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The nonequilibrium diffusion of H2 within crystalline C60 is examined by monitoring the outgassing of H2

from C60 powders. Results show that the desorption-lifetime decreases dramatically with increasing H2 con-
centration. Kinetic Monte Carlo simulations indicate that diffusion occurs by H2 molecules hopping between
interstitial octahedral sites via an energetically unstable intermediary tetrahedral site. This diffusion is greatly
enhanced by the presence of dimers in which two H2 molecules briefly occupy the same octahedral site. The
abundance of dimers increases with H2 concentration and leads to simulated desorption curves that are in good
agreement with the experimental outgassing data.
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INTRODUCTION

There is presently much interest in the storage and trans-
port of hydrogen within novel forms of carbon. Most of the
work on this topic has focused on carbon nanotubes and the
desire to achieve large loading concentrations of
hydrogen.1–3 However, macroscopic quantities of carbon
nanotubes tend to be highly inhomogeneous with large num-
bers of defects and impurities. As such it is very difficult to
obtain clean experimental data to unambiguously compare
with theoretical models of the carbon hydrogen interactions.

In contrast, solid C60 sfullerited can be easily obtained as a
highly crystalline well-characterized material. AboveT
=260 K C60 forms an fcc lattice in which the C60 molecules
are freely rotating.4 For each C60 the lattice has one large
interstitial voidsradius,2.1 Åd with octahedralsOd symme-
try and two somewhat smaller voidssradius ,1.1 Åd with
tetrahedralsTd symmetry.5 It is now known that weak van
der Waals–type forces can reversibly trap molecular
hydrogen6 and other small atoms and molecules such as He,
Ne, Ar, Kr, Xe, O2, N2, CO, and CO2, within theO sites of
C60.

7–11

The mechanisms by which adsorbed hydrogen molecules
diffuse within the C60 lattice are still not fully understood.
Geometric considerations suggest that H2 molecules diffuse
within the lattice by a hopping mechanism in which the H2
jumps fromO site toO site via the energetically unstableT
site. The rate-limiting step occurs when the H2 hops out of an
O site over the barrier into theT site. Uberuagaet al. re-
cently proposed that this diffusion process is greatly en-
hanced by the presence of short-lived dimers in which two
H2 occupy the sameO site.12 Essentially, the presence of the
first H2 in anO site raises the energy of a second H2 sthrough
H2uH2 repulsiond and thus reduces the energy required to
hop out of theO site. Uberuagaet al. modeled the impact of
this process on the concentration dependent self diffusivity
of H2 in C60, Dsscd, and predicted that this quantity increases
as the H2 concentration is increased.

In this paper we examine the diffusion mechanism pro-
posed by Uberuagaet al. by directly comparing our experi-

mental and computer simulation data for the desorption ki-
netics of H2 from C60 crystallites. The experimental results
are obtained by monitoring the H2 outgassing through a
simple pressure increase within a cell of known volume. The
theoretical calculations, presented in the analysis section, use
kinetic Monte CarlosKMCd simulations of the lattice model
developed by Uberuagaet al.12 to derive diffusion coeffi-
cients suitable for describing macroscopic mass transfer
through C60 crystallites.

In anticipation of our results, it is useful to consider how
the desorption kinetics from a C60 particle would occur if the
dimer diffusion mechanism described above played no role
in H2 diffusion. In this case, it would be reasonable to de-
scribe H2 diffusion as a series of single-particle hops be-
tween O sites smoving via metastableT sitesd, where the
only role of H2uH2 interactions is to prohibit H2 molecules
from entering an already occupiedO site. The diffusion
properties of species diffusing on a lattice of sites with
simple site blocking of this type is well known; the self-
diffusion coefficient decreases monotonically with increasing
concentration, while the transport diffusivity is independent
of concentration.13,14 The transport diffusivityDTscd, is the

quantity that relates the flux of a diffusing speciesJW to a
gradient in the concentration of that species via Fick’s law

