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Abstract

Currently microporous oxidic materials including zeolites are attracting interest as potential hydrogen storage materials. Understanding how
molecular hydrogen interacts with these materials is important in the rational development of hydrogen storage materials and is also challenging
theoretically. In this paper, we present an incoherent inelastic neutron scattering (INS) study of the adsorption of molecular hydrogen and hydrogen
deuteride (HD) in a copper substituted ZSMS5 zeolite varying the hydrogen dosage and temperature. We have demonstrated how inelastic neutron
scattering can help us understand the interaction of H, molecules with a binding site in a particular microporous material, Cu ZSMS5, and by
implication of other similar materials. The H, molecule is bound as a single species lying parallel with the surface. As H, dosing increases, lateral
interactions between the adsorbed H, molecules become apparent. With rising temperature of measurement up to 70 K (the limit of our
experiments), H, molecules remain bound to the surface equivalent to a liquid or solid H; phase. The implication is that hydrogen is bound rather
strongly in Cu ZSMS5.

Using the simple model for the anisotropic interaction to calculate the energy levels splitting, we found that the measured rotational constant of
the hydrogen molecule is reduced as a consequence of adsorption by the Cu ZSMS.

From the decrease in total signal intensity with increasing temperature, we were able to observe the conversion of para-hydrogen into ortho-

hydrogen at paramagnetic centres and so determine the fraction of paramagnetic sites occupied by hydrogen molecules, ca. 60%.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The discovery of materials, which are able to take up, store
and release dihydrogen on demand is crucial to the develop-
ment of the hydrogen economy [1], for example, in fuel cell
applications. Zeolites are potential hydrogen storage materials
[2-7]. The uptake of dihydrogen by zeolites can be mediated by
specific interactions due to particular components of the zeolite.
The interaction of molecular hydrogen with porous materials is
therefore an area of great current interest. A technique, which is
proving to be valuable for the study of the H, molecules is
inelastic neutron scattering (INS) [8]. We found in a INS study
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of H, interacting with a cobalt aluminophosphates (CoALPOs)
[9,10] that the interaction involved a high rotational barrier,
implying a rather strong interaction of H, molecules with the
CoALPO. The interaction with oxidic materials appears to be
stronger than with carbon nanotubes, which have also been
proposed for hydrogen storage and studied by INS [11,12].
Following our work on the CoALPOs, we now report a
preliminary INS study of molecular hydrogen interacting with a
copper ZSM5. It has been claimed that the interaction of H,
with Cu ZSMS [13-18] and Fe ZSMS5 [19] is strong.

The pure rotational transitions for symmetric diatomic
molecules like hydrogen are forbidden in infrared spectro-
scopy but allowed in Raman spectroscopy. They are in
principle observable in INS but the scattering is very weak
except for hydrogen. Because of the very high cross-section of
hydrogen, these rotational transitions enable us to probe the
local environment of the hydrogen molecule in the porous
material [9].


mailto:a.j.ramirez-cuesta@rl.ac.uk
http://dx.doi.org/10.1016/j.cattod.2006.09.024

A.J. Ramirez-Cuesta, P.C.H. Mitchell/Catalysis Today 120 (2007) 368-373 369

2. Theory
2.1. The rotational levels of solid hydrogen

For a hydrogen molecule in vacuo, the rotational wavefunc-
tions are the spherical harmonics: Y,,(0,¢). The integers J and
M are the angular momentum quantum numbers, with allowed
values

J=0,1,2,...; M=0,+1,42, - +J;
h2
Epy = E; =0+ 1) 3 =J(J + 1)Bu 1)

B, 1s the rotational constant (7.35 meV) and [ is the moment of
inertia

2

B W
Brot = Z; BHH =

for dihydrogen B, = T
HH

For a free H, molecule, i.e. H, in a spherically symmetric
potential (which includes the absence of any potential field), the
energy levels are degenerate in the quantum number M. When
the H, molecule experiences a spherically anisotropic interac-
tion, as for example, when adsorbed by a surface, the degen-
eracy of the M quantum number is removed. We shall see that
the INS spectrum of adsorbed H, enables us to interpret
splitting of the H, rotational spectrum with reference to the
M quantum number and the binding and orientation of the H,
molecule with respect to the surface provided by the ZSMS5.

2.2. Ortho- and para-hydrogen

We should recall that the quantum mechanical restrictions
on the symmetry of the rotational wavefunction are responsible
for the two different species of molecular hydrogen, viz. ortho-
hydrogen, /=1, 3, 5 ... having spin 1 and para-hydrogen,
J=0,2,4...having spin 0. Molecular hydrogen is a mixture of
both species; at room temperature the ratio of para- to ortho-
hydrogen is 1:3; in the absence of a catalyst the species remain
spin trapped with no exchange between populations. At low
temperatures and in the presence of a paramagnetic catalyst, the
conversion from ortho- to para-hydrogen is catalysed,
concentrations of more than 99% para-hydrogen can be
achieved. The equilibrium population as a function of
temperature is well known [20] and will be used later.

