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Gas adsorption in single-walled carbon nanotubes studied by NMR

A. Kleinhammes, S.-H. Mao, X.-J. Yang, X.-P. Tang, H. Shimoda, J. P. Lu, O. Zhou, and Y. Wu*
Department of Physics and Astronomy and Curriculum in Applied and Material Sciences, University of North Carolina,

Chapel Hill, North Carolina 27599-3255, USA
~Received 6 February 2003; published 25 August 2003!

Adsorption isotherms of methane and ethane in single-walled carbon nanotubes~SWNTs! were measured by
1H nuclear magnetic resonance~NMR! at room temperature. It is shown that the interior of SWNTs becomes
available for methane and ethane adsorption after cutting of SWNTs. Such endohedral adsorption dominates
methane and ethane adsorption in SWNTs, at least below 1 MPa. The average exchange time between mol-
ecules adsorbed inside SWNTs and free gas molecules outside was estimated to be on the order of 80 ms. It is
shown that exposure to oxygen has no effect on methane and ethane endohedral adsorption in SWNTs,
suggesting that the adsorption energy of oxygen molecules inside SWNTs is small compared to that of meth-
ane.13C NMR indicates that under atmospheric pressure and room temperature helium atoms could access the
interstitial sites of SWNT bundles whereas H2 , CO2 , and N2 molecules could not.

DOI: 10.1103/PhysRevB.68.075418 PACS number~s!: 61.46.1w, 68.43.2h, 82.56.2b
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I. INTRODUCTION

Single-walled carbon nanotubes~SWNTs! possess unique
nanopore structures making interactions between guest
ecules and SWNTs fascinating and important. Such inte
tions could play an important role in the applications
SWNTs in various areas including gas storage,1,2 electronic
and thermal properties,3–5 field emission,6 and
biotechnology.7 A SWNT is formed by rolling a graphen
sheet into a seamless cylinder with a diameter on the nan
eter scale. These individual SWNTs with similar diamet
assemble into bundles in the form of a two-dimensional
angular lattice. Guest molecules could potentially inter
with SWNTs via the outer surfaces of bundles, the intersti
channels between the tubes in a bundle, and the inside o
tubes.8 An important aspect of guest molecule/SWNT inte
action is gas adsorption. This is not only important for g
storage but crucial for understanding many other issues s
as changes of electronic and thermal properties of SW
upon exposure to gases.3–5 It also provides important infor-
mation on the nanopore structures of SWNT bundles.
instance, the accessibility of the inside of the tubes for
adsorption ~endohedral adsorption! would depend on the
openness of tube ends. Adsorption studies were typically
ried out with macroscopic techniques such as volumetric
gravimetric measurements. However, important complem
tary information, such as molecular dynamics and adsorp
sites, could be obtained by microscopic measurements of
adsorption. Here we describe a study of gas adsorptio
SWNTs using NMR. The focus is on the adsorption of me
ane and ethane in cut SWNTs. It is shown that adsorp
inside SWNTs dominates the observed adsorption and
presence of oxygen has no effect on the adsorption of th
gases in SWNTs.

II. EXPERIMENT

SWNTs were synthesized by laser ablation and the
materials were subsequently purified as described in d
elsewhere.9 Some of the purified SWNTs synthesized usi
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0.6-at. %~each! Ni/Co as catalysts were cut to shorter tub
by sonication in a 3:1 ratio of H2SO4 and HNO3 solutions
for 24 h.10 The average length of cut SWNTs is about 0
mm. Both the cut and uncut SWNTs are in the form
bundles with average diameters of about 12 nm obtained
examining pictures of transmission electron microsco
These samples are over 90% pure SWNTs. A SWNT sam
made with 2.4-at. %~each! Rh/Pd as catalysts was also us
in this study. The average diameter of the nanotubes e
mated by Raman measurements is 1.4 nm in samples m
with 0.6-at. %~each! Ni/Co as catalysts and 0.85 nm in th
sample made with 2.4-at. %~each! Rh/Pd as catalysts.9 The
section of the quartz NMR sample tube within the NMR c
has a volume of 5.331022 cm3 and is filled up with 15 mg
of SWNTs. For a SWNT diameter of 1.4 nm and an avera
bundle size of 12 nm~about 37 SWNTs per bundle!, the
estimated specific density of such a close-packed SW
bundle is 1.33 g/cm3. Therefore, SWNTs of 15 mg would
occupy an estimated volume of only 1.231022 cm3, with
20% of the 5.331022-cm3 NMR sample tube volume within
the NMR coil. Thus, although the SWNTs spread out ov
the entire volume of the sample space, the sample pac
was not dense. For gas loading, the NMR sample tube
connected to a stainless-steel tubing vacuum system
nected to various pressurized gas sources. The system
leak-tested rigorously. No increase of NMR proton sign
was detected after several days with the sample un
vacuum but without dynamic pumping. All1H NMR mea-
surements were carried out at room temperature~RT! in ei-
ther a superconducting magnet of 4.7 T or an iron magne
0.8 T. All samples were first annealed at 400 °C for 1 h at
531026 torr in the quartz NMR sample tube before NM
measurements.

