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Abstract

Physisorption of hydrogen in nanoporous materials offers an efficient and competitive alternative
for hydrogen storage. At low temperatures (e.g. 77 K) and moderate pressures (below 100 bar)
molecular H, adsorbs reversibly, with very fast kinetics, at high density on the inner surfaces of
materials such as zeolites, activated carbons and metal-organic frameworks (MOFs). This review,
by experts of Task 40 ‘Energy Storage and Conversion based on Hydrogen’ of the Hydrogen
Technology Collaboration Programme of the International Energy Agency, covers the
fundamentals of H, adsorption in nanoporous materials and assessment of their storage
performance. The discussion includes recent work on H, adsorption at both low temperature and
high pressure, new findings on the assessment of the hydrogen storage performance of materials,
the correlation of volumetric and gravimetric H, storage capacities, usable capacity, and optimum
operating temperature. The application of neutron scattering as an ideal tool for characterising H,
adsorption is summarised and state-of-the-art computational methods, such as machine learning,
are considered for the discovery of new MOFs for H, storage applications, as well as the modelling
of flexible porous networks for optimised H, delivery. The discussion focuses moreover on
additional important issues, such as sustainable materials synthesis and improved reproducibility
of experimental H, adsorption isotherm data by interlaboratory exercises and reference materials.

1. Introduction

Developing a safe, affordable and efficient way of storing H; is a key priority in hydrogen energy research.
Current fuel cell vehicles, such as the Toyota Mirai, use 700 bar compressed H,, which provides a gravimetric
H, capacity of approximately 5.7 wt% and a volumetric capacity of 40 g H, 17! [1]. Compressed H, storage
offers quick refill times and provides long ranges for fuel cell vehicles, but it also has some disadvantages.
Compressing H, to 700 bar, for example, consumes energy, and further gains in volumetric and gravimetric
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capacity can only be achieved by using yet higher pressures. The need for high pressures limits tank shape to
non-conformable carbon fibre-reinforced composite cylinders, which are also expensive, while isenthalpic
expansion of H, during charging leads to temperature increases, so H, must be pre-cooled to 233 K to avoid
overheating [2]. H, can also be stored as a liquid, but this requires very low temperatures, below 30 K [3, 4].
Cooling Hj to this extent consumes more energy than 700 bar compression and long-term storage requires
highly insulated tanks, which are, again, rather expensive. A third option, known as cryo-compression,
combines cooling and compression, to achieve high volumetric densities close to liquid H; in the gaseous
state [5, 6].

A general alternative to storing H; in compressed, liquid or cryo-compressed form is to use materials that
absorb or adsorb hydrogen, to provide high gravimetric and volumetric capacities at more practical
pressures and temperatures [7, 8]. Various options exist, as discussed throughout this special issue, but each
one has disadvantages, as well as advantages. Metal and complex hydrides bind hydrogen in their structure,
and can therefore be categorised as a form of chemical hydrogen storage [4]. Complex hydrides can provide
high gravimetric and volumetric capacities, but they are not always reversible, often require high
temperatures for operation, and, when reversible, usually have sluggish hydrogen absorption and desorption
kinetics. Interstitial metal hydrides that can operate at near ambient temperature, meanwhile, can possess
impressive volumetric capacities, exceeding that of liquid H, [9], but they usually exhibit low gravimetric
capacities, below 2 wt%. Moreover, in all cases, since hydrogen is chemically bound via ionic, metallic or
covalent bonds, the respective sorption and desorption enthalpies are considerable, and heat management
then becomes a key issue for optimal operation [10].

Hydrogen adsorption in nanoporous materials is an alternative physical, rather than chemical, solution
to the hydrogen storage problem [4]. In this case, molecular H, is physically adsorbed, or physisorbed, in the
pores of materials with very high internal surface areas and hence extended gas—solid interfaces, such as
zeolites [11], activated carbons, and metal-organic frameworks (MOFs) [12—16]. Using this approach, H,
can be stored at higher densities than compressed gas, at pressures below 100 bar, and at higher temperatures
than those required for liquid storage. The practical problem is that low temperatures, in the region of 77 K,
and pressures up to 100 bar, are still required to achieve high capacities; however, there are also advantages,
compared to chemical storage in hydrides, which include rapid sorption kinetics and the low heat of
adsorption. The key point is that H, storage in nanoporous materials may offer an intermediate solution that
provides both high gravimetric and volumetric storage densities at pressures below 100 bar, thus reducing
both compression or liquefaction losses and the challenges of handling and distributing H, as high pressure
(700 bar) gas or cryogenic liquid.

