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Molecular-dynamics analysis of the diffusion of molecular hydrogen
in all-silica sodalite

A. W. C. van den Berg, S. T. Bromley,? E. Flikkema, J. Wojdel, Th. Maschmeyer,”
and J. C. Jansen

Ceramic Membrane Centre “The Pore”, Delft University of Technology, Julianalaan 136, 2618BL,
Delft, The Netherlands

(Received 7 November 2003; accepted 12 March 2004

In order to investigate the technical feasibility of crystalline porous silicates as hydrogen storage
materials, the self-diffusion of molecular hydrogen in all-silica sodalite is modeled using large-scale
classical molecular-dynamics simulations employing full lattice flexibility. In the temperature range
of 700-1200 K, the diffusion coefficient is found to range from 1@ *°

to 1.8 10 °m?/s. The energy barrier for hydrogen diffusion is determined from the simulations
allowing the application of transition state theory, which, together with the finding that the
pre-exponential factor in the Arrhenius-type equation for the hopping rate is
temperature-independent, enables extrapolation of our results to lower temperatures. Estimates
based on mass penetration theory calculations indicate a promising hydrogen uptake rate at 573 K.
© 2004 American Institute of Physic§DOI: 10.1063/1.1737368

I. INTRODUCTION magnitudes of the transport barriéra! For H, in all-silica
sodalite we have explicitly demonstrated that this effect is
significant? and, thus, in this study, the hopping rate of mo-

the safe and efficient storage of hydrodahPorous solids 'ecular hydrogen is calculated by means of molecular-
for which the largest pore window openings have aperturéjynam'cs calculations with a fully flexible all-silica sodalite
dimensions similar to the kinetic diameter of hydrogen ardramework. Simulations are performed at a number of tem-
especially interesting for hydrogen storage by means of erP€ratures throughout the region from 700 to 1200 K and
capsulation, i.e., trapping small gas molecules inside zeolitiér_Om _the determined hopping rat_e_ the self-diffusion coeffi-
cavities by changing the effective pore window opening tocient is calculated based on transition state thél_ia/jl‘). The _
these cavities. This controlled encapsulation principle hal2f9e number of events sampled allows for statistical testing,
previously been demonstrated in zeolites with respect tyalidating our approach and the associated small estimated
varying temperaturé, and by application of an external €OrS in our results. Finally, the diffusion coefficient is used
force® to the material. The technical feasibility of such g to estimate the hydrogen uptake rate of all-silica sodalite at

storage method for any particular material depends on itg/3 K.
maximum capacity and its maximum hydrogen uptake—
release rate. In this study we concentrate on the latter propt. COMPUTATIONAL METHODOLOGY

erty for the large void volume all-silica sodalite framework, All MD calculations have been performed using the

and investigate, by means of molecular-dynam{4D) 13 .

. . . ._computer cod®LpPoLy.™ A full description of the employed

simulations the diffusion rate of molecular hydrogen therein. . . . .
: . ; . interatomic potentials for the zeolite framework and their

Previous MD studies of noble gases in sodalite have

. e o . successful application are given in Refs. 14-19. The
been performed with the diffusion of helium in all-silica so- . . h h
dalite at 300 K calculated to have a diffusion coeffictenft (Lennard—gpnesnteractlons between hydrogen gnd the oxy-
3,810 ° m?/s. With respect to hydrogen, Mitchkhas per- gen and silicon atoms of the framework are derived and used

. e . ! .. in Ref. 20. A confirmation of the applicability of this com-
formed an MD-analysis on diffusion of hydrogen in zeolite . . ; e
: . bined set of potentials for calculating TST diffusion of hy-
NaA and in porous NZNO(PQ,), at 773 K and found dif- 00 e hfined in flexible zeolitic frameworks is given in
fusion coefficients of around 7.00 8 and 8.010 °m?/s, 9 9