JW =−DTscd¹c. When the transport diffusivity is independent
of concentration, Fick’s law for the desorption of gas from a
spherical grain of radiusR can be solved in closed form,
giving15

c̄std/c0 =
6

p2o
j=1

`
1

j2
expS−

j2p2Dtt

R2 D . s1d

Here c̄std is the average adsorbate concentration within the
grain at timet andc0 the initial concentration, which is as-
sumed to be uniform throughout the grain. The key observa-
tion to be made from this expression is that any reasonable
definition of the characteristic time describing desorption is
independent of the initial concentration.
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One of the main predictions of the dimer diffusion mecha-
nism proposed by Uberuagaet al. is that the diffusion coef-
ficients of H2 will deviate strongly from the simpler model
outlined above. Below, we explore the implications of this
mechanism for desorption processes similar to those de-
scribed above and compare the results of this analysis with
experimental measurements.

EXPERIMENTAL PROCEDURE

The C60 powder obtained commercially from MER Cor-
poration was initially sieved to obtain a more uniform par-
ticle size distribution. Scanning electron microscope mea-
surements indicated an average particle size of 50mm with a
standard deviation of 10mm. The powder was heated under
vacuum at 450 K for two days to remove any residual sol-
vent. 0.6 g of powder were placed inside the sample cell and
evacuatedin situ at elevated temperature to remove any ad-
sorbed gases immediately before loading with hydrogen. The
loading pressureson the order of 100–300 bard was main-
tained for more than 24 h to assure equilibrium conditions
had been achieved.

The desorption process was initiated by rapidly evacuat-
ing son the order of 10 sd the sample cell to a base pressure
of less than 0.1 mbar. The subsequent outgassing of the
sample was monitored by the pressure increase within the
cell of known volumes10 cm3d over the course of some
4–8 h. A typically final outgas pressure was on the order of
0.5 bar. Control measurements on a blank cell produced neg-
ligible outgassing relative to that of the sample. The system
was maintained at 273 K throughout the experiment by plac-
ing it in an ice bath.

Calibration of the initial concentration of adsorbed H2 as
a function of loading pressure was obtained using the method
outlined in previous papers.6,16 The system was loaded under
the same conditionsspressure, temperatured as the degassing
runs. Once loaded the sample cell was rapidly quenched in
liquid nitrogen, kinetically trapping all the adsorbed H2
within the C60 lattice. The system was then evacuated and
the cell warmed back to room temperature, which degasses
essentially all of the adsorbed H2 into the calibrated volume.
Knowledge of the final pressure increase and mass of C60
allowed us to determine the initial H2 concentration.

EXPERIMENTAL RESULTS

Figure 1 shows a typical outgassing curve. There is a
rapid initial outgas within the first few minutes followed by a
much slower tail that persists for more than an hour. The
curve is clearly quite different from a simple exponential
behavior. Similar trends have been reported for both Ne and
O2 outgassing from C60.

17–19 We also ran tests on a finely
ground C60 powder and a collection of large single crystals
sfew mm in diameterd. In both cases the shape of the outgas-
sing curves were quite similar to those shown in Fig. 1, but
the time scales were significantly different varying from a
few minutes to several days. These observations are consis-
tent with diffusion within the C60 grains being the rate-
determining step for mass transfer in these experiments.

Figure 2 shows normalized outgassing curves for three
different initial H2 loading concentrations. Pressure con-
straints limited us to loading configurations with at most
60% of theO sites initially occupied. The data indicate that
the time scale for outgassing decreases significantly with in-
creasing initial hydrogen concentration.

The outgassing curves in Fig. 2 and similar experiments at
other initial concentrations are not consistent with the simple
exponential form of Eq.s1d. This observation by itself does
not prove that Eq.s1d is physically incorrect, since the out-
gassing curves arise from desorption by a large number of
individual C60 grains packed in a complexsand unknownd
manner. If diffusion within the C60 grains is rate limiting,
however, the observation that the characteristic time associ-
ated with desorption in Eq.s1d is independent of the initial

FIG. 1. A typical outgassing curve obtained on a C60 powder
with mean particle size of 50mm. The data are fit to a stretched
exponential function.

