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a b s t r a c t

The metal-organic framework MOF-5 has attracted significant attention due to its ability to

store large quantities of H2 by mass, up to 10 wt.% absolute at 70 bar and 77 K. On the other

hand, sinceMOF-5 is typically obtained as a bulk powder, it exhibits a lowvolumetric density

andpoor thermal conductivitydboth ofwhichareundesirable characteristics for ahydrogen

storage material. Here we explore the extent to which powder densification can overcome

these deficiencies, as well as characterize the impact of densification on crystallinity, pore

volume, surface area, and crush strength. MOF-5 powder was processed into cylindrical

tablets with densities up to 1.6 g/cm3 by mechanical compaction. We find that optimal

hydrogen storage properties are achieved for r w 0.5 g/cm3, yielding a 350% increase in

volumetric H2 density with only a modest 15% reduction in gravimetric H2 excess in

comparison to the powder. Higher densities result in larger reductions in gravimetric excess.

Total pore volumeand surface area decrease commensuratelywith the gravimetric capacity,

andare linked toan incipientamorphization transformation.Nevertheless, a large fractionof

MOF-5 crystallinity remains intact in densities up to 0.75 g/cm3, as confirmed from powder

XRD. Predictably, the radial crush strength of the pellets is enhanced by densification,

increasing by a factor of 4.3 between a density of 0.4 g/cm3 and 0.6 g/cm3. Thermal conduc-

tivity increases slightly with tablet density, but remains below the single crystal value.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Research over the past 10 years has revealed the considerable
potential for hydrogen storage in high surface area, micropo-
rous metal-organic frameworks (MOFs)dthree-dimensional,
crystalline solids constructed from a periodic array of metal
clusters and multi-topic organic struts. In particular, frame-
works consisting of tetrahedral [Zn4O]6þ units connected via
rigid multi-topic carboxylate linkers have been shown to
adsorb large amounts of hydrogen reversibly at low

temperature and moderate pressure [1e4]. A specific com-
pound, Zn4O(BDC)3 (BDC¼ 1,4-benzene dicarboxylate), termed
MOF-5 serves as the prototypical material in an extensive
series of frameworks. MOF-5 can adsorb large amounts of
hydrogen at low temperatures on a gravimetric basis, up to
10 wt.% absolute at 77 K [5,6]. With conventional synthesis
methods, however, MOF-5 is obtained as a loose powder con-
sistingof small crystallites. Powdershave lowdensity andpoor
thermal conductivity, major drawbacks from an engineering
perspective. By mechanical compaction, MOF powders can be
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converted into shaped bodies, such as pellets, which have
higher densities and are easier to handle [7].

It has been previously found that densification of MOF-177
produces a decrease in the internal surface area, becoming
particularly acute when the compacted powder density
exceeds the single crystal density [8]. The degradation of intra-
crystalline porosity in MOF-177 is linked to an amorphization
transformation brought on by mechanical compaction. Since
amorphization in MOF-5 is thought to occur at a low applied
pressure [9], this leads to the question of whether powder
densification can actually be an effective method for
improving volumetric hydrogen capacity.

While gravimetric and volumetric excess adsorption are
the most commonly reported properties for hydrogen storage
materials, they are not the only figures of merit for material
performance. Total volumetric hydrogen storage, for
example, is equal to the net amount of hydrogen gas (both
adsorbed and free) contained within a fuel tank filled with
MOF-5 powder or pellets. The difference in total volumetric
storage between an upper and a lower pressure is approxi-
mately equal to the amount of hydrogen that can be deliv-
ered from a storage tank which is operated isothermally
between those pressure limits. Secondly, the hydrogen refu-
eling rate depends on the rate at which the sorbent material
can be cooled to its base operating temperature. The thermal
conductivity of pristine MOF-5 single crystals is already an
order-of-magnitude smaller than the targeted value. The
question of whether the density of MOF-5 pellets can be
varied in a way that optimizes several key properties for
a hydrogen storage material is the basis of the present work.
In this study, MOF-5 powder was processed into pellets of
varying bulk density. The effect of density on specific surface
area, thermal conductivity, crush strength and hydrogen
adsorption capacity is described.