2.3. The scattering law for the rotational transitions in
molecular hydrogen

When a neutron (a particle with spin = 1/2) interacts with a
H, molecule, interconversion between para- and ortho-
hydrogen is allowed, the so-called spin-flip transition. The
intensity is determined by the incoherent cross-section of
hydrogen, 80.3 barn. Thus, for the J(1 < 0) transition

(T i+ (=50 iy + (DE7
AEy | =E; —Ey 2
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Fig. 1. The rotational energy level transitions for para-hydrogen in its ground
state as a function of the barrier height parameter.

The inelastic cross-section for ortho-hydrogen is very low
compared with the cross-section of para-hydrogen and will
be considered negligible in this paper, i.e. the main contribution
to the signal is the J(1 «+ 0) transition.

2.4. The rotational levels of solid hydrogen in an
anisotropic potential

Lets consider the interaction of the hydrogen molecule with
the surface, i.e. the hydrogen molecule forming an angle 6 with
the surface normal. The standard anisotropic potential uses a
simple potential of the form V(6) =V, cos>(6), where Vj, is the
potential energy barrier height; for positive values of the
parameter V, the molecule aligns parallel to a surface (2D case)
and for negative values of V, the molecule is perpendicular to a
surface (1D case). In the 2D case, the degeneracy on the quantum
number M = +1, means that the lower energy peak will have
twice the intensity than the higher energy component, whereas in
the 1D case the opposite is true (see Fig. 1). Using the model
described in ref. [8], we can estimate a barrier height as well as an
apparent rotational constant for the hindered hydrogen rotor.

2.5. Hydrogen deuteride

HD is an asymmetric molecule and is not subject to the
symmetry restrictions that give rise to the existence of ortho-
and para-hydrogen; its rotational constant is 0.75 Byy
(5.5 meV) and the first observable transition for solid HD
appears at 11.0 meV. All rotational transitions have the same
intensity, but because of the recoil effect, the transitions are
difficult to measure to high momentum transfers; however, the
J(0 « 2) transition is usually well defined [20].

3. Experimental

INS measurements were made on the TOSCA instru-
ment at the ISIS Facility at the Rutherford Appleton
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Laboratory [21]. INS spectra were recorded at 13, 30, 50
and 70 K.

Copper substituted ZSMS5 (with 5 wt.% Cu) was provided by
Johnson Matthey plc. The Cu ZSM5 was dehydrated by heating
in a quartz tube under vacuum to 400 °C at 1 °C per min and
held at 400 °C for 10 h; the final pressure was 10~7 mbar.

For the INS experiment, the ZSM5s (25 g) were loaded in an
argon dry box into sealed cylindrical aluminum cans (35 mm
diameter, 60 mm height). The sample was further evacuated for
48 h at 110 °C. Dehydration of ZSM5 was confirmed by their
background INS spectra.

Para-hydrogen was prepared off-line using a standard
procedure [8].

For the INS spectra, the background spectra of the
dehydrated ZSM5s were first measured and were then dosed
in situ at 55 K with para-hydrogen or HD. The spectra of
adsorbed para-hydrogen or HD were obtained by subtracting
the background spectra; all the spectra reported in this paper are
background subtracted.

4. Results and discussion

INS spectra are presented as neutron scattering intensities
(expressed as the scattering function S(Q,w), where Q is
momentum transfer and o is the energy loss, versus w). In
Fig. 2, we show representative spectra of para-hydrogen
adsorbed by Cu ZSMS5. We include for comparison, the
spectrum of solid para-hydrogen.

The INS spectrum of H, sorbed on Cu ZSMS5 at 13K is a
series of peaks in the energy range of 7-50 meV. Solid
dihydrogen is a free 3D rotor having a strong sharp peak at
14.7 meV (see Fig. 2). In the internal space of ZSMS5, the H,
molecules are constrained to rotate with the HH axis aligned
with an electric field (1D rotor) or in a plane 2D rotor.
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Fig. 2. The INS rotational spectra of solid para-hydrogen, lower trace and
para-hydrogen in CuZSMS, 1.2 wt.%, top trace. Note the sharp rotational
transition at around 14.7 meV for solid para-hydrogen.

