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Abstract

In this work, the cryogenic H, adsorption properties were systematically investigated
below the critical temperature of H, (33 K). Especially, we focused on the studies for the “super-
dense H; adsorption” which had much higher density than liquid H, density. This is of great interest
because the properties of super-dense H» are contrary to the general understanding that the upper
limit of adsorbed H» density is equivalent to the density of liquid H,. However, the reports about
super-dense H» adsorption are still few, and the factors and conditions leading to the super-dense H»
state is not understood well. This work is the first report as systematic research of the cryogenic H»
adsorption to understand the super-dense H» adsorption by investigating the material dependence,
temperature dependence, adsorbed layer dependence and gas dependence.

The densities of adsorbed H» were measured by the volumetric method using PCI
(Pressure-Composition-Isotherm) apparatus equipped with a cryostat system. The 9 kinds of
materials with different elements and textural properties (specific surface area, pore size, pore
volume), such as carbon materials, MOFs, and silica gels, were used as absorbents. The temperature
change of adsorbed H, densities were evaluated below the critical temperature of H». In order to
investigate the adsorbed layer dependence of the super-dense H» adsorption, BET theory was used
and the monolayer and multilayer H, were evaluated separately. These results for H> were compared
with that for deuterium (D), neon (Ne), and nitrogen (N») at each liquefied temperature.

As a result, it is revealed that the density of monolayer H», which is adsorbed just on the
surface of adsorbents, is evaluated to be 50 mmol/cm? regardless of temperature changes below 33 K
and the differences of elements and textural properties of adsorbents. In other words, the monolayer
adsorption is the factor leading to the super-dense H» adsorption without the material and
temperature dependence. It is noteworthy that the monolayer H; as the super-dense state has higher

density than not only the liquid H> density (35 mmol/cm?) but also the solid H, density (43
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mmol/cm?). From the practical point of view, the volumetric H> uptake including the volume of
adsorbents themselves is the important value for the H, storage. it is found that the volumetric
surface area of adsorbents is a unique factor to increase the volumetric H, uptake.

In contrast to the results of super-dense H» adsorption as described above, the density of
adsorbed Ne and N; are almost equivalent to that of liquid phase at each liquified temperature,
indicating that Ne and N, do not form the super-dense state. On the other hand, the density of
adsorbed D, shows higher density than that of liquid D,, and the temperature independence similar
to the super-dense H» is also revealed. Furthermore, the monolayer D, and H, have equivalent
density of 50 mmol/cm?, even though the density of liquid D5 is 1.15 times higher than that of H, at
each boiling point. It is known that the lower density of liquid H» is caused by the higher zero-point
energy compared with that of D,. Therefore, it can be expected that the quantum effect caused by the
different zero-point energy is cancelled out by interactions between adsorbates and adsorbents at

cryogenic conditions, and the super-dense H is formed.
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1. Introduction

1.1 Carbon neutral society

Energy is the most fundamental ingredient for human society. But we mostly obtain energy
from fossil fuels, which is a major cause of global warming and climate change due to the carbon
dioxide (CO,) emission. The Intergovernmental Panel on Climate Change (IPCC) reported that
“Human influence on the climate system is clear” in the fifth assessment report in 2013,
furthermore, the sixth assessment report emphasizes human influence as “It is unequivocal that
human influence has warmed the atmosphere, ocean and land” published in 2022.> The 21st session
of the Conference of the Parties (COP21), which is the international climate summit, was held, and
the Paris Agreement was adopted by 194 parties. Its goal is to keep the increase in global
temperature increase below 2 °C, preferably to 1.5 °C compared to pre-industrial levels. The aim of
Japan in the Paris Agreement is 26% of reduction in greenhouse gas emissions by 2030 and 80% of
reduction by 2050 compared to that in 2013. In this recent year, the Japanese government declared
the aim of carbon neutrality by 2050. To achieve these goals, renewable energy such as wind, solar,
and hydropower should be mainstream power sources. However, renewable energy supply is not a
good match to energy demand because of the lack of adjustment ability of renewable energy. Some
suitable energy storage devices, such as rechargeable batteries, pumped hydropower, heat storage,
compressed air, and flywheel, are necessary. Hydrogen (H») is the most important candidate to
realize not only energy storage but also energy transportation. Therefore, it has been widely
recognized that a hydrogen-based energy system is necessary to realize a carbon-free society because
of the H» ability of regenerative properties with zero emissions of pollute gases such as CO> and
high gravimetric energy density. However, the technological development of H, storage and

transportation still needs challenges for the realization of a hydrogen-based society.



1.2 Properties of Hydrogen

The hydrogen atom (Protium) is the simplest element in the universe. Protium is composed
of one proton and one electron. There are two isotopes of hydrogen, which are deuterium and tritium
with one and two neutrons, respectively. The elemental hydrogen usually exists as a hydrogen
molecule (H>) with a covalent bond. Table 1.2.1 shows the physical properties of H» and deuterium
molecules (D). Fig. 1.2.1 shows the binding energy of hydrogen molecule, and the energy levels of
the stretching vibration as a function of internuclear distance®* . The vibration frequency (vy) of H-H

binding as the harmonic oscillator at the ground state of the binding energy is given by

1 |k

=— |- 121
o | (1.2.1)
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where p is the reduced mass given by %; m is the mass of atomic hydrogen; k is the curvature of
the potential of the harmonic oscillation. According to the quantum theory, the vibration energy

(e,”) is given by

1
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where h is the Planck constant. The n, = 0, e (= %hvo) is called zero-point vibration energy,
which depends on the mass of the atom. The lighter mass of hydrogen gives a higher zero-point
vibration energy compared with that of deuterium, resulting in different physical properties as shown
in Table 1.2.1.

Since the excitation energy of the stretching vibration is quite large, most of the H»

molecules exist on the ground state below 2000 K, and the partition function is given by

e o
Z, = Z exp (— kBT> ~ exp <_kB_T> (1.2.3)
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The partition function for the rotational motion (Z,.) is given
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where | is the rotational quantum number; . (= % ur?) is the moment of inertia. The important thing
that rotational motion provides is that there are two distinct states of ortho-H, and para-H. Protium
is a fermion with a nuclear spin of 1/2, so the H> molecule has total nuclear spins (I) of = 1 or [ =
0, which are categorized as ortho-H» and para-Ho, respectively. In the case of I = 1, the ortho-H; is
3-fold degenerate and it takes | = odd. In the case of I = 0, the para-H; is 1-fold degenerate and it

takes /| =even. These distinctions are due to the requirement of fermions that the wave function must

be antisymmetric under particle exchange. The ratio of ortho-H» and para-H; in thermal equilibrium

)
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where g(;) is each degeneracy (g(=1) = 3 and g(=o)=1). Fig. 1.2.2 shows the ratio of ortho-
Hy/para-H» as a function of temperature, obtained from equation 1.2.6. At room temperature, the
ortho-para ratio is approximately 3:1 (75%:25%), since the statistical multiplicities for each
rotational state are equivalent. On the other hand, almost all of H» exists as para-H» at the boiling
point (20.4 K), because the distribution of the rotational state at the ground state (J = 0) increases at

a lower temperature.



Table. 1.2.1 Some properties of H; and D,.3>¢

unit H, D,

Molecular mass g/mol 2.016 4.282
Natural abandance % 99.985 0.015
Binding energy eV 4.748 4.748
Dissociation energy eV 4.478 4.556
Zero point vibration energy eV 0.270 0.192
Triplet point (temperature) K 13.96 18.73
Triplet point (pressure) kPa 7.2 17.15
Critical point (temperature) K 32.98 38.34
Critical point (pressure) kPa 1.298 1.649
Boiling point at 0.1 MPa K 20.41 23.67
Latent heat J/mol 913 1235

Energy, e (eV)

L i 1 Il 1 1
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Fig. 1.2.1 Adiabatic potential and energy levels of the stretching vibration of H, molecule. 3*
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Fig. 1.2.2 Equilibrium ortho-para ratio of hydrogen as a function of temperatures.



1.3 Hydrogen storage

Table 1.3.1 shows the gravimetric and volumetric energy density (Higher Heating Value;
HHV) of H> and common fuels.” H» has a very high gravimetric energy density compared with other
fuels such as gasoline, diesel, and natural gas. On the other hand, the volumetric energy density of
H> under ambient conditions is extremely low compared with other fuels. In order to increase the
volumetric and gravimetric energy density of H», the following techniques have been considered:

Compressed Ha, Liquid Ha, and H; ab/adsorption on materials, which are described below.

Table 1.3.1 Gravimetric and volumetric energy density (HHV) of fuels.”

.. Gravimetric dnergy density Volumetric energy density
Fuel Condition
MJ/kg MIJ/L

ambient condition 0.012
Hydrogen compressed (70 MPa) (142 5.6

liquid (20 K) 10.1
Gasoline ambient condition 46.4 34.2
Desel ambient condition 454 34.6

compressed 25 MPa 9
Natural gas o 53.6

liquid 222




Compressed hydrogen

Compressed H» is the most common method of H» storage and transportation. A typical
steel cylinder stores the compressed H» at 15 MPa. A new type of high-pressure H, tank, which
consists of three layers made from the plastic liner, carbon fiber reinforced plastic (CFRP), and grass
fiber reinforced plastic layer (GFRP), is used for the fuel cell vehicle (FCV). The high-pressure tank
developed by TOYOTA stores compressed H> at 70 MPa and the gravimetric H> density is 6.0 wt.%
including the weight of the H» tank.® Even for H» highly compressed at 70 MPa, volumetric energy

density is not high compared with other fuels as shown in Table 1.3.1.

Liquid hydrogen

Fig. 1.3.1 shows the phase diagram of H», which is referred from the National Institute of
Standards and Technology (NIST) chemistry Web Book.” The boiling point of H; is 20.4 K under 0.1
MPa of pressure, and the triplet point of H» is at 14.0 K and 0.007 MPa. Since the critical point of H»
is 33.0 K at 1.3 MPa, thus H» can’t be liquified at room temperature even under high the pressure.
The volumetric density of liquid H» is 35.2 mmol/cm? at the boiling point, which is about 800 times
higher than the density of gaseous H, at the standard ambient temperature and pressure (0.040
mmol/cm? at 298.15 K and 0.1 MPa) and much higher than the density of compressed H, at 70 MPa
(19.5 mmol/cm?).

Liquid Hy is considered as a practicable method for large-scale H, transport due to the high
volumetric H, density. In this recent years, Kawasaki Heavy Industries, Ltd. has built a large-scale
liquid H, carrier.! The technique of liquid H> storage is being developed, but there are still
challenges, which are the development of a high energy-efficient liquefaction technique, and the
suppression of H» losses by evaporation of liquid H» (boil-off). The boil-off is caused by heat input

from an outer wall of the storage tank, and internal heat generation by the ortho-para conversion.



The ortho-para ratio is approximately 3:1 at room temperature, while almost all of H»
exists as para-H» at the boiling point (20.4 K). This ortho-para conversion is the exothermic reaction
with 1.406 kJ/mol of heat generation (/ = 1 — 0 ), which is higher than the heat of vaporization of
H> (913 J/mol).# Since interconversion between these isomers is a forbidden process in an isolated
molecule, it takes a long time more than 100 h to complete the ortho-para conversion reaction. In
long-term storage of liquid H», the ortho-para conversion gradually proceeds and it leads to the boil-
off due to the internal heat generation. To avoid this problem, it is necessary to complete the ortho-
para conversion at the moment of liquefying H» by using ortho-para conversion catalysts improving

the sluggish kinetics.

H: ab/adsorption on materials

In order to achieve higher gravimetric and volumetric H> density compared with the
compressed H, and liquid H», various kinds of material-based H» storage methods have been
investigated. There are two types of sorption to store H; in solid-state materials, which are “chemical
absorption” and “physical adsorption”.

In the case of chemical absorption, the atomic hydrogen is bonded to materials, and
hydrides are formed with metallic, ionic, or covalent bonds, which lead to relatively high volumetric
H, density. However, they generally require thermal management to control the reaction of H»
absorption and desorption due to the enthalpy change for the formation of hydrides. For example,
magnesium hydride (MgH») with the enthalpy of formation of 74 kJ/mol requires 300 °C to desorb
H> at 0.1 MPa.>!"" Furthermore, the slow kinetics of reactions are often problematic to control of the
H, absorption and desorption. In the case of MgH», it requires a higher temperature than 300 °C for
H> absorption reaction as a thermal activation even though it proceeds in an exothermic reaction.'? In

order to improve the kinetic issues, the use of catalysts and several activation processes are generally



required.!™'> Thus, the H, storage by chemical absorption using materials realize the high
volumetric H» density, while there are thermodynamic and kinetic issues for the practical H»
absorption and desorption process.