III. RESULTS AND DISCUSSION

A. Adsorption isotherms

Figure 1 shows RT1H spectra of cut SWNTs exposed t
methane and ethane, respectively, at a pressure of 0
MPa. Both spectra have a sharp peak and a broad peak
©2003 The American Physical Society18-1
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A. KLEINHAMMES et al. PHYSICAL REVIEW B 68, 075418 ~2003!
sharp peak is attributed to gas molecules in the region of
NMR sample tube unoccupied by SWNTs, with about 80
of the sample tube volume within the NMR coil. Figure
shows the intensities of these two peaks versus pressur
both methane and ethane. The intensity of the sharp pea
proportional to the pressure, consistent with ideal gas beh
ior. The chemical shift difference of 0.75 ppm between
sharp peaks in the ethane and methane proton spectr
shown in the inset of Fig. 1, is in perfect agreement with
expected chemical shift difference between free ethane
methane gas molecules. To further confirm the negligi
contribution of adsorption to this sharp peak we compa
this sharp peak intensity for CH4, C2H6 , and H2. In all three
cases, the measured intensity of the sharp peak corresp
to the same number of molecules at the same pressure. S
the adsorption energy of H2 on SWNTs is expected to b
much smaller than that of C2H6 and CH4,11,12 this proves
that the contribution of adsorbed molecules to this sh
peak is negligible. The absolute number of molecules as
ciated with this sharp peak can be calculated by assumin
ideal gas occupying a volume of 4.131022 cm3 ~80% of the
NMR sample space volume!.

In contrast to the sharp peak, the broad peak in Fig
shows characteristic behaviors of adsorption. Its intensity
creases nonlinearly with pressure as shown in Fig. 2.
analytical description of such an adsorption isotherm,
though an oversimplified one, is Langmuir adsorption d
scribed by13

n~P,T!5n`

bP

11bP
, ~1!

where n(P,T) is the number of adsorbed molecules as
function of pressureP and temperatureT, n` is the number
of adsorption sites, andb is given by13

FIG. 1. RT 1H spectra of cut SWNTs exposed to 0.045-MP
CH4 and C2H6 measured at 4.7 T. The central narrow peaks~see
inset! represent gas molecules in the free space between SW
bundles in the NMR tube. The observed chemical shift differenc
0.75 ppm is characteristic of the two gases. The broad peaks re
sent gas molecules adsorbed on SWNTs. Both the broad and na
peaks can be fit with Lorentzian lines.
07541
e

for
is

v-
e

as
e
nd
e
d

nds
nce

p
o-
an

1
-
n
l-
-

a

b5
s

n0A2pmkBT
exp~Ed /kBT!, ~2!

wheres is the effective area covered by an adsorbed m
ecule with massm, andkB is the Boltzmann constant.n0 is
the prefactor of the desorption rate constantk5n0
3exp(2Ed /kBT) with a typical value ofn05131013 s21,
andEd is the activation energy of desorption. The adsorpt
isotherm of methane can be fit by Eq.~1! with Ed5235
62 meV ~22.7 kJ/mol! andn`53.570.2 mmol/g as shown
in Fig. 2. For this fittings51.6310219 m2 was used based
on the bulk liquid density of methane. Measurement of e
dohedral adsorption of supercritical methane in SWNTs
not been reported previously. Calculations based on nonl
density-functional theory~DFT! and grand canonical Monte
Carlo ~GCMC! simulation showed that endohedral adso
tion of supercritical methane in a SWNT of diameter 1.4 n
deviates strongly from linear pressure dependence at 1 M
where the level of saturation is nearly achieved.14,15 In con-
trast to the calculated endohedral adsorption, the calcul
adsorption on the outside of the SWNT shows linear press
dependence up to 1 MPa with no effect of saturation.14 Thus,
the strongly nonlinear pressure dependence of the broad
intensity is inconsistent with adsorption on the outside
bundles and is consistent with endohedral adsorption ba
on DFT and GCMC simulations. The observed number