X : . 7 Ref. 12,
respectively. In both these simulations the host—lattice is as- The hydrogen molecule is modeled as a centro-

sumed to be rigid, which, especially in situations where the

diameter of the largest pore is of dimensions similar to thesymmetnc Lennard-Jones particle, which has proven to be a

e o . valid and accurate approximation with respect to extended
diffusing molecule, can significantly affect the predmtedrepresentations in other studi€? We note that the
zeolitic framework potentials employed have also been pre-
dAuthor to whom correspondence should be addressed. Electronic maiViou5|y successfully used in a number of zeolitic MD
s.t.bromley@tnw.tudelft.nl ; ; 3,24 S ; ; i
YCurrent address: School of Chemistry, The University of Sydney, Sydney:S'ImUI"Jltlong further conflrmlng .thelr appl_lcablllty _tO the
NSW 2006, Australia. Electronic  mail:  th.maschmeyer@ Present system. The cutoff for all interatomic potentials used

chem.usyd.edu.au was set to 13 A.

Porous, crystalline solids, with frameworks built up from
TO, (T=AIl,Si,Ge,P tetrahedra, are attractive materials for
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yr i< Tr_le MD-output data was analyze_d _with an in—hogse hop
?Iij}"‘{ti?f countllng program that assgmed_a rigid sphere ms@e each

S S S 4 o K sodalite cage. Since the simulation was fully periodic, the
3 y‘;j« ‘»},}5,‘:«;& Y partial cages on the outside of the super cell could be joined
I dB N HEE to make complete cages forming, accordingly, a total number

oIy ‘*'(*Q. jad of fifty-four complete cages(cf. Fig. 1). The program

**“yﬁf‘y .‘.”‘T-G‘f‘; Q"'j—?}(* counted the hops between cages, listed the time of the hops
‘Y‘_‘f.} «f*;*ni«,&;q*'r and showed how the hydrogen moved through the frame-
r *: I T work. The geometrical state of the system is written every

0.5 ps to an output file, which is analyzed by this program.

(™ This time interval is small enough to keep track of the hy-
A) drogen molecule and a smaller sampling time would lead to

FIG. 1. (A). Schemati ation of ac3x3 | svet . extremely large memory requirements. All hops that hap-
. 1. (A). Schematic representation of & super cell system o s

all-silica sodalite, black is silicon and gray is oxygen, with one hydrogenpened _Wlthm 1 pSl of each other were checked manua”y'
molecule inside, represented by a gray sphere in the center. The dashed cdf@mediate recrossing of the barrier was not counted as an
is added to show how the cubical unit cell is positioned in this representatioevent. If, after a hop, the Hmolecule moved through the

of sodalite.(B). Schematic representation of &2X2 super cell of sodalite SOD-cage and then hopped through the Opposing 6-ring in
in which the shape of a SOD-cage and the connectivity between the cages . . s .
are clearly visible. The vertices are Si-atoms and the O-atoms are not ShOV\Rne stralght line within 1 ps, this second hOp was called a

but lie on the middle of an edge between two vertices. subsequent hop. This hopping behavior is listed in Table |
and represents a form of correlatioride infra).

o ) . The following equations are employed for the fluX
Sodalite is modelled as ax3x3 unit cell system with 5, the self-diffusion coefficienDge):

