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Adsorption of methane on bundles of closed-ended single-wall carbon nanotubes

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

~Received 2 July 2001; published 7 January 2002!

The results of an adsorption isotherm investigation of methane on closed-ended single-wall nanotube
bundles are presented. The isosteric heat of adsorption was determined as a function of the amount of methane
adsorbed on the SWNT substrate for coverages in the first layer. The isosteric heat of adsorption is found to
decrease with increasing coverage. This behavior provides an explanation for differences in previously reported
values for this quantity. Substantial agreement was found between this study and previous reports on the
temperature dependence of the pressures at which the two first-layer substeps occur for methane adsorbed on
SWNT bundles. There was, however, one exception: we found no evidence suggesting the existence of a phase
transition around 90 K in the high pressure substep. We put forth a possible explanation for this difference.

DOI: 10.1103/PhysRevB.65.045416 PACS number~s!: 61.48.1c, 05.70.Np, 68.47.2b
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I. INTRODUCTION

Currently, there is a great deal of interest in the study
the adsorption of gases on carbon nanotubes. The numb
theoretical,1–7 simulational,8–11 and experimental12–26 inves-
tigations of these systems continues to increase at a r
pace. This interest is motivated by fundamental as well as
practical considerations. Simple molecular or monoatom
gases adsorbed on single-wall nanotube bundles can pro
good experimental realizations of matter in o
dimension.2,14,16,21–23At the same time, because they a
mostly ‘‘surface,’’ carbon nanotubes can prove to be exc
lent adsorbent materials; there is considerable interes
their potential use for the storage of hydrogen24–27and other
fluids.

Closed-ended carbon nanotube bundles have three d
ent groups of sites which may be available for adsorption5,8

They are the outer surfaces of those tubes located on
outside surface of the bundles~outer sites!, the ‘‘grooves’’
formed by the space where two of these outer tubes com
close proximity lying side by side parallel to one anoth
~groove sites!, and, finally, the interstitial channels~IC! at the
interior of the bundles. The first two of these three groups
sites are always available for adsorption, regardless of
size of the adsorbate species. The binding energies in
groove sites is higher than that in the outer sites beca
there is a greater number of C neighbors close to each gro
site.5 Whether a particular species can adsorb or not on
IC sites depends on the size of the adsorbate relative to
effective diameter of the IC.5

Methane adsorbed on closed-ended single-wall car
nanotubes has previously been studied by adsorp
isotherms13 and by adsorption isotherms and calorimetry18

The adsorption isotherm study focused on low coverage
sorption at relatively high temperatures~between 155 and
195 K!.13 In that study the binding energy for methane on t
highest binding energy sites on the nanotube bundles
determined from the value of the low coverage isosteric h
of adsorption. A value approximately 70% higher than th
on planar graphite was found on these sites. In a rela
study, it was concluded that methane is too large to be ab
occupy the IC sites.12

The combined isotherm and calorimetry study18 focused
0163-1829/2002/65~4!/045416~6!/$20.00 65 0454
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on more extended adsorption isotherms, and, on the de
mining the binding energy for methane both from isoste
heat and from differential heat of adsorption measureme
This study found that full monolayer isotherms display tw
rounded substeps. The lower pressure~higher binding en-
ergy! substep was identified as indicating adsorption on
IC sites. The higher pressure substep was identified as
responding to adsorption on the outer sites.18 The values of
the binding energy of the lower coverage step, derived b
from the isosteric heat determinations as well as from
differential heat of adsorption measurements, were 2
larger than those for methane on planar graphite. This st
also found evidence of the presence of a phase transitio
the outer sites~i.e., on the higher coverage substep! at a
temperature between 87 and 90 K, significantly higher th
the monolayer critical point for methane on planar graph
The nature of this transition was not identified.18

In the isotherm and calorimetric study, only two groups
possible adsorption sites on the SWNT bundles were con
ered when interpreting the observed isotherm features:
outer sites and the IC sites.18 The grooves were not consid
ered in this interpretation. This has resulted in disagreem
surrounding the identification of the sites on which the low
pressure adsorption substep occurs.12,18 By contrast with the
lower pressure substep, no disagreement exists regardin
identification of the second, higher coverage, higher press
substep: it corresponds to adsorption occurring on the o
sites.14,18