FIG. 2. Pressure dependence of the intensities of the nar
~free gas! and broad~adsorbed! peaks of the1H spectra~see Fig. 1!
of cut SWNTs exposed to CH4 and C2H6 at RT. For comparison,
CH4 adsorption in uncut SWNTs at RT is also shown. Both the
and uncut SWNT samples were produced under the same co
tions. The solid lines are Langmuir-type adsorption curve fits d
cussed in the text. No significant hysteresis effect was observed
the adsorption curves. The unit of adsorption is mmol per gram,
is, the number of mmol adsorbent molecules per gram of SWNT
multiplication factor of 1.33 g/cm3, the density of the maximum-
packed SWNT sample, converts the unit to mmol/cm3. For the gas
peak, the intensity is the number of mmol of free gas molecule
our NMR sample tube divided by 0.015 g of SWNTs. A factor
1531023 g/4.131022 cm3 converts the gas peak intensity to a g
density in units of mmol/cm3.
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GAS ADSORPTION IN SINGLE-WALLED CARBON . . . PHYSICAL REVIEW B68, 075418 ~2003!
adsorbed CH4 molecules shown in Fig. 2 is also consiste
with what was expected from filling the inside of SWNTs
evidenced by the good agreement with GCMC simulatio
for endohedral adsorption of~10,10! SWNTs ~Ref. 15! and
SWNTs with a diameter of 1.4 nm.14 It is interesting to note
that the activation energyEd5235 meV is comparable to th
observed adsorption energy of 222 meV associated with
groove sites of SWNT bundles.16,17The concave curvature o
endohedral adsorption sites could lead to increased ads
tion energy as compared to that on graphite. Similarly,
effective concave curvature of the grooves on SW
bundles could also lead to such enhancement. The adsor
energy of groove sites is the largest among all other ads
tion sites on the external surface of SWNT bundles. Ho
ever, the number of groove sites is much smaller than tha
endohedral adsorption sites in our sample. The derived a
vation energyEd should only be considered as a crude e
mate of the adsorption energy of endohedral sites becau
the oversimplified nature of the Langmuir adsorption is
therm. There are other uncertainties such as the prefacton0
which could deviate somewhat from 131013 s21 as assumed
in the fitting.18

Since an ethane molecule contains more atoms than m
ane, the adsorption energy of ethane is expected to be la
than that of methane on the same surface. The reported
sorption energy of methane on a graphite surface is 126 m
whereas that of ethane is 170–190 meV.19 The adsorption
isotherm of the broad peak for ethane shows that this is
deed the case. Figure 2 shows that significant adsorptio
ethane occurs at much lower pressure compared to meth
The fitting of the adsorption isotherm, however, requires t
components with different activation energies. The com
nent with higher activation energy is well constrained by
data with Ed5303615 meV ~29.2 kJ/mol! and n`52.2
70.2 mmol/g. Here,s52.0310219 m2 was used in the fit-
ting based on the bulk liquid density of ethane. Because
the lack of data at higher pressure, the component with lo
adsorption energy around 200 meV is not well constrain
and has a very large degree of freedom in the fitting par
eters ofEd and n` . Obviously, the fitting procedure her
does not necessarily imply the existence of two adsorp
sites for ethane. The functional form of the adsorption i
therm for the current case needs to be calculated using
and GCMC simulations. Langmuir adsorption is an overs
plified description for endohedral adsorption in SWN
where molecular interactions are expected to be depen
on the degree of loading inside the tubes. Nevertheless
Langmuir fitting analysis provides some useful informati
for comparing the adsorption data of methane and eth
The adsorption of methane in the pressure range of cur
experiments corresponds to the portion of ethane adsorp
described by the component withEd5303 meV. The ratio of
303 meV and 235 meV is comparable to the ratio of
adsorption energies of ethane and methane on a graphite
face. The component with smaller adsorption energy
ethane does not have a corresponding component in the
served methane adsorption isotherm. This is fully expec
since the corresponding component for methane would h
much lower adsorption energy and will not contribute s
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nificantly to the adsorption isotherm in the pressure range
current experiments. It is worth pointing out that adsorpti
on residual Ni/Co particles cannot contribute to the obser
adsorption by NMR since the magnetic effect on such m
netic particle surfaces will wipe out the NMR signals. Als
under the current experimental conditions, no evidence
molecular hydrogen adsorption was observed by NMR.