On the other hand, molecular H, can be stored on the surface of materials by physical
adsorption (hereinafter, this is just called “adsorption”). The H, adsorption is mainly due to the weak
van der Waals interaction between the H> molecule and material surface, and this phenomenon is
similar to the condensation from a gas to a liquid phase. The enthalpy of the physical adsorption is
less than 10 kJ/mol,'® which is slightly higher than the enthalpy of liquefaction. In consequence, low
temperature and high pressure are required to obtain high H, capacity for the H, adsorption. The

processes of H adsorption and desorption show good reversibility with fast kinetics.
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Fig. 1.3.1 Phase diagram of H,. The boiling point is at 20.4 K and 0.1 MPa, the critical point of H> is

at 33.0 K and 1.3 MPa, the triplet point of H» is at 14.0 K and 0.007 MPa.
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1.4 Previous work on hydrogen physical adsorption

The H, adsorption storage on the surface of materials has long been studied to improve the
gravimetric and volumetric H, density. In 1997, Dillon et al.!” published the quite high gravimetric
storage density (5~10 wt.%) on single-walled nanotubes (SWNTs) under ambient conditions.
However, the inadequacy of this report has been proved by Hirscher et al.'® who clarified that the
titanium alloy contained in the synthesis process of SWNTs stored H», and the true capacity of only
SWNTs was just around 1 wt.%. In 1998, Chambers et al.' also published the extremely high
gravimetric H, density (~67 wt.%) on graphite nanofibers (GNF), but the result has not been
reproduced even though many validation experiments have been performed.?°?2 The above huge Ha
capacity of carbon materials has not been confirmed unfortunately. However, these high-impact
reports stimulated this research field and accelerated the research and development more actively.

The porous carbon materials with a high specific surface area have been developed,?—’
because it has been revealed that the gravimetric H» uptake approximately corresponds to 1 wt.% H»
per 500 m?/g of specific surface area at 77 K, which is the so-called Chahine’s rule.’®*° Fig. 1.4.1
shows the linear relationship between H, uptake and specific surface area for carbon materials,?*
indicating that the specific surface area is the critical factor to increase the H, adsorption capacity.
The super-activated carbon of “MAXSORB”,**? which is manufactured by an alkali activation
process, has the highest specific surface area (more than 3000 m?/g) in the carbon materials, and it
shows the gravimetric H, uptake of 5 wt.% at 77 K above 2 MPa of pressure.”> However, the
research field of carbon materials for H, storage tends to stagnate due to the limit of material
development to obtain higher surface area.

In late 1990, a new type of high surface area material of Metal-Organic Framework (MOF)
was developed.** MOFs are crystalline porous materials composed of metal ions and organic ligands,

which act as the joints and linkers in the network structure, respectively. By changing the metal ions
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and organic ligands, it is possible to design the desired pore structure. The first paper for H» storage
using MOFs was reported in 2003 using MOF-5 with a surface area of 2500 m?/g,** which shows 4.5
wt.% of the gravimetric H> uptake at 77 K below 0.1 MPa, but this result was corrected to 1.3 wt.%
at 77 K and 0.1 MPa.* After that, a lot of MOFs were developed and H, adsorption uptakes were
investigated.?*4¢-6% Fig. 1.4.2 shows the gravimetric H, uptake for each MOFs material obtained at
77 K as a function of the specific surface area.?* The linear relationship between the gravimetric H
uptake and the specific surface area is also observed on MOF materials, and it was clarified that
Chahine’s rule is adequate for MOF materials as well.* Therefore, it can be concluded that the
gravimetric H uptake on solid materials is proportional to the specific surface area, namely, the
specific surface area is the critical factor to increase the gravimetric H, storage uptake.

The volumetric H, density is also an important value as the practical performance for H
storage. However, there is a trade-off relationship between volumetric and gravimetric surface area,
i.e., volumetric and gravimetric H, uptake, for porous materials.®>% For example, although ultra-
porous MOF materials, e.g., MOF-210,°' NU110,%> and DUT60% have a relatively high gravimetric
surface area in the range of 6000-8000 m?/g, they have a relatively low volumetric surface area and
H» uptake due to the high pore volume and large pore size. Some papers have focused on the
development of MOFs to optimize the gravimetric and volumetric H, capacity.®>% As described
above, the history of H, adsorption storage using porous materials can be said to be the history of the
development of materials with a high specific surface area.

In order to improve the H, adsorption capacity, it is important not only to develop porous
materials but also to understand the properties of adsorbate (adsorbed H») on the material surface. In
general understanding, adsorbates are regarded as a liquid phase at the boiling point of the
adsorbates. The cross-sectional area of N», which is a two-dimensional area per molecule widely

used for the evaluation of the surface area, at the boiling point of N> (77 K) is determined based on
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the three-dimensional (3D) density of liquid N».” For the adsorbate of H», the density of adsorbed
Ho is also regarded as that of liquid H» in a lot of papers,?>>*® in other words, the upper limit of
adsorbed H» density is regarded as the density of liquid H,. This indicates that the volumetric H»
capacity using porous materials would never be superior to that of liquid H», no matter how high a
specific surface area of the material is developed. However, the conventional experiments carried out
at 77 K are inadequate to understand the essential properties of adsorbed H» because the boiling
point of Hs is 20.4 K.

In 1949, Livingston®” reported the anomalously low cross-sectional areas of H, (8.3
A/molecule) adsorbed on the surface of Ni foil at 20 K compared with the value estimated from
liquid H» density (14.2 A/molecule), indicating the anomalously high two-dimensional (2D) density
of monolayer H, on the material surface. In the quite recent year 2022, Xicohténcatl et al.*®® reported
the anomalously high 2D density of monolayer H> on mesoporous silica at 20.4 K, which shows 7.1
A/molecule of Hy cross-sectional area with the density larger than bulk-liquid and solid H. These
results are contrary to the general understanding that the upper limit of adsorbed H, density is
equivalent to the density of liquid H». They called the highly condensed H “super-dense H,”. In this
study, we also found the super-dense H» on a super-activated carbon at 20.4 K, which showed the
three-dimensional (3D) density of 43.1 mmol/cm?® with the density higher than bulk-liquid and bulk-
solid H. This result is described later in the section 4.2.1. This is expected to further enhancement of
H» adsorption capacity from the practical point of view and further understanding of the physical

properties of adsorbed H, from the academic point of view.
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2. Purpose

The H» adsorption storage using porous materials have long been studied. It is well known
that the H, capacity strongly depends on the specific surface area of porous materials. Therefore, the
main efforts of this research field have been the development of porous materials to increase the
specific surface area, such as porous carbon materials and MOFs. However, in recent years, the
improvement of H» adsorption capacity seems to be stagnating due to the limit of the material
development to obtain a higher specific surface area. Most of previous researches have been focused
on H, adsorption capacity at the boiling point of N, (77 K), which is higher than the boiling point of
H» (20.4 K). Meanwhile, in this study carried out at 20.4 K, the “super-dense H» adsorption” with a
higher density of adsorbed H, compared with that of bulk-liquid and solid H» was reported. This
result is contrary to the general understanding that the upper limit of adsorbed H» density is
equivalent to the density of liquid H>. The super-dense H» adsorption is expected to lead to further
enhancement of H» adsorption capacity from the practical point view and further understanding of
physical properties of the adsorbed H» from the academic point of view. However, the reports about
super-dense H» adsorption are still few, and the details of the super-dense H» have not been
understood well.

In this thesis, the factors leading to the super-dense H» adsorption under the cryogenic
condition were discussed from the following point of view. In addition, for the H, storage as liquid
phase, the feasibility about suppression of boil-off by using the H, adsorption phenomena on porous

materials was discussed.

1) Material dependence
In the previous studies, the super-dense H» adsorption was reported on only a few

materials, and the material dependences were not understood well. In this work, various kind of
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materials, such as the carbon materials, MOFs, and other porous materials, were used for the
adsorption tests at the boiling point of H, (20.4 K). The influence of different material species,

specific surface area, and pore structure, for the density of super-dense H, were investigated.

2) Temperature dependence

The super-dense H» adsorption has been observed only at the boiling point of H, (20.4 K)
in previous studies. In this work, the temperature dependence of the super-dense H, density was
investigated below the critical point of H> (33 K). In addition, the feasibility of suppression for liquid

H: boil-off was discussed by using the effect of super-dense H, on porous materials.

3) Adsorbed layer dependence

Molecules of adsorbates can be divided into the two types; molecules adsorbed just on the
material surface (monolayer) and molecules adsorbed on adsorbates (multilayer). Analysis methods
to distinguish between the monolayer and multilayer adsorption have been established based on the
BET theory, which is explained next section in detail, and the densities of monolayer and multilayer

H» were independently evaluated in order to discuss the adsorption state in furhter detail.

4) Gas dependence

The phenomenon of the super-dense adsorption has been investigated only for H» under
cryogenic condition so far. In order to understand the gas dependence of the super-dense adsorption
state, the densities of deuterium (Dz), neon (Ne), and nitrogen (N2) on the carbon materials were

investigated at the boiling points 23.6, 27.1, and 77.1 K, respectively.
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3. Theory and Experiments

3.1 Theory of gas adsorption on solid surface
3.1.1. Van der Waals Forces

Van der Waals force is a weak intermolecular force existing between molecules and
surfaces due to dipolar interactions. The van der Waals force is usually categorized three different
types of interactions; Keesom interaction, Debye interaction, and London dispersion interaction as
summarized in Fig. 3.1.1. The Keesom interaction and Debye interaction are based on electrostatic
mechanisms. The Keesom interaction arises from the interaction between two permanent dipoles,
which is a so-called orientation force. The Debye interaction arises from a molecule with a
permanent dipole, inducing charge redistribution to neighboring molecules with no dipole moments,
which is a so-called induction force. The London dispersion interaction is most widely known as the
van der Waals interaction based on two molecules without permanent dipole. The electron cloud in
the atom can yield an instantaneous dipole, and it can induce a dipole to neighboring molecules. The
induced dipoles are weakly attracted to another molecule by the dispersion force. The strength of the
London dispersion force increases with the number of electrons in the molecules. The potential
energy of the van der Waals force (V;4qw) is given by

Cvaw
Voaw = — ‘;6 , where Cyqw = Corient + Cing + Cdisp (3.1.1)

where Cyaw, Corients Cind, @nd Cyjsp are constants for each interaction, and 7 is the distance between
two molecules. The potential energy decreases with 1/7°. The interaction between H, molecules and

a solid surface is basically dominated by this London dispersion interactions.

22



Lennard-Jones potential
Lennard-Jones potential is described as the total potential of repulsion and attraction on the
van der Waals force as a function of the distance between molecules. This is a typical model to

explain the interactions between molecules. The potential of Vy is given by

v, = 45{(@)12 - (@)6} (3.1.2)

r r

where & corresponds to minimum potential, and gy is the value of the distance (r) when Vy; is zero.
When r = 2Y¢g,, V1; shows a minimum value of . Table 3.1.1 shows the parameters of €/kp for
each species of molecule, where ky is Boltzmann constant, and the Lennard-Jones potential between
H»-H, molecule is calculated and shown in Fig. 3.1.2. The attraction term of 1/7° is basically given
by the London dispersion force. The repulsive term of 1/r'? is the Pauli repulsion due to the

overlapping electron orbitals.

Table. 3.1.1 Parameters of Lennard-Jones potential (¢/kg and g;).!

Species efkg (K) o (A°)
He 10.22 2.56
Ne 35.6 2.75
Ar 120 3.40
Kr 171 3.60
Xe 220 410
Ny 95.5 3.74
CH,4 148.4 3.81
CF,4 151.4 4.75
Hs 394 281
0, 118 3.58
co 100 3.76
COsy 309 3.36
C,H. 470 2.5
CoHg 243 3.95
C5Hg 242 5.64
C(CHs)4 232 7.44
CsHg 830 3.4
CgHg—CH,40 1018.2 2.896
CsHg—C2HgO 553.5 4,651
CgHg—C3HgO 632.1 4.620
CsHg—C4H,00 11223 3.425
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Keesom interaction
(Orientation force)

Dipole Dipole
O Debye interaction
(Induction force)
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{0 o London distribution
mteraction
Nonpolar Nonpolar

Fig. 3.1.1 Types of van der Waals forces (Keesom interaction, Debye interaction, London

distribution interaction).?
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Fig. 3.1.2 Lennard-Jones potential (V1) for Ho-Hz molecules. Blue curve is the attraction term of
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3.1.2. Langmuir and BET theory
Langmuir theory

The Langmuir adsorption model is the simplest model representing the monolayer
adsorption between adsorbates and adsorbents. This adsorption model was proposed by Irving

Langmuir in 1918.3 The Langmuir adsorption model is based on the assumptions as shown below.

Assumptions of Langmuir theory

1. Gas molecules behave ideally

2. Only monolayer forms

3. All adsorption sites on the surface are equivalent

4. There are no interactions between adsorbate - adsorbate

5. Adsorbed molecules are immobile

The Langmuir equation is given based on the above assumptions, and it is derived below.