In this paper we present the results of an adsorption
therm investigation of methane on closed-ended single-w
nanotubes~SWNT’s! consisting of measurements conduct
for temperatures in the range between 69 to 129 K. T
coverages investigated in these isotherms extend up to
top of the second rounded substep. The low coverage da
compared to the high-temperature, low-coverage data wh
was used to determine the isosteric heat and binding en
in a previous study.12,13 The isosteric heat values are als
examined as a function of coverage. A comparison is m
between the coverage dependence of the isosteric hea
the two different values for this quantity which have be
reported in the literature.12,13,18 The pressures of the two
rounded steps, which were first reported in the isotherm
calorimetric study,18 are compared to the corresponding fe
©2002 The American Physical Society16-1
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S. TALAPATRA AND A. D. MIGONE PHYSICAL REVIEW B 65 045416
tures found in our data. Finally, the region in which a pha
transition was identified around 90 K in the combined is
therm and calorimetric study18 is investigated and, an expla
nation for the differences between the observations in
present study and those in a prior report18 is provided.

II. EXPERIMENTAL

The sample used in these measurements was single
nanotubes prepared by the arc-discharge method28 by C.
Journet in Professor Bernier’s laboratory in Montpelli
Samples from this same source were used in previous stu
from our laboratory.12–14,16 The nanotubes were not sub
jected to any post-production treatment.

The automated adsorption setup used in these mea
ments has been described in greater detail elsewhere.29 Ther-
momolecular corrections, following the prescriptions of T
kaishi and Sensui,30 were applied to the data.

The methane gas used in these measurements wa
search purity grade~99.999%! produced by Matheson Ga
Products, Inc. The waiting times for each data point in o
measurements ranged from 16 000 seconds~at the lowest
coverages and temperatures! to 6000 seconds per data poi
~at higher pressures and temperatures!.

III. RESULTS AND DISCUSSION

A. Low coverage results

Figure 1 presents the lower coverage portion for the th
higher temperature isotherms investigated in this st
~108.94, 117.87, and 129.90 K!. The data displayed goe
only up to 1200 cc Torr. For reference, one full monolay
covering the entire nanotube bundles~i.e., the completion of
a layer on the outer sites, corresponding to the top of
second rounded substep in the isotherms, see Fig. 4 be!
occurs at a coverage of approximately 5500 cc Torr.

In a previous study12 we used data between, approx
mately, 2 and 10 % of one full monolayer on the nanotu

FIG. 1. Low-coverage adsorption isotherm data for the th
highest temperatures investigated in this study~from left to right:
108.98, 117.87, and 129.90 K!. The amount of methane adsorbe
in cc Torr (1 cc Torr53.5431016 molecules! is plotted as a function
of the logarithm of the pressure, in Torr. For lower temperatures,
pressures in this low coverage region start falling below the res
tion limit of our setup. One full layer covering the SWNT bundl
corresponds to a coverage of approximately 5500 cc Torr.
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bundles for the determination of the isosteric heat of
adsorbate for a range of temperatures higher than those
ported here. The binding energy of an adsorbate to a s
strate can be extracted from the isosteric heat, provided
the adsorbed gas behaves as a reduced dimensionality
gas on the substrate.2 This restriction requires that only low
coverage isosteric heat values be used in the determinatio
the binding energy.

The isosteric heat of adsorption is defined as31

qst52kBT2~] ln P/]T!n . ~1!

Here,n is the amount of gas adsorbed on the nanotube s
strate,P the pressure of the coexisting three-dimensional
por, kB is Boltzmann’s constant, andT the temperature a
which the isotherm is measured.

It is clear from Eq.~1! that, for a fixed amount of gas
adsorbed on a substrate, the isosteric heat of adsorption
be determined from the slope of the plot of lnP at that cov-
erage, as a function of 1/T. Figure 2 presents such plots: lnP
vs 1/T is plotted for all the features investigated in this stud
Figure 2 is a summary of the findings of this report.