A full theoretical analysis of the spectra will be published
elsewhere. Our purpose in this paper is to demonstrate the
utility of the INS technique in studying the binding of
molecular hydrogen in potential hydrogen storage materials.
Accordingly, we restrict our discussion to a qualitative
interpretation of the spectra.

The INS spectra are shown in Fig. 2. For solid H,, we see the
J(1 < 0) transition as a strong sharp line at 14.7 meV
(118 cm™ ). Note that the sharp line characteristic of solid H,
is absent from the spectrum of H, in Cu ZSMS5 where the
J(0 «+ 1) transition is shifted to lower frequencies and split
compared with solid H,. Therefore, the H, molecules in Cu
ZSMS5 are constrained by the potential operating within the
ZSMS5. The H, on Cu ZSMS spectra in the region 10-15 meV
may be decomposed into Gaussian peaks to extract positions and
scattering intensities (peak areas), and thereby assign the peaks
of the hydrogen rotor. We see two major well-defined peaks;
these peaks are due to the hindered molecular hydrogen rotations
[8]. The lower energy peaks (ca. 11.5 meV) are assigned to the
J.M (1,£1 « 0,0) transition and the second peak (ca. 14 meV) to
the J,M (1,0 «+ 0,0) transition since their areas are in the 2:1 ratio.

In fact peak 1 can be split; we see the splitting of the M = +-1
levels due to a small azimuthal interaction, i.e. interaction
between neighboring hydrogen molecules in the surface plane,
and the splitting increases with coverage.

4.1. Para-hydrogen on Cu ZSM5—variable hydrogen
loading

We report the INS spectra for loadings of 400, 1125 and
2900 ml of para-H, (1.2, 0.47 and 0.17 wt.%), respectively
(Fig. 3). Peak positions and intensities extracted by the
Gaussian analysis are plotted versus hydrogen dosing in Fig. 4.
We note

(1) The splitting between the J,M (1,0 < 0,0) transition (peak
2, upper line) and the J,M (1,£1 « 0,0) transition (peaks 1,
lower line) increases with increasing hydrogen loading. The

1.2 wt% ml para Hp X 1

0.47 wt% ml para Hp X 4

S(Q,w)/Arb. Units

0.17 wi% ml para H, X 8
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Fig. 3. The rotational spectra of para-hydrogen in CuZSMS5 at different H,
loadings.



A.J. Ramirez-Cuesta, P.C.H. Mitchell/Catalysis Today 120 (2007) 368-373

154

14 [ @ ®
>
£
= 134
il
‘@
812— ]
X TT——n
© e
g n

14 —®— Peak 1 position

—=®— Peak 2 position
Apparent rotational constant
10 T T T T T |
0.0 0.2 0.4 0.6 0.8 1.0

Cu ZSM5 loading/wt%

1.2

371
1.0
B Peak 1 M=+/-1
0.8 - L] Peak 3 M=0
s
® 06
Q
@
2
S 0.4 4
©
o
<
0.2+
L]
L]
0.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Cu ZSM5 loading/wit%

Fig. 4. Left: peak positions (centre of gravity) as function of the hydrogen loading and apparent rotational constant; the straight line on the top is the value of the
rotational constant for solid para-hydrogen. Right: peak areas as function of coverage.

splitting is due to the lifting of the degeneracy between the
M =0 and *1 levels in the anisotropic potential field
experienced by the adsorbed H, molecules and the increase
of the interaction as a consequence of the additional
azimuthal or lateral interactions between the H, molecules.

(2) The plots of scattering intensities versus hydrogen loading
are linear through the origin with a constant ratio of 2:1.
Both peaks behave in the same way is consistent with their
assignment to a single species. The 2:1 intensity ratio is
indicative of H, molecules lying parallel with the surface,
the 2D rotor case.

(3) From the position of the peaks, it can be seen that there is an
apparent reduction in the value of the rotational constant;
this effect has been observed many times but still lacks a full
theoretical explanation. Using the simple model for the
interaction of hydrogen with a surface, we can determine
the value of the apparent elongation (Fig. 4).

4.2. Para-hydrogen on Cu ZSM5—variable temperature

Para-hydrogen (0.47 wt.%) was dosed at 70K; the
temperature was lowered to 13 K and the system isolated.

13K
30K
50K
70K

S(Q,w)/Arb. Units

CN—

1 1 1
200 300 400
Neutron Energy Loss/meV

1
100 500

We measured the spectra at 13, 30, 50 and 70 K (Fig. 5), each
measurement taking a few hours. Above 100 meV, the spectra
are similar; the broad peaks centred near 200 meV are
characteristic recoil peaks (the neutron exciting simultaneously
a rotation and translation of the H, molecule); their intensity
decreases with increasing temperature [22] as the Kinetic
energy of the H, molecules increases. However, there is a major
change of the shape of the spectra at lower energy transfers
(Fig. 5) but the rotational features remain: therefore, hydrogen
in Cu ZSMS5, even at 70 K, is in a condensed liquid/solid state.
We note the proposal that the presence of high binding energy
sites in a protonic chabazite allows hydrogen to densify inside
nanopores at favorable temperature and pressure conditions
[23].