The rate of adsorption (v,) and desorption (v;,) are described as
v, = apS (3.1.3)
vy, = bA, (3.14)
where a and b are constants of adsorption and desorption reaction, p is the partial pressure of the
adsorbate, S is the number of free sites on the surface, and A is the number of sites occupied by
adsorbate on the surface. Both rate of v, and v, should be equal in the equilibrium state and the

equation 3.1.3 and 3.1.4 give

A a
S b

=K, (3.1.5)

=

where K is the equilibrium constant. The total number of sites (Sy) is given by
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So=StA=tqa=tEP
o CKp T Kp

A (3.1.6)

Since the fraction of the occupied sites, i.e., the fractional coverage, on the surface (6,) can be given

as
A
0, =—, 3.1.7
=5 (3.1.7)
the Langmuir equation is given by
Kp
0, = 3.1.8
A= T+ Kp (3.1.8)

Fig. 3.1.4 shows the Langmuir isotherm for different values of K. The different values of K give the

different isotherms. The fractional coverage increases and approaches 1 with increasing pressure.

BET theory
The BET theory is widely used to determine the specific surface area dealing with
multilayer adsorption, which is developed by Stephen Brunauer, Paul Emmett, and Edward Teller in

1938.4 The BET model is an extension of Langmuir model based on the following assumptions.

Assumptions of BET theory

1. The surface is homogeneous (All sites are equivalent)

2. Gas molecules behave ideally

3. Multilayers can be formed on each site infinitely

4. After first layer, each molecule provides adsorption site for next layer
5. The Langmuir theory can be applied to each layer

6. Adsorbed molecules are immobile

7. Gas molecules only interact with adjacent layers

8. There are no lateral interaction between molecules
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9.  The enthalpy of adsorption for the first layer is constant for all sites
10. Adsorbate molecules in the second and higher layers are assumed as liquid and they have

the same enthalpy of liquefaction

The image of BET adsorption model is illustrated in Fig. 3.1.5. The BET equation is
derived based on the assumption in the following paragraph.

In the multilayer adsorption with 0, 1, 2 ... i ... layers, the number of adsorption site is
represented Sy, S1, S, ... S;, ... for each layer. At equilibrium state of the adsorption, the rate of
adsorption on (i — 1) layer is equal to the evaporation from i layer. Since the rate of adsorption (v,)
on the layer i is proportional to the pressure (p) of adsorbate and the number of sites on the layer
(i — 1), therefore v, is given by

Vg = QiPSi-1, (3.1.9)
where a; is a rate constant. Since the rate of evaporation from layer i (v,) is proportional to the

number of sites on layer i and exp (—E;/RT), so v, is given by

E.
vy = bys; exp (— ﬁ) (3.1.10)
where b; is a rate constant, E; is the heat of adsorption on layer i, R is the gas constant, and 7 is a

temperature. Thus, both rate of v, and v}, should be equal, and the equation 3.1.9 and 3.1.10 give

E.
a;psi—1 = b;s; exp (— ﬁ) (3.1.11)

Here, the total number of adsorbed molecules (N) and the number of monolayer sites (N,,) on an

adsorbent are given by

N = Z is; (3.1.12)
i

N,, = Z 55 (3.1.13)

i
Considering the assumption (10) of “Adsorbate molecules in the second and higher layers are
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assumed as liquid and they have the same enthalpy of liquefaction”, it gives

E;=E, (i=2) (3.1.14)

b
— =g =constant (i > 2), (3.1.15)

i

where E; is the heat of liquefaction. Now, the number of site (s4, S ... ;) can be expressed by only

using Sg.
51 = ySy, where y = (a,/by)p * exp (E;/RT) (3.1.16)
s, = xsq,where x = (p/g)exp (E,/RT) (3.1.17)
S3 = XS, = x%s; (3.1.18)

i— 1

. a
s; = x5;_4 = x'"1ls; = yx = cx'sy, where ¢ = % = Lgexp((El — E.)/RT) (3.1.19)

by

Inserting equation (3.1.19) into equation (3.1.12), it is given by

© CSpX
N = Z be———, 3.1.20
Sy izilx =2 ( )

Inserting equation (3.1.19) into equation (3.1.13), it is given by

* cx
N, = Sp91 Z l} = 1 3.1.21
m so{ +c i:ix so( +1—x) ( )
In equation 3.1.20 and 3.1.21, the sum of an infinite geometric progression is expressed by
® X
> xi= (3.1.22)
i=i 1—x

Z 'x —x—z (1—x)2 (3.1.23)

Therefore, equations 3.1.20 and 3.1.21 are changed to

N _ cx
N, (1-x)(1-x+cx)

(3.1.24)

In this adsorption model, it is assumed that the number of layers can accumulate to infinity at the

saturation pressure (pg). When N = o at p = p,, x must be equal to 1, and equation 3.1.17 can be

expressed by
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Po) (EL> p
—J)exp|—)=1,and x =— (3.1.25)
(g RT Do

Inserting equation (3.1.25) into equation (3.1.24), the BET equation is given by

p/po 1 +(c—1)
N(l - P/Po) ch ch

"/ Po (3.1.26)

Fig. 3.1.6 shows the BET isotherms for different values of ¢, which is large when the enthalpy of
desorption from a monolayer is large compared with the enthalpy of vaporization of the liquid phase.
The value of N/N,, increases infinitely with increasing pressure because there is no limit of the

multiple adsorbed layers.

BET surface area
The BET surface area is evaluated by the amount of monolayer molecules on the BET
adsorption model. An experimentally measured adsorption isotherm can be fitted by the BET
equation 3.1.26, and the value of a slope ( (¢ — 1)/N,,¢) and an intercept (1/N,,,c) can be obtained
in the BET plot. Usually, the fitting of BET plot is applied in the relative pressure range of 0.03-0.35.
The BET plot gives the amount of monolayer molecule (N,,: mol/g), and the BET surface area
(8§SA) of adsorbents can be evaluated by
SSA =0 X Ny, X Ny (3.1.27)
where o is the cross-sectional area (A% /molecule). Usually, N3 is used for the BET method and the
cross-sectional area of N is 16.2 A2 /molecule. Typically, the cross-sectional area can be evaluated
by equation 3.1.26 based on two assumptions, which are (1) the density of adsorbate is regarded as

bulk-liquid density; (2) adsorbates form a hexagonal- close-packed layer.’

2/3

G=F (Niw p) (3.1.28)

where M (g/mol) is the molar mass of molecule, p is the density of bulk-liquid phase, F is the

packing factor. F = 1.091 is well used as the hexagonal close-packed factor.’
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Fig. 3.1.3 Image of Langmuir adsorption model.
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Fig. 3.1.4 Langmuir isotherms for different values of K.
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3.1.3. Adsorption isotherms
Type of adsorption isotherms
Adsorption properties are usually investigated by adsorption isotherms which is the plot of adsorbed
amounts as a function of the pressure. It is well known that the shape of adsorption isotherms is
related to a pore structure of adsorbents. In 1985, an International Union of Pure and Applied
Chemistry (IUPAC) technical report® was published, and typical adsorption isotherms were

classified to six types as shown in Fig. 3.1.7. According to the report, the pore structures are defined

as
1) Pores with widths exceeding about 50 nm; macropores
i) Pores of widths between 2 nm and 50 nm; mesopores
1ii) Pores with widths not exceeding about 2 nm; micropores

Type I shows a steep uptake at very low pressure, and the uptake approaches to a saturated
value with increasing pressure. This is due to a microporous material, where micropores enhance the
interaction between adsorbates and adsorbents. The saturated uptake is governed by the micropore
volume rather than the external surface area. Especially, Type I(a) isotherm represents the typical
microporous materials with mainly narrow micropores less than 1 nm. Type I(b) isotherms are given
by materials with pore size distributions including wider micropores and narrow mesopores (<2.5
nm).

Type 11 isotherms are given by microporous or nonporous materials. The end point of steep
uptake at low pressure, which is called “B-point”, corresponds to the completion of monolayer
coverage, and after that, the uptake gradually increases by multilayer adsorption.

Type III isotherms doesn’t show the B-point, i.e., the monolayer adsorption is not
observable. The interactions between adsorbent and adsorbate are relatively weak, and then the heats

of adsorption are less than the heat of liquefaction of the adsorbate. The additional adsorption on an
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adsorbed layer proceeds because the heat of additional adsorption is greater than the adsorption on
the material surface.

Type IV isotherms are shown by mesoporous adsorbents. The initial adsorption step
corresponds to the path of Type II isotherm on mesopore wall, and the final saturation plateau
correspond the complete filling of the pore. The typical feature of Type IV(a) is the hysteresis loop
in the final step, which is associated with capillary condensation in the mesopores. This phenomenon
occurs when the pore size exceeds a certain size, which depends on the adsorption system and
temperature. When the pore size is smaller than the certain size, Type IV(b) isotherms are obtained
with completely reversible loop.

Type V isotherm in the low-pressure range is similar to that of Type III without the B-point,
because of the relatively weak adsorbent—adsorbate interactions. In the high pressure, the shape is
similar to that of Type IV.

Type VI isotherm is representative of layer-by-layer adsorption on a highly uniform

nonporous surface, such as a graphitized carbon
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Quantitative definitions of adsorption

The adsorption isotherm represents the amount of adsorbate on the adsorbent surface as a
function of the pressure of the gas, and it is usually measured by volumetric method described later
in the section 3.3.1 “Principle of volumetric apparatus”. The experimental method doesn’t directly
measure the real amount of adsorbate because it is difficult to define the boundaries between the
adsorbate and free gas. In general, there are four concepts to express the amount of adsorbed gas
(uptake) on adsorbents, which are “Net”, “Excess”, “Absolute”, and “Total” uptake as illustrated in
Fig. 3.1.8.

In the concept of “Net” uptake (1n,,;), the amount of molecules with higher density than
free-gas in the cell is counted, i.e., the amount of free-gas in the cell volume (V,,;;) is subtracted
from the total introduced amount into the cell (n,¢r0), corresponding to “A —D” in Fig. 3.1.8.
Therefore, n,,.; is given by

Mnet = Nintro — PgasVeeul (3.1.29)
where pgq is the density of gaseous adsorbate. In the concept of “Excess” uptake (1), the amount
of molecules with higher density than that of free-gas in the free volume (Vfy) is counted, i.e., the
amount of free-gas in the free volume is subtracted from the total introduced amount, corresponding
to “A” in Fig. 3.1.8. Therefore, n,, is given by

Nex = Ninero — PgasVireer  Where Veree = Veey — Vg (3.1.30)
In the concept of “Absolute” uptake (n,,s), the adsorbed amounts in the volume V4, is counted,

corresponding to “A + B” in Fig. 3.1.8, and ng,y4; is given by

Naa
Ngas = Nintro — pgas(Vfree - Vads)' where Vg4 = pa > (3'1'31)

ads

In the concept of “Total” uptake, the amount of molecules in the free volume is counted,
corresponding to “A + B + C” in Fig. 3.1.8, and n;,, is given by

Ngot = Nex + pgas(Vcell ) (3.1.32)
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In this study, the adsorbed uptake was evaluated as “Absolute” uptake. To discuss the gravimetric

capacity for each adsorbent, n,4, was represented as the gravimetric units of “wt.%” and “mmol/g”

Nadas Mimole
0 t.%| = —— % 100 3.1.33
et [W A)] m + Ngas Mmole ( )
n
_““/1000
Mmmol/g [mmOI/g] - m ’ (3.1.34—)

where m is the mass of materials, and m,,,,, is the molar mass of gases.
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Fig. 3.1.7 TUPAC classification of adsorption isotherms.6
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Physical pore space
in adsorbent

PYRRE
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0@ (2)

“Net” uptake = (A-D)
“Excess” uptake = (A)
“Absolute” uptake = (A+B)
“Total” uptake = (A+B+C)

! 1
Adsorption
Boundary Layer

Fig. 3.1.8 Concept of “Net”, “Excess”, “Absolute” and “Total” adsorption capacities,” where Open
and solid dots of “a” are “Excess adsorbed molecule” and “Adsorbed molecule normally present in
gas phase”, respectively; solid dots of “g” is “Bulk gas molecule”; Vg is the skeletal volume of
material; Vqq is the volume of adsorbate; V;, is the pore volume; Vs is the volume of bulk-gas; pgas
is the density of bulk-gas; region of “A” corresponds to “Excess adsorbent”; region of “B”
corresponds to “Adsorbed molecule normally present in the gas phase”; region of “C” is “Bulk

gaseous molecule”; region of “D” is “Free gas that would occupy V.
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3.1.4. Isosteric heat of adsorption
Clausius-Clapeyron equation

Clausius-Clapeyron equation describes a characteristic of phase boundaries, i.e., the solid-
liquid boundary and the vapor-liquid boundary. In this study, the Clausius-Clapeyron equation was
applied into the adsorption isotherms representing the properties of the adsorbed-vapor phase
boundary, and the heat of adsorption was evaluated on adsorbents.

