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Diffusion of H, adsorbed on single-walled carbon nanotubes
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We report quasielastic neutron scattering measurements performegasbtbed on single-walled carbon
nanotubes. These measurements indicate that no quasielastic component to the scattering is present below 30
K. A quasielastic component is present at 30 K, indicating the onset of mobility of the adsosbethid
component to the scattering is well described by a liquidlike diffusion model, with a diffusion coefficient an
order of magnitude greater than that of bulk liquid.HThe observed diffusion is consistent with two-
dimensional diffusion on Grafoil and indicates that the adsorbgeid leaving the groove sites of the nanotube
bundles before diffusing on the outer surface of the bundles.
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From their discovery, carbon nanotubes have drawn inter- The QENS measurements were performed on the neutron
est for a variety of reasons. The attention has been focusezhergy analysis by time-of-flighNEAT) spectrometer at the
on practical applications, such as hydrogen stordgend  Berlin Neutron Scattering Center at HMI in Berlin,
isotope and spin selectivify;'° and on novel effects result- Germany'®1” Measurements of the total scattering intensity,
ing from the manifestation of reduced dimensionality due toresulting from the fixed and mobile ;5 as a function of
the geometry of the tubes in bundfé<Of particular interest temperature were taken on the disk chopper spectrometer
is the adsorption and storage of i the single walled car- (DC9) at the NIST Center for Neutron Research in Gaithers-
bon nanotubéSWNT) bundle due to the possibility of using burg, MD® Both spectrometers are direct-geometry time-of-
the nanotubes as a fuel storage device fer Fhis interest  flight instruments which utilize seven disk choppers to
arises from the need for a clean fuel source and a safe afgonochromate and pulse the white beam from the cold
effective method to transport such a fuel. An investigation ofSOUrce of the reactor. The final energy is determined by mea-
the microscopic properties of the adsorbeglisiessential in suring the neutron time-of-flight from the sample to the de-

. oL ; ; tors. The QENS measurements used an incident neutron
understanding the suitability for such a system in storing andf® . .
transporting H. An insightful tool in investigating the mi- energy of 3.145 meV with an energy resolution of 10€

croscopic properties of Hadsorbed on SWNT's is neutron and the total scattering intensity measurements used an inci-

. . .. dent neutron energy of 21.36 meV with an energy resolution
scattering. The rotational spectra and the momentum dIStI’I(-)f 2.1 meV. The raw time of flight data were converted to
bution of H, adsorbed on SWNT’s has been studied througr‘s(Q,hw) using software provided at the instrumetts.

neutron scattering**and attempts to measure a quasielastic * 1o sample used in this measurement g of Carbolex
(QE) component to the scattering have been mddeow-  sglect Grade SWNT'$Ref. 20] was the same as used in
ever, there are currently no published results in which diﬁu'previous neutron scattering studiésBefore the measure-
sion has been observed. ments, the sample was baked in a stainless steel cell at 700 K
We report a quasielastic neutron scatteri@§ENS study  at a pressure of less tharx1.0~* Pa (10 ® Torr) to remove
of fast diffusion of H adsorbed on commercially available impurities such as water vapor and carbon dioxide as well as
SWNT's between 20—45 K. Below 30 K there is no observ-any residual H adsorbed on the tubes. The nanotubes
able QE component to the scattering. The QE scattering frorsample was then transferred, in a helium atmosphere, to an
30 to 45 K is well described by a liquidlike jump diffusion annular aluminum sample cell, which could be cooled by a
model. The extracted diffusion coefficients, which follow an standard orange cryostat, and evacuated to less than 1
Arrhenius behavior, give a value &, an order of magni- Xx10 * Pa (10° Torr) at room temperature for an addi-
tude larger than in the bulk liquitf. The observed values are tional 24 h to remove any residual helium, kas intro-
comparable to the measured diffusion on graphite surfacesluced to the sample at 30 K under a pressure »fl@° Pa
indicating we are observing diffusion of,Hon the outer (1 atm and the temperature was decreased to 20 K at which
surface of the SWNT. The intensity of the QE and elastictime, excess Kk vapor was pumped away, leaving
scattering is well described by a simple model of molecules-0.5 wt %*0.1 wt% adsorbed on the nanotubes sample.
adsorbed in the grooves, the linear sites between adjacefhe amount of adsorbed molecular hydrogen was determined
tubes on the external surface of a bundle, and being thein previous measurements, in which the loading procedure
mally activated to the surface. was the same, by careful measuring, with a gas handling
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system, the amount of hydrogen introduced to the sample 0.3 . < ; [

