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Hydrogen adsorption energies of Be-, Zn-, and Cd-zeolitic imidazolate framework-23 were investigated using the Van der Waals density functional
theory implemented in the Quantum ESPRESSO program. From the structural parameters of these systems, we found that the imidazole ligand is
unchanged and only the tetrahedral metal nitride cluster is varied. Moreover, our results revealed that the Cd-zeolitic imidazolate framework-23 has
the highest electric dipole moment followed by Zn- and Be-zeolitic imidazolate framework-23. On the basis of hydrogen adsorption energy
calculations, we found that hydrogen molecules cannot bind with either Be- or Zn-zeolitic imidazolate framework-23 at any of the considered
adsorption sites, whereas hydrogen molecules can be trapped on the Cd-zeolitic imidazolate framework-23 with the hydrogen binding energy in
the range from 60 to 130meV. This result suggested that replacing Zn in the metal nitride cluster with a larger metal can enhance the hydrogen
adsorption energy of zeolitic imidazolate framework-23. © 2014 The Japan Society of Applied Physics

1. Introduction

It has long been known that energy crisis and global warming
issues are expected to be very serious issues in the near
future. Hydrogen energy is a solution to these problems
because of its abundance and cleanness. However, it is very
difficult to store hydrogen gas into a hydrogen storage
medium because its density is very low, namely 0.088
kg/m3.1) As a result, the size of the storage medium is very
large. Therefore, one challenging task for many researchers is
to investigate a suitable hydrogen storage medium for
practical applications. According to the 2015 DOE require-
ments,2) the hydrogen storage medium must (i) have high
hydrogen capacity (9H2 wt%) and high hydrogen volumetric
uptake (81 gH2/L), (ii) be cheap, (iii) operate over the tem-
perature range of ¹40 to 60 °C, (iv) have long service life
(about 1500 charge/discharge cycles), and (v) be environ-
mentally friendly. Currently, storing hydrogen in high-
surface-area materials, such as metal organic frameworks
(MOFs),3–6) covalent organic frameworks (COFs),7–10) car-
bonaceous materials,11–13) zeolite,14,15) and zeolitic imidazo-
late frameworks (ZIFs),16,17) has been shown to be promising
because they contain numerous hydrogen adsorption sites,
easily trap/release hydrogen, and have tunable pore size.
Besides the surface area and pore size of the host material,
another important parameter related to the hydrogen capacity
is the hydrogen adsorption energy. For practical application,
the ideal hydrogen adsorption energy should be about 40
kJ/mol.18) For most high-surface-area materials, the hydro-
gen adsorption energy is very low because the interaction
between adsorbed hydrogen molecules and the materials is
governed by weak dispersive interaction. Currently there
are several approaches19–22) to improving the hydrogen
adsorption energy of the high-surface-area materials. One
successful route, shown by Srepusharawoot et al.,23) is to
open the metal oxide cluster of the MOF-5 by replacing Zn
with Cd. They found the hydrogen adsorption energy to be
improved for 15% for the adsorption sites near the metal
oxide cluster.

Zeolitic imidazolate frameworks (ZIFs) are new classes
of high-surface-area materials, successfully synthesized by
Yaghi’s research group.24,25) As shown by Banerjee et al.,25)

both pore size and surface area of these materials can be
tuned by adjusting the metal nitride (MN4) unit (M = Zn, Co,
Cu) and imidazole ligands. Consequently, the ZIFs can be
used in various applications such as catalysts,26) biosen-
sors,27) and gas storage media, e.g., N2,28) CO2,28,29) and
CH4.28) Both theoretical and experimental studies16,30) show
the great promise of ZIFs as hydrogen storage materials.
According to the results of neutron diffraction experiments
at 30K and ambient pressure,16) ZIF-8 can trap 28 hydrogen
molecules corresponding to 4.2H2 wt%. By increasing the
temperature to 77K, the hydrogen capacity is dramatically
decreased to 1.3wt%.31) The grand canonical Monte Carlo
simulations showed that ZIF-11 can uptake about 3.96wt%
hydrogen at 77K and 100 bar. When the pressure is reduced
to 1 bar, the hydrogen uptake is slightly reduced to 2.39
wt%.32) For zeolitic imidazolate framework-23 (ZIF-23),
there is no report in the literature related to hydrogen
adsorption. This motivates us to investigate the hydrogen
adsorption properties of this system.

The ZIF-23 or Zn-ZIF23 system consists of tetrahedral
clusters of ZnN4 covalently bonded to the organic linker 4-
azabenzimidazolate. Its unit cell contains 108 atoms consist-
ing of 4 Zn atoms, 24 N atoms, 48 C atoms, and 32 H atoms.
The crystal structure of ZIF-23 is an orthorhombic crystal
system with space group P212121. The lattice constants are
a = 9.5477Å, b = 10.1461Å, and c = 12.4459Å. Its crystal
density is 1.662 g/cm3.24) In the present work, we inves-
tigated the structural parameters and the hydrogen adsorption
energies of Be-, Zn-, and Cd-based ZIF23 structures, referred
to in the following as Be-, Zn-, and Cd-ZIF23, respectively.
The crystal structures of M-ZIF23 (M = Be, Zn, and Cd) are
shown in Fig. 1.

2. Computational details

Electronic and hydrogen adsorption properties of M-
ZIF23 (M = Be, Zn, and Cd) were investigated using the
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