In order to derive the Clausius-Clapeyron equation, two phases a and B are considered in
an equilibrium condition at temperature (T) and pressure (P). Since the free energies (G) of both
phases are equal, it is expressed as

Go(T,P) = Gg(T, P) (3.1.35)
Based on the principles of thermodynamics, the variations of free energy with temperature and
pressure are given as
dG, =V,dP —S,dT (3.1.36)
dGg = VpdP — SpdT (3.1.37)
When the equilibrium pressure and temperature change from P to P + AP and from T to T + AT,
respectively, equation 3.1.35 can be given by
Go(T + AT, P + AP) = Gg(T + AT, P + AP) (3.1.38)
(G + dGy) = (Gg +dGg) (3.1.39)
Inserting equation 3.1.35 into equation 3.1.39, the equation 3.1.39 is transformed into
dG, = dGg (3.1.40)

According to equation 3.1.36 and equation 3.1.37, equation 3.1.40 is transformed into

Vo dP — SodT = VgdP — SpdT (3.1.41)
AP Sp—S,
— == 3.1.42
ar ~ Vz -V, (3.1.42)

When AH is the heat of phase transformation at a temperature, the entropy change (dS) can be
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described as

AH
dS =S85, = T (3.1.43)

Finally, the Clausius-Clapeyron equation is given by inserting equation (3.1.43) into (3.1.42)

dP AH (3.144)
dr — 1(Vg — V) o
Considering the gas adsorption on solid surface, the o and B phases are defined as the adsorbed

phase and the gaseous phase, respectively. In this case, the volume of gaseous phase is much larger

than that of adsorbed phase (V45 > Viqs), so equation 3.1.44 is transformed into

dpP AHads AHads RT
T~ T ~ R el = (3149
P
and,
dP AH.4sdT
i - 1.4
P R T2 (3.1.46)

When the equilibrium pressure and the temperature change from P; to P, and from T to T,,

respectively, equation 3.1.46 is expressed as

P2dP  AH,yu sz dr
= = — (3.1.47)
fpl PR J, T?
P, AHg4s ( 1 1 )
Ine2 = 2fads (=~ 3.1.48
", TR\, T, (3.1.48)

Finally, the Clausius-Clapeyron equation for evaluating the heat of adsorption is derived in equation

3.1.48.
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Procedure of evaluation of heat adsorption

The adsorption isotherms measured at different temperatures were used to evaluate the
heat of adsorption. Fig. 3.1.9 shows the typical isotherms measured at different temperature of T;
and T,. The equilibrium pressures of Pr, (4) and Pr,(A), corresponding to a certain adsorbed
amount (ny, ), were defined as shown in Fig. 3.1.9. By substituting these values (T, T,,
Pr. (A) and Pr,(A),) into equation 3.1.48, the heat of adsorption at a certain adsorbed amount was
evaluated. The heat of adsorption for different adsorbed amount was evaluated, and the relationship
between the adsorbed amount and the heat of adsorption for each adsorbent was shown in the result

section of Fig. 4.3.2.

S

Adsorbed mount (wt.%)

Pr, (4) Pr, (4)

Equilibrium pressure (MPa)

Fig. 3.1.9 Schematic drawing the equilibrium pressures (P) at two temperatures (T;>T>) with a

certain adsorbed amount (n,) on an adsorbent.
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3.2 Materials

Various materials were used as the adsorbents in this study, and the information of
materials were listed in Table. 3.2.1. Prior to the measurement, all adsorbents were degassed at 200

°C for 12 h under dynamic vacuum condition in a stainless tube.

Table 3.2.1 Information of adsorbent materials

Adsorbent Suplyer Information for MOFs
Metal  Ligand

Crbon MSC-30 Kansai Coke and Chemicals Co., Ltd

GNPs STREM chemicals (item number: 06-0235)

MOF-177 Sigma-Aldrich (Basolite Z377) Zn Benzenetribenzoate

HKUST-1 Air Liquide Laboratories Cu 1,3,5-Benzenetricarboxylate
MOFs  Fe-Mil-100 Air Liquide Laboratories Fe Trimesic acid

MIL-53 Sigma-Aldrich (Basolite A100) Al Terephthalate

ZIF-8 Sigma-Aldrich (Basolite Z1200) Zn 2-Methylimidazolate
Silica gel Wakogel C-300 F1.1J IF;LM Wako .

Aerogel Air Liquide Laboratories
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Definitions of material’s volume and density

In order to perform the volumetric measurement and discuss the volumetric capacity of
adsorbates, it is important to understand the definitions of volume and density of materials. There are
several concepts to define the volume and density for the material level and the system level as
shown in Fig. 3.2.1.7

Fig. 3.2.1 (a) shows the materials level definitions, and there are some concepts of density
and volume for the porous materials. The pores can be classified as “open” and “closed” pores,
which are defined as whether a gas can freely access in the pores. In the actual materials for
experiments, there are intermediate pores between open and closed pores because the size of the
accessible pores is dependent on the species of gas probe, i.e., the size of the molecule. The absolute
or true volume (Vr) is defined as the volume of materials themselves without any pores, and the true

density (pr) is described as
pr =— (3.2.1)

where m is the mass of the material. The skeletal volume (V) can be defined as the volume
occupied by the materials themselves plus the volume of the closed pores, and the skeletal density

(psk) can be described as

m

=— 3.2.2
Psk Vsk ( )

Fig. 3.2.1 (b) shows the systems level definitions of the density and volume. The
aggregations of powder materials are packed in a cell, and there is a space between grains due to the
imperfect packing. The apparent volume including the space between grains is called a bulk volume
(Vpuik), and then the bulk density can be described as pp,;x = m/Vpuuk- The bulk density is easily
changed by the packing methods, e.g., tapping, shaking, compression, and making pellets. The cell

volume (V) is the volume of the inside empty cell without materials. The free volume (Vrye,) is
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the cell volume excluding the skeletal volume of materials, described as Veyee = Vieyy — m/psk,

which is also called “Dead volume”.
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(a) Materials level definitions

Porous True Skeletal Pore Envelope
Material volume v volume volume volume
T Vi

Closed pore O
Open pore O

mass=i pr=m/Vy PV Vpore™ Ve~ Vi Vi
(b) System level definitions

Bulk volume System volume Free volume

R \’Yﬁ'ee
Pt Vit

3o F 0¥
Ty
9% )

Fig. 3.2.1 Definitions of volume and density for (a) material level and (b) system level
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3.3 Experiment and analysis of gas adsorption
3.3.1 Principle of volumetric method by Sievert’s apparatus

The volumetric method (known as Sievert’s type apparatus) is widely used for the gas
sorption measurement to obtain the isothermal curves. In this chapter, the principle of volumetric
apparatus is described. Fig. 3.3.1 shows a schematic diagram of a typical Sievert’s apparatus
composed of a reservoir with a specific volume, gas cylinder, line part, sample cell, and vacuum
pump system. The initial gas amount (n) in the system (in the reservoir, line part and sample cell)

can be given by

m
nog = Vg p(Po,Tr) + V- p(Py, T) + (Vs - p_) - p(Py, Ts) (3.3.1)

sk

where Vg, V;,and Vs is the volume of the reservoir, line part, and sample cell, respectively,
Tg, T;, and T is the temperature of the reservoir, line part and sample cell, respectively, p(P,T) is the
density of real gas at a certain pressure and temperature, m is the mass of a material in the cell, and
Psk is the skeletal of density of a material. Thus, (Vg — m/pg) represents the free volume of the
sample cell.

At the first step, the gas is introduced into the reservoir at pressure of P; by opening valve

G and closing valve S, and then the gas amount (n,) in the Vg, V; and Vs is given by

m
ny = Ve p(P,Tg) + V- p(Py,Tp) + (Vs - Z) - p(Poy, Ts) (3.3.2)
S

After opening the valve S (valve G is closed), the pressure changes from P; to P; in a certain time,
due to the gas introduction from the reservoir into the line part and sample cell. The gas amount in

the system (n}) at P; can be given by

m
ny = Vg p(PL,T) + V- p(P,Ty) + (Vs - E) (P, Ts) (3.33)
S

Therefore, the sorbed gas amount (ng,,;,_1) can be evaluated by.
Nsorb_1 = (ny —ny) = Any (3.3.4)
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At the second step, the sorbed gas amount (1., ») is given by
Nsorb_2 = Nsorp1 T ANy (3.3.5)
Repeating the above process by i times, the sorbed gas at the i steps is expressed as
Nsorb_i = Nsorb_(i-1) T AN (3.3.6)

The typical isotherms can be obtained by plotting the relationship between ngq,p, ; and P;.
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. V: Volume [cm?]
Reservoir T: Temperature [K]
(VR, TR) P1‘cssurc®

gauge
Valve Gi Valve S X %
Line part
Ve, Tp) Vacuum
pump
Gas X
cylinder

| Sample
m [g], psy [8/cm’]

Sample cell
Vs, Ts)

Fig. 3.3.1 Schematic diagram of a typical volumetric apparatus (Sievert’s apparatus)
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3.3.2 N2 adsorption isotherms for investigation of textural properties

N> adsorption isotherms for all adsorbents were measured by a Sievert’s apparatus
(Belsorp-max 12N-VP-LTC, Microtrac BEL) at the liquid N» temperature (77 K). Fig. 3.3.2 shows
the schematic diagram and picture of the experimental system. Prior to the measurement, all
adsorbents were heated up to 200 °C for 12 h under dynamic vacuum condition, and water and other
gases on adsorbents were degassed. The degassed adsorbent was put into the sample cell in a globe
box filled in high purity Ar gas (>99.9999%), where oxygen level and water level were less than 5
and 2 ppm, respectively. A glass rod was used to reduce the free volume in the sample cell. The two
cells with materials and one empty cell (reference cell) were installed as shown in Fig. 3.3.2 because
this apparatus allows the measurement for two sample cells at the same time. The free volume of the
sample cells was measured by He gas as a non-adsorbing gas at room temperature. After vacuuming
the sample cells at room temperature, the cells were put in the dewar vessel with liquid N», and the
measurement of N, adsorption isotherm was carried out in the automatic operation system. An
equilibrium pressure was determined when the pressure variation was within 0.1 % in each 5 min
period. As the adsorption measurement proceeds, the level of liquid N» in the dewar vessel decrease
due to the evaporation of liquid N». This leads to a change of the cooling volume in the sample cell.
The change of cooling volume in the reference cell was measured at each measurement point, it
allows a correction of the volume change of the sample cells due to the decrease of the liquid N»
level in the dewar vessel.The measured N> adsorption isotherms give the information about the
textural properties of adsorbents, such as the specific surface area, total pore volume, and average of

pore diameter, as described below.

Specific surface area

The specific surface area (m?/g) of each adsorbent was evaluated by applying BET
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equation (equation 3.1.26) into the measured N> adsorption isotherms. Usually, the results in the
relative pressure (p/p,) range of 0.03-0.35 is used for the BET analysis, however it is not suitable
for Type I adsorption attributed to micropores because the monolayer adsorption is completed at
lower pressure than p/p, = 0.35. The appropriate range of p/p, for microporous materials were
determined by a method proposed by Rouquerol et al.? i.e. the p/p, range with increasing the value
of n(1 — p/p,y) was applied. In this study, the volumetric surface area was defined as the surface
area per the skeletal volume of the material, and it was evaluated to multiply the gravimetric surface

area by the skeletal density.

Total pore volume
The specific total volume was evaluated by
V, =np, (3.2.7)

where n is the amount of adsorbate at p/p, = 0.99, p; is the density of liquid for the adsorbate.

Average pore diameter
The average of pore diameter was evaluated by considering the total pore volume as the
cylindrical shape of pore. The total volume (Vp) and the surface area (SSA), i.e. the lateral area of

the cylindrical pore were given by

nD%H
Vy=—; (3.2.8)
SSA = nDH (3.2.9)

where H is the height of cylindrical pore and D is the diameter of cylindrical pore, i.e. the average

pore diameter. Therefore, the average pore diameter of D was given by

D =—% (3.2.10)
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Pressure gage P,

Gas cylinder —(D)

Pressure gage P;

Reference cell Sample cell

Dewar vessel
with liquid N,

Fig. 3.3.2 Schematic diagram of Sievert’s apparatus (Belsorp-max 12N-VP-LTC, Microtrac BEL) for

N> adsorption measurement

!
Eld
{
1
p

Sample cell

Fig. 3.3.3 Picture of Sievert’s apparatus (Belsorp-max 12N-VP-LTC, Microtrac BEL) and sample

and sample cell
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3.3.3 Measurement of skeletal density

The skeletal densities of all materials were measured by volumetric method using Sievert’s
apparatus (Belsorp-max 12N-VP-LTC, Microtrac BEL). He gas was used as a non-sorbing gas, and a
temperature of the sample cell was maintained at 40 °C by water bath. At the first step, the volume of
the empty cell (V,;;) with a glass rod was measured. After that, m (g) of degassed material was put
into the sample cell in the grove box, and the free volume of the sample cell (Vyy¢.) was measured.