This article covers the fundamentals of H; storage in nanoporous materials, and recent work
investigating the adsorption behaviour of H, at low temperatures and high pressures. We also consider the
correlation of gravimetric and volumetric H, capacities, enhancing deliverable capacities through the use of
flexible materials, machine learning (ML) for predicting storage performance, and assessing the limits of H,
storage in flexible materials. Other important issues, such as reproducibility testing using interlaboratory
exercises and the need for reference materials, are also discussed.

2. Fundamentals

2.1. Gas adsorption in porous materials
The critical point of H; is around 33 K and 13 bar, and its boiling point is just over 20 K [17]. Very low
temperatures are therefore required to condense hydrogen. These physical properties are due to weak H,—H,
interactions, which originate from H, molecules having no charge, no dipole moment, a relatively weak
quadrupole moment, and a low polarisability. These same characteristics lead to the weak physical interaction
of molecular H, with surfaces [18-20], but it is nevertheless possible to adsorb fairly large quantities of H, at
supercritical temperatures, in materials possessing high enough surface areas and pores of proper size.
Various factors affect the adsorption of gases by porous materials, including the strength of the
adsorbate—adsorbent interactions, the specific surface area (SSA) of the material, typical pore widths or
diameters, and total pore volume. The strength of adsorbate—adsorbent interactions depends on the
properties of both the gas and the solid. SSA, meanwhile, defines the extent of the gas—solid interface and
thus the quantity of surface sites available for adsorption, per unit mass of material; although the concept
breaks down somewhat when pores are sufficiently narrow. At low pressures, the amount of adsorption
depends mainly on pore width or diameter. In very narrow pores, the overlapping potentials of opposing
pore walls, or of neighbouring framework atoms, lead to stronger solid—fluid interactions compared to open,
flat surfaces and therefore to larger amounts of adsorption at relatively low pressure. The saturation uptake
of a material, however, at high pressure, tends to scale with the total pore volume up to pore sizes beyond
which adsorption is not significant [21].
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Adsorption behaviour is typically characterised by the shape of isotherms—plots of uptake against
pressure—and varies with temperature. It also correlates with the physical properties of the adsorbate and
the nature of the adsorbent. Adsorption at subcritical temperatures differs to supercritical adsorption.
Nitrogen is one of the most common adsorbates, due to its widespread use for determining
Brunauer-Emmett—Teller (BET) areas, a common approximation of the accessible SSA of a solid. The critical
temperature of N, is 126 K, while measurements are often performed at its boiling point, 77 K, because of
the practical convenience of using liquid N, as a cryogen. At such subcritical temperatures, monolayer
adsorption can occur on relatively flat or open surfaces, followed by multilayer formation at higher relative
pressures, P/P,, where P is absolute pressure and Py is the saturation pressure of the adsorptive. This is the
case for non-porous or macroporous materials, and identifying the point at which a statistical monolayer is
formed is the principle behind BET surface area determination.

Materials of interest for adsorptive hydrogen storage, however, are usually microporous or mesoporous.
Terminology associated with both porous materials and gas adsorption has been defined in widely accepted
International Union of Pure and Applied Chemistry (IUPAC) guidelines [22]. Microporous materials are
defined as having pore sizes <2 nm; mesoporous materials, between 2 and 50 nm; while the term nanoporous
refers to any material with a pore size <100 nm [22]. Most porous hydrogen storage materials are therefore
nanoporous. In mesoporous materials, at subcritical temperatures, monolayer and multilayer adsorption can
occur, followed by capillary condensation, which in most cases gives a characteristic (Type IV) isotherm
shape with a sudden increase of the amount adsorbed coupled many times with hysteresis between
adsorption and desorption isotherms [22—24]. In micropores, however, the adsorption process differs
because adsorption only occurs via pore-filling and there is no capillary condensation. This leads to a
so-called Type I isotherm, which is concave to the pressure axis, with no observable hysteresis. This difference
in adsorption behaviour—capillary condensation versus pore filling or else Type IV versus [—is the
historical origin of the otherwise rather arbitrary 2 nm threshold between micropores and mesopores, as
defined in the IUPAC guidelines [22].

At supercritical temperatures, even in mesopores, capillary condensation, which is associated with a
phase transition from a gas to liquid-like state [23], does not occur. The presence of the surface, however,
affects the density of the adsorbate in the pores, to a varying degree, depending on pore size and the strength
of the adsorbate—adsorbent interactions. The magnitude of the interaction between an adsorbate and either a
surface or a pore of a given size is usually characterised by the heat or enthalpy of adsorption, AH, which is
typically expressed as isosteric enthalpy of adsorption, AHy—the differential enthalpy at constant surface
coverage or loading [25]. For H, on an open carbon surface, for example, AHy, is approximately 4 k] mol !
[26], which is rather low considering that the thermal energy at 77 K is around 1 kJ mol~'. AHg, however,
increases under confinement, while heterogeneities also alter the strength of interaction [27]. Regardless of
the chemistry of the adsorbent, however, there is a general trend of increasing enthalpy with decreasing pore
size up to the point of molecular sieving [13, 14]. This is a result of the enhanced interaction within small
pores due to potential overlap. In some materials, H, can also adsorb more strongly on certain types of sites,
due to electrostatic interactions [18, 19]. Examples include cations in zeolites [28—30] and open metal sites
(OMSs) in MOFs [16, 31]. In these cases, AHy; for H; can exceed 10 k] mol~! at low loadings.

