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Abstract: Hydrogen sorption in the nanoporous nickel phosphates VSB-1 and VSB-5 has been studied
with a combination of BET, temperature programmed desorption (TPD), and inelastic neutron scattering
(INS) measurements. H2 BET isotherms for VSB-1 are similar to those seen in nanoporous zeolites, while
VSB-5 adsorbs substantially more hydrogen due to a steep initial uptake at low partial pressures. TPD
data show that hydrogen interacts strongly with VSB-5, with desorption peaks at 109 and 149 K in a nitrogen
flow, whereas the absence of similar peaks for VSB-1 suggests a weaker interaction. INS spectra of the
rotational tunnel transition of the adsorbed H2 also reveal a strong interaction with the VSB-5 host. These
data strongly suggest the existence of coordinatively unsaturated Ni2+ sites accessible to H2 molecules in
the pores of VSB-5.

Introduction

Research involving open-framework transition metal phos-
phates has steadily increased following the discovery of AlPOs,
primarily on the basis of the possibility of preparing porous
materials with novel properties not seen in traditional alumi-
nosilicate zeolites. Particularly promising are transition metal
phosphates, where novel catalytic, spectroscopic, magnetic, and
electronic properties are possible. While a host of such structures
have been characterized,1 the nickel phosphates VSB-12 and
VSB-53 are rare in exhibiting genuine zeolitic properties such
as high BET surface areas, ion exchange, and shape-selective
catalysis. As illustrated in Figure 1, both structures are based
on 3D networks of octahedrally coordinated nickel atoms
containing large, unidimensional channels. An important dif-
ference between the materials lies in the nature of the channels
themselves. HPO4 groups and extraframework cations (NH4

+

or K+) line the channels in VSB-1, while the surface of VSB-5
consists of HPO4, PO4, and water molecules bound directly to
octahedrally coordinated Ni2+. Catalytic results on selective
hydrogenation of olefin,3 as well as characterization of a
modified form of VSB-5 produced by high-temperature H2

reduction, strongly suggest that the water molecule bound to a
Ni2+ in the cavity is at least partially removed during calcination.

Molecular hydrogen has been shown4-7 to be a unique and
versatile probe of adsorption sites in porous materials. Its small
size permits it to access most of the channels and cavities in a
material; it is weakly interacting and hence does not appreciably
perturb the host upon adsorption and can be observed with a
high degree of sensitivity by spectroscopic methods. The latter
is particularly true for INS spectroscopy of the hindered
rotational transition of the adsorbed H2 molecule because of
the very large neutron scattering cross-section of H when
compared to those of the host atoms and the fact that this
transition occurs at low frequencies relative to that of the host
framework vibrational modes. An alternative method4,8 uses
DRIFT to observe changes in the H-H stretching mode upon
adsorption, but these changes are rather small when compared
to the very large effect of the guest-host interactions on the
molecular reorientation of the adsorbate. Here, we present a
study of hydrogen in VSB-1 and VSB-5 using a combination
of H2 adsorption isotherms, INS spectroscopy, and TPD.

Experimental Section

VSB-1 and -5 were synthesized as described previously.2,3 Reduced
VSB-5 was prepared by heating a sample to 623 K under 5% H2 in He
for 16 h. Deuterated samples were prepared using phosphorus pentoxide,
deuterium oxide, and anhydrous nickel chloride in otherwise similar
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reactions. In all cases, samples were calcined under vacuum overnight
using a tube furnace and handled under vacuum or inert atmosphere to
prevent rehydration. H-ZSM-5 zeolite (BET surface area 428 m2/g,
Si/Al ) 15) was obtained from the PQ Corp. Activated carbon (BET
surface area 1050 m2/g), manufactured by Darco, was obtained from
Aldrich. Hydrogen adsorption experiments at 77 K were performed in
a static vacuum volumetric apparatus (Micromeritics ASAP 2000C)
with stainless steel tubing and all-metal greaseless valves. Before H2

adsorption, the sample was initially dehydrated at 623 K for 2 h under
vacuum. The adsorption pressure was chosen in the range from 10 to
700 Torr. INS spectra were collected using the QENS instrument at
the Intense Pulsed Neutron Source of Argonne National Laboratory
on dehydrated samples sealed in Al cans, which were loaded in situ at
100 K with the desired number of H2 molecules per Ni site from an
external gas-handling system. QENS is an inverse-geometry INS
spectrometer in which the energy of the scattered neutrons reaching
the detector is fixed by diffraction from graphite analyzer crystals and
the incident neutron energies determined by the time-of-flight of the
neutrons. Most of the INS spectrum from QENS is thereby collected
by energy loss of the incident neutrons.

TPD experiments were carried out in a fixed-bed tubular reaction
system equipped with a specially designed heater for control between
77 and 373 K and a thermal conductivity detector. Typically, 100 mg
of the sample was loaded into the glass reactor. It was first dehydrated
in a N2 stream (50 mL/min) at 623 K for 1 h. The temperature of the
reactor was then adjusted to the adsorption temperature (83 K) under
flowing nitrogen. A 20% H2/80% N2 mixture was introduced into the
reactor for 10 min. After the hydrogen adsorption, the sample was
flushed with nitrogen at the same temperature. Once the baseline of
the integrator was stable, the TPD run was started with flowing nitrogen
as a carrier gas at a heating rate of 5 K/min from 85 to 303 K.