FIG. 2. Outgassing curves for three different initial H2 concen-
trations. Solid line shows results for an initial fill fraction of 0.6,
dashed line 0.4, and dotted line 0.16. The data are shown on a
semilog plot for clarity in distinguishing between the different
curves at early times. The line at 0.5 outgassing is provided as a
guide for the eye. All data were taken at 273 K.
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concentration is also correct for arbitrary spatial arrange-
ments of grains. That is, if the simple model underlying Eq.
s1d is correct, we would expect to see a more complex de-
sorption profile than a simple exponential from a realistic
experiment with many grains, but the functional form of the
normalized desorption rate would still be independent of the
initial concentration.

To analyze our experimental data further, it is useful to
define the characteristic time associated with desorption from
a given initial concentration. We found that each outgassing
profile could be fitted effectively using a stretched exponen-
tial form

Pstd = Pfs1 − expf− st/tdbgd, s2d

wherePf is the final pressure,t the time constant, and the
stretching exponentb can vary between 0 and 1. Stretched
exponential behavior has been shown to model a wide range
of relaxation phenomena and in the case of diffusion has
traditionally been applied to jump diffusion within glasses
containing random potential barriers between different
sites.20 Our intent here is to treat this stretched exponential
dependence as a phenomenological model that provides a
convenient method for quantifying our outgassing curves.
The fitting parameters summarized in Table I show a strong
decrease in time constantt with initial concentration. A
much weaker concentration dependence is observed for the
stretching exponentb.

To ensure that the observed concentration dependence int
was not simply an artifact of our fitting procedure we also
examined the “half-life” defined as the time for the outgas-
sing pressure to reach half of its final value. The guide line in
Fig. 2 makes it easy to determine this value and one can see
that there is again a decrease of more than a factor of 2 in the
lifetime over the concentration range studied.

THEORETICAL MODELING

In this section, we describe calculations that allow us to
compare the diffusion that occurs by the dimer mechanism
proposed by Uberuagaet al.12 with our outgassing experi-
ments. A lattice model was derived by Uberuagaet al. to
describe the interstitial diffusion of H2 among theO and T
sites of C60 using activation energies calculated from atomi-
cally detailed simulations. The largest activation barrier is
associated with the step in which an H2 molecule hops out of

the O site and into the energetically unstableT site. How-
ever, the simulations revealed that this barrier could be sig-
nificantly reduced by the existence of metastable states in
which two H2 molecules reside in a singleO site. The lattice
model accounts for the energies and hopping rates associated
with both these dimer states and the much less stable trimers
that can also form.12 The model of Uberuagaet al. does not
account for zero-point corrections to the energies of adsorbed
molecules. It is likely that inclusion of these effects would
not cause significant corrections to the energy barriers asso-
ciated with the various H2 hopping events.

Uberuagaet al. previously used their lattice model to pre-
dict the self-diffusion coefficientDsscd for H2 in C60 as a
function of temperature and concentration. The self-diffusion
coefficient measures the mobility of a single tagged
molecule.21–23 These calculations showed that the existence
of H2 dimers leads to a self diffusivity that increases rapidly
with increasing interstitial H2 concentration.12 The tempera-
ture dependence of the self diffusivity was also found to be
quite weak near room temperature.

In order to model the desorption of H2 from C60 particles
as observed in our experiments, it is necessary to calculate
the transport diffusivityDTscd, which as already stated, re-

lates the resultant macroscopic fluxJW to a concentration gra-
dient via Fick’s lawJW =−DTscd¹c. Transport diffusivities can
be computed from either lattice or off-lattice models using
either nonequilibrium or equilibrium simulations.13,14,24–27

We used KMC simulations of the lattice model of Uberuaga
et al. to examine the motion of ensembles of H2 molecules
within a C60 crystal at equilibrium. Numerical tests were
performed to be sure that our computational domains were
large enough to avoid any finite-size effects. As shown
in previous studies of molecular diffusion in zeolites,
appropriate analysis of equilibrium simulations allows the
concentration-dependent transport diffusivity to be
determined.25,26 In particular, our KMC simulations were
analyzed to determine the so-called corrected diffusivity
D0scd as a function of concentration.13,21,22,27The results can
be fit to a simple phenomenological model

D0scd
Ds0d

= sA + BcdD, s3d

where the parametersA=1.04,B=−1.007, andD=−1.07 are
all close to 1 andDs0d is the diffusion coefficient of an
isolated H2 molecule in C60. The concentration is written in
units, wherec=1 corresponds to one H2 molecule per C60 O
site. The corrected diffusivity is a monotonically increasing
function ofc, similar to the self-diffusivity.12 We note that in
the limit c→0 the self-diffusion, corrected diffusion, and
transport diffusion coefficients must all be equal, so there is
no ambiguity in referring toDs0d as simply the diffusion
coefficient of an isolated interstitial molecule.