Isosteric enthalpies are usually determined experimentally by measuring adsorption isotherms at two, or
preferably more, closely spaced temperatures, and then applying the Clausius—Clapeyron (CC) equation or
van ‘t Hoff relation [8, 32], while a virial-type analysis is also possible [33, 34]. This results in a plot of AH
versus coverage or loading, 6. For H,, most of the times AHj; tends to decrease as a function of coverage
[14, 25]. This differs to species that may exhibit strong adsorbate—adsorbate interactions at higher coverages.
For H,, the highest values of AHy—for strongly interacting sites or the narrowest pores—are found at low
coverages. AHy at zero coverage can also be calculated by extrapolation or direct calculation. This is, in
principle, the energy release due to the adsorption of a single test molecule (f — 0). The magnitude of AH
has several practical consequences. Firstly, adsorption can be realised at higher temperatures for higher
values of AHy. Secondly, more heat is generated upon adsorption when AHy is higher, potentially raising
heat management issues. Thirdly, from a hydrogen storage perspective, the loading dependence of AHy
affects the deliverable amount of H, at any given pressure, because a high value of AHy at low loading,
regardless of the value at high loading, will lead to more H; being trapped in the material at low pressure,
below the delivery pressure of the store [35]. This point is discussed in more detail in section 3.1.2.

Adsorbent heterogeneity due to different surface sites, such as heteroatoms, functional groups, surface
defects and so forth, as well as due to different pore sizes within the material also affects AH, as well as
isotherm shape. The simplest case is described by the Langmuir model, in which each adsorption site is
energetically equivalent and there are no adsorbate—adsorbate interactions. In this case, AHy is constant as a
function of loading and the isotherm is described mathematically by the Langmuir equation. Most real



10P Publishing

Prog. Energy 4 (2022) 042013 L Zhang et al

adsorbents, however, are not so homogeneous, and the Langmuir equation rarely provides an adequate fit to
experimental H, adsorption data for nanoporous materials; except perhaps over a limited pressure range.

2.2. Intermolecular interactions

Physical adsorption is generally based on van der Waals interactions, which include long-range attractive
forces, between fluctuating, induced or permanent electric moments, but also short-range strong repulsive
forces, due to the interaction of overlapping atomic or molecular orbitals (Pauli’s exclusion principle)

[36, 37]. London dispersion forces are due to electron density fluctuations within atoms, which induce
electrical moments in neighbouring atoms and thus attraction [38, 39]. The potential energy of such
attractive (negative) interactions between two atoms is given by [40],

cq(r)=—A;r ¢ —Ayr 8 —Ayr 10> —ArS (1)

where r is the distance between the centres of the atoms and A; (=A), A;, A; are the dispersion constants for
instantaneous dipole—dipole, dipole—quadrupole and quadrupole—quadrupole interactions, respectively; the
r~8 and r~'° terms are usually negligible. Short range repulsion (positive) potential energy, meanwhile, can
be described by [41],

er(r)=Br " 2)

where B is an empirical constant and m is usually set to 12. The total potential energy between two atoms as a
function of their distance can then be approximated by the Lennard-Jones (L]) expression [42],

1y (1) = 2a (1) + e () = —Ar S 4 Br o

which has the general shape shown in figure 1(a). This can be recast in a more commonly used form after
considering a van der Waals-type diameter, o, with £1; (o) = 0 and an interatomic distance, o, where the
interaction is strongest (i.e. the energy, o, is at a minimum and thus dey; () /dr|,, = 0). Then,

euy (1) = —4eo [ (0/1) "+ (0/1) "] (4)

where g9 = e (1) = — (A/4) 0% and 0 = —/B/A (ry = ¥/2B/A = v/20).

For two different atoms, i and j, the Lorentz—Berthelot mixing rules can be used, giving
o =1/ (0i+ 0j), while 5 = | /&7;. The dispersion constant Aj; for the atoms is directly related to their
properties, for instance, through the Kirkwood—M iiller relationship [43, 44],

A — 6mCZOL,‘Oz]' (5)
T (ai/xi) + (a5/x)
where « is polarisability, x is magnetic susceptibility, m is electron mass and c is the speed of light. As an
example, the o and x values for H, are 0.79 x 1072* cm?® and 4.0 x 10~* cm?, respectively, while those for
N, are 1.76 x 1072* cm?® and 12.0 x 10~ cm?® [45]. The effect of these different adsorbate properties can be
seen in the different calculated potentials for H, and N, in figure 1(a).