Results and Discussion

Figure 2 compares the relative H2 adsorption capacities of
VSB-1 and VSB-5 at 77 K with those of an aluminosilicate
zeolite hydrogen sorbent (ZSM-5) and an activated carbon.
ZSM-5 was selected as a control compound because it displayed
the highest H2 uptake for zeolites in a recent survey.9 Adsorption
measurements for these porous materials reveal two important
differences between VSB-5 and other materials. First, VSB-5
exhibits a capacity for H2 sorption (on a per-weight basis) that
is approximately 5 times higher than that of VSB-1, twice that
of ZSM-5, and similar to that of the activated carbon. Moreover,
the slope of the adsorption curve is dramatically different at
low pressures for VSB-5 than for the other materials studied,
suggesting a different sorption mechanism in VSB-5. VSB-1,
ZSM-5, and the porous carbon show the typical physisorption

behavior of a nanoporous material, while VSB-5 appears to
strongly interact with H2 at low loadings and then continues to
adsorb additional H2 through weaker physisorption as the
pressure is increased. This is not a pore size effect because the
channels in VSB-5 are comparable in size to those of VSB-1
and larger than in ZSM-5 and the porous carbon studied. An
adsorption isotherm for VSB-5 (Figure 3) collected after
evacuating a loaded sample at 77 K shows a dramatic decrease
in capacity, suggesting that a portion of the hydrogen remains
in the channel after evacuation under these conditions. None
of the other materials studied exhibits such hysteresis. The
capacity can be completely restored by warming the sample to
room temperature.

Because the unusual H2 adsorption curves for VSB-5 suggest
a different mechanism from the simple physisorption seen in
zeolites, we collected INS spectra of the rotational tunneling
transition of the adsorbed H2 for several samples using the(9) Weitkamp, J.; Fritz, M.; Ernst, S.Int. J. Hydrogen Energy1995, 20, 967.

Figure 1. Representations of VSB-1 (a) and -5 (b) viewed down thec axis, with octahedral nickel represented in green and tetrahedral phosphorus represented
in purple. Disorder is omitted for clarity.

Figure 2. Hydrogen uptake for several microporous sorbents.

Figure 3. H2 adsorption isotherms for VSB-5 at 77 K: initial adsorption
(2) and readsorption after desorption at room temperature (9) and after
desorption at 77 K (b).
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QENS instrument at the Intense Pulsed Neutron Source at
Argonne National Laboratory. Rotational tunneling spectroscopy
by inelastic neutron scattering is a powerful method for the direct
study of the interaction between the adsorbed H2 and sorbents,
including porous materials such as zeolites5-7 and carbon
nanotubes.10,11 The rotational tunneling transition for the
hindered rotor is the equivalent of the ortho-para transition12

observed at 14.8 meV for free H2. A barrier to rotation for the
adsorbed molecule arises from its interaction with the chemical
environment and results in a strong decrease of this transition
frequency. This rotational tunnel splitting varies approximately
exponentially with barrier height, thereby giving the method
its great sensitivity.13,14Moreover, the large inelastic scattering
cross-section of1H ensures that these spectra are nearly free of
interference by other elements.

Deuterated forms of VSB-1 and VSB-5 were used to improve
the signal, lower the background, and minimize the chances
that framework hydrogen phosphate or hydroxide modes would
interfere with the measurement. Long background scans, col-
lected on all samples tested, revealed no detectable interferences.
INS spectra collected on H2 in VSB-1 (Figure 4a) show a very
broad intensity distribution between 5 and 12 meV, which we
attribute to hydrogen molecules that are physisorbed on a
distribution of sites on the basis of our extensive studies5-7 with
zeolite hosts and related work with weakly binding hosts such
as Vycor glass.15 Spectra were collected on VSB-5 at several
levels of loading. At the lowest loading (approximately 1 H2

per unit cell), a moderately sharp peak appears at 1.5 meV
(Figure 4b). This energy is appreciably lower than typical
rotational tunneling energies observed for physisorbed H2

adsorbed at cations in zeolites (including, for example, Co2+ in
CoNaA16) and suggests a stronger overall interaction. In fact,
the rotational tunneling transitions for dihydrogen ligands in
transition metal complexes, where H2 is chemically bound to
the metal center, are usually observed at considerably lower
frequencies than those for physisorbed H2. However, no stable
nickel dihydrogen complex has, to our knowledge, been reported

to date. This represents the first report of rotational tunneling
for hydrogen bound at a Ni2+ site, and the relatively low value
of the observed rotational transition (i.e., high barrier to rotation)
may suggest weak chemisorption at this site. A similar finding
was recently reported17 for H2 adsorbed in the overexchanged
FeZSM-5 catalyst, where the observed rotational tunneling
transitions closely matched those of dihydrogen ligands in well-
characterized Fe complexes.