periodic boundary conditions, $iOg4g, €mploying no sym-
metry constraints, with one hydrogen molecule insidé J=-D.Ve (12
Fig. 1). The sodalite geometry is taken from the IZA self” © %
databas® and first energy-minimized in the computer code )
GuULP,?® with the Sanderé force field method at a constant D _M
pressure of 1 bar and with the BFGS optimization 6. 7
algorithm?’ The optimized super-cell geometry has dimen-
sions:a, b, c=26.9 A anda, B, y=90°. The starting position Equation (1a) is the general first law of Fick in whicle
for the hydrogen molecule was located in the center of arstands for concentration. Equati¢tb) is the Einstein equa-
arbitrary sodalite cage. tion for the self-diffusion coefficient valid in zeolites limited
For 800—-1200 K, each MD simulation run had a dura-by energy barriers(the jump diffusion model*® Self-
tion of 2 ns, and for simulations at 700 K durations of 7, 8,diffusion is defined as diffusion under conditions of low or
and 10 ns were used, all including 0.2 ns of equilibrationconstant concentration. Therepresents the shortest distance
time and modeled with the NVT Evans ensenfjl€or each  between two energy barrietthe hop lengthand ther rep-
temperature, enough simulations were performed to obtain aesents the time interval between two hops. The hop length
least 100 hops of the hydrogen molecule from one sodaliten sodalite is equal to half of the body diagonal of the unit
cage to an adjacent cage, resulting in corresponding cumulaell, i.e., the shortest distance between the centers of two
tive simulation times of 7—64 ns. Optimization of the initial sodalite cages that are connected by a mutual 6(dhd-ig.
super cell, via energy-minimization usirgJLP,?® allowing  1). For all-silica sodalite this is 0:%3-8.965=7.764 A.
for variation in unit cell volume, showed that the volume did Since the diffusion of hydrogen in small pore zeolites is
not change due to the introduction of one hydrogen moleculémited by energy barriers that have to be overcome each
in the framework, confirming the validity of employing the time a molecule wants to move one step further, this diffu-
constant volume ensemble. MD runs were performed at theion can be modeled according to P& Twhich gives the
temperatures: 700, 800, 900, 1000, 1100, and 1200 K with #ollowing Arrhenius-type equation for the hopping rate in
time step of 0.001 ps. zeolites ¢[T]):

(1b)

TABLE I. Main results obtained from the MD-simulations.

Temperature  Total simulation ~ Total number Poisson Total number of Hopping rate
[K] time [ns]? of hop$ [—] error [%)] subsequent hogs-] [hops/g
700 63.8 100 10.0 2 1.510°
800 28.8 102 9.9 5 3.540°
900 21.6 146 8.3 6 6.760°
1000 14.4 126 8.9 5 8.780°
1100 10.8 133 8.7 4 12.30°
1200 7.2 128 8.8 2 17.80°

#Excluding equilibration time.
PIncluding the subsequent hops.
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1 24.0 4
r[T]=—=A[T]-e 2T, 2 25 1 Y =395+ 26,004
= 23.0 q
The exponential factor consists of the energy barrier%zz.&
(AE) divided by the Boltzmann constarid) times the tem- £ 2204
perature(T). This is a Boltzmann-type factor indicating the EM- S
probability of an event at a certain temperature. In our casek 210 “1%155;,\\_
the event is the crossing of a 6-ring by a hydrogen molecule.” 205 { "“’1‘1‘.\:;;;\_
As passage through the 6-ring is almost certainly the 2004 Tta
19.5

diffusion-limiting barrier for H through any particular small

pore zeolite structure, the diffusion rate can be expressed a
the Boltzmann factor times gossibly temperature depen-

den) pre-exponential rate fact@X[ T].

Since the hopping rate is calculated as a function of tem

0.0008 0.000¢ 0.0010 0.0011 0.0012 0.0013 0.0014 0.0015 0.0016 0.0617 0.0018
AT (/K]

FIG. 2. Arrhenius plot of hydrogen diffusion in all-silica sodalite presented
by the logarithmic value of the hopping rate vs the inverse of the tempera-
ture. The triangular point are the values obtained from the MD-simulations,

perature in the MD-simulations, the pre-exponential factokne square point is the extrapolated point at 573 K, the line with long dashes

and the energy barrier can be determined by rewriting(Bq.
in a linear formsee Eq(3)] and plotting Inf[T]) versus 1T

AE 1
In(r[T])=In(A[T])—k—B~ T 3

is the extrapolated Arrhenius pl@quation given in the upper right corner
of this figure, and the two lines with short dashes are the upper and lower
confidence boundarig$8%).

a sodalite crystal consists of six square facets and eight hex-

To obtain an estimate for the mass uptake rate of a sodalitegonal facets having a similar topology to a sodalite Cage,

crystal, the mass penetration thelfrs* was applied. This

so it is reasonable to approximate the shape of a SOD crystal

theory states that the average hydrogen concentration insidey a single sphere.

a sphere (Cy,)) can be calculated as a function of tirfta
saturation concentrationCGz), transport diffusion coeffi-
cient Dyand, and sphere diametéd) with Egs. (48 and

(4b):3t
(Ch,) 6 <« 1
12T S emn? ), (42)
H2 T n=1n
4.7 Dirans t
=TT e (4b)

d2

The derivative of Eq(4a) gives the hydrogen flowg) into
the crystal as a function of time as shown in Eg).