The LJ expression is a ‘generic’ potential and is thus not necessarily limited to atoms; it can in principle
be used for any pair of L] particles (e.g. figure 1 pertains to H, and N, spherical molecular models). For
instance, the position-dependent energy landscape, Uy;(r), that a molecule i experiences when close to an
open surface, or inside a porous framework comprising j atoms, can be presented as the following
summation of all the pairwise L] potentials,

Uy (r) = —4502 [(aij/rij) oy (Uij/r,'j)_lz} ) (6)

For homogeneous flat surfaces the gas-solid interaction potential is more or less similar to the pairwise
interaction curve of figure 1(a). The variable in this case, however, is the distance from the surface, z. Upon
confinement in pores, such as slits and cylinders, the interaction of neighbouring atoms of the solid sum up
in a constructive manner and produce much deeper potential wells compared to the open surface, as shown
in figure 1(b). In the case of simple pore models (e.g. slit-shaped or cylindrical pores), the energy landscape
can be easily described, as shown in figures 1(b) and (c). Confinement of a gas molecule, however, in a 3D
porous solid—for instance, a zeolite or MOF—is far more complicated, as the energy landscape varies in the
x, y and z directions, as shown in figure 1(d) for the case of the MOF, HKUST-1.
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Figure 1. (a) LJ potential energy between two molecules (H, or N») versus their distance, (b) position dependent potential energy
of a single H, molecule confined in carbon slit pores of varying width (z = 0 is the centre of the pore), (c) L] zero potential
isosurface (Uy; = 0) for H; in a slit pore with graphene walls. Calculations are based on the visualisation method of [46]. (d) H,
zero potential isosurface in a typical MOF (HKUST-1). Constructed with i-RASPA visualisation software [47].

For the case of H; the interactions become more complicated as the adsorption temperature is reduced
since it is a very light gas and therefore has a considerable de Broglie wavelength. For this reason, nuclear
quantum effects are expected to contribute significantly to the adsorption process at temperatures below
100 K. For such processes, the quadratic term of the Feynman—Hibbs (FH) effective potential can be used
[48], in order to ‘smear out’ the deepest part of the classical potential curve,

Ul = U B\ o2
a = Uy + 4 V= (Uy) (7)

where /i = h/2, h is the Planck constant, 3 = (kT)” ' and iy, is the reduced mass, given by,

1 1\ !
“m:(a+%> ®

where m; is the mass of atom i. The FH expression adequately describes the quantum spreading of H,

molecules when \* = (27rﬂ h?/ mcerz) g 2 £0.5. Here \* is the reduced de Broglie wavelength, and m the
mass of H,. The reduced thermal wavelength \* at temperature T is given by the expression: 4.17/+/T and
its numerical value at 77 K is 0.47. At lower temperatures, quantum effects become increasingly important
and more elaborate approaches, such as the path integral formalism, are required to describe H,
interactions [49].
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2.3. H, adsorption at subcritical temperatures

As discussed above, the low molecular mass of H, and its weak intermolecular potential result in fascinating
properties at cryogenic temperatures of the adsorbed, liquid, and solid phases, comparable only with He.
Similarly to other gases below their critical points (e.g. N, at 77 K or argon at 87 K) adsorption of H, at
subcritical temperatures (<33 K) is usually associated, depending on the pore structure and morphology,
with processes such as pore-filling and capillary condensation that are not observed at supercritical
temperatures. However, in addition to this typical behaviour, H, adsorbed at subcritical temperatures, near
its boiling point (20.3 K), exhibits unique quantum properties that must be considered for the study of
adsorption at such conditions, as well as for the design of cryo-storage systems.

One example that depends on adsorption potential and pore size is the difference in kinetics and
adsorption energy upon isotopic (H,/D;) exchange. The small difference in mass between the two isotopes
(equations (7) and (8)) can lead to quantum sieving which may be kinetic in ultra-microporous (<0.7 nm)
materials [50, 51] due to the larger de Broglie wavelength of the lighter isotope (D, diffuses faster than H; in
small pores) or enhanced chemical affinity for the heavier isotope on strong adsorption sites, such as OMSs
in MOFs [51-54]. Furthermore, the hydrogen molecule, H-H, possesses two possible proton spin state
configurations, ortho-hydrogen (parallel, 11) and para-hydrogen (anti-parallel, 7). Because of the
symmetry of the wavefunction, para-hydrogen only has even rotational numbers (J = 0, 2, 4,...), while
ortho-hydrogen only has odd numbers (J = 1, 3, 5,...). The lowest rotational state of ortho-hydrogen is
J = 1, which implies a quadrupole moment, leading to a stronger interaction when it is physisorbed.