The lowest line in Fig. 2 corresponds to the data used
compute the isosteric heat at low coverages~300 cc Torr! and
higher temperatures in a previous study,12,13 plus the data
corresponding to the two highest isotherms measured in
study, and an additional data point from a previously un
ported measurement at 143.82 K. The second lowest
corresponds to the pressure at the midpoint of the lower c
erage substep in the first layer. The second line from the
corresponds to the pressure at the midpoint coverage of
first layer for methane on planar graphite32 ~presented here
just for comparison!. And, the topmost line corresponds
the pressure at the midpoint of the higher coverage sub
in the first layer of methane on SWNT bundles. The two s
of symbols used correspond to our results~filled! and the
isotherm results from the combined calorimetric and adso
tion study18 ~open!.

We discuss the lowest curve in Fig. 2, next. The poi
corresponding to the lower temperature isotherms~i.e., the
result of the measurements conducted in this study! follow
reasonably well the same line as those from the high
temperature measurements.12,13 This confirms our previous
determination of the isosteric heat values. If the isosteric h
is obtained from data displayed in the lower curve in Fig
~including the new, lower temperature points!, we obtain a
value of 250 meV. This value is within 5% of the isoster
heat value determined in our previous report.12,13

The fact that the isosteric heat determination presen
here, as well as those performed in the previous hi
temperature study,12,13 correspond to amounts adsorbe
smaller than 10% of the amount required for the formation
a complete layer on the bundle, while those in the combin
adsorption and calorimetric study18 involve coverages which
are approximately three times larger, provides the most lik
explanation for the difference in the reported isosteric h
values.12,13,18In Fig. 3 we present a plot of the isosteric he
as a function of coverage. We find that the isosteric heat
decreasing function of coverage. This result is in agreem
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ADSORPTION OF METHANE ON BUNDLES OF CLOSED- . . . PHYSICAL REVIEW B 65 045416
with findings for other adsorbates,20 in particular N2 and H2,
on the same type of SWNT substrates.

B. First substep region

Figure 4 displays data corresponding to the two roun
substeps present in the first layer of the film adsorbed on
SWNT bundle substrate. The lower coverage rounded s
step present in the isotherms is only shown for the high
temperatures studied here.

The presence of two rounded substeps in the monola
adsorption data of methane on SWNT bundles was
noted in the combined adsorption and calorimetry study
this system.18 The fact that the lower pressure, lower cove
age substep occurs at pressure values which are lower
those corresponding, for the same temperature, on pl
graphite was also noted in that study.18

Since lower pressures correspond to stronger binding
the substrate, that study concluded that the low-pres
broad substep corresponded to adsorption on the inters

FIG. 2. Plot of the logarithm of the pressure as a function of
inverse of the temperature for different features in the adsorp
data. The circles in the lowest curve correspond to the pressur
a coverage of 300 cc Torr. The high-temperature points in this cu
were data reported previously~Refs. 12 and 13! and the lower tem-
perature data was measured in this study, in addition, the resu
an isotherm measurement at 143.82 K is also included. The slop
this curve, as is discussed in the text, corresponds to the isos
heat of adsorption for this coverage. The second line from the
tom corresponds to the lower pressure substep: open square
calculated using the lnP vs 1/T coefficients for this feature given in
Ref. 18, while the full circles correspond to our data at 1200 cc T
~i.e., in the region of the lower pressure substep in this study!. The
second line from the top corresponds to the pressure values a
midpoint coverage for monolayer methane on planar graphite;
filled triangles are calculated using the coefficients for this feat
given in Ref. 32. This line is shown to provide a graphical compa
son between adsorption on the SWNT bundles and adsorptio
graphite. The top line corresponds to the pressure for the hig
pressure substep in the data for methane on SWNT bundles.
filled circles are the pressures corresponding to a coverage of
cc Torr in our data. The open squares were calculated with the
sets of coefficients given in Ref. 18 for temperatures above
below 90 K.
04541
d
e

b-
st

er
st
f

-
an
ar

to
re
ial

channels.18 This interpretation is different from the one w
have proposed in a recent comparative adsorption stud
Xe, Ne, and CH4 on the same substrate.12 In our study, we
concluded that no adsorption occurred in the IC sites for
one of these three gases.12