2. Materials and methods

Powder samples of MOF-5 were prepared and desolvated as
described previously [4,10]. In the following discussion we
will often refer to three variations of MOF-5 density: (i) The
bulk powder density, determined after the powder settles to
a stable formation following light tapping, is measured at
rb w 0.13 g/cm3, and is strongly impacted by the aggregate
packing (and void space) between individual crystallites. (ii)
The skeletal density, determined by helium pycnometry
(AccuPyc 1330, Micromeritics), is rsk ¼ 2.03 g/cm3, excludes
pore volume from the volume used in the density calculation
(i.e., only space taken up by the MOF linker and secondary
building unit are considered part of the MOF volume). (iii) The
theoretical single crystal density is given by rc ¼ 0.605 g/cm3, and
represents the idealized limit of a bulk powder with a packing
fraction of unity (i.e., no voids between crystallites).

Pellets were prepared with bulk densities between 0.27 and
0.79 g/cm3 from desolvated MOF-5 powder with a cylindrical
punch and die set having a bore diameter of either 6.35 mm or
4.5 mm. A specified mass of powder was loaded into a cylin-
drical die and compressed using a manual pellet press (Reflex
Analytical). The resulting pellets are cylindrical with flat ends.
By raising or lowering the anvil which supports the die, it is

possible to control the penetrating depth of the punch and
thereby control the final pellet thickness. Pellet bulk densities
are calculated from the mass and physical dimensions of
individual pellets. Maximum error in the measured pellet
density is approximately 3%.

Since MOF-5 is known to decompose in humid air [5], all
handling of the material was done inside a high-purity glove-
box with a humidity of less than 0.1 ppm. Particles of MOF-5
cohere well and it is not necessary to introduce binder addi-
tives to form pellets. Individual pellets typically weigh less
than 100 mg, so it is necessary to produce a set of pellets of
constant density in order to obtain a cumulative mass large
enough for adsorption measurements. The variation of the
measured density within a single set of pellets was largest for
the 0.41 g/cm3 set, which had a standard deviation of approx-
imately 3% of the mean. For all other sets the standard devia-
tionwas less than 1%. An additional set of pellets (used only in
the pressure versus density calibration curve shown in Fig. 1)

Fig. 1 e Density of individual pellets versus forming

pressure. Inset: Particle size distribution of the MOF-5

powder used to prepare pellets.

Fig. 2 e Radial crush strength of MOF-5 pellets as a function

of pellet density.
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was preparedusing a 6mmdie set and a 12 ton hydraulic press
(Carver, 4350 manual pellet press). This bench-top press was
located outside of the glovebox. To minimize exposure of the
MOF-5 to humid air, dry nitrogen gas was blown across the die
set during pressing.

Hydrogen adsorption measurements were performed with
an automated Sieverts-type apparatus (PCT Pro 2000,
Setaram). To collect isotherms at 77 K, the sample holder was
submerged in a liquid nitrogen bath using a continuous-flow
cryostat (CryoPro 2000, Setaram). Further details of hydrogen
volumetric uptake measurements are available elsewhere
[10]. Surface area and pore volume measurements were
performed by nitrogen adsorption at 77 K with a Micro-
meritics ASAP 2420.

Thermal diffusivity measurements were performed with
a commercial xenon flash thermal diffusivity instrument
(Anter Flashline, FL3000S2) operating at 700 W, using 12 mm
diameterpelletswithanaverage thicknessof2mm.Thepellets
were kept in a N2 atmosphere during measurements. A thin
layer of silver paint was applied to the top surfaces of the
pellets to prevent them from fracturing during measurement.
The lower surfaces of the pellets were coated with graphite.
Heat capacity measurements were performed on individual
4.5 mm pellets with a DSC (SENSYS DSC, Setaram), using
a heating rate of 5 #C/min and a He carrier gas flow of 20 ml/s.

Crush strength measurements were performed on
a mechanical testing system (Instron model 3366) equipped
with a 500 N load cell following the procedure described ASTM
D4179-01. For radial crush tests, pellets of diameter 0.635 cm
and height 0.49 $ 0.01 cm were compressed on their side
between two platen anvils at a rate of 0.5 mm/min until
mechanical failure, detectable as a drop in applied load.
Typically the pellets broke in half. Measurements were
collected for 5 pellets of a given density.1

X-ray diffraction measurements were collected on a Scin-
tag X2 powder diffractometer, using Cu Ka radiation, with
a step size of 0.02# and a rate of 2 s/step.