At ambient temperature, the para/ortho ratio is 1:3, whereas at near-boiling temperatures (20 K) it is
nearly 1:0. If a H, molecule is in the presence of a magnetic centre there may be spin interchange, resulting in
ortho-para conversion. This conversion has important practical implications due to the large latent heat of
conversion of 1.42 k] mol~! at 20 K, which is higher than the latent heat of vaporisation of 0.89 k] mol~! at
the same temperature [55]. This effect is often neglected, due to the experimental complication of
controlling the para-ortho conversion, and the low temperature at which it is observed.

The quantum nature of molecular H, can be also observed in the high compressibility of the bulk solid
phase due to the absence of multiple electron shells. Applying a pressure of 100 bar to hydrogen in the solid
state results in a volume decrease of 5% [56], whereas other solids are barely compressible. Argon, for
example, changes its volume by only 0.8% [57]. This large compressibility also occurs in the adsorbed phase
of H,, which can possess a density higher than the bulk at subcritical temperatures and near ambient
pressure, due to short H,—H, intermolecular distances.

2.3.1. High density of H, inside the pore system
At 77 K, H; physisorption is mainly governed by the surface of the solid, with a linear correlation observed
between the SSA (area per unit of mass) and the H, gravimetric capacity at elevated pressures, as specified by
Chahine’s rule [58]. An analogous relation for the volumetric H, capacity was recently verified
experimentally on a series of MOFs [59]. Gravimetric and volumetric uptake can therefore be correlated to
the surface area of the adsorbent [59-61], with an average surface H, density of 1.9 x 1072 mg m~2,
measured for many MOFs [59]. This surface density is lower than the bulk density of H,, and can be
understood as the number of H, molecules per unit area, equivalent to an intermolecular (H,—H,) distance
of 4.74 A at 77 K. This is larger than the intermolecular distance in the solid (3.76 A) and liquid (4.05 A)
state. Increasing the adsorbed layer density (or reducing the intermolecular H,—H, distance) is important, as
it relates directly to an increase in both volumetric and gravimetric H, storage capacity of a material.
Measurements of N, adsorption at 77 K are routinely used to assess the monolayer capacity of a material;
although using Ar at 87 K is preferable, due to its lack of quadrupole moment, as recommended in the
TUPAC guidelines [22]. The monolayer capacity, combined with the cross-sectional area of the probe
molecule—the area a single molecule occupies on the surface—can be converted into the SSA. Assuming
knowledge of the H, cross-sectional area, a subcritical H, adsorption experiment (<33 K) can therefore, in
principle, be used to assess surface area, while simultaneously measuring the maximum capacity of an
adsorbent [62]. Despite its importance, the H, cross-sectional area cannot be estimated a priori. H,
molecules exhibit weak intermolecular interactions (~0.3-0.5 k] mol™!) [63], while the H,-surface
interaction potential for conventional materials such as carbon or silica is ~4 k] mol~! [26]. The density of
the adsorbed layer or cross-sectional area at low temperatures therefore depends strongly on the H,-surface
interaction, which will be dictated by both the surface chemistry and morphology of the adsorbent.
Subcritical adsorption of light gases, such as He and H,, has been studied since the 1940s, with some
reports revealing unusually high He and H, capacities, compared to other gases such as Ar, N, or CO,, in the
first adsorbed layer (monolayer) [65, 66]. In 1956, Steele [67] introduced a phenomenological model using
the concept of double-layer adsorption (a bilayer) to explain high He monolayer capacities on carbon. Pace
and Siebert [68] reported a large discrepancy between the monolayer capacities on carbon of N, at 77 K and

6
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Figure 2. Hydrogen and argon adsorption isotherms of porous silica at boiling temperature, respectively. The monolayer
capacities calculated by BET show a difference of almost two times more for H,, indicating that the two times more molecules
cover the same surface [64]. The relative pressure refers to absolute pressure (P) divided by the condensation pressure (Pp).
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H, at 20 K, suggesting a short intermolecular H,~H, distance (2.95 A). Such experimental evidence
indicated an H, adsorbed layer with approximately double the density in graphite-like carbon at 20 K
compared to H, bulk liquid density. Similar observations have been reported since for H, on silica in 1990
[69, 70], 1997 [71] and 2014 [72], for H;, on carbon in 2004 [73], and for He on zeolites in 1994 [74]. Despite
these experiments showing a high adsorption capacity of H, (and He) at subcritical temperatures, however,
the microscopic nature is still under discussion, with some reports ascribing it to a high-density,
monolayer-like H, phase, and others assuming the formation of a bilayer.