It is not our purpose to discuss in detail the issue of
adsorption here. However, in what follows we provide
summary of the difference in interpretation of the low tem
perature data. It should be noted that this is a differe
centered purely on interpretation, not on discrepancies
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FIG. 3. Values of the isosteric heat of adsorption determined
a function of the amount of methane adsorbed on the bundle~n
51 corresponds to a coverage of 5500 cc Torr!. Arrows on the
horizontal axis denote the location at which the low coverage d
was determined in Ref. 12 and 13; and, the region that corresp
to the first step, which was the one used in Ref. 18 for the calc
tion of the isosteric heat. The low coverage isosteric heat was
culated using all the data~except for the lowest temperature! shown
in Fig. 2. The rest of the values shown were calculated from
three or four highest temperature isotherms measured in this s
The limited statistics are responsible for the noise; however
trend in the data is clear.

FIG. 4. Adsorption isotherm data for temperatures investiga
in this study. From left to right: 69.41, 72.80, 76.51, 89.72, 92.
108.94, 117.87, and 129.90 K. The amount of methane adsorbe~in
cc Torr! is given as a function of the logarithm of the equilibriu
pressure, in Torr. A broad low-pressure substep can be seen in
data for 108.94 and 117.87 K. The top of this substep is marked
the arrow. The second, higher pressure substep is shown fo
temperatures~except 117.87 K!. At the lowest temperatures studie
here, the completion of the higher-pressure step occurs near
cc Torr.
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S. TALAPATRA AND A. D. MIGONE PHYSICAL REVIEW B 65 045416
tween data sets~to the contrary, the agreement between t
study and the low pressure data in Ref. 18 is remarka
good, as we show below!.

The authors of the combined isotherm and calorime
study18 interpreted their data assuming that the only si
present in the SWNT bundles were the IC sites and o
sites. They failed to consider the existence of another gr
of high-energy binding sites on the nanotube bund
namely, those on the groove sites.18 Additionally, they found
that the size of the two steps was roughly comparable,
argued that this corresponded with calculations for
amount adsorbed on the IC’s and on the outer surface
bundles of 37 tubes.18

A recent study by Cole’s group8 has identified the forma
tion of three separate phases, as a function of increa
coverage, as the outer surface of the bundles fills up. Fir
row of atoms forms in the grooves; then, two rows of ato
parallel to the row already on the groove sites, form on
outer sites~this is the ‘‘three-channel’’ phase!; and, finally, a
full monolayer completes forming on the outer sites~‘‘six-
channel’’ phase!. The calculations were done for atomic a
sorbates~Ar and Kr! similar in size to methane on idea
bundles of nanotubes. In a real SWNT bundle substrate,
likely that the boundaries between the three phases obse
in the simulations will be blurred. Thus, conclusions deriv
from comparing the relative sizes of the first and seco
steps are problematic.

The full isotherm measurements18 were conducted at tem
peratures where the pressures for groove adsorption are
tremely low. Under these circumstances, it is likely that
important fraction of the coverage corresponding to
three-channel phase contributed to the lower pressure
again complicating the identification of the size of this fe
ture.

All three groups of sites were considered in our compa
tive adsorption study.12 The possibility of adsorption in the
IC’s was rejected as a result of comparing the specific a
obtained on the same substrate using two different adsorb
~Ne and Xe!, and, of comparing the binding energy valu
determined for Ne, CH4, and Xe.12,14We measured the bind
ing energy values for xenon, methane, and neon on SW
bundles. We obtained, in all three cases, values for this qu
tity that were larger by about 70% than the values on pla
graphite.12 This indicates that the three adsorbates are oc
pying the same type of sites on the SWNT bundles. We m
sured the effective surface area of the same SWNT subs
using Xe and Ne and obtained the same result with b
gases. Since these two different adsorbates gave app
mately the same areas, and since Xe is too large to fit in
IC’s, we concluded that neither one went into IC sites.12,14

The groove sites present a reasonably uniform set of b
ing energies, and adsorption on them will result in a more
less sharp substep occurring in the isotherm data.5,8,12,14,18

