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Hydrogen fuel is considered as a most
promising alternative energy source for
vehicles and portable electronics.[1] For this
technology to be practical for automobiles,
the U.S. Department of Energy has estab-
lished a design target of 6.0 wt% reversible
hydrogen storage by 2010, but current mate-
rials fall far short of this goal. Consequently,
many studies are devoted to metal hy-
dride[2,3] and carbon-based materials.[4–8] Fur-
thermore, such novel concepts as BN nano-
tubes,[9,10] clathrate hydrates,[11] and metal–
organic frameworks (MOFs)[12–25] are being
pursued.

In particular MOF materials have
attracted attention because of their relatively
simple and economic synthesis (compared
with chemical vapor deposition), large stor-
age amounts (1.32 wt% hydrogen was
reported at 1 bar and 77 K), and high ther-
mal stability up to 400 8C.[12,20] To provide a
fundamental understanding of storage mechanisms and to
determine the optimum performance for such MOFs, we
report herein first-principles-based calculations on a variety
of MOFs.

Figure 1 shows the atomistic structures of several MOFs.
The M4O(CO2)6 cluster (where M=Zn, Be, or Mg) serves as a
metal oxide node that links organic aromatic units (such as
benzene or dibenzo coronene) to form a cubic cage structure.

We consider two strategies to enhance the hydrogen storage
of MOFs:
a) Optimize the metal oxide nodes by using alternative

lighter metal elements. We consider replacing M=Zn
with Be or Mg.

b) Optimize the organic linker to enhance the hydrogen
adsorption energy. We consider five organic linkers: BDC
(MOF-C6), NDC (MOF-C10), PDC (MOF-C16), PDC1
(MOF-C22), and PDC2 (MOF-C30), where the MOFs are
named according to the number of aromatic carbon atoms
in the linker.

To determine a force field that accurately predicts the
interaction of H2 with the organic linkers, we carried out
quantum mechanics (QM) calculations for H2/benzene and
H2/naphthalene (RI-MP2/TZVPP[26]) and for H2 bound to the
OM4O12(CH)6 cluster in Figure 1b for M=Be, Mg, and Zn
(RI-MP2/QZVPP[26]). The results are summarized in Table 1.
The Mg-based cluster has a higher adsorption energy for H2

than the Zn-based cluster, but a slightly lower energy is found
for the Be case. Moreover, we find that the binding of H2 to

Figure 1. Atomistic structures of MOFs. An overview of the complete structure is shown
in (a), where the purple tetrahedra correspond to the metallic nodes in (b). The different
linkers are shown in (c).

Table 1: Interaction energies (kJmol�1) of hydrogen molecules with
metal oxide nodes and organic linkers.

Method H2···C6H6 H2···C10H8 H2···
Zn node

H2···
Mg node

H2···
Be node

RI-MP2 �3.81 �4.27 �6.24 �6.78 �4.40
FF �3.81 �4.27 �6.20 �6.70 �4.48
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the metal oxide clusters is stronger than with aromatic rings,
such as benzene and naphthalene. This phenomenon validates
the suggestion in references [27–30] that the most favored
adsorption sites are at the metallic nodes.

Next, we developed new van der Waals parameters for H
to C, H, O, and M that fit the QM results (see the Supporting
Information). As shown in Table 1, the new force field (FF)
leads to an excellent description of the van der Waals
interactions between H2 gas and the metal and aromatic units.

In fact, there are ab initio studies on an accurate
interaction of H2 with various organic
linkers and with an OZn4O12(CH)6

cluster.[31–33] Sagara et al. reported
with RI-MP2/QZVPP (the same
method as our calculations) that the
binding energy of H2 with
OZn4O12(CH)6 is 6.28 kJmol�1, which
is very close to our result
(6.24 kJmol�1).[31] And higher-level
MP2 calculations than our RI-MP2/
TZVPP indicate an H2 binding energy
that is approximately 1 kJmol�1 higher
with organic linkers.[31,33] However, as
explained below, our FF developed
from RI-MP2/Q(T)ZVPP accurately
predicts the H2 uptake capacity of
MOF systems, thus demonstrating
that our FF is reasonable.

Using this first-principles-derived force field in conjunc-
tion with grand canonical Monte Carlo (GCMC) simula-
tions,[34, 37] we calculated hydrogen uptake in the three-dimen-
sional MOF crystal structures to obtain the average loading of
hydrogen molecules at various pressures and temperatures.
To eliminate boundary effects, we used an infinite three-
dimensionally periodic cell containing four independent
sheets, each with 32 metal atoms. Additional calculation
details are included in the Supporting Information.