In recent work, Balderas-Xicohténcatl et al [64, 75] studied the density of a single layer of H, adsorbed at
20 K on a series of micro-, meso- and non-porous silicas and carbons, as well as the model material KIT-6, a
mesoporous silica [76]. High-resolution gas adsorption experiments and inelastic neutron scattering (INS)
were used to independently demonstrate layer formation of H, with an intermolecular distance of 2.9 A.
Figure 2 shows an example of the comparison of H, (20 K) and Ar (87 K) adsorption isotherms for porous
silica. The isotherms show that the H, BET monolayer capacity is almost double that of Ar for the same
surface. The intermolecular H,—H, distance was calculated by comparing the H, monolayer capacity and the
surface area, and equates to a volumetric density of 201 g cm ™2, almost three times the bulk-solid density of
H, (80.0 g cm™2). These experimental results were supported by path integral Monte Carlo simulations and
ab initio calculations, including nuclear quantum effects, allowing rationalisation of the high-density phase
by the relatively small intermolecular repulsion of the compressed H, compared to the surface-adsorbate
attraction [64, 75]. This high density, or short intermolecular H,—H, distance, still requires further study,
but could potentially be used to increase both volumetric and gravimetric H; storage capacities of materials
for cryogenic storage systems.

2.3.2. H, adsorption near its boiling temperature
Storing H, as a liquid in a cryogenic tank has been proposed as an economically viable option for large-scale
storage and transport applications, due to the higher energy density and better area/volume ratio of a large
tank, which translates into better thermal isolation [77]. Hydrogen liquefaction requires temperatures as low
as 33.1 K and a moderate pressure of 12.8 bar. In this context, H, adsorption in nanoporous materials near
the boiling point could be used to optimise such cryogenic tanks.

One of the first subcritical H, adsorption isotherms measured on a MOF, MIL-101, was reported by
Streppel et al [62]. This material possesses a trimodal pore size distribution, which offered the opportunity to

7



10P Publishing

Prog. Energy 4 (2022) 042013 L Zhang et al

explore the pore filling effect that occurs at different pressures. Near the condensation pressure, the material
is saturated due to the filling of all pores. At this point, the loading reaches an upper limit that defines the
saturation capacity of the material. Saturation capacity is technologically relevant since it marks the upper
physical limit of an adsorbent-filled tank.

Oh et al [78] used an isochoric (constant volume) adsorption experiment to measure the capacity of an
empty and a MIL-101 filled sample cell. The isochoric experiment is a direct measurement of the pressure
increase with temperature. For the empty tank, the pressure rapidly increases at 20 K, which corresponds to
the boiling temperature of H,. In the presence of the adsorbent, the pressure starts to increase at ca. 40 K
over wider temperature range. Hence, H, adsorption data near boiling temperature for high-capacity
sorbents is also required to assess the potential of achieving the gravimetric and volumetric capacity
requirements for on-board H, storage systems based on cryo-adsorption.

2.4. Adsorption at high pressure

When measuring gas adsorption at high pressure it is important to distinguish between the excess and
absolute adsorbed quantities [ 15, 74]. Techniques for measuring adsorption isotherms, including both the
gravimetric and volumetric/manometric methods, determine excess adsorption, which is the amount
adsorbed over and above the molar quantity that would be present in the absence of gas—solid interactions.
Absolute adsorption, meanwhile, is the common term for the total quantity present in the adsorbed phase. An
additional term, total adsorption, is sometimes used to refer to the sum of adsorbate molecules in the
accessible pore volume of the adsorbent. Calculation of absolute uptake from excess uptake, determined
from experimentally measured values of pressure, temperature and calibrated volumes, requires knowledge
of either the volume occupied by the adsorbate or its density [79]. Experimental determination of the density
of H, adsorbed in the pores of a material is, however, very difficult [15, 80]. One way to achieve this is to
continue to increase the pressure in an experimental isotherm past the point at which adsorption saturates.
Provided there is no further adsorption for higher pressure steps and the adsorbate density does not change,
the calculated isotherm uptake becomes linear with respect to the bulk gas density, and the slope of this
linear portion of the isotherm gives the volume of the adsorbate [81, 82].

