


Therefore, the temperature dependence of H2 uptake provides
useful information regarding H2–adsorbent interactions. In
particular, estimation of the coverage-dependent isosteric heat
of adsorption (Qst), which may allow estimation of the number
of strong binding sites per unit cell, is a useful diagnosis. For
the calculation of the isosteric heat of adsorption, an empirical
equation (for instance, the Langmuir–Freundlich model) is
applied,28 so, in most cases, the differential enthalpy derived at
low coverage is suspect because the model fits were poor (see
Fig. 5), even though the low-coverage region is mechanistically
more interesting than at high coverage. To estimate reliable
isosteric heats of adsorption, a virial-type expansion compris-
ing the temperature-independent parametersai and bi should
be used and was applied:3,5,29
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where P is pressure, N is the adsorbed amount,30 T is
temperature, andm and n represent the number of coefficients

required to adequately describe the isotherms. From these
results, the isosteric heat of adsorption is calculated from
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where R is the universal gas constant.
The initial value of the isosteric heat of adsorption for

MOF-177 is estimated to be 4.4 kJ mol21, which decreases
slightly with an increase in the surface coverage of hydrogen
(Fig. 5). The profile is quite similar to that of IRMOF-1, 3 aside
from the slightly lower adsorption enthalpy compared to
IRMOF-1. It should be noted that the nearly constant Qst

value is attributed to the linear shape of the H2 isotherms in
the low-pressure region. Although the results indicate that
MOF-177 does not have a strong hydrogen binding site, as
indicated by the low Qst value, the constantQst value for the
isotherms in accordance with Henry’s law is a desirable
property for H 2 storage materials.32 In such a scenario, H2

storage capacity is not influenced by surface coverage, leading
to a large amount of available H2 as the low-pressure limit of
the delivery system is approached.

High-pressure H2 adsorption

High-pressure hydrogen uptake properties for MOF-177 were
evaluated by use of volumetric and gravimetric techniques.
Isotherms acquired volumetrically are illustrated in Fig. 6A.
These isotherms saturate at near 60 bar with maximum surface
excess amounts of 75 mg g21. The profiles are similar to
the data which we have reported previously (Fig. 6C).4

Gravimetric measurement provides a similar profile as the
volumetric isotherm measured at 77 K (Fig. 6B). The reversible
isotherm indicates that H2 is physisorbed even in the high-
pressure region. After buoyancy correction the uptake (surface
excess amount) is 73 mg g21 at a saturation pressure of
approximately 50 bar. We presume that the small difference
between volumetric and gravimetric uptake is attributed to the
difference in the apparent surface area of MOF-177 samples
(see inset of Fig. 6). It should be noted that the saturation
pressure for gravimetric measurements is slightly lower than
that determined by volumetric measurements. This may be
attributed to small inaccuracies in the He buoyancy correction,
because the total volume of adsorbents (i.e., MOF-177 sample
and adsorbed H2 molecules) can be slightly increased when gas
molecules are adsorbed on the surface of adsorbents, while we
assume that no He molecule is adsorbed on the MOF-177
surface. Consequently buoyancy attributed to the volume
of adsorbed H2 cannot be corrected, leading to an under-
estimation of H2 uptake in the high-pressure region. In
principle, it is possible to compensate for these differences,
however, we will address this issue in future work.33

Absolute adsorbed amounts at 70 bar are estimated to be
113 mg g21 from the measurements, which corresponds to
48.3 g L21. Since the absolute adsorbed amount cannot be
measured experimentally, it is not possible to confirm whether
or not this value is reasonable. Therefore, we compared the
absolute H2 uptake with N2 adsorption data which were taken
at 77 K (Table 2).34 In contrast to the difference in gravimetric
uptake, the volumes of adsorbed gases between N2 and H2

Fig. 5 Coverage dependence of the isosteric heat of adsorption for H2
in MOF-177 calculated from fits of its 77 and 87 K isotherms (solid
curve). For comparison, the isosteric heat of adsorption was also
estimated based on the Langmuir–Freundlich model (broken curve).
The obtained Qst value is apparently overestimated at low coverage
region due to poor fitting. Although the virial-type expansion fits
better than the Langmuir–Freundlich model, it is reasonable to apply
three or more temperatures for theQst calculation with high accuracy.

Fig. 4 H2 isotherms measured at 77 K (circles) and 87 K (squares) for
MOF-177. Filled and open symbols represent adsorption and
desorption branches respectively. These symbols are traced by fitting
curves from eqn (2) with the presented parameters.
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