Finally, the skeletal density of a material was evaluated by

m

P =——— (3.3.11)
ok Vcell - Vfree

It was carried out 6 times, and the average values were shown in the result section for each adsorbent.

53



3.3.4 Cryogenic adsorption measurement
The cryogenic adsorption measurement was carried out by using the Sievert’s type
apparatus, which is called Pressure-Composition isothermal (PCI) system, provided by Suzuki
Shokan Co., Ltd., and then the sample cell (12.3 ¢cm?) was cooled by the cryostat system with He
cryocooler (C200G) provided by Suzuki Shokan Co., Ltd.. Fig. 3.3.4 and Fig. 3.3.5 show the
schematic diagram and pictures of the PCI and the cryostat system. By using this system, the
introduced gas amount into the sample cell can be accurately evaluated as following steps: (1). a gas
was introduced at desired pressure (P, ) into the reservoir with a specific volume (V) which was kept
at room temperature (T); (2). The valve connected to the sample cell (valve S) was opened, and the
gas was introduced into line part and the sample cell from the reservoir. The equilibrium pressure
(P{) was determined when the pressure variation is within 0.01 MPa in each 5-10 min period. (3).
The introduced gas amount (n,) into the line part and the sample cell was evaluated by comparing
the gas amount in the reservoir at the pressure of P; in the step (1) with that at the pressure P; in the
step (2), therefore n; was given by
ny = Vg - p(Py,Tg) — Vg - p(P{, Tg) (3.3.12)
where the gas density of p(P, T) was obtained from the NIST chemistry Web Book;’ (4). Steps 1-3
were repeated. At the second cycle, the total introduced gas amount was given by
ny =ng + Vg p(Py, Tg) — Vi - p(Py, Tg) (3.3.13)
Subsequently, the total introduced gas amount at the i-th cycle was given by
ng =ni_y + Vg p(Py Tg) — Vg - p(P{, Tg) (3.3.14)
These cycles were repeated until the pressure in the sample cell was reached up to 1.5 MPa; (5). In
order to obtain the introduced gas amount into the sample cell, the introduced gas amount into the
line part was evaluated by the measurement of step 1-4 with blind gasket between the line part and

the sample cell, and then the result was subtracted from the introduced gas amount into the line part
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and the sample cell.

Prior to the measurement, all materials were degassed at 200 °C for 12 h under dynamic
vacuum condition in a stainless tube, and the materials were put into the sample cell in a glove box
filled by highly purified Ar gas (>99.9999%). When the sample cell was connected to the cold head,
Apiezon N high vacuum grease (Apiezon products M&L Materials LTD) was used to make close
contact between the sample cell and the cold head to obtain good thermal conductivity and less
temperature gradient. Ar gas in the sample cell was evacuated to 1x104MPa by rotary pump at room
temperature, and the air in the vacuum insulation container (cryostat) was evacuated to 1x10-2Pa by
turbo molecular pump with diaphragm pump. Then, the sample cell was cooled by the He cryocooler
and the temperature was adjusted to desired temperature by heater block with a temperature
controller surrounding the sample cell.

The measurements of isotherms for H, were carried out by using the cell with and without
adsorbents listed in Table. 3.2.1 at the boiling point of H, (20.4 K). The temperature dependence of
Ha adsorption using MSC-30, GNPs, and MOF-177 was investigated below the critical temperature
of H» at 20.4 K (0.10 MPa), 23.3 K (0.22 MPa), 26.5 K (0.44 MPa), and 30.6 K (0.88 MPa), where
inside of brackets showed the phase transition pressure at each temperature. In order to investigate
the gas dependence of adsorption properties, the measurements using MSC-30 were carried out for
H,, Ds, Ne, and N, at each boiling point of 20.4, 23.6, 27.1, and 77.2 K, respectively. The
temperature dependence on each gas was investigated at 23.6 K (0.10 MPa), 26.6 K (0.22 MPa),
29.9 K (0.44 MPa), and 33.9 K (0.88 MPa) for D», and at 27.1 K (0.10 MPa), 29.4 K, 32.5 K for Ne,
and at 77.2 (0.10 MPa), 85.1 K (0.22 MPa) and 92.9 K (0.44 MPa) for N». These temperatures were
determined by referencing the liquefaction pressure obtained from the results of isotherms and the

database in NIST chemistry Web Book.’
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Fig. 3.3.4 Schematic diagram PCI and the cryostat systems.
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Cryostat

Fig. 3.3.5 Picture of the PCI system and the cryostat and inside of cryostat
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3.3.5 Evaluation of density of adsorbate
The densities of adsorbed Hz (Pags.n,; mol/cm?) for all the adsorbents were evaluated
based on the results obtained from the experiment in the section 3.3.4. Figs. 3.3.6 show a typical
result of the isotherms for an empty cell (Blank) and a cell with adsorbents, representing the i-H»
amount into both cells as a function of H» pressure. In Fig. 3.3.6, the points of “a” and “B” were
defined, corresponding to the “beginning” and “end” point of liquefaction, respectively. The density
of adsorbed Ha (pgq4s.1,; mol/ cm?®) was evaluated by following identities related to the points o and
B. Initially, the read value of i-H, amount at the point o (n,; mol) is given by
Ng = NaasH, T Na.gas.Hy (3.3.15)
where ngq, g, 1s the amount of adsorbed Hx as unknown value, and n, g454, (mol) is the amount of
gaseous H» as unknown value. At the point B, the read value of i-H> amount (ng; mol) is given by
Nng = Nagsy, T Mg, T NB.gas.H, (3.3.16)
where ngg, , 18 assumed to be equal to that of point a, ny;q 4, (mol) is the amount of liquid H» as
unknown value, and ng g4y, (Mol) is the amount of gaseous H, as unknown value.
The identity equations about the volume in the cell occupied with adsorbents at the point o and 8

are shown below. At the point of « , the total volume of the cell (V.o = 12.3 cm?) is represented as

Nads.H Na.gas.H m
Veen = Vads.Hz + Va.gas.H2 + Vg = 2+ 2 —, (3.3.17)

pads.Hz pgas.Hz Psk

where Vogs pr, and Vg gasp, (cm?) are the volume of adsorbed H» and gaseous Ha, respectively, Ve
(cm?) is the skeletal volume of an adsorbent, p g5, (mol/cm?) is the density of gaseous H, obtained
from NIST chemistry Web Book® at each phase transition point, pg (g/cm?) is the skeletal density,
and m (g) is the mass of an adsorbent put in the cell. By the same procedure, V. at the point [ is
given by

Nads.H, . Miq.H, . "B.gas.H,

m
Veen = Vaasn, + Vign, + Vp.gast, + Vo = + + +—, (3.3.18)
pads.Hz pliq.Hz pgas.HZ Psk

58



where pjiq y, is the density of liquid H, obtained from NIST chemistry Web Book® at each phase
transition point. Here, the volume of the homogeneous temperature region was defined as the

volume occupied by liquid H» in Blank (V}, = nfirgzzy /Piig.n,) at the point B (see image in Fig. 3.3.6

empty .

(a)), where Mg, 18 the amount of liquid H, in Blank. Assuming that V;, of Blank is equivalent to

that with adsorbents, V;, with adsorbents at the point 8 can be given by

Mp.gas.H,

Vi = Veen — ]/',B.gas.H2 = Veen — (3.3.19)
Pgas.H,
Accordingly, the equation 3.3.18 can be changed to equation 3.3.20
n ny m
Vp = Vads.HZ + Vliq.HZ + Vo = ads iy + —tatt +— (3.3.20)

pads.Hz pliq.Hz Psk

empty

ligH, t© solve the two identity equations

V(= nZZL.ZZy /PliqH,) can be determined by evaluating n
3.3.16 (without ngy4s ,) and 3.3.18 (without Vg, Vi) based on the result of Blank as shown in
Fig. 3.3.6 (a). Finally, five of unknown values, (Nqqs.h,, Pads.h, Na.gasHy NB.gas.H, Mig.H,)> Can be
evaluated by five identities of equation 3.3.15, 3.3.16, 3.3.17, 3.3.19, 3.3.20. By using the above
processes, the value of pgq,, Was evaluated for each adsorbent. For other gas such as D, Ne, and
N3, this method is available to evaluate the density of adsorbates. In this evaluation, the errors were

evaluated to consider that the read value of n,, ng have errors of 0.001 and 0.003 mol, and pg; has

error of 0.5 g/cm’.
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Fig. 3.3.6 Typical result of isothermal properties of H introduction (left side) and image of inside of
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4. Results and discussion

4.1 Textural properties of adsorbent

Textural properties of materials are investigated by the N, adsorption/desorption isotherms
at 77 K as shown Figs. 4.1.1 (a) for carbon materials, (b) for MOFs, (c) for silica gel. The types of
N> isotherms are classified by International Union of Pure and Applied Chemistry (IUPAC)
categorization (see the Fig. 3.1.7), and summarized in Table. 4.1.1. The N, adsorption isotherms of
MOFEF-177, HKUST-1, ZIF-8 are classified as Type I(a) given by the typical microporous adsorbents.
Type I(b) isotherms are observed on MSC-30 and Fi-Mil-100, given by the microporous adsorbents
with wider micropores or narrow mesopores. The isotherms of GNPs and Aerogel can be classified
as Type II given by the typical nonporous or microporous adsorbents. The isotherm of MIL-53
includes Type I and II isotherm. The isotherms of Wakogel can be classified as Type 1V, illustrating
hierarchical structure including mesopore and micropore in the adsorbent, and the hysteresis loop is
due to the effect of the capillary condensation as explained the experimental section. The gravimetric
surface area is evaluated by BET method, and all results are in good agreement with the reported
values.'"'® MOF-177 shows the highest surface area of 3950 m?/g. The volumetric surface area is
evaluated to multiply the gravimetric surface area by the skeletal density, and then MSC-30 shows
the highest value of 7975 m?/cm?. The total pore volume and the average of pore size are also
evaluated and summarized in Table. 4.1.1. In addition, the referred pore size analyzed by the
nonlocalized density functional theory (NLDFT) method, which provides more detailed pore size,

are added in Table. 4.1.1 for microporous materials.
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Table. 4.1.1 Summary of textural properties of the materials.

Adsorbent Adsorption Gravimetric Volumetric Total pore Average of Pore size* Skelel:tal
type surface area surface area volume pore size  [ref] density
m’/g m’/cm’ cm’/g nm nm g/em’

Crbon  MSC-30 | Typel 3190 7975 1.6 22 1.1~3.0115121 2.5
GNPs Type II 810 1782 1.3 6.3 - 22
MOF-177 |Typel 3950 6320 1.6 1.7 1.7~2.0 1.6
HKUST-1 |Typel 1812 3443 0.8 1.7 1.0~1211 1.9
MOF  Fe-Mil-100 |Type I 1867 3734 0.9 1.9 1.2~2.11 20
MIL-53  |Type LIl 967 1837 0.5 23 6~1.0"" 1.9
ZIF-8 Type 2061 3298 0.7 1.3 1.2~1.7" 1.6
o Wakogel |TypeIV 388 815 0.6 3.6 - 2.1
Silica gel Aerogil Tﬁe n 1279 1919 5.6 26.0 - 15

*The pore size is based on the nonlocalized density functional theory (NLDFT)!'-!3
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4.2 Material dependence of the super-dense hydrogen adsorption
4.2.1 Hydrogen adsorption isotherms at 20.4 K

Figs. 4.2.1 show the H» adsorption isotherms at the boiling pint of H> (20.4 K), which
represents the gravimetric H, uptake (wt.%) as a function of the relative pressure p/po, where po is
the liquefied pressure (0.1 MPa) at the boiling point. The shapes of all H, isotherms are similar to the
N> adsorption isotherms of Figs. 4.1.1, and can be classified as the same type of N> isotherms
according to the IUPAC classification. This indicates that there are no significant differences in the
physical adsorption phenomena between N> and Hz. The gravimetric H, uptakes at 0.1MPa for all
materials are summarized in Table. 4.2.1. For all adsorbents, the H, uptakes at 20.4 K are higher than
that at 77 K even under the condition of high pressure above 1 MPa. MOF-177 shows the highest
gravimetric H, uptake of 13.0 wt.%, which is much higher than 1.36 wt.% obtained at 0.1 MPa, and
7.5 wt.% obtained at 7 MPa examined at 77 K by Dipendu et al..> Fig. 4.2.2 shows the liner
relationship between the H, uptake and the specific surface area of adsorbents, indicating that
adsorbents with higher surface area give the higher H, uptake, which is in good agreement with the
trend in the previous research.'®'® According to the Chahine’s rule,'®?° the gravimetric H, uptakes
approximately correspond to 1 wt.% per 500 m?/g of the specific surface area under the condition at
77 K. In the result of Fig. 4.2.2 under the condition at 20.4 K, the H, uptakes approximately
correspond to 1wt.% per 300 m?/g and 100 m?*/g on Type I and Type II-IV materials, respectively.
The relatively high H» uptake per specific surface on Type II-IV adsorbents is due to the multilayer

