/An a ﬂ?'t graphene FIG. 12. Activation energy of Xe desorption fromSWNT (1073 K) as

sheet(0.38 C/&) and the number of Xe atoms in a flat close- measured in the leading edge of the TPD spectrum. The fractional depletion

packed hexagonal monolayer of X8.06 Xe/&). For this in the leading edge region which was analyzee&%.

flat geometry,Ny./Nc=0.16 Xe/C. Our measurement at

saturation yieldsNy./N:=0.042 Xe/C at 95 K in the

0-SWNT (1073 K). Thus the saturation density of Xe inside ~ The ratio of Xe coverage on the inside and outside sur-

the o-SWNT is quite high. For comparison, a single chain offace of the SWNTs may be estimated using gas-surface virial

Xe atoms, packed at the 4.4 A/Xe atom spadifogind in a  coefficients:>*® which represent the adsorbate interaction

flat Xe monolayer inside a 13.6 A diameter SWNT corre- over all accessible configurations. Under the conditions in

sponds toNy./Nc=0.014 Xe/C. this experiment, the ratio of Xe coverages on the inside com-

pared to the outside of a nanotubesid (® at 95 K based on

the calculated adsorption energy on the wall exterior of 8.7

kJ/mol®® Thus in order to achieve the measured coverages

1. Detection of quasi-1D confined Xe phase inside the observed hereNxe/N¢=0.042) another. Xe phase Which is

0-SWNTs much more dense than the 2D phase is necessary. This sec-

ond Xe phase, in equilibrium with the 2D Xe gas phase on

Unusual desorption 7kinetic behavior is observed at Xehe guter wall surface, is responsible for the observation of
exposures above 10" Xe/cn? (Nye/Nc=0.020), @S ,ar0-order kinetics.

shown in Fig. 8. A distinct coalescence of the leading edges  These results suggest that a quasi-one-dimensional con-

of the mgltiple Qesorption traces is obsgrved.. This coalesgaq Xe phase is established inside tR8WNT during ad-
cence is indicative of zero-order desorption kinetics, Wheresorption, and that this phase desorbs via an equilibrium in-
the rate of dgsorptlon is independent of coverage. Zero—ordqfowmg the 2D gas phase on the outer SWNT surface. The
desorption kinetics are often obs_erveq fr'om surfaces. FOiD Xe phase inside nanotubes is expected on theoretical
many cases of zero-order desorption kinetics, a phase trangfzongsls One criterion for its existence is that the diameter

tion is occurring during desorption. For example, in the Caseyf the nanotube be two times the diameter of the moletule,

of inert gas adsorption on highly perfect metal single crysyyhich is approximately fulfilled in this work. Recently a 1D

tals, zero-order desorption kinetics indicate the presence of @ nhase has been detected in the interstitial regions which
2D ordS%red layer in equilibrium with a 2D gas, which qyist hetween closed SWNTs in bundfésSuch interstitial
desorbs.” As desorption occurs from the transient 2D 9aSig4ions cannot be responsible for the 1D phase of Xe postu-

species, this species is resupplied by a phase transitiofyeq here, since the small interstitial site dimensions will not
which consumes the 2D ordered phase and leads to ZerBermit Xe atoms to enter these regions.

order kinetics.

The phase behavior of Xe adsorbed on single walled ) ] o
nanotubes should be closely related to the well studied phase Desorption energy for 1D confined Xe phase inside
equilibria for Xe on graphite. Theoretical estimates of the SWNTs (1073 K)
adsorption potential of Xe on the outer surface of a single A leading edge analysfof the kinetics of Xe desorp-
walled nanotubes and on a single layer flat graphene surfad®n has been performed using the data shown in Fig. 8 for
are very similar, differing only by 2.3 kJ/mol with the Xe the o-SWNTs (1073 K). The coverage dependence of the
being 20% less strongly bound on the outer SWNT surface. activation energy for Xe desorption increases up to a Xe
The phase diagram of Xe on graphite has been measured lbgpverage ofNy./N-=0.020, and then becomes constant at a
several group$®®® and on the basis of Xe behavior on value of 26.8-0.6 kd/mol, as shown in Fig. 12. The theoret-
graphite in the region of temperature and Xe pressure enieal binding energy of Xe in a 10 A diameter SWNT has
ployed in this work, only the 2D Xe gas phase will be stablebeen estimated to be 22.6 kJ/midin good agreement with
on the outer surface @-SWNTs (1073 K). our measurements. The measured activation energy for de-

F. Phase behavior for Xe- 0-SWNT (1073 K)
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sorption from the 1D confined Xe phase, in rapid equilibrium  0-SWNTSs, and that this phase transition is responsible
with the 2D Xe gas phase on the outer surface, will be equal for the observed zero-order desorption kinetics.

to or larger than the binding energy of Xe within the nano-(8) By microscopic reversibility, the adsorption of Xe into
tubes, depending on whether an activation barrier for adsorp- the interior ofo-SWNTSs will occur via the 2D gas phase
tion exists. The involvement of the transient 2D Xe gas  on the nanotube exterior.

phase will not affect the desorption activation energy mea-

sured for the 1D confined Xe phase. ACKNOWLEDGMENTS
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