and the amount of excess molecular hydrogen removed from T=40K

the sample. 0.25 ¢ i 7
QENS measurements taken on NEAT ranged in tempera- ° 1

ture from 5-45 K both with empty SWNT’s and after load-
ing the cell with H,. The measurement taken at 5 K, with the
H, loaded, provided an elastic peak, from which the instru-
mental resolution was determined. The scattering from the
H, was obtained by correcting for sample attenuation and
subtracting out the scattering from the aluminum sample cell
and the SWNT's. 0.05 [
No QE component is observed at 20 K. However, this
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only indicates that diffusion, if present, is slower than ob- 0 s ; ‘ ‘

servable with our instrumental resolution, which gives a

lower limit on the diffijosiozn coefficient for observable diffu- QA"

sion of about X 10 " m“/s. A weak QE component ap-

pears at 30 K and increases in inten(gity andpwidth aspthe FIG. 1. The Lorentzian HWHM component of the scattering is

temperature increases. Above 40 K the width continues t(ﬁhown as a function of the elast@ The §0I|d line represents the fit

increase, but the integrated QE intensity decreases. The i the liquidlike diffusion model. In the ins&(¢,fw), the scatter-
’ : - ' ing as a function of detector group angle and energy transfer, taken

coherent scattering, as a function of momentum_ trar@f_er at 40 K for $=45.1° is shown as well as the {&olid line) and the

and energy transferw, for a system composed of immobile components to the fidashed lines

molecules and translationally diffusing molecules can be de-

scribed as diffusion coefficient was obtained for each temperature. The

1 (QAE self diffusion coefficients shown in Fig. 2, exhibit an Arrhen-
_ ' ius behavior
Sind Qi) =14(Q) 8(fiw) + AT (ha)?]
D= Doe— E/kT'

Thus, the scattering consists of two components; an elastic
component, represented by a delta function, that correspongghereD = (5.15+ 0.74)x 10"’ m?/s andE=135+5K.
to scattering from immobile solidlike H and a QE compo- These values can be compared to those of other systems,
nent, represented by a Lorentzian with half width at half-as well as to theoretical calculations for the diffusion of H
maximum(HWHM) AE, that corresponds to scattering from adsorbed inside the tubésndohedral sitesThe diffusion of
mobile liquidlike H,. In this expression,s(Q) andl,(Q) are  bulk liquid follows Arrhenius behavior, as shown in Fig. 2,
the momentum-dependent intensities of the solid and liquidvith a  diffusion  coefficient of Dy=(8.58+.98)
component present in the system and will be discussed latex 10°8 m?/s and an activation energy of 44:8.6 K.1° The

In accordance with this expression for the expected scatdiffusion coefficient prefactor we observe fop Hdsorbed on
tering, the background subtracted data were characterizeBWNT’s is almost an order of magnitude greater than that
with two fitting components, a Gaussian component repre-
senting the elastic scattering and a Lorentzian component 107 : :
representing the QE scattering, convoluted with the instru-
mental resolution, as shown in the inset of Fig!®IThe
behavior of the HWHM, as a function @, does not exhibit
a maximum, corresponding to jump diffusion with well- _
defined site$! and was therefore fit with a liquidlike jump Nﬁ 10° |
diffusion model. In this model, the jump lenglthis assumed 5
to have a distribution of values given lal)=le''o, where

|, is a characteristic jump length. The width of the QE scat- 107 ¢ E EEIE"EZ‘%'?JF ir
tering is then described by —
-1 1 1 | 1 t
ﬁ 1 002 003 004 005 006 007
=—(1-— :
AE(Q) 7 1+Qz|02), 1T(K")

