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Determination of the binding energy of methane on single-walled carbon nanotube bundles

S. E. Weber and S. Talapatra
Department of Physics, Southern Illinois University, Carbondale, Illinois 62901

C. Journet
Department de Physique des Materiaux, Universite Claude Bernard Lyon 1, France

A. Zambano and A. D. Migone
Department of Physics, Southern Illinois University, Carbondale, Illinois 62901

~Received 7 June 1999; revised manuscript received 1 December 1999!

Low-coverage adsorption isotherms for CH4 on single-walled carbon nanotube bundles have been measured
at eight temperatures between 155 and 195 K. The nanotubes used in this study were untreated, so that the
tubes have closed ends. The isosteric heat of adsorption was determined from the isotherms and, from this
quantity, the binding energy of the methane on the nanotube substrate was obtained. The binding energy was
found to be 76% larger on the nanotube bundles than it is on planar graphite.
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INTRODUCTION

The study of adsorption of gases on carbon nanotubes
been attracting considerable interest recently.1–10 A number
of studies, both experimental1–6 as well as theoretical,7–10

have been conducted on these systems. Interest in adsor
on nanotubes stems in part from fundamental considerati
the adsorbed systems formed on nanotubes can provide
perimental realizations of matter in one dimension.4,9 There
is also a very strong practical motivation for studies of a
sorption on nanotubes: these systems have the potenti
revolutionizing gas storage technology.1

A single-walled nanotube~SWNT! can be viewed as a
graphene sheet rolled over itself and closed seamlessly
the tube ends capped by half fullerenes.11 SWNT’s assemble
into nanotube bundles.12,13 Even when the individual nano
tubes are closed at the ends, the interstitial channels~IC’s!
present among the individual strands of a nanotube bu
remain open.

The IC’s have typical geometrical diameters on the or
of 0.58 nm;12,13 however, their accessible diameters for a
sorption may only be on the order of 0.26 nm.14 For suffi-
ciently small adsorbate molecules, adsorption could t
place in these interstitial spaces.

Calculations for SWNT bundles have concluded that H
Ne, and H2 can be adsorbed in these IC spaces.7 The large
number of carbon atoms neighboring every molecule
sorbed on the IC’s of a SWNT bundle is expected to resul
a larger binding energy than that measured for the same
sorbate on planar graphite.7 These higher binding energy va
ues make possible the potential use of SWNT’s in gas s
age technology. Recent experiments have found evidenc
favor of enhanced adsorption for small simple molecules
SWNT’s.1,4,6 At the same time, theoretical calculations ha
shown that the binding energy of H2,

4He, and Ne on the
IC’s of SWNT’s have values which are larger, by abo
150%, than those found for the same adsorbate on pl
graphite.7–10

In this paper we report on an experimental determinat
PRB 610163-1829/2000/61~19!/13150~5!/$15.00
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of the isosteric heat of adsorptionqst and of the binding
energy«0 for methane adsorbed on SWNT’s. These quan
ties were determined from the results of adsorption isothe
measurements at low coverages. The SWNT’s used in
study were not subjected to any post-production treatm
hence the ends of the tubes are capped.

EXPERIMENT

The SWNT samples utilized in this study were prepar
using the electric arc discharge method by one of us~C.J.!.
Details of the nanotube production method have been p
vided elsewhere.12 The typical nanotube yields obtained wit
this method are on the order of 80% by weight.

The nanotube sample was placed in a copper cell
evacuated to a pressure below 131026 Torr for a period of
at least 12 h, at room temperature, prior to the performa
of the adsorption measurements.

The apparatus used to measure the adsorption isoth
has been previously described in detail.15 Three electropneu-
matic valves were employed to dose a computer-stipula
amount of gas from a reservoir to the gas-handling syst
and from the gas-handling system to the experimental c
MKS Baratron capacitance pressure gauges and an IBM
compatible computer were used to measure and record
pressures. Equilibrium conditions were controlled and mo
tored by the computer.