As H, adsorbs relatively weakly in most porous materials, achieving saturation requires low
temperatures, high pressure, or both. Due to difficulties with handling and measuring high pressure H,
adsorption, low temperatures were first to be investigated. Poirier and Dailly analysed H, adsorption
measurements on IRMOEF-1 [83] and a range of MOFs [84—86] at 50-100 K up to 40 bar, determining
densities of the adsorbed H; of 0.068 g cm™> and 0.05-0.06 g cm ™ respectively. This technique has also been
applied to isotherms for other gases, including CO, [87-89], and N, and CH, [89]. In all the H, studies
mentioned above, pressures less than 100 bar were employed, necessitating temperatures below 100 K in
order to reach saturation. At higher temperatures, much higher pressures are needed, as demonstrated by
measurements made by Voskuilen et al [90] who found that saturation was not reached at ambient
temperature for pressures up to 500 bar, for various nanoporous materials, including porous carbons, five
different MOFs, and a hyper-crosslinked polymer.

More recently, H, adsorption isotherms have been measured on a commercial activated carbon,
Filtrasorb 400, at ambient temperature [91]. In order to achieve saturation, measurements were made up to
2000 bar. A typical excess isotherm is shown in figure 3, in which the calculated uptake in wt% is plotted
against gas pressure (Plot A). It should be noted that performing adsorption measurements up to this
pressure is not routine. It requires H, compression, as typical supply cylinder pressures are of the order of
200 bar, as well as the use of specialist high pressure components, including valves, tubes and fittings. Most
commercial H, adsorption instruments operate up to a maximum pressure of only 200 bar, while the
majority of gas adsorption instruments, more generally, for use, for example, for N, adsorption, only operate
up to ambient pressure (1 bar).

Assuming the adsorbed phase volume, which is often taken as the pore volume of the sample [82, 89, 92],
is constant for all points on the isotherm and it is the adsorbate density that changes with uptake, the
absolute isotherm can be constructed from the excess isotherm by adding an uptake amount equivalent to
the bulk gas density times the adsorbate volume [91]. The absolute isotherm calculated in this way is shown
in figure 3, plot B. Again, assuming the adsorbate volume is constant, the density of the adsorbate can be
calculated from the absolute mass adsorbed divided by the adsorbate volume, as shown in Plot C.

A linear fit to the last six points of the excess uptake versus gas density isotherm had a regression
coefficient of R = 0.9987 and gave a volume for the adsorbate of 0.625 cm® for the 0.480 g sample. From the
maximum uptake of 5.50 wt%, this gives a maximum density of 0.0447 g cm— for the adsorbed H, averaged
over the sample. Compared to the H, adsorbate density at 50 K on activated carbon of 0.06 g cm™> [93], this
ambient temperature adsorbate density is slightly lower, as might be expected for a higher temperature.
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Figure 3. Hydrogen uptake isotherms and adsorbate density at ambient temperature to 2000 bar: plot A, excess isotherm
determined from the experimental measurements; B, absolute isotherm calculated from the excess isotherm and the volume of
the adsorbate; C, calculated hydrogen adsorbate density. Reproduced from [91], with permission from Springer Nature.

Densities in the range 0.05-0.07 g cm ™ have been reported on MOFs at cryogenic temperatures. All these
values are lower than the density of liquid H; at the boiling point and 1 bar, which is 0.071 g cm™>.

3. Assessing hydrogen storage performance of nanoporous materials

Various measures of the hydrogen storage capabilities of a material have been employed over many years. The
primary technique is calculation of the uptake of H; as a function of pressure, made by measurements of
pressure and temperature over the range of applied pressure. Values for the uptake can be used to determine
the gravimetric and, together with knowledge of the volume occupied by the sample, the volumetric,
capacities. Another tool for probing hydrogen storage properties is neutron scattering which can yield
additional information, such as the location of the adsorbed H,.

More recently, computational simulations, such as force field and first-principles density functional
theory (DFT)-based atomistic modelling, as well as ML-based high throughput screening, are delivering new
information and guidance for experimental approaches to new potential materials for hydrogen storage.

Finally, hydrogen storage measurements are only useful if they are accurate and interlaboratory
comparison studies indicate that improvements are required, particularly with regard to using consistent
terminology and publishing sample preparation details.

3.1. Volumetric and gravimetric capacities
While the amount of hydrogen stored in or on a material is a useful measure of the capacity of a potential
hydrogen storage material, the space occupied by the material is also of importance. This is particularly so for
practical applications, such as passenger vehicles where there is limited space for fuel tanks. The former
capacity, the gravimetric capacity, is usually described in terms of the weight of the hydrogen compared to
the weight of the material, whereas the volumetric capacity represents the mass of hydrogen per unit volume
occupied by the material.