¢ Dians w1
— =24 -, —-exp(—n?.{).
ST 2 e —n”0)

5

Equationg4a) and(5) are only valid if the initial concentra-

By applying Eqgs.(4a), (4b), and (5) for the calculation

of hydrogen uptake, it is assumed that the mass uptake rate at
the surface of the crystal is equal to the diffusion rate inside
the crystal and that surface effects are, thus, not limiting. The
mass uptake rate at the surface depends on the chemical
structure and morphology of the crystal surface, which is
currently unknown. However, even if this surface somewhat
hinders the uptake of hydrogen into the crystal, it may be
possible to use physical or chemical treatments to enhance
the accessibility.

lll. RESULTS AND DISCUSSION

Table | shows the main results obtained from the MD-
simulations. As expected, the hopping rate increases with
temperature. The reason that the chosen temperature range
starts at 700 K is that the required computer time for calcu-
lation at lower temperatures becomes too large. The reason
for the upper limit of 1200 K is the fact that sodalite starts

tion in the sphere at=0 equals to 0 and if the concentration gecomposing above that value. Figure 2 gives the relation
at the surface of the spheré:iﬁz) remains constant during petween In(T]) and 17T.

the entire uptake perioth.

Figure 2 shows that the pre-exponential factéy is

The symbolDy,,s Stands for diffusion coefficient, how- not significantly dependent upon temperature, therefore, it
ever, it is a transport diffusion coefficient in contrary to the can be calculated by combining E@®) with the equation of

Dger in Eq. (1b) which is a self-diffusion coefficient. If the
hydrogen concentration is loi.e., if the hydrogen mol-
ecules are not interacting with each othand the body is

the line in Fig. 2 (upper right corner, obtained with the
method of least squargsA=exp(26.894)4.78x 10'1s™ 1.
The error in this value is found to be 0.94x 10's 1.

not affected by the mass uptake, the values of both diffusiotn the same way the energy barrier for diffusiakE) is can

coefficients are equé?.In other words, Eq(4a) can only be
applied with the diffusion coefficient obtained from Fig.i2

combination with Eq(1b)] if the saturation concentration is

low. A typical maximum could be one Hmolecule per ten

SOD cages (48 10? mol/m®), because it is realistic to ex-

be calculated, AE=3955.9<kg=23955.9x1.38<10 23
=5.5x 10 2°J(=32.9+ 1.5 kJ/mol).

The values of the hopping rate, the pre-exponential fac-
tor and the energy barrier are calculated based upon a limited
number of cage hops. In order to determine the statistical

pect that the hydrogen molecules are not interacting witterror in these values, it is first tested if the hopping events

each other in that case.

can be approximated by a Poisson distribution, thus, if the

The diameter of the all-silica sodalite crystals is set to 30inter-hop time intervals are distributed with a negative expo-
um as has been found experimentdflyThe outside area of nential functioncf. Eq. (6)]. The MD-output has shown that
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FIG. 3. The cumulative distribution of inter hop time intervals both from the
MD-analysis of the self-diffusion of molecular hydrogen in all-silica S0- k|G 4. Fractional mass uptake and mass flow into an all-silica sodalite
dalite at 1200 K and from Ed7) with \=49 ps. crystal of 30um in diameter at 573 K as a function of time.