3. Results and discussion

Final pellet densities versus applied pressure (using pellets
prepared with a 6 mm die and 12 ton hydraulic press) are
summarized in Fig. 1. The applied forces varied from 1.3 kN
to 9.8 kN. As expected, the density does not increase
indefinitely, but instead approaches a limiting value of
rmax w 1.7 g/cm3. This is nearly three times the single
crystal density (rc ¼ 0.605 g/cm3). It should be noted that
pellet properties can depend on particle sizes of the starting
powder, as well as on the holding time and release rate of
the applied pressure. As shown in the inset of Fig. 1, the
MOF-5 particle sizes varied between 0.15 mm and 0.5 mm,
with a maximum at 0.25 mm [10]. The holding time for
applied loads was typically 1 min, but it was not possible to
control the pressure release rate with the manual pellet
presses.

Mechanical strength is an important consideration in
determining an optimum pellet density. Pellets with inade-
quately low densities tend to crumble and break apart upon
repeated handling. This is undesirable for pellets that have
been designed to optimize heat transfer, kinetics, hydrogen
density and other properties. The radial crush strengths of
several sets of identically sized MOF-5 pellets (within an error
of 1%) are compared in Fig. 2. Pellets with a density of 0.31 g/
cm3 show almost no resistance to compressive loads applied
along their radius. However, tablets with larger densities have
greatly improved crush strength. For the 0.41 g/cm3 pellets,
the average crush strength was 24 N. This increases to 71 N
and 106 N for pellets having densities of 0.51 g/cm3 and 0.60 g/
cm3, respectively.

Fig. 3 shows powder XRD curves for MOF-5 tablets with
varyingdensities.While the intensities of the diffraction peaks
decrease with density, there are no other notable changes in

Fig. 3 e Powder X-ray diffraction patterns for MOF-5

pellets. Inset: magnified view of the 6.8# peak.

Fig. 4 e MOF-5 pellet BET specific surface area (-) and total

micropore volume (*) versus density. The BET surface area

(:) and total micropore volume (D) of powder MOF-5 is also

shown.

1 ASTM D4179-01 recommends a sample set of 50e200.
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the XRD patterns except for a slight increase in the diffuse
scattering.2 Although theMOF-5 crystal structure is believed to
collapse to an amorphous phase at an applied pressure of
3.5 MPa [9], this transformation is not observed here. Based on
the calibration curve in Fig. 1, a density of 0.75 g/cm3 corre-
sponds to an applied pressure of around 80 MPa. While the
consistent decrease in diffraction intensity does indicate
a progressive transformation from crystalline to amorphous,
even at 0.75 g/cm3 a considerable fraction of the crystalline
phase remains intact.

CompactingMOF-5 powder into pellets reduces the surface
area relative to the powder. The variation of N2 BET specific
surface area versus pellet density is shown in Fig. 4. For MOF-5
pellets with r ¼ 0.31 g/cm3, there is a 2% decrease in surface
area compared to the powder (aBET ¼ 2762 m2/g). Pellets with
densities of 0.51 g/cm3 and 0.90 g/cm3 exhibit a 18% and 57%
decrease in surface area, respectively. Trends in total pore
volume closely follow those for surface area.

Excess hydrogen adsorption capacity at 77 K for many
knownsorbents scaleswithBETspecific surface area [11]. Based
on the results inFig. 4, it is reasonable toexpect similar trends in
the hydrogen uptake for different sample densities. Excess
hydrogen adsorption isotherms for MOF-5 powder and pellets
are shown inFig. 5, alongwithfits toamodifiedD-Amodel [12].3

Maximumexcessgravimetricuptake isunchanged in the0.31g/
cm3 pellet relative to the powder. However, decreases of 15%
and42%areobserved for the0.51g/cm3and0.79g/cm3 samples,
respectively. Volumetric excess adsorption4 is substantially
increased for the densified pellets. The maximum volumetric
excess adsorption is increasedbya factor of 2.5 (Vmax¼ 18.4 g/L)
for the0.31 g/cm3 sample relative to thepowder. The increase is
a factor of 3.5 (Vmax¼ 26.0 g/L) for the 0.51 g/cm3 sample. This is
approximately 70% of theoretical single crystal capacity of
36.4 g/L, as calculated from the gravimetric capacity of MOF-5
powderat 77K (ourmeasurement:nmax¼ 29.8mol/kg) and from
the single crystal density (rc ¼ 0.605 g/cm3).