Since the groove sites have deeper energy wells than
surface of planar graphite,8,9 this adsorption substep will oc
cur at pressures lower than those corresponding to mo
layer formation on planar graphite, at the same temperat
04541
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An interpretation in terms of adsorption on the grooves a
on the outer sites accounts very well for all the experimen
data.14,18

There can be some argument regarding whether small
sorbates can or cannot go into the IC’s of nanotube bund
There can be, as well, some argument regarding whethe
not a small fraction of a given adsorbate, even for larg
molecules, can occupy sites on especially large IC’s wh
may result from the spread in diameters of the individu
tubes within a bundle. However, there can be no argum
regarding the fact that the groove sites and the outer sites
available for adsorption by methane molecules; and, that
groove sites are stronger binding sites than those presen
planar graphite while the outer sites are weaker. B
grooves and outer sitesneedto be considered when explain
ing adsorption by methane on SWNT bundles.

The second lowest line in Fig. 2 corresponds to the plo
the midpoint pressure at the lower pressure step, present
a function of the temperature. The two sets of symbols u
in the figure correspond to our results~filled circles! and the
isotherm results from the combined calorimetric and adso
tion study18 ~open symbols!. It is clear that there is very good
agreement between the two sets of experimental results
regards to the location of the midpoint of the lower press
site, as the two data sets essentially coincide.

Note that the agreement found between the two sets
data, taken together with the coverage dependence of
isosteric heat data presented in Fig. 3, demonstrate
when the same range of coverages are used for the cal
tion of the isosteric heat of adsorption, the same values
this quantity are obtained. The coverage dependence o
isosteric heat, thus, is the source of the difference in
reported values for this quamtity.12,13,18

Interestingly, the sample treatment prior to the adsorpt
measurements was quite different for both sets of meas
ments. The combined calorimetric and adsorption stud18

employed heating under vacuum at 773 K while the pres
study involved extended evacuation at room temperature
would appear, from the results displayed in Fig. 4 and es
cially from the overlapping regions in Fig. 2, that these d
ferences in sample treatment had little measurable effec
the adsorption characteristics. This could suggest that ei
treatment method is sufficient. On the other hand, it is p
sible that higher substrate heating temperatures are requ
to produce a significant effect in the adsorption behavior

C. Second substep region

At coverages above 2000 cc Torr the data of Fig. 4 cor
sponds to the region of the second rounded substep.
second rounded step was identified in the combined ads
tion and calorimetry study18 as corresponding to the comple
tion of a monolayer on the outer sites. We concur with t
interpretation.

The temperatures displayed range from 69.41 to 129
K. All of these temperatures fall above the monolayer critic
temperature for methane adsorbed on planar graphite 6
K. The degree of sharpness of these steps can be stu
quantitatively by determining the difference in chemical p
6-4
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ADSORPTION OF METHANE ON BUNDLES OF CLOSED- . . . PHYSICAL REVIEW B 65 045416
tential between the top and bottom of the rounded subste
a function of temperature. Figure 5 displays a plot of t
step width as a function of temperature. It is clear that for
entire temperature range investigated the steps are all q
broad. The step width increases significantly with increas
temperature.

In Fig. 2, the data corresponding to the second subste
the isotherms is the top line. Again, our data points cor
spond to the full symbols while the open symbols corresp
to previously reported data.18 For the higher temperatures
we have extrapolated pressure values using the coeffic
for the expression of lnP as a function of 1/T given in Ref.
18.

Two features are evident in the two sets of data. First,
low temperature portion on both sets of data agree very w
Second, contrary to what has been reported before,18 we find
no evidence of any high-temperature transition~indicated by
a sharp change of slope in the open symbols plotted in
2! near 90 K.