B. Spin-spin and spin-lattice relaxations

The spin-spin relaxation was measured with the Ha
echo pulse sequence 90°-t-180°-t-echo.20 Figure 3 shows
the decay of the Hahn-echo heightSecho as a function of the
dephasing time 2t for ethane at 0.093 MPa measured at 4
T. It clearly shows two components of exponential deca
described bySecho5a exp(22t/T2a)1bexp(22t/T2b) where
a andb are the intensities andT2a andT2b are the spin-spin
relaxation times of the two components. The fitting sho
that T2a512563 ms andT2b52.860.1 ms. Analysis of the
spectrum corresponding to each 2t value shows that the
T2a5125 ms component corresponds to the broad peak
the T2b52.8 ms component corresponds to the sharp pe
The ratioa/b is exactly the same as the intensity ratio of t
broad and sharp peaks of the spectrum. Within experime
error, T2a does not depend on the pressure or the magn
field. For methane the observedT2a5160610 ms is also
independent of the pressure and the magnetic field.T2 in
porous media could originate from diffusion-induced loc
field variation due to a magnetic-susceptibility effect.21 In
general, such fluctuations can be reduced by carrying
measurements at low magnetic field where the magne
susceptibility effect is reduced. The reason that such fi
dependence did not occur forT2a can be understood by ana
lyzing the origin of the line broadening for the broad peak
small amount of Co/Ni magnetic particles exist in SWN

FIG. 3. Decay of the1H Hahn-echo intensity at RT as a functio
of dephasing time 2t measured for C2H6 gas at 0.093 MPa in con
tact with cut SWNTs~4.7 T!. Clearly, there are two components
the echo decay. The dashed line is a fit using double expone
decays. The component withT2a50.125 ms is associated with mo
ecules adsorbed inside SWNTs whereas the much longerT2b

52.8 ms corresponds to free gas molecules.
8-3
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samples even after purification and cutting. Such magn
particles produce a distribution of local fields throughout
sample. For gas molecules moving rapidly throughout
sample space, such local-field distribution is averaged
over the NMR time scale leading to the sharp resona
peak. For adsorbed molecules confined in space over
NMR time scale, molecules experience different local fie
depending on their locations. This local-field distributio
causes line broadening. As long as the external magn
field is larger than the coercive field of the magnetic p
ticles, the local-field distribution caused by such magne
particles is independent of the external magnetic field. T
line shape of the broad peak can be fit very well by a Lore
zian line. The full-width-at-half-height~FWHH! linewidths
are 7.560.5 kHz and 7.060.5 kHz for the spectra taken a
4.7 and 0.8 T, respectively. The effect ofT25125ms con-
tributes to a Lorentzian line broadening of FWH
52.5 kHz. Clearly, the local field is dominated by the co
tribution of magnetic particles. This explains the observ
independence of the broad peakT2 on the external magneti
field. The small difference of the broad peakT2 for methane
and ethane is most likely due to the different diffusion rate
methane and ethane inside SWNTs.22

Spin-lattice relaxation was also measured for both
sharp and broad peaks. Spin-lattice relaxation timeT1 was
determined by measuring the recovery rate of the nuc
magnetization (M ) after saturation. Here,M was measured
as a function of recovery timet after saturation andT1 is the
time constant of the curveM* (t)512M (t)/M (`). Figure
4 shows theT1 values of both the sharp and broad peaks
ethane as a function of pressure measured at 4.7 T. As
pected from the well-known NMR properties of gases in
fast motion limit,23 T1 of the gas phase peak increases l