Measurements were conducted at eight different temp
tures between 155 and 195 K. The determination of the bi
ing energy from the isosteric heat of adsorption requires
the adsorption data be measured at low coverages. The
coverages and relatively high binding energies, at the te
peratures at which these measurements were performed
sult in low pressures. All the pressures reported in this st
were measured with either a 1-Torr or a 10-Torr full-sca
manometer. It was necessary to apply thermomolecular
rections to all the data.16 This correction takes into accoun
differences between actual and measured values when
pressure is determined for a low-temperature location b
room tempera-
13 150 ©2000 The American Physical Society
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FIG. 1. Full adsorption iso-
therm at 81.28 K. The amount ad
sorbed at the lowest pressures co
responds to methane bein
adsorbed in the interstitial chan
nels of the SWNT bundles; a
slightly higher pressures adsorp
tion occurs on the outer surface o
the bundles. The amount adsorbe
is given in cm3 Torr ~y axis! and
the pressure is in Torr~x axis!.
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ture gauge~the measured values are always larger in t
case!.16 The fractional size of the correction is larger f
lower pressures, and, larger for lower sample temperatu
In the range of pressures and temperatures used in our a
sis, the value of this correction ranged between 15–0.9%
the uncorrected value, depending on the temperature ra

RESULTS

In addition to performing low-coverage measurements
conducted two complete adsorption isotherms: one below
bulk triple point of methane (Tt590.7 K) at 81.28 K, and the
one above the triple point, at 91.36 K. In Fig. 1 we displ
the data measured in the 81.28 K isotherm. The low-pres
portion of this data corresponds to methane being adso
on high-energy binding sites on the nanotube bundles,
~at somewhat higher pressures! on the external surface of th
bundles. The amount adsorbed at low pressures, i.e.,
‘‘knee’’ in the isotherm, is approximately 6000 cm3 Torr ~1
cm3 Torr at 273 K is equivalent to 58.8 nmol!. A detailed
examination of the data reveals that the ‘‘knee’’ actually c
responds to the adsorption of two layers on the substrat

The isosteric heat of adsorptionqst is the amount of hea
released when an atom adsorbs on a substrate.17 When this
quantity is determined for low coverages, the value of
heat of adsorption is due only to the interaction between
adsorbate and the substrate.17

Isosteric heats can be measured calorimetrically, or t
can be determined from adsorption isotherm data meas
at different values of the temperature. In terms of adsorp
isotherm data the isosteric heat of adsorption is given by17

qst5kT2@] ln~P!/]T#r . ~1!

In this expression,k is Boltzmann’s constant,r is the one-
dimensional~1D! density of the adsorbed gas in the nan
tubes~or, alternatively, the value of the amount of gas a
s
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sorbed!, ln(P) is the logarithm of the pressure of th
coexisting 3D gas~which is present in the vapor phase insi
the cell!, andT is the average value of the temperature.

In practice, the isosteric heat is obtained in terms of d
ferences between data points in isotherms measured at
ferent temperatures for the same value of the amount of
adsorbed on the substrate:

qst5k@~T11T2!/2#2@$ ln P~T2!2 ln P~T1!%/~T22T1!#r .
~2!

Here lnP(T)2 and lnP(T1) are the logarithms of the value o
the pressure, for the same amount of adsorbedr, for the two
different temperaturesT2 andT1 .

In Fig. 2 we display, plotted in a semilogarithmic sca
all the adsorption data measured for the eight temperature
this study. The amount of methane adsorbed, in cm3 Torr ~y
axis! is plotted as a function of the logarithm of the pressu
~x axis!. It is of interest to note that the entire range of co
erages utilized in these determinations is less than one-t
of the value corresponding to the ‘‘knee’’ of the isother
shown in Fig. 1. The information presented in Fig. 2 can
used to calculateqst directly.