H; adsorption.
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Table. 4.2.1 Gravimetric H, uptake and density of adsorbed H; on all adsorbents.?!-?2

Gravimetric H, uptake
Adsorbent Adsorption  Gravimetric @204K @77 el
type surface area
mz/g wt.% (0.1 MPa)  Wt.% (Pressure)
_ [21]
Carbon MSC30 | Typel 3190 12.2 5.0 (30 bar)
GNPs Type II 810 6.6 -
MOF-177 |Typel 3950 12.9 7.5 (70 bar)*
HKUST-1 |Typel 1812 7.1 3.6 (50 bar)*!
MOF  Fe-Mil-100 |Type I 1867 5.3 3.3 (25 bar)*
MIL-53  |Type LI 967 3.5 3.8 (16 bar)™!
ZIF-8 Type I 2061 4.4 1.5 (40 bar)**!
. Wakogel |Type IV 388 5.5 -
Silicagel \ rogel | Type II 1279 10.0 ;
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4.2.2  Density of adsorbed hydrogen at the boiling point

Figs. 4.2.3 show the isothermal curves, representing the introduced H» (i-H2) amount into
the empty sample cell for blank measurements and the cell with each adsorbent of (a) carbon
materials, (b) MOFs, and (c) other materials. The densities of adsorbed H> for all adsorbents are
investigated by the method described in the experimental section 3.3.5. In Figs, 4.2.3, the blank
result shows the characteristics of the pure H», which shows subtle increase in i-H, amount as the
gaseous H, below 0.1 MPa, and then i-H> amount simply increases at 0.1 MPa as the phase
transformation from gas to liquid. At the end point of liquefaction, which is defined as the point in
Fig. 3.3.6, the volume occupied by liquid H, in the blank measurement is evaluated to be 9.3 c¢cm?
(see also experimental section 3.3.5), where the volume of liquid H» illustrated in blue color is
defined as homogeneous temperature region as shown in Fig. 4.2.3 (d). Above 0.1 MPa, i-H, amount
gradually increase with increasing the pressure because the region of the gaseous H illustrated in
orange color in Fig. 4.2.3 (d) has slight temperature gradient. This phenomenon can be understood
by the expansion of liquefied H, region, which is caused by satisfying the liquefaction conditions
above H» boiling point (at 20.4 K and 0.1 MPa).

In the case of the isotherms with adsorbents, i-H, amount clearly increase by H» adsorption
on adsorbents below 0.1 MPa as a main contribution. At 0.1 MPa, liquefaction of H; starts, then the
free volume, which is the cell volume excluding the volume of adsorbents and adsorbed Ha, is filled
with liquefied H». Fig. 4.2.3 (d) illustrates the image of occupation in the cell filled with liquid Ha,
gaseous H», adsorbents and adsorbed H; at 0.1 MPa. Here, I’d like to focus on the result of MSC-30.
Comparing the i-H, amount at the end point of liquefaction (inset of Fig. 4.2.3), the value of MSC-
30 is almost equivalent to that of the blank result even though the H> molecules cannot occupy the
volume with carbon atoms of MSC-30. In other words, the free volume (defined in Fig. 3.2.1) in the

empty cell, in which the H, molecule can exist, should be larger than that with MSC-30 (see also Fig.
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4.2.3 (d)). According to this result, it can be expected that the density of adsorbed H> on MSC-30 is
much higher than that of liquid H». In this case, this anomalously high density of adsorbed H, at 20.4
K is suggested as the “super-dense H» adsorption”.

In order to quantitatively discuss the superdense state of H», the densities of adsorbed H»
(Paas.n,) on each adsorbent at 20.4 K and 0.1 MPa, and the results are summarized in Table 4.2.2.
Interestingly, pgqs y, on almost all of the adsorbents (excluding MIL-53) show higher density than
the density of liquid Ha (pyiqn, :35.2 mmol/cm®) at 20.4 K as the super-dense adsorption. In
particular, pgqs 4, On adsorbents with Type I adsorption isotherms (MSC-30, MOF-177, HKUST-1,
Fe-Mil-100 and ZIF-8) shows relatively high value in the range of 43.0~47.4 mmol/cm?®, compared
with that on adsorbents with Type II or IV adsorption isotherms (GNPs, Wakogel, Aerogel) which
Show pqqs.p, around 40 mmol/cm®. Especially, the values of pgqsp, for Type I adsorbents show
higher density than the solid Ha density (pso;,: 43 mmol/cm?), which is known as a hexagonal
close-packed (hcp) structures below 14 K.?>-2° These results suggest that the influence of super-
dense effect depends on the adsorption type of adsorbents rather than the surface element of
adsorbents. The adsorption types are determined by the pore structure (micropore, mesopore and
macropore), and the significant difference between Type I and Type II-IV adsorption is the amount
of the monolayer and multilayer adsorption, where Type I adsorption is mostly occupied by the
monolayer adsorption. Therefore, it can be expected that the monolayer H, forms the super-dense H»
state due to a direct interaction between H> molecules and the surface of adsorbents. This monolayer
H, properties are discussed later in the section 4.4.

Next, it is discussed the reason why only MIL-53 shows the much lower pgq4p, of 27.3
mmol/cm* compared with p;q y, (35.2 mmol/cm?) and pggsp, on all adsorbents. MIL-53 has the
smallest micropore size (6~10 A) analyzed by nonlocalized density functional theory (NLDFT)

method as shown in Table 4.2.1, which is relatively close to the intermolecular distance of H»-H> in
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bulk-solid (3.76 A).ZG The values of pgqsp, Were evaluated by using the skeletal densities of
adsorbents, which were experimentally measured by He gas. Since the size of He atom is smaller
than that of H, molecule, He can fill the smaller pores compared with that of H>. In other words,
pores, that H» molecule cannot fill, are regarded as closed pores, and the skeletal density for H> must
be smaller than that for He. Therefore, it is possible that pg4sy, on MIL-53 is evaluated to be lower
than actual value. If the pore size, that is bigger than He molecule and smaller than H, molecule,

exists, the skeletal density measured by He and H, must be different.
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Table. 4.2.2 Density of adsorbed H» together with textural properties of adsorption type, gravimetric

surface area, pore size.

Adsorbent Adsorption Gravimetric Pore sizel™ Density of
type surface area adsorbed H,

mz/g A mmol/cm’
Crbon  MSC-30 |Typel 3190 11~30112 436
GNPs Type Il 810 - 40.0
MOF-177 |Typel 3950 17~20%1 473
HKUST-1 |Typel 1812 10~1211 448
MOF  Fe-Mil-100 |Type I 1867 12~2114 474
MIL-53 Type L1 967 6~101>11 274
ZIF-8 Typel 2061 12~171% 43,0
. Wakogel Type IV 388 - 39.0
Silica gel Aerog%:l Tﬁe m 1279 ; 3;4
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4.3 Temperature dependence of the super-dense hydrogen adsorption
4.3.1 Hydrogen adsorption isotherms

Figs. 4.3.1 show the H, adsorption isotherms which represent the gravimetric H» uptake as
a function of H» pressure at 20.4. 23.3, 26.5, 30.6 K on MSC-30, GNPs and MOF-177. The
maximum H» uptakes on all adsorbents decreases with increasing pressure. This is a general trend of
the typical physical adsorption. The heat of adsorption on MSC-30, GNPs and MOF-177 is
estimated by applying the Clausius-Clapeyron equation to the H, adsorption isotherms in Figs. 4.3.1
at different temperature, and the results are shown in Fig. 4.3.2. The three adsorbents show the heat
of adsorption between 1-3 kJ/mol in descending order of MOF-177, MSC-30 and GNPs. The heat of
adsorption in the region of low H> uptake cannot be estimated because of the low pressure below the
limit of pressure gauge. This low pressure region represents the monolayer adsorption, so it is

inadequate for discussing the superdense H» adsorption.
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4.3.2  Density of adsorbed hydrogen

Figs. 4.3.3 show the isothermal properties of the H» introduction into the cell with MSC-30,
GNPs, and MOF-177 at 20.4, 23.3, 26.5 and 30.6 K in the same way as the experiment
corresponding to Figs. 4.2.3. The isotherms of the blank cell show each liquefaction step, where H»
liquefy at 0.10 MPa (20.4 K), 0.22 MPa (23.3 K), 0.43 MPa (26.5 K), and 0.88 MPa (30.6 K). The i-
H» amount in the blank cell above each phase transition pressure tends to decrease with increasing
temperature due to the physical properties of liquid Hx density, which are 35.2 mmol/cm?® (20.4 K,
0.10 MPa), 33.3 mmol/cm? (23.3 K, 0.22 MPa), 30.9 mmol/cm? (26.5 K, 0.42 MPa), and 26.2
mmol/cm? (30.6 K, 0.87 MPa). All isotherms for the cell with adsorbents show similar adsorption
and liquefaction steps at each temperature. Comparing the i-H> amount of blank results with i-H» of
adsorbents above each phase transition pressure, it is noteworthy that the i-H, amount with MOF-
177 and MSC-30 gradually exceeds the value of blank with increasing temperature. These
phenomena suggest that the temperature dependence of pyqsy, is different from py;q p,. In other
words, the density of superdense H, is less affected by temperature than the density of liquid Ho.

The values of pgq, p, at each temperature and on each adsorbent are evaluated in the same
way as discussed in the section 4.2.2. The evaluated pgq; p, is plotted as a function of temperature in
Fig. 4.3.4 together with p;, 4, at each phase transition point. It can be seen that paqsp, ON any
adsorbents shows the higher density than p;,p, at any temperatures, and MOF-177 shows the
highest pygsp,, followed in the order MSC-30 and GNPs. Temperature change of pggsp, ON
adsorbents doesn’t significantly decrease with increasing temperature compared with pjiqp,. In
particular, the values of pgq5 5, on MOF-177 and MSC-30 with the large amount of monolayer H as
the Type I adsorption show the temperature independent properties. According to these results, it can
be seen that the monolayer H» strongly interacted with material surface leads to the temperature

independence of super-dense H> state.
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4.3.3 Isobars of volumetric hydrogen capacity
Fig. 4.3.5 shows the isobaric curve at 0.9 MPa as a function of temperature in the range of
10-80 K, which represents the i-H, amount (left Y axis) corresponding to the volumetric H, capacity

cell

in the cell (right Y axis). The volumetric H» capacity of the cell (p,; ) can be evaluated by

n.
it =5 (4.3.1)

cell
where n;,;[mmol] is the i-H, amount; V,,;; [cm?3]is the volume of cryogenic cell (12.3 cm?). By
comparing pSét in the blank cell and pSEit in the cell with MSC-30 and MOF-177, the isobaric
properties of the volumetric H, capacity in the liquid H» tank with and without adsorbents are
discussed. The sample cells are filled with 2.30 g of MSC-30 and 2.27 g of MOF-177, which
correspond to 9.0 cm? of bulk-volume for both materials. The isobaric curve of blank shows the
characteristics of the pure H». In the temperature range of 30-80 K with the gaseous phase of H», the
results of MSC-30 and MOF-177 show much higher volumetric H, capacity compared with that of
blank, which is naturally due to the contribution of H, adsorption on adsorbents. At 30 K and 0.9
MPa, H, starts to liquefy and the i-H> amount (volumetric H, capacity) increase up to 23.1, 22.3,
20.5 mmol/cm? for the cell of MSC-30, MOF-177 and blank, respectively. It is notable that the cells
with both adsorbents have higher volumetric H, capacity than that of blank even in the liquid phase
of H», especially, the capacity of MSC-30 is 13% higher than that of blank at 30 K and 0.9 MPa.
With decreasing temperature from 30 K, the volumetric H» capacity increase due to the increase in
the density of liquid Ha. The capacity of MSC-30 and MOF-177 gradually increase with decreasing
temperature compared with that of blank. This is because of the temperature independence of
adsorbed H» density as the super-dense state, which is in good agreement with the temperature
change of the isotherms and pgq4p, in Figs. 4.3.3 and Fig. 4.3.4, respectively. The volumetric H»

capacity in the blank cell is equivalent to that of MOF-177 at 27.5 K and MSC-30 at 23.0 K. Here,

behaviors of these isobar are considered in the viewpoint of H; losses by temperature increase (Boil-
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off). Fig. 4.3.6 shows the H» losses with increasing temperature from 23 K to 30 K for the results of
blank and MSC-30 based on the values in Fig. 4.3.5. It is clearly found that the amount of H» losses
in the blank cell is larger than that of MSC-30 at higher temperature, which is due to the contribution
of the temperature independent properties of super-dense H». At 30 K, the H» losses in the blank cell
and with MSC-30 are 6.3 and 4.3 mmol/cm?, respectively, which correspond to 32% of the
suppression of H» losses by temperature increase from 23 to 30 K at 0.9 MPa by using MSC-30
adsorbent. Thus, this result suggests that H» storage of cryo-adsorption using porous materials
provides not only the volumetric H> capacity equivalent to that of liquid H» but also the availability

of the suppression of H» boil-off in the liquid H, storage tanks.
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4.4 Adsorbed layer dependence of the super-dense hydrogen
adsorption

Here, microscopic structures of adsorbed H, molecules are pictured by taking account of
adsorption Types I and II to discuss the superdense H» state and the temperature dependence. Type |
adsorption isotherms for MSC-30 and MOF-177 are given by micropores filling of H, at low
pressure due to the strong interaction with the material surface in narrow micropores. It can be
considered that the adsorption with strong interaction makes the adsorption state to be the
superdense H» state. In the case of Type II adsorption isotherms for GNPs, it is understood that the
end point of steep H» uptake at low pressure corresponds to the completion of monolayer coverage
and after that, H, uptake gradually increases by multilayer adsorption. In the BET theory, it is
assumed that the multilayer adsorption region is equivalent to liquid phase and the monolayer
adsorption region just on the surface is more stable than the liquid phase.?’” H.K. Livingston®® and
Xicohténcatl et al.? reported the anomalously low cross-sectional areas of H, at 20 K on the Ni foil
and a mesoporous silica compared with bulk-liquid and bulk-solid H» density, indicating the super-
dense H state just on the material surface similar to our result.