The value of computing the corrected diffusivity is that it
is rigorously related to the transport diffusivityDT by21–23

DTscd
Ds0d

=
D0scd
Ds0d

] ln f

] ln c
, s4d

where f is the fugacity of the gas phase H2 in equilibrium
with the interstitial H2 at concentrationc and the derivative

TABLE I. Fitting parameters of experimental outgassing curves
for different initial loading concentration.

Initial H2 fill fraction t smind b

0.09 19.2 0.49

0.16 17.8 0.49

0.28 16.6 0.49

0.37 13.5 0.47

0.44 10.5 0.44

0.54 9.1 0.42

0.61 7.7 0.42
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term is known as the thermodynamic correction factor.21–23

Several methods are available to calculate the thermody-
namic correction factor for lattice models. We used the
method of Uebing and Gomer,26 where the equilibrium inter-
stitial concentration corresponding to a specified gas phase
chemical potential is determined using grand canonical
Monte Carlo sGCMCd and the thermodynamic correction
factor for that concentration is defined by the fluctuations
about the average concentration in the simulations. The
chemical potential in our GCMC simulation was related to
the fugacity by treating the gas phase as ideal. Fitting the
resulting data at 300 K gave

] ln f

] ln c
= sA1 + A2cd/s1 + A3c + A4c

2d, s5d

with A1=1.0, A2=−0.7738,A3=−1.8200, andA4=0.85255.
This functional form correctly captures the fact that the ther-
modynamic correction factor becomes unity in the limit of
low concentrations. Our GCMC simulations show that the
adsorption isotherm predicted by our lattice model is well
described by a Langmuir isotherm forc,0.8, in excellent
agreement with experimental observations.16 For higher con-
centrations, which were not probed in the experimental iso-
therm reported in Ref. 16 or in the experiments reported
here, deviations from the Langmuir form become apparent.

Using Eqs. s3d and s5d in Eq. s4d defines the
concentration-dependent transport diffusivity shown in Fig.
3. Similar to the self-diffusivity, the transport diffusivity in-
creases as the interstitial concentration is increased. This is in
striking contrast to behavior obtained from the lattice model
if dimers and trimers are excluded. In this case we get the
simple noninteracting lattice gas discussed in the introduc-
tion, which has a transport diffusivity independent of
concentration.14

The purpose of determining the Fickian diffusivity from
our lattice model is to allow us to examine numerically the
desorption kinetics of H2 from crystalline C60. We used the
diffusion coefficient described above to model the macro-
scopic desorption of H2 from spherical pellets of radiusR

filled with a uniform initial concentrationc0. Several particle
radii were simulated, establishing that the results reported
below are essentially independent of the particle radius. We
assumed that desorption of H2 from the surface of C60 was
not rate limiting, so the evolution of the H2 concentration in
a pellet can be written as

]c

]t
= − ¹ fDTscd ¹ cg for 0 ø r , R, s6d

with csr ,0d=c0 for 0ø r ,R. We also assumed that the gas
phase pressure was negligible at all times during the experi-
ment, socsR,td=0 for t.0. The same assumptions underlie
the derivation of Eq.s1d. We integrated Eq.s6d numerically
usingFEMLAB, a commercial finite element method code28 to
determinec̄std, the average concentration remaining in the
pellet at timet. To compare with the experimental method,
we then fit the observed desorption profile to a stretched
exponential, in the form of Eq.s2d. The results of this fitting
procedure for initial fill fractions varying from 0.1 to 0.9 H2
per interstitialO site are summarized in Table II.