there exists a short-range correlation in the form of the sopeIOW 700 K are obtained via extrapolati¢dotted ling,

called subsequent hogsf. Table ). These subsequent hops which is possible if the pre-exponentigl factor in HY) is
form less than 5% of all hops and are, therefore, negligiblealso independent of temperature outside the modelled tem-

however, it is possible that there exist other correlations beperature range. Arrhenius plots are gengrally valid for a large
tween the hops: temperature range unless phenomena like phase changes oc-

cur. Such phenomena are highly unlikely to occur in our
P(ty=1n-e ", (6) system at the temperatures studied in this paper and, there-
Q(t)=1—eth ) fore, Fig. 2 is algo assumed to be linear in the extrapolate_d
' area. The errors in extrapolated values can be calculated with
The probability[ P(t)] for a time interval(t) between two the method described in Ref. 34. For a 68% confidence in-
hops to have a certain value can be calculated with this equaerval (analogous to taking the standard deviation of a nor-
tion. The value for the only constafi) in this equation can mal distribution as a measure of the ejrahe confidence
be estimated with the maximum likelihood principle. For aboundaries for extrapolation are given in Fig. 2.
negative exponential distribution, it is the sum of all time In order to get an idea of what a diffusion coefficient
intervals divided by their total numbenf), =;Zgt;/n,. Both  means in terms of hydrogen uptake rate, the mass penetration
the time intervals at the beginning and the end of an MD-rurtheory described in Sec. Il is applied. For the loading tem-
are not taken into account because they are not completperature, the reported highest experimental value employed
Therefore, the first hop in the MD-run is taken as the startingor storing hydrogen in alumina silica sodalft&73 K, is
point for data sampling and the final hop as the end point. chosen. The diffusion coefficient at 573 K is 4.8
To verify the assumption of a negative exponential dis-x 10~ **m?/s (cf. Fig. 2. The confidence boundaries show
tribution for the MD-data, the data from the MD-simulation that the statistical error in this value due to extrapolation is
at 1200 K is taken as a test case. The maximum likelihood 4%.
estimation for thex of the total data set of this simulation is Figure 4 shows the fractional mass upta{(@H2>/C°,j2
49.1 ps. If the cumulative distribution function of the MD- [} and the accompanying mass flow into the crystal,

data is fitted to Eq(7) [the cumulative equivalent of E¢), ¢)/Cﬁ2[s*1], both as a function of time. If the saturation

with Q(t) is the cumulative probabilijwith the Marquardt concentration is known, it can be multiplied with these val-

zgn;fgagr f|tt|gg mett::odd' '_:'g' |3)’ A ISt' det((ajrmlne_d to bl?( ues to give the absolute mass uptake and mass flow into the
~==U.9 PsS. Since the previously mentioned maximum e'crystal. As said before, this figure is only valid in case of a

:lr?;odtestltr;atu:)hn of 49.r1n pz leISfWItf;]ln thtli?/ Vall:(e’ t:'i trleflc’jllt low saturation concentration and no limiting surface effects.
cates that Ine assumption of a negative exponential dis- Figure 4 shows that the mass uptake after 1.18 s is al-

Lrlbrutlfo;: IS Vian“d r?\?u:l?i?nmirl::tmfvsoln statistics for the num'ready 95% of the total mass uptake it needs to reach its
) gin Opfh r?gqber fhe que) ir?. rtain time interval saturation concentratiofi.e., equilibrium with its environ-
ce the number of ho a certa € interva mend. As said before, this value includes a number of as-

as determined with MD can be approximated by a POISSOIgumptions, and should only be used as an indication of the

g|str|b|ut||or;, éhe_trﬁlf;%/flztg;st|$zl_ errorbclJf this ?umtl)erlctanmass uptake. However, this preliminary result is promising
€ cajcuiated wi 0. TTIS enables us 1o calculale 5,y maye further experimental testing very interesting.

the error in the hopping rate and, consequently, the error in
Q|ﬁu3|on coc_affluent(see Table)l Since t.he number of hops IV. CONCLUSIONS
is always higher than 100, the error is always lower than
10%. In order to lower this error even further, a prohibitively The TST diffusion rate of hydrogen in all-silica sodalite
demanding amount of computer time would be required. is calculated from atomistic MD-simulations at six different
The diffusion coefficient as a function of temperaturetemperatures. These calculations show that the pre-
can easily be obtained from Fig. [2f. Eq. (1b)]. Values exponential factor in the Arrhenius equation does not signifi-
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