. . . . g FIG. 2. The diffusion coefficients extracted from the liquidlike
W_here 7o is the residence, or occupation, time a_t a Ste. gifusion model are plotted as solid circlé®) on a semilog plot.
Figure 1 shows the HWHM, taken at 40 K, verf@svith the  the solid line represents the logarithmic fit these data. In addition,

variable length jump diffusion model. _ the diffusion coefficients for HD adsorbed on Grafd) (Ref. 23,
The self-diffusion coefficienD can be expressed in terms ith the logarithmic fit to these points given by the dashed line

of the residence Iifetime and the Qhal_raCter_iS'[i(_: jump |_€‘ngth afhrough these points, and the diffusion coefficients for bulk liquid
D=14%/1,. The QE widths were similarly fit with the liquid- H, (A) (Ref. 15, with the logarithmic fit to these points given by
like diffusion model for the other temperatures and a selfthe dashed line through these points, are shown.
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observed for the bulk liquid, with a potential barrier to dif- 1.2 : 0.2
fusion that is much higher than for the bulk. This is evidence = a0 o
that the behavior of the adsorbed K substantially different g 1 AT * =
from the bulk. g 0.158
Theoretical calculations of the self-diffusion coefficient §0'8 r 0 S =
for H, adsorbed in the endohedral sites of a nanotube bundle 3 06" / 101 %
report an expected self-diffusion coefficient on the order of 2 £
10~ % m?/s.2% The diffusion observed in our measurements is 204l 2
not consistent with the theoretical predictions; however, this a 10.05%
discrepancy may largely be due to the nanotubes sample be- § 0.2 / \\ g
ing used “as prepared” with no post-synthesis processing to < , s =
remove the caps of the tubes. We expect that the insides of 034 02 03 64 05 06
the tubes are not accessible to the adsorbedamtl, from 10/T(K")

previous measurement$ simulations of H adsorption in

nanotube3 and calculations that show that the binding en-  FiG. 3. The values foA, (M) and the total scattering intensity
ergy in groove sites in the bundle is quite stréfigielieve (@) as described in the text are shown as a function of temperature.
that the H preferentially adsorbs in the groove sites. Addi- The predictions from our simple modeolid line and long dashgs
tionally, we expect the diffusion of Halong the grooves to which treat the binding energy in the groove site as twice that on the
be similar to that of H in the endohedral sites since the two external surface, and the model by Calbi and Qadlesh dots and
scenarios are equivalent in regards to dimensionality, irshort dashesare also shown.

which case the observed diffusion is not consistent with dif-

fusion along the groove sites. _ be seen the QE intensity increases with temperature until 40
QENS measurements of HD adsorbed on exfollateck and then rapidly decreases with temperature at higher

25
\ The expression for the elastic intensity is the same as that for
e QE intensity withAg and(uZ), the number of immobile

graphite taken by Bienfa#t al.=> show that the diffusion of
deuterium hydride adsorbed on the graphite surface exhibi
a thermally activated behavior that is very comparable to th .
behavior observed for Hon SWNT's, as shown in Fig. 2. molecules anq the mean gquared displacement of .these mol-
The diffusion coefficient extracted from these measurement€cules, replacingy, and(u;). The mean squared displace-
shows a thermally activated diffusion with a pre-exponentiaiments for the immobile molecules are given in Table | with
factor Do=(6.43+.76)x 10"’ m?/s and an activation en- the values for the mobile component.
ergy of E=152+20 K. The dimensionality of the adsorbed ~ We have also measured the total scattering intensity on
HD is determined by the dimensionality of the underlying DCS of all the adsorbed molecules as a function of tempera-
substrate meaning that the observed diffusion corresponds tore. The density of molecules in the gas phase is so low that
mobility in two dimensions. Kl on the exterior surfaces of there is no significant contribution to the scattering. In addi-
SWNT bundles is expected to exhibit two-dimensionaltion, the resolution used in these measurements was broad
behaviof® and should behave similarly to HD adsorbed onenough that the scattering from the mobile and immobije H
graphite. As mentioned earlier, previous measurements shogannot be resolved and the combined intensity is given by
that the H adsorbed on the SWNT's is adsorbed in thethe elastic intensity. Thus, the background subtracted elastic
groove sites of the bundle; thus due to the similar values ofntensity, shown in Fig. 3, is proportional to the total number
Do andE with those of HD on grafoil, the observed diffusion of molecules, both mobile and fixed, on the nanotube sur-
is attributed to the adsorbed,Heaving the groove sites in face. As can be seen the intensity decreases slowly with in-
the SWNT bundles and diffusing on the exterior surface of¢reasing temperature before 40 K. At higher temperatures,
the bundles. _ there is a very rapid decrease in intensity with increasing
The intensity of the QE component of the scattering wagemperature. The onset of this rapid decrease coincides ap-
determined, as a function of temperature, to study thebroximately with the maximum in the QE intensity.
amount of_ mobile H in the sample. The scattering intensity,  This behavior can be qualitatively understood using a
as a function o, of the QE component can be expressed agjmple model, which is shown schematically in the inset in
Fig. 3. We assume that molecules are adsorbed only into the