In Fig. 4 we make a direct comparison between simula-
tion and experiment by plotting the respective time constants
as a function of concentration. In each case the time con-
stants have been normalized to their value at the lowest con-
centration. The experimentally measured time constants de-
crease more rapidly with initial concentration than the
theoretical values, but the trends in the two sets of data are
very similar. The agreement in stretching exponentsb mea-
sured in our experiments and from our simulations is less
impressive. In both cases the fitted exponents decrease by
,0.06 over the range of initial loadings available in our ex-
periments, but the simulated exponents are systematically
larger than the experimental values.

It is crucial to note that the degassing profiles examined in
our experiments and our simulations are not expected to be
identical. As already discussed, the experimental degassing
profile arises from desorption from a large number of indi-
vidual C60 grains. The simulation results, in contrast, de-
scribe desorption from an isolated spherical grain. The over-
all desorption profile from the many grains present in an
experiment will not simply be the superposition of the pro-
files from isolated grains, since as gas desorbs from one

FIG. 3. Transport diffusivity for H2 in C60 obtained through
KMC simulations as described in Eqs.s3d–s5d in the text.

TABLE II. Fitting parameters of simulated outgassing curves for
different initial loading concentration.

Initial H2 fill fraction t sarbitraryd b

0.1 1.0 0.70

0.2 0.95 0.69

0.3 0.88 0.68

0.4 0.80 0.66

0.5 0.74 0.65

0.6 0.66 0.64

0.7 0.57 0.62

0.8 0.51 0.60

0.9 0.44 0.57
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grain it may temporarily adsorb into other nearby grains be-
fore finally escaping from the overall region packed with
C60. It would not be possible to quantitatively model this
overall process without detailed knowledge of the spatial dis-
tribution of C60 grains in the experiment. This type of mod-
eling would also require specification of the molecular trans-
port rates along boundaries and across voids between grains,
which is beyond the scope of this paper.

With the caveats outlined above, we can now discuss the
ability of the two diffusion models we have presented to
describe our experimental observations. If multiple H2 mol-
ecules cannot occupy a singleO site simultaneously and the
only effect of molecule-molecule interactions is to prohibit
hopping into occupiedO sites, the characteristic times and
curve shapes associated with degassing are expected to be
independent of initial concentration. Our experimental data
is quite clearly inconsistent with this description. If H2 dif-
fusion is described using the dimer model of Uberuagaet al.,
the degassing profiles of an isolated C60 grain are predicted
to vary noticeably with initial concentration, with shorter
characteristic desorption times for larger initial concentra-
tions. This qualitative picture is completely consistent with
our experimental observations from degassing of large en-

sembles of C60 grains. A comparison of this type cannot pro-
vide definitive proof that the dimer diffusion mechanism
controls H2 diffusion in C60, but our experiments do provide
strong support for the correctness of this mechanism.

CONCLUSION

We have experimentally measured the outgassing of H2
from C60 as a function of the initial H2 concentration within
the C60 grains. The outgassing profiles are well described
using stretched exponentials, and it is found that the time
constant for outgassing decreases significantly with increas-
ing initial H2 concentration. To compare these observations
with detailed models for H2 diffusion in C60, we used Kinetic
Monte Carlo simulations of a lattice model postulated by
Uberuagaet al. to predict the concentration dependent diffu-
sivities of H2 in C60 and subsequently used these diffusivities
to numerically describe degassing of a spherical grain. The
lattice model of Uberuagaet al. predicts that a dominant
contribution to H2 diffusion arises from the existence of
metastable H2 dimers where two H2 molecules occupy a
single interstitial site. This leads to concentration-dependent
degassing profiles that are quite consistent with our experi-
mental data. There are some quantitative discrepancies be-
tween the profiles but these are thought to occur because our
theoretical model is based on an isolated C60 grain while the
experimental results, were obtained with a large number of
grains in close spatial proximity. Future work might elimi-
nate these difficulties by examining the diffusion of H2
within a large single crystal of C60. Alternatively, techniques
such as proton NMR, or quasielastic neutron scattering
should be able to probe directly the diffusion mechanism
under more traditional equilibrium conditions.
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