In this work, the region of monolayer adsorption was focused on and the density of

monolayer Ha (pggs 17,) just on the material surface was evaluated based on the BET theory. It is

mono

possible to determine the monolayer H> uptake (n,,rs, ) by applying BET equation to the adsorption

isotherms in Figs. 4.3.1, and the ratio of monolayer H, uptake to the total uptake (R;;,on0) 1S given by

mono

n
Rinono = W% | max (4.4.1)
Nyt

where nj;f is the maximum H, uptake obtained from Figs. 4.3.1. The values of Ry, are

evaluated to be 74%, 42% and 90% for MSC-30, GNPs and MOF-177, respectively, at 20.4 K.
Rinono at other temperature on each adsorbent show similar values and they are summarized in Table.

mono

4.4.1. Thus, the density of monolayer Hz (pgqs,) is given by
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mono mono
mono _ nads.HZ _ nads.Hz _ Rmononads.Hz

pads.Hz — ymono multi — ,
Vardte ™ Vaasu, — VIR ™ naas, /p s RpuitiNads.h,
ads.H,

. (442)
pas

where ngy, (mol) is the amount of monolayer Ha, Vogd'h? (cm?) is the volume of monolayer H»

Vaas.n, (cm?) is the volume of total adsorbed Ho, 57115”1?2 (cm?) is the volume of multilayer Ha,

Nggs.i, (Mol) is the total amount of adsorbed Ho; Ry 18 the ratio of multilayer Ha given by

Ripuiei = 1 — Rimono (4.4.3)

Here, the density of multilayer H, (pg}}ﬁgz) can be considered as liquid phase (py;q.,) at each phase

transition point, which is following the assumption of the BET theory. Finally, pgeyy, can be

evaluated by

mono __ Rmononads.Hz
Pads.H, =

(4.4.4)

Nads.H, _ RmultinadS.Hz

/pads.HZ /pliq.HZ
The evaluated pggy s, on MSC-30, GNPs and MOF-177 are plotted in Fig. 4.4.1 as a function of

temperature below critical point of Ha. As a result, pggs, on all adsorbents show the constant value
of 50 mmol/cm?® without temperature dependence below the critical point of H,. Therefore, it can be
concluded that the super-dense H» state is strongly related to the monolayer adsorption with direct
interaction from material surface, irrespective of the adsorption types and temperature below critical
point.

Focusing on the introduced H» (i-H) amount into the sample cell at 20.4 K above 0.1 MPa
shown in Fig. 4.2.3, MSC-30 shows the highest i-H, amount, even though MOF-177 has the higher
gravimetric H» uptake and larger amount of adsorbed H,. In order to clarify this mystery, we
evaluated the volumetric Ha uptake (My,0/cm3)- Since pgf}ﬁgz is regarded as py;q g, at each condition
as discussed above, Ny cms 1s defined by

mono
nads.Hz

Nmmol/em® = Tymono 4 17’
Vads.HZ + Vsk

(4.4.5)

where Vg, (cm?®) is the skeletal volume of adsorbents given by m/pg,, m (g) is the weight of
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materials; pg, (g/cm?) is the skeletal density of materials. According to the above discussion,

Mimot/cm® €an be evaluated by

Rmononads.Hz

(4.4.6)

Nmmol/cm3 =
/ Rmononads.Hz m
mono + "/,

Pads.H,

Accordingly, Npo;/cms for each adsorbent and temperature are evaluated and plotted in Fig. 4.4.2 as
a function of temperature below the critical point of Ha. 1,51/cms shows constant values of 34
mmol/cm?, 17 mmol/cm?, and 33 mmol/cm® for MSC-30, GNPs, and MOF-177, respectively,
without temperature dependence (see also the Table 4.4.1). MSC-30 shows the highest value of
Nmot/em?» and it is comparable to pyiq p, at 22 K and 30% higher than py;q 4, at 30.6 K, that are
consistent with the result of isobar of Fig. 4.3.5 representing the volumetric H, capacity in the cell
discussed in section of 4.3.3.

When the density of monolayer H> shows the constant without temperature and material
dependences, the cross-sectional area (o; m?/molecule), which is a value of occupied area by one
molecule of adsorbate, of H> must be a constant. By using the parameters of the cross-sectional area
(0), gravimetric surface area (Sgrqpi; m?/g), and mass of adsorbate (m, g), equations 4.4.5 and 4.4.6

are changed as

m-S, i
nes, = —Nj;“m (4.4.7)
mr- Sgravi/N
mone = — 1A%, (448)
pads.Hz

where N, is the Avogadro number (6.022 X 10?3 mol~!). When equations 4.4.7 and 4.4.8 are
introduced into equation 4.4.5, p}:,‘z’l is given by

1
Yo, om Sy

Here, the value of (m - Sy;q,;) corresponds to the volumetric surface area (m*cm’) of adsorbents.

, (4.4.9)

Nmmol/em3 =
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Since the values of pag53, and o are constant regardless of temperature and adsorbents based on the
above discussion, equation 4.4.9 suggests that the volumetric surface area (m - Syy4y;) is a unique
factor to determine the volumetric Hz uptake of 1,5, /¢n3 under the super-dense Hz phenomena. As a
result, the highest value of 7,9 /¢ corresponding to the i-H, amount in Fig. 4.2.3 are shown on

MSC-30 with the highest volumetric surface area (m - Sgyqp = 7975 m?/cm?3).
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Table. 4.4.1 Summary of the gravimetric H uptake (wt.%), density of adsorbed H> (pqds.m,
mono

mmol/cm?), density of adsorbed H> in monolayer (pggs,, mmol/cm?), and volumetric Ha uptake

(Nmmot/em3» mmol/cm?) for MOF-177, MSC-30, and GNPs at each temperature and pressure.

Condition Adsorbent
T[K] P (MPaLiquidH, MOF-177 MSC-30 GNPs
, 204 010 - 12.9 (90%)' 12.2 (74%)' 6.6 (42%)"
wt.% 1 1 1
o 233 022 - 12.6 (87%) 11.9 (60%) 6.1 (42%)
Gravimetric H, uptake wt.%
2P [wt.2%] 265 043 - 12.4 (88%)" 11.5 (71%)" 5.9 (41%)’
30.6 0.88 - 11.9 (86%)" 10.8 (76%)" 5.3 (41%)’
204 010 352 473 (134%)°  43.6 (124%)*  40.0 (114%)’
Padstz 233 022 333 471 (141%)* 424 (127%)*  38.0 (114%)’
Density of adsorbed H, [mmol/cm’] 265 043 309 45‘8( 00)2 . 00)2 o 00)2
5 0. . 8(148%)" 422 (137%)° 364 (118%)
306 0.88 262 451 (172%)*  41.5(159%)*  32.9 (125%)
pmong 204 - 35.2 49.3 (140%)°  46.7(133%)"  49.3 (140%)’
Density of Iver H adstz 933 - 33.3 50.0 (150%)°  52.1(156%)°  47.3 (142%)
ensity of monolayer H,  [mmol/cm”] 265 - 309 49.0 0/12 o/\2 o/12
. . 0(159%)" 498 (161%)°  48.8 (158%)
306 - 26.2 50.6 (193%)  51.2(195%)*  51.8 (198%)
N 204 - 352 33.5 (95%)° 34.1 (97%)° 18.5 (52%)*
mol/em® 933 . 333 33.4 (100%)°  34.1(102%)*  17.7 (53%)
Volumetric H, uptake [mmol/cm’] ) * 00)2 1 00)2 7 00)2
26.5 30.9 32.7 (106%)°  34.5 (112%) 17.1 (56%)
306 - 26.2 32.6 (124%)°  342(130%)*  16.3 (62%)’

! Ratio (%) of monolayer adsorption in the H, uptake

2 Ratio (%) compared to density of liquid Ha (py;q.41,) at each phase transition point, 35.2 mmol/cm? (20.4 K, 0.10
MPa), which are 33.3 mmol/cm? (23.3 K, 0.22 MPa), 30.9 mmol/cm? (26.5 K, 0.43 MPa), 26.2 mmol/cm? (30.6 K,
0.88 MPa)
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4.5 Gas dependence of the super-dense hydrogen adsorption
4.5.1 Density of adsorbate for deuterium, neon and nitrogen

In order to compare the superdense H, for different gases, the adsorption properties for
deuterium (D>), neon (Ne) and nitrogen (N»>) were investigated at each boiling point (23.6 K for Do,
27.1 K for Ne and 77.2 K for N») in the same way as section 4.2.2. Fig. 4.5.1 shows the isothermal
properties of the gas introduction into the cell with and without 1.5 g of MSC-30, where the
introduced gas (i-gas) amount is plotted as a function of the pressure. For all gases, the isotherms
show the similar adsorption and liquefaction steps to H» isotherm. When the i-gas amount in blank
cell and the cell with MSC-30 are compared at 0.1 MPa for each gas, the i-gas amount for D», Ne, N»
(except for Hy) in the blank cell are clearly higher than that of MSC-30. These behaviors for D», Ne,
N> consistent to the general understanding of adsorption state of “liquid state ~ adsorbed state”
because the free volume in cell with adsorbents is smaller than that of blank cell. As discussed in the
section 4.2.2, the comparable i-H, amount in the blank cell and with MSC-30 is due to the effect of
the super-dense H» adsorption, therefore this result qualitatively suggests that the super-dense effect
on Dy, Ne and Ny are not clearly shown, in other words, the super-dense adsorption is a unique
phenomenon for H, or strongly enhanced in Ha.

Figs. 4.5.2 show the temperature change of the gas introduction isotherms for D», Ne and
N». The measurements were carried out at 23.6 K (0.10 MPa), 26.4 K (0.22 MPa), 29.8 K (0.44
MPa) and 33.9 (0.88 MPa) for D», at 27.1 K (0.10 MPa), 29.4 K (0.22 MPa) and 32.5 K (0.44 MPa)
for Ne, at 77.2 K (0.10 MPa), 85.1 K (0.22 MPa) and 92.9 K (0.44 MPa) for N, where the pressure
in brackets is the liquefaction pressure at each temperature. It is observed that the i-D> amount with
MSC-30 gradually exceeds the amount in the blank cell with increasing temperature, which is the
similar trend to that of H» as shown in Fig. 4.2.3 (a). This trend suggests that the density of adsorbed

D3 is also less affected by increasing temperature compared with that of liquid D,. On the other hand,
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the i-Ne and N, amount with MSC-30 are always lower than that of blank cell even at higher
temperature, suggesting the densities of adsorbed Ne and N» are relatively affected by temperature
increase unlike the trend of H, and D».