1(Q)=Aj3(Qre D),

whereA, is representative of the QE scattering intensity, or TABLE I. Values for the mean squared displacement for the
the number of molecules contributing to QE scatteripgs ~ Mobile and immobile molecular hydrogen are given.
the spherical Bessel function of Oth order and results front

the form factors for scattering from H r is the radius of TemperatureK) (uf)(A?) (u3)(A?)

gyration of the hydrogen molecule which is 0.37 A, dnd) 30 0.036+0.0094 0.26-:0.085
is the mean squared displacement of the molecules. The QE 35 0.0610.026 0.32-0.079
component was fit with this expression, with and(u?) as 40 0.0970.019 0.38-0.085
the free parameters to the fid is shown in Fig. 3 as a 45 0.093-0.024 0.32-0.080

function of temperature an(ahf) are given in Table I. As can
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grooves between nanotubes and that these strongly adsorbieléal gas partition function. As can be seen, this more sophis-
molecules are immobile. Molecules can escape the grooveiated model, with the groove well depth and the monolayer
by either(a) direct escape to the gas phaselmrpromotion  binding energy fixed at 722 and 322 K also provides good
out of the groove to the surface where they can freely diffusgualitative agreement with the experimental result. However,
along the surface. These diffusing molecules can subsehe predicted temperature dependence of this model is much
quently escape the surface and enter the gas phase. In G4Karper than observed experimentally. The width of the tran-
simple model we assume that the binding energy of a mols;tion region is determined by the relative values of the bind-
ecule to a single nanotube Asand that the K molecules are ing energy an&,c in the theory by Calbi and Cole. It is not
noninteracting. The binding energy in the groove where thegar whether the differences between experiment and the
H, is adjacent to two nanotubes, is thus.Zrhe partition  ,qe/ are due to a different binding energy, changginor
function for this model is then possibly even inhomogenities in the sample.
Z=1+ ae MKT4 g7,,e 20T In conclusion, our measurements show that the adsorbed
. ) o H, is promoted from the groove sites and diffuses on the
wherea is roughly the area available per diffusing molecule, 5 ter surfaces of the nanotubes. This is supported by the
B represents the volume available to the gas, Zrdis the  5450rhed molecular hydrogen on SWNT's exhibiting diffu-
partition function for the ideal gas. The percent of moleculesSion that is much slower than theoretically predicted for H
adsorbed and the_percent of m_olecult_afs adsorbg:-d on the sy  the endohedral or groove sites of a nanotube bundle, yet
g"’l‘\fgn"g; tﬁ: :Xb;?;;i%rf;om this partition function and arg 1, taster than exhibited in the bulk liquid. Additionally,
the activation energy and diffusion coefficient are very simi-

14+ qe AKT lar to that of HD adsorbed on planar sheets of graphite. On
nadsorbed_’T the exterior surface of the SWNT bundles the dimensionality
of the system is two-dimensional and comparable to that of
and the HD on Grafoil. Finally, the scattering intensity as a func-

tion of temperature for all adsorbed molecules and the dif-
n _ae fusing molecules can be described well by a simple model, in
surface Z which the molecules are adsorbed in the groove site and
either evaporate or move on to the external surface of the
tubes where they are free to diffuse, and are in qualitative
eagreement with a more complete theoretical model.

—A/KT

which are shown in Fig. 3. Due to the scarcity of data points
we have not attempted to fit the data; instéadhe prefactor
for Z,; and an overall scale factor were adjusted to provid
the besty? by eye. We are grateful to C. M. Brown, M. M. Calbi, M. W.

The binding energyd of H, to the nanotubes obtained Cole, and D. A. Neumann for discussions. We also wish to
from the simple model is approximately 200 K. This is sig- thank the Berlin Neutron Scattering Center at the Hahn-
nificantly lower than the value on graphite of 482(Ref. = Meitner-Institute for the neutron beam time and the sample
27) or the theoretically predicted value of 322°KThis dif-  environment group for their technical support. This work
ference may simply be the result of the conceptual crudity ofvas supported by the DOE under Grant No. DE-FGO02-
our model. Calbi and Cofé have developed a more sophis- 01ER45912 and utilized facilities supported in part by the
ticated model which is also shown in Fig. 3. The only adjust-National Science Foundation under Agreement No. DMR-
able parameters are a scale factor and the prefactor of tH#86210.
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