FIG. 4. Pressure dependence of the spin-lattice relaxation
T1 for C2H6 gas in contact with cut SWNTs~4.7 T!. TheT1 of the
free gas in the NMR tube~narrow peak! shows a linear increas
with pressure characteristic of gas systems. The broad peak r
senting the adsorbed molecules displays a slight decrease with
sure inT1 . Note that the relaxation times for the two species t
are diverging with increasing pressure coincide at low pressure h
ing at a possible exchange between gas and adsorbed molecu
low pressure on aT1 time scale.
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early with pressure due to the increased rate of molec
collision. However, the straight line ofT1 versusP does not
go through the origin~0,0! when extrapolated to zero pres
sure. This is most likely due to molecular collisions wi
walls of SWNT bundles in the porous sample space. He
T1 is determined byT15agasP1Rwall where the first term
is proportional to the pressure-dependent collision rate o
gas molecule with other gas molecules and the second
is proportional to the collision rate of a gas molecule w
walls of SWNT bundles. The last term is independent
pressure. Unlike the sharp peak,T1 of the broad peak de
creases slightly with increasing pressure. The much wea
pressure dependence ofT1 is consistent with adsorption al
though the relaxation mechanism remains to be determin
It is interesting, however, that theT1 values of the broad and
sharp peaks merge toward a common value at low press
This seems to indicate that molecules in the gas phase
the adsorbed phase undergo sufficient exchanges at low
sure on theT1 time scale of about 80 ms. Two-dimension
exchange spectroscopy needs to be carried out for fur
investigation.

C. Endohedral adsorption

As discussed earlier, the adsorption isotherms are con
tent with endohedral adsorption. The properties of the s
systems also support this assignment. When the adso
phase and the gas phase are in equilibrium, adsorbed
ecules and gas molecules undergo rapid exchanges du
adsorption and desorption. The residence timets of a mol-
ecule adsorbed on the surface before desorbing into the
phase can be estimated by13

ts510213 s exp~Ed /kBT!. ~3!

For Ed5235 meV andT5300 K, ts59310210 s. The av-
erage timetg a molecule spends in the gas phase can
estimated byNg /tg5Ns /ts whereNg andNs are the number
of gas and adsorbed molecules involved in the exchan
respectively. The exchange rate between the gas and
sorbed molecules is given byRexch51/(tg1ts). If the broad
peak~Fig. 1! was due to adsorption on a surface which is
direct contact with the gas phase, such as the surfac
SWNT bundles,Ng and Ns would be on the same order o
magnitude~Fig. 1! andtg would be comparable tots . There-
fore, 1/Rexch would be much shorter than the free-inductio
decay time scale of 100ms and only one resonance pea
would be observed by NMR due to rapid exchange. This
clearly not the case as shown in Fig. 1. It is worth mentio
ing that despite the uncertainty with regard to the value
Ed , the residence time is undoubtedly much shorter than
NMR time scale. For instance, even withEd5400 meV, the
estimated residence time ofts5531027 s would still be
much shorter than the free-induction decay time scale.
two distinguishedT2 values for the adsorbed and gas pea
indicate also that the time scale of exchange is longer t
100 ms. In fact, the two distinguishedT1 values at higher
loading ~Fig. 4! indicate that the exchange time could b
comparable to 80 ms. This is inconsistent with adsorption
a surface which is in direct contact with the gas phase. T
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GAS ADSORPTION IN SINGLE-WALLED CARBON . . . PHYSICAL REVIEW B68, 075418 ~2003!
long exchange time is consistent with endohedral adsorpt
There, adsorbed molecules could not be desorbed dire
into the gas phase without exiting the ends of SWNTs. Th
the effective number ofNs involved in the exchange is ex
tremely small~on the order of the number of tube ends!. This
makes tg extremely long according totg5tsNg /Ns . This
supports again the assignment of the observed adsorptio
endohedral adsorption. Further support for the assignmen
endohedral adsorption comes from the NMR adsorpt
measurement of methane in an uncut SWNT sample
duced under the same conditions as the cut SWNT sam
The result is shown in Fig. 2. Here, the adsorption isothe
has a very similar functional form and apparent adsorpt
energy as that in the cut SWNT sample. However, the le
of adsorption is about ten times smaller. This is consist
with the understanding that the ends of most SWNTs
capped without cutting. A small fraction of SWNTs are a
cessible for endohedral adsorption due to defective wall
ends.