Our results for the isosteric heat are presented in Tab
The entries in this table were calculated as follows: a se
set of values for the amount adsorbed was chosen~100, 150,
200, 250, 300, 350, 400, 450, and 500 cm3 Torr! and for each
one of these values, all the possible pairs of temperatu
were formed~159.88 and 164.82 K, 159.88 and 169.86
159.88 and 174.82 K, etc.!. Then, for each given amoun
adsorbed and for each given temperature pair,qst was deter-
mined; an average value ofqst corresponding to that cover
age was then obtained.

The isosteric heat of adsorption data presented in Tab
show a considerable degree of independence from the v
of the amount adsorbed over the range of coverages u
~100–500 cm3 Torr!. This is what we expect for the isoster
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FIG. 2. Low-coverage adsorption data for all the temperatures in this study. The amount adsorbed, in cm3 Torr is presented in they axis;
the logarithm of the pressure~in Torr! is given along thex axis. From left to right, we have data at 159.88, 164.82, 169.86, 174.82, 17
184.8, 189.85, and 194.68 K. Note that the coverage range spanned by these data is less than one-tenth of the coverage correspo
‘‘knee’’ in the adsorption isotherm shown in Fig. 1.
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heat in the low-coverage regime. The data are also q
insensitive to the pair of temperatures used in the calculat
as it should be for temperatures that are all relatively clos
one another.

The condition for thermodynamic equilibrium betwee
methane adsorbed on the nanotubes and methane in th
vapor, is the connection that allows the determination of
binding energy from the low-coverage adsorption da
When equilibrium is reached at a given point along an i
therm, the value of the chemical potential in the adsorb
‘‘phase’’ is equal to the value of the chemical potential in t
3D vapor that coexists with it inside the experimental cell.
low coverages the adsorbed species can be treated as
ideal gas, and, at low pressures, the 3D vapor can be tre

TABLE I. The first column has the selected values of the co
erage used in these calculations. The second column has the
of the isosteric heat of adsorption~in meV! determined for each
selected value of the amount adsorbed on the nanotubes, ave
over all the different possible pairs of temperatures. The third
umn has the value of the binding energy~in meV! determined from
the value ofqst

Coverage~cm3 Torr! Averageqst ~meV! Binding energy~meV!

100 251.21 221.01
150 256.16 225.96
200 256.14 225.98
250 244.10 213.9
300 254.11 223.91
350 254.03 223.83
400 252.65 222.45
450 249.28 219.08
500 250.10 219.9
te
n,
to

3D
e
.
-
d

t
1D

ted

as an ideal 3D gas. Under these conditions, the equalit
chemical potentials is given by

2«1kT@ ln~rl!#5kT@ ln~nvl3!#. ~3!

The left-hand side is the chemical potential of an ideal
gas adsorbed onto a substrate with binding energy«; k is
Boltzmann’s constant,T is the temperature,r is the 1D den-
sity, andl is the de Broglie thermal wavelength. The righ
hand side is the chemical potential for an ideal 3D gas
densitynv . Equation~3! can be used to determine the valu
of the 1D density of the gas in the SWNT’s.

Differentiation of the expression for ln(r), obtained from
Eq. ~3!, with respect to temperature yields

qst5«12kT ~4!

~in carrying out the differentiation one must recall that
isosteric path is one for which the amount of gas adsorbe
constant!.

Equation~4! provides the direct link between the adsor
tion isotherm measurements and the binding energy. In Ta
I we also present the values of the binding energies ca
lated from the average values of theqst .