For higher loadings (3 and 6 H2/unit cell), the peak centered
at 1.5 meV remains, but broadens considerably. The broadening
likely arises from the presence of several similar binding sites
around the Ni2+ cation that could be occupied by H2 in a manner
recently illustrated5 by a computer simulation of H2 in zeolite
NaA. Some of this broadening may also be the result of
incomplete removal of coordinated H2O upon dehydration. A
neutron powder diffraction study of dehydrated VSB-5 is
currently underway to investigate the geometry of Ni2+ sites in
the dehydrated material.

Reduction of VSB-5 under flowing H2 results in a color
change from light green to gray-black and dramatically changes
the catalytic properties of the material, particularly toward
hydrogenation reactions. No significant structural changes take
place during the treatment, as evidenced by a lack of noticeable
changes in powder XRD patterns or BET surface areas for the
reduced compound. If we are correct in inferring the formation
of nickel hydride on the active sites, this material represents a
form of VSB-5 with similar porosity, but lacking unsaturated
Ni2+ sites. The changes in H2 sorption are dramatic. A H2
adsorption isotherm at 77 K reveals a dramatic decrease in
overall H2 uptake as compared with that of unreduced VSB-5
(Figure 5). More significantly, the slope is no longer sharp at
low loading pressures, and the readsorption capacity (after
desorption at 77 K) is comparable to the initial adsorption
capacity. INS rotational tunneling spectra for the adsorbed H2

show a broad intensity distribution corresponding to physisorp-
tion, similar to the spectra obtained for VSB-1.

To further test our hypothesis that unusually strong binding
sites exist in the VSB-5 framework, we collected TPD data
(Figure 6). VSB-1, with no unsaturated Ni2+ sites, shows only
one very small peak at 117 K. Because of the very small quantity
of H2 involved, this is probably due to a surface or defect
adsorption site not present in the simplified crystallographic
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Figure 4. INS spectra obtained on the QENS spectrometer of IPNS atT ) 10 K: (a) dehydrated VSB-1 (bottom) and with 3 H2 per formula unit (top)
adsorbed; and (b) dehydrated VSB-5 (bottom), and with one H2 molecule (middle) and 3 H2 (top) adsorbed per formula unit. Spectra are offset in part b.
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description. By contrast, VSB-5 releases H2 in two successive
stages (109 and 149 K) according to its TPD scan. Although
the reason several types of adsorption sites apparently exist
remains unclear, these data point toward the existence of
multiple sites for H2 adsorption in VSB-5.

Because of the unique hydrogen adsorption mechanism of
VSB-5, we are currently investigating this and related systems
for hydrogen storage potential.18 Hydrogen storage by adsorption
solely at the active sites would not meet the DOE goal for H2

storage of 6.5 wt %. However, the overall capacity of VSB-5
for hydrogen storage compares favorably with that of many other
porous materials on a weight basis. In volumetric terms, which
are of particular interest for stationary applications, the capacity
is significantly higher than the zeolite or activated carbon under
the conditions studied (Figure 7). Single point isotherms are
currently being measured to compare the performance of VSB-5
with that of other sorbents under more practical storage
conditions where other storage mechanisms may be present.
Sorption on unsaturated metal sites may be useful for other
applications, such as hydrogen scavenging for processes at low
temperatures, separations (based on Lewis basicity), or size-
selective detection (based on spectroscopic changes accompany-
ing coordination).

Conclusion

Sorption, neutron scattering, and temperature desorption
experiments all point toward the existence of unsaturated Ni2+

sites in VSB-5 that strongly interact with H2. Such sites are
unique in the field of porous materials and stem from the unusual
surface chemistry of VSB-5’s pores, which possess coordina-
tively unsaturated Ni2+ sites accessible in the pores. In addition,
VSB-5 also shows H2 physisorption properties competitive with
those of zeolites and activated carbons. Porous nickel phosphates
offer a new class of materials with potential in the hydrogen
storage area, offering high surface areas, unsaturated metal
coordination sites, and novel frameworks. For example, we have
recently reported the synthesis of mesoporous nickel phos-
phates,19 and we20 and others21,22 have prepared metal-organic
hybrid materials containing unsaturated metal centers. The
discovery of unique interactions with molecular hydrogen in
these materials should motivate a search for new compounds
in this family tailored for H2 uptake.
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Figure 5. Relative H2 adsorption capacities for calcined and reduced
VSB-5.

Figure 6. TPD profiles of (a) VSB-1 and (b) VSB-5. Inset (c) shows the
TPD trace of VSB-1 magnified by 50 times as compared to (a).

Figure 7. Hydrogen uptake for VSB-5, ZSM-5, and activated carbon based
on densities. The crystallographic density was used for VSB-5 and
ZSM-5, and a typical particle density (0.7 g/cm3) was used for the activated
carbon sample.

A R T I C L E S Forster et al.

1312 J. AM. CHEM. SOC. 9 VOL. 125, NO. 5, 2003