We see a decrease of the total peak area as the temperature
increases, a consequence of conversion of para-H, to ortho-H,
at the binding sites. The intensities of the transitions to M =0
and to +1 similarly decrease with increasing temperature but
their ratio remains approximately constant at 1:2 showing that
the bound species do not change (Fig. 6). It also shows that the
para-hydrogen molecules actually adsorb parallel to a surface,
on the rotor binding sites.
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Fig. 5. Left: full range INS spectra of para-hydrogen (0.47 wt.%) sorbed in Cu ZSMS as a function of the measuring temperature. Right: the INS spectra in the region

5-20 meV. Note that the rotational lines are still present at 70 K.
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Fig. 6. The area under the rotational lines as function of temperature, from the
data in Fig. 5. Also the ratio of the relative intensity of the peaks.

As a consequence of the temperature increase, the number of
para-hydrogen molecules diminishes. The theoretical equili-
brium as function of temperature is shown in Fig. 7.

In Fig. 6, left, we show the temperature dependence of the
integrated hydrogen signal; we see a decrease in the integrated
signal. This decrease is mainly due to the conversion of para-
hydrogen into ortho-hydrogen; however, when compared with
the theoretical para-hydrogen population at that temperature,
we see that the integrated signal decreases more slowly,
therefore some of the para-hydrogen is not converting into
ortho-hydrogen. We conclude that these para-hydrogen
molecules are therefore adsorbed in a non-paramagnetic
environment. Using a simple linear model, we can estimate
the fraction of non-paramagnetic sites that the hydrogen
molecules occupy (Fig. 7, right).

We also see that the signal of the rotor peak decreases faster
than the theoretical value. If we assume that all para-hydrogen
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Fig. 8. The Gaussian decomposition of the HD spectrum at 0.25 wt.% (same
number of molecules as to 0.17 wt.% of H,). The recoil spectrum has been
subtracted.

molecules convert to ortho-hydrogen on the stronger adsorption
sites, we can estimate the fraction of molecule desorbed as a
function of temperature (see Fig. 7, right).

4.3. Hydrogen deuteride on Cu ZSM5

From the positions of the peaks, we see that the rotational
constants for adsorbed H, and HD are reduced compared with
the free molecules, having values 0.86 By, and 0.83 Byp. The
HD measurements are in agreement (within 4%) with the
measured values for H,. Although we may interpret the
decrease in the rotational constant as an elongation (ca. 8—10%)
of the H, molecule (analogous to the decrease of the H-H
vibration frequency observed in infrared studies of adsorbed H,
[24,25]), the decrease could be due to the combination of a
smaller elongation and a decrease of the zero point energy of
the molecule as we shall discuss elsewhere (Fig. 8).
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Fig. 7. Left: the temperature dependence of the integrated cross-section for the whole spectrum up to 500 meV; the area of the rotor peak and the theoretical
equilibrium proportion of para-hydrogen (blue line). Right: the fraction of non-paramagnetic sites and the fraction of hydrogen signal lost from the rotor site. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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5. Conclusions

We have undertaken a study of the interaction of H,
molecules with Cu ZSMS5, analyzing the inelastic neutron
scattering spectra of bound para-hydrogen and hydrogen
deuteride. Our aim in this paper has been to demonstrate how
inelastic neutron scattering can help us understand the
interaction of H, molecules with a binding site in a particular
microporous material, Cu ZSMS5, and by implication other
similar materials. We see that the H, molecule is bound as a
single species lying parallel with the surface. As H, dosing
increases, lateral interactions between the adsorbed H,
molecules become apparent. With rising temperature of
measurement up to 70 K (the limit of our experiments), H,
molecules remain bound to the surface equivalent to a liquid or
solid H; phase. The implication is that hydrogen is bound rather
strongly in Cu ZSMS.

Using the simple model for the anisotropic interaction to
calculate the energy levels splitting, we found that the measured
rotational constant of the hydrogen molecule is reduced as a
consequence of adsorption by the Cu ZSMS5.

From the decrease in total signal intensity with increasing
temperature, we were able to observe the conversion of para-
hydrogen into ortho-hydrogen at paramagnetic centres and so
determine the fraction of paramagnetic sites occupied by
hydrogen molecules, ca. 60%.
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