D. Effects of exposure to oxygen and other gases

In order to evaluate the influence of oxygen on adsorpt
of methane and ethane in SWNTs, competitive adsorp
between O2 and methane and between O2 and ethane were
studied. Figure 5 shows a proton spectrum under exposu
0.055-MPa pure methane. Also shown is a proton spect
obtained by first exposing SWNTs to 0.079-MPa O2 and then
adding methane with a partial pressure of 0.055 MPa.
two spectra are virtually identical. Similar experiments we
done also with ethane and no effect of O2 on ethane adsorp
tion was observed. This experiment demonstrates that

FIG. 5. 1H spectrum of cut SWNTs exposed to 0.055-MPa C4

measured at 0.8 T and RT. Also shown is a1H spectrum measured
at 0.8 T and RT obtained by first exposing cut SWNTs to 0.0
MPa O2 and then adding CH4 which has a partial pressure of 0.05
MPa. The two spectra are virtually identical. The small difference
the gas peak height is due to a slightly larger line broadening of
spectrum with oxygen due to magnetic-field drift of the iron ma
net. This drift is also responsible for the broader appearance o
gas peaks compared to that in Fig. 1.
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dohedral adsorptions of methane and ethane are stro
than endohedral adsorption of O2 in SWNTs. This is consis-
tent with recent measurements and calculations showing
adsorption energy of O2 in SWNTs is small.24,25

There is an additional feature associated with gas ads
tion in SWNTs. That is, if gas molecules could access
interstitial sites of the bundles, all carbon atoms could
accessed by gas molecules. As a result,13C NMR could be
affected upon exposure to gas molecules. Figure 6 shows
changes of the13C saturation recovery curve upon exposu
to different gases in an uncut SWNT sample made with 2
at. % ~each! Rh/Pd as catalysts. It is clear that oxygen ha
dramatic effect on the relaxation behavior. We believe t
this effect is due to the fact that oxygen molecules are pa
magnetic. Magnetic-field fluctuations caused by O2 create an
additional channel for energy relaxation of13C nuclear spins.
Since 13C relaxation time is very long, the effect of O2 is
quite significant. In contrast, exposures of SWNTs to 0.1
MPa CO2, H2 , and N2 have no effect on13C spin-lattice
relaxation. It is interesting to note that exposure to 0.1-M
helium does have a noticeable effect on13C spin-lattice re-
laxation. This means that He could access the majority
carbon atoms in uncut SWNTs. The perturbation of the el
tron cloud around carbon due to collisions with He ato
could contribute to spin-lattice relaxation. This shows th
He atoms can access the interstitial sites of the bun
whereas CO2, H2 , and N2 cannot. The effect of helium is
consistent with previous studies.5,26,27

IV. CONCLUSIONS

The reported study shows that NMR is an effective to
for studying gas adsorption in SWNTs. Proton NMR sho

-

n
e

-
he

FIG. 6. 13C saturation recovery curve measured for SWN
~10% enriched in13C, uncut, Pd/Rh catalysts! at 9.4 T.13C nuclei
on SWNTs in vacuum, exposed to H2 , CO2 , and N2 ~not shown for
clarity! gases at 0.17 MPa show the same relaxation behavior.
posure to 0.17-MPa O2 increases the relaxation rate dramatica
while exposure to He gas induces a modest but significant
increase. Paramagnetic O2 might cause increased relaxation due
the interaction of its electron spin with13C nuclear spins. Helium
gas will only affect the relaxation of all13C spins if He atoms are
able to penetrate into the bundle network either through the in
stitial channels or through defects on the walls of SWNTs.
8-5
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A. KLEINHAMMES et al. PHYSICAL REVIEW B 68, 075418 ~2003!
that the interior of SWNTs becomes available for metha
and ethane adsorption after cutting of SWNTs. Such endo
dral adsorption dominates methane and ethane adsorptio
SWNTs below 1 MPa. The observation agrees with calcu
tions of endohedral adsorption using DFT and GCMC sim
lations. It was found that exposure to oxygen has no effec
methane and ethane endohedral adsorption in SWNTs.
suggests that the adsorption energy of oxygen molecule
side SWNTs is smaller than that of methane. No evidenc
adsorbed molecular hydrogen was found by NMR under
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