The average value obtained from all the pairs of tempe
tures for the binding energy of methane on the carbon na
tube bundles is 221.8 meV. As a point of comparison,
reported value of the binding energy for methane on pla
graphite is 126 meV.18 The value of the binding energy mea
sured on the SWNT’s is 76% larger than on planar graph

DISCUSSION

The main result obtained is our finding is that the bindi
energy of methane on the SWNT bundles is 76% higher t
the value of this quantity on planar graphite. Theoretical c
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culations for the binding energy were conducted forH2 ,
4He, and Ne adsorbed on the IC’s of SWNT’s.7–10 The cal-
culations found binding energy values that are larger
about 150% with respect to the values on planar graph
The binding energy of4He on the SWNT’s has been dete
mined experimentally.4 The value for this quantity was ini
tially reported by Hallock and co-workers to be 129% larg
than the value on planar graphite~and, hence, in close agree
ment with theory!.4 A recent erratum4 by the same group
however, has reduced this estimate to just 60% larger t
the value on planar graphite. This latter value, while cons
erably lower than the theoretical estimate for the increase
close to the 76% increase we find for CH4 on the SWNT
bundles. These results suggest that both CH4 and4He adsorb
on the same type of sites on the SWNT bundles.

All of the adsorbates for which the calculations were p
formed are smaller in diameter than methane. The sma
size of these species may allow them to fit in at particula
favorable sites in the interstitial channels. No direct calcu
tions exist for the binding energy of methane on the IC’s
SWNT’s.

Our experimental results can be understood in terms
two different alternative explanations. If methane goes in
IC’s, the higher binding energy would correspond to t
larger values expected in the IC’s of the SWNT bundl
Since the effective diameter of methane is larger than th
of 4He, H2, or Ne, it is possible that a somewhat less fav
able set of binding sites exists in the IC’s for methane th
for these other adsorbates, resulting in a smaller increas
the value of the binding energy on the SWNT’s relative
planar graphite. Alternatively, it is possible that the metha
does not penetrate the IC’s. In this case, the higher-en
binding sites would be those present in ‘‘ridges’’ on the o
side surface of the bundles, where two tubes meet. Since
number of carbon atoms present in these ridges is sm
than in the IC’s, the amount of the increase in the bind
energy relative to planar graphite should be smaller than
expected for a species that fits inside the IC’s.

One of the consequences of the presence of high bin
energy sites for methane on the SWNT bundles is ra
dramatically illustrated by comparing the estimates of
values of the 3D pressure of the methane vapor neede
obtain a given value for the interparticle separation in
adsorbed phase~at the same temperature! on the nanotubes
and on planar graphite. The expression for the 1D densir
.
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in terms of the 3D vapor densitynv ~with nv5P/kT!, the
temperatureT, and the binding energy« is given in Eq.~3!.
The interparticle separation is obtained from the inverse
the one-dimensional densityr. An expression entirely analo
gous to Eq.~3! can be obtained for the equilibrium betwee
a two-dimensional density of a gas adsorbed on pla
graphite and the coexisting 3D vapor.~In this case, the inter-
particle distance for the adsorbed phase can be obtained
the inverse of the two-dimensional density.!

Using Eq.~3!, and the corresponding 2D equation for th
2D density16 with, respectively,«5221.6 meV for methane
adsorbed on the nanotubes, and«5126 meV for methane
adsorbed on planar graphite,14 we find that in order to get an
interparticle separation on the order of 0.9 nm at a tempe
ture of 165 K in the respective adsorbed phases, it would
necessary for the pressure of the 3D vapor to be appr
mately 756 Torr over the planar graphite while over t
nanotubes a pressure of 2.3 Torr would suffice. That is
order to obtain the same interparticle distance in the
sorbed phase, the pressure over the planar substrate nee
be larger than that over the SWNT’s by a factor of more th
300, in this case.

CONCLUSIONS

We have measured the isosteric heat of adsorption
CH4 on SWNT bundles at low coverages for temperatu
between 155 and 195 K. From these results we have de
mined that the binding energy of CH4 on the SWNT’s has a
value of 221.8 meV. This value is 76% larger than that fou
for the same adsorbate on planar graphite. We have
found that, for the same value of the temperature and of
pressure of the coexisting vapor, there is a considerable
hancement of the amount of gas adsorbed on the nanot
relative to the amount of gas adsorbed on planar graph
Both of these findings are in good qualitative agreement w
the results of the calculations of Cole for4He and Ne on
SWNT substrates.
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