The total amount of hydrogen storage by MOF-5 pellets
(defined as the excess adsorption plus the gas phase H2 within
thevoid spaceof thepellets) is plotted in Fig. 6. Relative toMOF-
5 powder, total storage at 80 bar is increased by 26% in the
0.31 g/cm3 sample and by 40% in the 0.51 g/cm3 sample. On the
other hand, if desorption occurs isothermally at 77 K by
a pressure decrease from 80 bar to 3 bar, then the total
hydrogendelivery is increasedby13% in the0.31g/cm3 sample,
versus 17% for the 0.51 g/cm3 sample.

Preliminary thermal conductivity data for MOF-5 tablets
was measured at 26, 35, 45, 55 and 65 #C for three densities.
Results are shown in Fig. 7. The thermal conductivity (k) was

Fig. 5 e Excess hydrogen adsorption by MOF-5 powder

(rb [ 0.13 g/cm3) and of several MOF-5 pellets of indicated

densities at 77 K. Gravimetric adsorption (top) expressed as

a mass fraction mH/msample 3 100, and volumetric

adsorption (bottom). Fits to the modified D-A model are

shown.

Fig. 6 e Total hydrogen storage by MOF-5 powder

(d [ 0.13 g/cm3) and MOF-5 tablets of specified densities at

77 K. Fits to the modified D-A model are shown.

2 The small peak shift visible in the inset of Fig. 3 is due to
sample displacement error which was caused by small differ-
ences in the heights of the prepared pellets.

3 The modified D-A model is fitted independently for each
sample. The D-A parameters a, b and r0 are taken from fits to data
for MOF-5 powder at 77 K, 83 K, 95 K, 106 K, 122 K, and 183 K [10].
These parameters are held constant in the fits to the pellet data,
allowing only nmax and va to vary for individual samples.

4 Volumetric adsorption is calculated here as the excess
hydrogen adsorption divided by the total volume occupied by the
pellets, excluding void space between pellets.
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determined from the measured thermal diffusivity (a) and
heat capacity (cp) using the equation

k ¼ a% r% cp; (1)

where r is the density. Increased pellet density apparently
enhances the conductivity by decreasing the amount of inter-
stitial voidswithin the pellet. Gains from increased density are
modest, however, and pellet conductivities are well below the
single crystal value of 0.31 W/mK at room temperature [13].

Forming MOF-5 bulk powder into pellets involves compro-
mises between crush strength, gravimetric adsorption and
volumetric adsorption. Pelletswith r¼0.79 g/cm3, for example,
have the largest excess volumetricH2 capacity and the greatest
crush strength, but also have the lowest excess gravimetric H2

adsorption. The 0.51 g/cm3 pellets appear to deliver the best
compromise between these three factors among the densities
considered here. In fact, when considering total hydrogen
delivery betweena 3 bar and80 bar operational pressure range,
the 0.51 g/cm3 pellets provide the greatest enhancement with
respect to the bulk powder. The decreases in MOF-5 surface
area and gravimetric H2 adsorption as a function of density, as
well as the increases in volumetric H2 adsorption, closely
follow the trends previously observed for MOF-177 [8].

Varying the density of MOF-5 pellets does not appear to
have a large effect on the thermal conductivity. In order for
MOF-5 monoliths to cool down, or warm up, rapidly within
hydrogen storage systems by thermal conduction, the thermal
conductivity should be approximately an order-of-magnitude
larger. Introducing additives such as expanded natural
graphite is a topic for future work.

4. Conclusion

We report a significant increase in the volumetric excess
hydrogen uptake of MOF-5 via powder densification. Optimal
storage properties are achieved for densities r w 0.5 g/cm3,
yielding a 350% increase in volumetric H2 density (relative to
the powder), with only a modest 15% reduction in gravimetric

excess capacity. The decrease in specific surface area with
density is apparently linked to the degradation of the intra-
crystalline porosity of MOF-5 due to amorphization. Never-
theless, a substantial fraction of MOF-5 crystalline phases
remains intact even at a bulk density of 0.75 g/cm3, well above
the single crystal density. The radial crush strength of the
prepared pellets increases monotonically with density,
increasing by a factor of 4.3 between r ¼ 0.41 g/cm3 and
r ¼ 0.60 g/cm3. Thermal conductivity increases slightly with
tablet density, but remains below the single crystal value.
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