We note that the data in this study and that from
previous report18 were not measured in the same manner.
measured full isotherms, and we obtained the pressure v
corresponding to a fixed coverage, which at low tempe
tures coincides with the middle of the second rounded s
step~approximately 4000 cc Torr!, from them. In the report
of the combined adsorption and calorimetric study,18 the tem-
perature dependence of the equilibrium pressure at con
coverage was measured between 80 and 110 K at amo
adsorbed corresponding to the midpoint of the second s
step, without measuring full adsorption isotherms. Details
how this was done were not provided.18 If the procedure
followed in that study was to place an amount of gas in
cell, and then change the cell temperature while monitor
the pressure, problems could have followed. The only wa
maintain the coverage constant while changing the cell t
perature is to add an appropriate amount of methane a
each temperature increase. If this is not done, the meas
ments are not performed at constant coverage, rather the
done as a function of a coverage that decreases with incr

FIG. 5. The absolute value of the substep width, in chem
potential, of the higher pressure step is plotted as a function
temperature. The step width is calculated by taking the differe
between the chemical potential at the top and bottom of the s
The increase in step width with increasing temperature is chara
istic of measurements conducted above the critical point.
04541
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ing temperature. There is no indication how the addition
gas was done in the previous study.18 Problems with this
process could explain the bend in the data.

To test whether this procedural difference could produ
the difference observed in the data we conducted the foll
ing experiment. We dosed an amount adsorbed equal to 4
cc Torr in the cell starting at 92 K. We waited for equilibrium
to be reached. Then, while keeping the total amount of ga
the adsorption setup fixed~i.e., fixing the combined amoun
in the low-temperature cell plus that in the room temperat
dosing volume!, we increased the temperature of the ce
while leaving the valve between the cell and the dosing v
ume open.

The results of these measurements are displayed in Fi
in which we present our constant coverage results~filled
circles and straight line!, determined from the adsorption iso
therms at a coverage of 4000 cc Torr, the pressures calcu
using the two linear regression formulas in Ref. 18 over
appropriate temperature ranges~open circles!; and, the re-
sults of the test run with a fixed amount in the comple
adsorption setup, i.e., cell plus dosing unit, with the va
between the cell and the dosing volume open~filled squares!.
This last curve shows a bend. Qualitatively, our run with
fixed amount of gas in the gas handling system is very si
lar to the second substep data in Ref. 18~open symbols in
Fig. 6!.

We note that in the apparent bend in the slope occurs n
100 K in our run, whereas it occurs near 90 K in Ref. 18. T
relative importance of desorption, which is responsible
the slope change in our measurements, will depend on de
of the experimental setup~i.e., on the volume of the low
temperature cell and on the amount of substrate used!. In
Ref. 18 only 0.026 g of SWNT sample were used, while
used approximately eight times more SWNT substrate in
measurements.

l
of
e
p.
r-

FIG. 6. Detailed view of the topmost curve shown in Fig.
Filled circles correspond to pressures measured in this study
constant coverage of 4000 cc Torr. The two lines of open squ
are calculated using the lnP vs 1/T coefficients for the second
substep for temperatures above and below 90 K. The filled squ
correspond to values of the pressure measured in our test run
the total number of molecules in the adsorption setup const
starting from a coverage of 4000 cc Torr at 92 K, and increasing
temperature. Because of desorption, as the temperature of
SWNT’s is increased, the coverage decreases along this path.
the similarity between this plot and the open squares plot.
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At lower temperatures, the data from both experime
agrees quite well. As the temperature is increased, the
sets increasingly disagree. If our experiment correctly rep
sents what occurred, the temperature evolution of this
agreement can be readily understood. At lower temperat
the amount of methane in the vapor phase is negligible
hence both experiments proceed at essentially constant
erage. As the temperature increases so does the fractio
methane desorbed, hence the data in only one of the se
measured at constant coverage while in the other the co
age is decreasing with increasingT, hence the growing dif-
ference.

IV. CONCLUSION

We have mapped out a significant portion of the ph
diagram of the first layer of methane adsorbed on clos
ended SWNT bundles. We have determined the values o
isosteric heat of adsorption of this gas on the SWNT s
strates as a function of coverage. Our data provides an
planation on the difference in isosteric heat values12,13,18re-
ported for this system: they are the result of the differ
coverage ranges explored in the different studies.

We have found a substantial degree of agreement with
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location of the first and second rounded substeps in the
sorption data previously reported for this system~with one
exception, noted below!.18 The interpretations of the natur
of the lower pressure substep, however, remain different.12,18

In this study we found no evidence of the presence o
high-temperature phase transition in the second step.18 We
provide a possible explanation for this difference.
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