In the same way as section 4.2.2, the densities of adsorbates for D», Ne, and N, are
quantitively evaluated and the results are summarized in Figs. 4.5.3 and Table. 4.5.1. The density of
adsorbed D> shows the value in the range of 40.4~31.4 mmol/cm? in the temperature range from
23.6 to 33.9 K, which is slightly higher than that of H>. At any temperature, the densities of adsorbed
D> show higher density than that of liquid D», and they are less affected by temperature increase
similar to the temperature independent properties of the super-sense H,. The density ratios of
adsorbed phase to liquid phase (pqqs./P1ig.) Tor each gas are summarized in Table. 4.3.1. It can be
seen that pgqs /p1ig. Tatios for Ha and D, increase with temperature in the range of 1.24~1.61 and
1.19~1.35, respectively. Comparing the ratio of Ha (Paas. 1,/ Prig.n,) With that of D2 (paas.p,/Plig.n,)>
Pads.H,/ Piiq.i, Tatio is always higher than p,4sp,/piig.p, Tatio at any temperature. It suggests that
the adsorbed H» is more strongly affected by the effect of super-dense adsorption compared with D
adsorption. On the other hand, the temperature changes of the adsorbed Ne and N, density are totally
comparable to that of liquid Ne and N2, and both p,q4s /pyiq. ratios are around 1.0 at any temperature,
which are in the good agreement with the general understanding of adsorption state of “liquid state =
adsorbed state”. In addition, the experimentally observed super-dense adsorption of H, and D> are
confirmed as the special adsorption compared with the adsorption of Ne and No.

The monolayer densities of H, and D, are evaluated in the same way as section 4.4.
Fig.4.5.4 shows the densities of monolayer D> in the temperature range of 23.6-33.9 K. The density
of monolayer D; also shows a constant value of around 50 mmol/cm® without temperature
dependence below the critical temperature of D,. It is remarkable that the densities of adsorbed D>

and H; are comparable in the super-dense state of monolayer, even though the density of liquid D> is
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1.15 times higher than that of H> at each boiling point. The H> molecule with light mass is strongly
affected by quantum effects at low temperature, yielding the lower density of bulk-liquid H> due to
the high zero-point energy compared with that of D, (see the introduction section 1.2). However, the
difference of adsorbed density between the monolayer H» and D5 is not observed below each critical
point. The quantum effects in bulk-liquid H, and D, seem to be cancelled by interactions of

adsorption with the material surface.
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Table. 4.5.1 Density of adsorbate and liquid phase for H», D>, Ne and N, and monolayer, and

Monolayer density for H, and D> at each temperature below critical point.

Condition
Liquefied |Liquid Density of iq.x |Monolayer i
Gas | Temp. pr;1 ssure de?lsity adsorbZte Ads.l/g‘l)q' density ’ Aisi“(;(')q-
K MPa mmol/cm’  mmol/cm’ %  |mmol/cm’ %
H, (204 35.2 43.6 124 47.6 135
D, [23.6 0.10 40.4 47.9 119 §52.4 130
Ne [27.1 59.5 59.3 100 -
N, [77.2 28.8 29.1 101 - -
H, [23.3 33.3 429 129 48 144
D, [264 022 38.3 46.2 121 50.9 133
Ne (294 57.5 58.2 101 - -
N, [85.1 27.5 27.4 100 - -
H, |26.5 30.9 42.7 138 50.1 162
D, |29.8 0.44 35.6 449 126 50.8 143
Ne [32.5 54.3 54.4 100 - -
N, (929 26.0 26.2 101 |- -
H, |30.6 0.88 26.2 42.1 161 52 204
D, [33.9 314 422 135 149.7 158
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4.5.2 Two-dimensional density

Figs. 4.5.5 show the adsorption isotherms for H, D>, Ne and N, on MSC-30, which
represent the molar basis uptake (mmol/g) as a function of the relative pressure, where each
temperature was determined so that the liquefaction pressure was at 0.10 MPa for (a), at 0.22 MPa
for (b), at 0.44 MPa for (c) and at 0.88 MPa for (d). Fig. 4.5.5 (a) shows the adsorption isotherms for
H», D2, Ne and N> at each boiling point of 20.4, 23.6, 27.1, and 77.2 K, respectively. The all
isotherms can be classified as Type 1. The maximum adsorption uptake is in order of Ne, D,, H, and
N> corresponding to the trend of liquid density as shown in Table 4.5.2. The monolayer uptakes for
each gas were evaluated by applying the BET equation into the isotherms, and the points of
monolayer completion, defined as B-point in the experimental section 3.1.3., are marked as open
dots in Figs. 4.5.5 (a), and the results are summarized in Table. 4.5.2. It is observed that B-point of
H> is equivalent or close to the point of D, and Ne even though D> and Ne have much higher total
uptake (M4, at po/p=1) than that of H». As a result, the ratio of the monolayer uptake to the total
uptake (Mymono/Mmax) for Ha shows the highest ratio of 79 % compared with the ratios of D2 (69%),
Ne (60%) and N2 (67%) at each boiling point. The monolayer ratio for H» is clearly higher than the
ratios for other gases even using the same adsorbent of MSC-30, which is obviously due to the
super-dense adsorption of monolayer H, and the region of multilayer adsorption correspond to the
properties of liquid phase. In this way, the anomalously high area density (two-dimensional density)
of super-dense H is revealed. For other temperatures in Figs. 4.5.5 (b), (c), and (d), the similar
trends to the result of Fig. 4.5.5 (a) are observed. The monolayer H» capacities (B-point) are
relatively close to that of D, and Ne, even though the total uptake of D> and Ne are clearly higher
than Ha, especially, the monolayer capacity of Ha is higher than that of Ne in Fig. 4.5.5 (¢).

In order to discuss the area densities of adsorbates in more details, the cross-sectional areas

(o) for all adsorbates were evaluated by equation 4.5.1.
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Sa
o= N, (4.5.1)

where Sg,.q,; (m?/g) is the gravimetric surface area, n,m01/4 (mmol/g) is the monolayer capacity as
defined in equation 3.1.34, N, is the Avogadro number (6.02x10? mol™"). The evaluated o, which is
called “experimental o™ below, for each adsorbate and temperature is shown in Table 4.5.2. Emmett
et al. propose that the cross-sectional area of adsorbates is related to the volume factor of W?2/3. W is

given by

w = , (4.5.2)

where M is the molar mass of adsorbates, p is the density of liquid or solid phase. Thus, the cross-

sectional area ¢ can be theoretically evaluated by

2/3

o=F (Niw p) , (4.5.3)

where F is the packing factor. F = 1.091 is well used as the hexagonal close-packed factor 28. The
evaluated o from equation 4.5.3 is called “theoretical 6. The theoretical o is evaluated based on the
liquid density and the hexagonal close-packed factor, and the results are summarized in Table 4.5.2.
The experimental 0 of Ne and N, are comparable to the theoretical o at each boiling point,
indicating the properties of Ne and N» adsorbates are close to the liquid phase. On the other hand, the
experimental o of H, and D5 are 10.3 and 10.1 A%/molecule, respectively, which are quite lower than
the theoretical o of 14.2 and 13.0 A%molecule, respectively, indicating the anomalously high area
density due to the super-dense H, and D». In addition, the packing factors of F are evaluated
experimentally to introduce the experimental o into the equation 4.5.3 (called “experimental F”
below), and the results are summarized in Table 4.5.2. The experimental F of H, and D, are 0.79 and
0.85, respectively, at each boiling point, which are also unusually low compared with the typical
packing factor of 1.091. These results indicate the anomalously high two-dimensional density of H»

and D> on the adsorbent, not expected from the liquid phase. For other temperatures, the
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experimental o of H, and D; shows relatively constant value in the range of 10.3-11.3 and 10.1-11.4,
respectively, even at higher temperature up to each critical point, which are much lower than the
theoretical ¢ in the range of 14.2-17.3. Thus, temperature independence of area density of the super-

dense H; and D; are revealed.
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Fig. 4.5.5 Adsorption isotherms of the molar basis uptake for Hz, D2, Ne and N> on MSC-30 as a
function of the relative pressure, and each temperature correspond to the liquefaction pressure at (a)
0.10 MPa, (b) 0.22 MPa, (c) 0.44 MPa and (d) 0.88 MPa. The points of monolayer completion (B-

point) are marked as open dots.
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Table. 4.5.2 Adsorption uptakes and cross-sectional area for H», D>, Ne and N at each temperature.

Condition Liquid ‘Adsorption uptake
Temp. Liquefied Liqu.id Total Monolayer M9n01ayer Cross—st.:ctional Packing factor Cross-sectional area
pressure |density  uptake uptake ratio area (this study)  (F) (F=1.091)
K MPa mmol/cm’mmol/g  mmol/g % A*molecule A?/molecule
H, 204 352 65.2 51.5 79 10.3 0.79 14.2
D, 23.6 0.10 40.4 76 524 69 10.1 0.85 13.0
Ne 27.1 59.5 96.2 58.1 60 9.1 0.99 10.0
N, 772 28.8 49 32.7 67 16.2 1.09 16.3
H, 233 333 63.5 49.8 78 10.6 0.79 14.8
D, 264 022 383 74.3 51.8 70 10.3 0.83 13.5
Ne 294 57.5 94.5 559 59 9.5 1.01 10.3
N, 85.1 27.5 48.1 30 62 17.7 1.15 16.8
H, 265 30.9 60.9 46.7 77 113 0.8 15.5
D, 29.8 0.44 35.6 71.6 49.5 69 10.7 0.83 14.1
Ne 325 54.3 90.3 33.8 37 15.7 1.6 10.7
N, 929 26.0 47.2 27.9 59 19 1.19 17.4
H, 30.6 0.88 26.2 52.3 444 85 10.7 0.67 17.3
D, 339 314 66.2 46.3 70 11.4 0.81 154
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5. Conclusion

In this thesis, the systematic investigation of the cryogenic H, adsorption properties was
carried out to understand the super-dense H» state, which showed higher density than liquid H»
density, from the following point of view, 1) Material dependence, 2) Temperature dependence, 3)

Adsorbed layer dependence and 4) Gas dependence.

1) Material dependence

The densities of adsorbed H, at the boiling point of H, (20.4 K) for various kind of
adsorbents, such as carbon materials, MOFs, and the silica gels, show the values in the range of
38.4~47.3 mmol/cm?, which are higher than that of liquid H, (35.2 mmol/ cm?). Namely, the super-
sense H, state can form on any adsorbents regardless of material species and pore structures. In
particular, the adsorbents with Type I adsorption isotherms given by micropores show relatively high
densities of adsorbed H; in the range 43.0~47.4 mmol/cm?, which is higher than that of solid Ha (43

mmol/cm?).

2) Temperature dependence

The temperature dependence of the super-dense H» state is investigated below the critical
temperature of H» (33 K) for the adsorbents of MSC-30 and MOF-177 with Type I adsorption, and
GNPs with Type II adsorption. For all adsorbents, the phenomenon of super-dense H» adsorption is
observed at any temperatures. Especially, the densities of adsorbed H» on MSC-30 and MOF-177
with micropores do not significantly decrease with temperature rise compared with that of liquid Ha,
suggesting that the temperature dependence of super-dense H» state is not large. The feasibility of
suppression for liquid Hz boil-off by using the super-dense H» with small temperature dependence is

discussed. In the case of a temperature increase from 23 to 30 K under isobaric condition at 0.9 MPa,
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the boil-off amount of liquid H> is reduced by 32% when MSC-30 is filled in the cell.

3) Adsorbed layer dependence

In order to discuss the super-dense H» state in more details, the behaviors of monolayer
and multilayer H» are discussed separately. The density of monolayer H, is evaluated based on the
BET theory, and then the multilayer H» is assumed to be the liquid phase. It is clarified that the
density of monolayer H, has a constant value of 50 mmol/cm?® without temperature and material
dependence. Interestingly, the density of monolayer H» clearly exceeds the density of solid H» (43
mmol/cm?). In order to increase the volumetric H, uptake including the volume of adsorbents
themselves, it is found that the volumetric surface area of adsorbents is a unique factor, and it is
proportional to the volumetric H, uptake. This is important for developing materials to obtain higher
volumetric H, uptake for the super-dense H» adsorption. In this work, MSC-30 with the highest
volumetric surface area (7975 m?*/cm?) shows the highest volumetric Hy density (33 mmol/cm?),

which is comparable to that of liquid H at 23 K.

4) Gas dependence

The density of adsorbed H» is compared with those of adsorbed D», Ne, and N, at each
boiling point, and the temperature dependence of adsorbed density is discussed for each gas. It is
found that the densities of adsorbed Ne and N> are equivalent to that of each liquid phase, indicating
that Ne and Ne do not form the superdense state. On the other hand, the density of adsorbed D, is
higher than that of liquid D2, which is the similar trend to H». In addition, the density of monolayer
D5 shows a constant value of 50 mmol/ cm?® without temperature dependence below the critical point
of D» (38.3 K). It is clarified that the densities of monolayer D, and H, are comparable, even though

the density of bulk-liquid D> is 1.15 times higher than that of bulk-liquid H; at each boiling point. It
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is known that the lower density of bulk-liquid H> is caused by the higher zero-point energy
compared with that of D,. From these results, it can be expected that the difference between bulk-
liquid H> and D> density due to the quantum effect is cancelled out by interactions between

adsorbates and adsorbents at cryogenic conditions, and the super-dense H is formed.
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