We now focus on optimizing the cubic MOF structures
(IRMOF types). Lattice parameters of the Zn-MOFs simulated
in this work are 26.025 (MOF-C6), 30.252 (MOF-C10), 34.374
(MOF-C16), 38.652 (MOF-C22), and 42.824 H (MOF-C30),
which are similar to experimental results (MOF-C6, MOF-C10,
and MOF-C16 have experimentally determined lattice param-
eters of 25.832, 30.292, and 34.381 H, respectively).[13] The
details on simulation methods and crystal data of Mg- and
Be-MOFs are shown in the Supporting Information. Since
cubic crystalline Mg- and Be-MOFs considered herein have
not, to date, been experimentally reported, their structures
would be rather speculative. However, our RI-MP2 calcula-
tions show that the substitution of Zn metal sites with Mg or Be
does not change the basic configuration of the OM4O12(CH)6

cluster (details are given in the the Supporting Information).
Density functional calculations revealed that Mg- and Be-
MOF-C6 have positive elastic constants and lattice parameters
(25.667 H for Mg-MOF-C6 and 24.009 H for Be-MOF-C6) that
are similar to those determined herein (25.419 H for Mg-MOF-
C6 and 23.600 H for Be-MOF-C6), thus indicating the stability
of the crystals.[35] Thus, MOFs considered herein would be
readily synthesized experimentally.

Figure 2 shows H2 uptake capacities of Zn-MOFs at 77
and 300 K with pressures of 0.1–100 bar. Our simulations find
that the H2 uptake of Zn-MOF-C6 at 77 K and 1 bar is
1.28 wt%, which compares well with the experimental result
of 1.32 wt%. For MOF-C10, we calculate 1.62 wt% compared
with the experimental value of 1.50 wt%.[16] Furthermore, we
calculate that MOF-C6 has 4.17 and 4.89 wt% uptake at
pressures of 20 and 50 bar and 77 K,[24] which are close to the
experimental results of approximately 4.7 and 5.2 wt% under
the same conditions.

Figure 2 shows that MOF-C30 leads to the highest uptake
of H2. Thus, at 77 K and 20 and 50 bar, the Zn-MOF-C30
system leads to an H2 uptake of 6.47 and 7.17 wt%,
respectively. At 77 K and 1 bar, we find 1.28 wt% for Zn-
MOF-C6 and 2.89 wt% for Zn-MOF-C30. But at 300 K, we
find that the H2 uptake of Zn-MOF-C30 drops to 0.3 wt% at
20 bar. Therefore, we recommend larger organic linkers to
achieve higher amounts of adsorbed H2.

We also considered optimizing the metal oxide nodes.
Using RI-MP2 QM calculations, we found that Be4O(CO2)6

and Mg4O(CO2)6 have structures similar to Zn4O(CO2)6 but
with less mass. These lighter metals improve the hydrogen
storage capabilities, as shown in Figure 3 and Table 2. Thus, at
77 K and 20 bar Mg-MOF-C6 yields 6.42 wt% and Be-MOF-

Figure 2. Predicted H2 isotherms for Zn-MOF systems at 77 K (left) and 300 K (right).

Figure 3. Hydrogen storage predicted from GCMC simulations at 77 K
and 1 bar for MOFs with various metal oxide nodes and organic
linkers. Experimental data are from reference [16].
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C6 yields 6.27 wt% uptake compared to 4.17 wt% for Zn-
MOF-C6. Similarly, Mg-MOF30 yields 8.08 wt% and Be-
MOF-C30 yields 7.61 wt% uptake compared to 6.47 wt% for
Zn-MOF30. This result exceeds the best MOF system studied
experimentally (MOF-177), which had an uptake of approx-
imately 6.1 wt% at 77 K and 20 bar.[24]

Inelastic neutron scattering experiments for Zn-MOF-C6
as a function of H2 loading show that the favored binding site
is near the metal clusters, while increased loading leads to
additional molecules occupying sites closer to the organic
linkers.[13, 27,28] This finding is consistent with our GCMC
simulations, which at 77 K and 0.05 bar show H2 adsorbed
only near the metal oxide unit (Figure 4a), while at higher
loading (Figure 4b) H2 starts occupying sites on organic
linkers. This result is also supported by our MP2 calculations,
which indicate that the H2 binding energy is higher with the
Zn oxide cluster than with the benzene ring (Table 1). Thus,
for Zn-MOF-C6, although the metal oxide cluster is prefer-
entially responsible for the adsorption at very low pressure
(H2 loading), the importance of the organic linker is enhanced
with increased H2 loading. For example, at a pressure of
30 bar, the organic linker accounts for 74% of the loading. On
the other hand, Zn-MOF-C30 shows a different H2 adsorption
mechanism. At 77 K and 0.05 bar, H2 is adsorbed only on the
organic linkers (Figure 4c), while at 0.5 bar it occupies sites
both on the organic linkers and near the Zn oxide nodes
(Figure 4d, where H2 adsorbed at the metal oxide nodes are
shown as green atoms in the expanded view). Thus, for Zn-
MOF-C30 at 1 bar and 77 K, the organic linker dominates the
H2 adsorption, with the ZnO4 cluster playing a lesser role.

For both Mg-MOFs and Be-MOFs, we find an H2

adsorption mechanism similar to Zn-MOFs, with the most
favored site of H2 adsorption in Mg- and Be-MOF-C6 at the
vertices of the inorganic metal oxide. But for Mg and Be-
MOF-C30, we find substantial H2 storage at sites on the
organic linkers. According to our simulation, the dominant
hydrogen adsorption site at high pressures is on the organic
linkers; thus, the higher hydrogen storage capacity of Mg- and
Be-MOFs at high pressure is due solely to the ligher atomic
mass of the metals.

Frost et al.[36] recently reported GCMC simulations using
the Lennard–Jones empirical force field. They find that at low
pressure (0.1 bar) the hydrogen uptake in Zn-MOFs corre-
lates with the heat of adsorption, while at pressures above
30 bar the uptake correlates better with the specific surface
area and specific free volume. Their results are similar to our
simulations on Zn-MOF-C6, C10, and C16 in that an
increased number aromatic rings in the organic linker

increases the heat of adsorption of hydrogen, thud leading
to higher H2 uptake at low pressure (0.1 bar). With increased
pressure, they and we both find that the H2 uptake increases
from MOF-C6 to MOF-C30, since MOF-C30 has the largest
surface area and free volume. However, the simulations of
Frost et al. greatly overestimate the H2 uptake at high
pressure.[36] For example, experimental results indicate that
Zn-MOF-C6 stores approximately 4.8 wt% H2 at 77 K and
90 bar,[24] in good agreement with our simulations of about
4.9 wt%, while Frost et al. predict an H2 uptake of around
10.0 wt% at these conditions,[36] thus overestimating by more
than a factor of two the free volume of H2 uptake at high
pressure.

As mentioned above, we recommend larger aromatic
organic linkers to achieve higher hydrogen uptake. The larger
organic linkers make the material more like a pillared
graphene in which the sheets are separated by 13.0 H (for
Zn-MOF-C6). Indeed, exposing the latent edges of the six-
membered rings leads to significant enhancement of specific
surface area,[14] which results in higher hydrogen uptake in
MOFs than in graphene.

Table 2: Hydrogen storage (wt%) at 77 and 300 K with a pressure of
20 bar for various MOFs.

System T [K] MOF-C6 MOF-C10 MOF-C22 MOF-C30

Zn-MOF 77 4.17 4.82 6.17 6.47
300 0.15 0.16 0.22 0.25

Mg-MOF 77 6.42 7.20 7.99 8.08
300 0.24 0.27 0.31 0.33

Be-MOF 77 6.27 6.88 7.52 7.61
300 0.21 0.24 0.30 0.31

Figure 4. Snapshots of the structures of different MOFs with adsorbed
H2 at different pressures. a) Zn-MOF-C6 at P=0.05 bar; b) Zn-MOF-
C6 at P=0.5 bar; c) Zn-MOF-C30 at P=0.05 bar; d) Zn-MOF-C30 at
P=0.5 bar. Zn blue, O red, C gray, H white and yellow. In the expanded
view of (d), H2 adsorbed near the Zn�O vertices is shown in green.
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In summary, our GCMC simulation with FFs determined
from our RI-MP2 calculations gives a good reproduction of
experimentally determined loading. The MOF can be
improved by increasing the aromatic content of the organic
linkers and by replacing Zn with Mg. At a pressure of 20 bar,
the Mg-MOF-C30 proposed herein achieves 8.08 wt% stor-
age at 77 K and 0.33 wt% at 300 K. This value is the highest
among the MOF data reported to date. It is three times higher
than the performance of pure carbon nanotubes and porous
carbon materials. Moreover, H2 adsorption mechanisms of
MOFs can be modified by changing the aromatic organic
linkers.
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