These capacities and the correlation between the two are discussed in detail below, together with the
usable capacity, which is the capacity after practical constraints such as maximum tank pressures and
minimum fuel-cell feed pressures are taken into account.
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3.1.1. Correlation of volumetric and gravimetric H, storage

From a gravimetric perspective, H, storage capacity refers to the amount of H, adsorbed per unit mass,
expressed for instance as g H, per g of adsorbent or wt% (g H, per 100 g of H, loaded adsorbent). At lower
temperatures (77 K) and higher pressures (>20 bar), the maximum storage capacity has been found to be
directly related to the SSA accessible to H, molecules, showing a linear correlation, known as Chahine’s rule
[58]. This results in 1 wt% H, uptake per 500 m? g~! of BET area at 77 K. Most of the early development of
porous materials for H, storage focused on optimising surface area, with the highest excess gravimetric H,
adsorption capacity of 9.95 wt% measured at 77 K for a material, NU-100, with a SSA of 6143 m? g~! [94].
Porous materials with very high SSAs, however, tend to have large pores, which increases the free volume in
their open frameworks and decreases their volumetric H, storage capacity. A trade-off between total
volumetric and gravimetric H, capacity has since been identified [60], indicating that MOFs with the best
gravimetric performance will generally exhibit relatively modest volumetric capacities.

Volumetric capacity is a primary consideration when evaluating porous materials for H, storage and
becomes an issue of increasing importance in applications where economy of space is crucial. For instance in
the transport sector, and especially for light-duty vehicles, the volume of the H, storage tank will be limited.
It is therefore the limiting factor in determining the driving range of a vehicle. Volumetric capacity refers to
the amount of H, adsorbed per unit volume, as g H, 171, in a volume of the tank filled with adsorbent. For
an adsorbent, storage capacity is governed by the accessible surface area for the gas; therefore, volumetric
capacity will be determined by the surface area per unit volume, i.e. volumetric surface area, rather than the
gravimetric SSA. This results in an analogous relation to Chahine’s rule, between volumetric uptake and
volumetric surface area, which was recently verified with experimental data using the packing density and the
single crystal density of MOFs [59]. In the same paper, a phenomenological model was developed, based on
experimental data that show a direct correlation between volumetric and gravimetric uptake. This suggests
that only increasing SSA will not produce a significant increase in the volumetric capacity.

To increase the available volumetric surface area, interpenetrated MOFs have been investigated.
Interpenetration, meaning the intergrowth of two or more frameworks, is often viewed as a problem when
trying to synthesise MOFs [97]; however, in certain cases, it has been found to reduce pore volume, thus
increasing the volumetric surface area. CFA-7, the interpenetrated network of the MFU-4 family, has been
reported to have a volumetric surface area of 2697 m? ml~'!, while the non-interpenetrated MFU-4[ possesses
a volumetric surface area of only 1670 m? ml~!. The absolute volumetric H, storage capacity at 77 K
therefore increases from 25 g H, 17! to 50 g H, 17! at 20 bar in MFU-4/ and CFA-7, respectively [98].

In recent years, although many nanoporous materials, with different pore sizes, structures and SSAs, have
been studied for H, storage, the packing density of adsorbent beds has often been overlooked. Typically, the
single-crystal density based on crystallographic analysis is used to calculate the volumetric capacity of
crystalline materials such as MOFs. However, packing density is important for practical applications. Packing
density is commonly a factor of two lower than the single-crystal density. Zacharia et al [95] showed that by
compacting powder samples, packing density can be increased and the specific volume and interparticle
voids reduced. In turn, by eliminating the interparticle voids, the surface area per volume will increase and
result in higher volumetric H, uptake. Balderas-Xicohténcatl et al [59] reported a linear relation of the
inverse of the packing density versus SSA for different porous materials. As shown in figure 4, the specific
volume shows a linear correlation with SSA calculated for many MOFs using the single crystal volume (blue)
and the packing volume of the powder (red). In addition, the similar slopes of the plots of both packing and
single crystal volume indicate no significant loss of SSA. For the single crystal case, the intercept corresponds
to the skeletal volume, while for powders, the intercept corresponds to the skeletal volume plus the
interparticle void volume. This gap between the loose powder packing and single crystal densities can be
closed by compacting powder to form monoliths or pellets and reducing the interparticle void volume. Two
examples, using MIL-101 (green stars) [96] and MOF-177 (black crosses) [95], show that mechanical
compaction of powders reduces the specific volume down to the single crystal volume. For the case of
MOF-177, compacting the material further results in the loss of surface area by destruction of the pores and
the points follow the linear correlation between the single crystal volume and SSA.

Many attempts have been made to increase volumetric capacity by increasing packing density.
Pelletised/compacted SNU-70 exhibits the highest H, capacity at 77 K and 100 bar of 33 g ml™! [99]. The
current record improvement at 298 K is for zeolite-templated carbon/reduced graphene oxide (ZTC/rGO)
monoliths, which have been reported by Gabe et al [100] to exhibit a volumetric H, storage capacity of
11.2 g1, increasing ~8% over pure compression. Using co-ordinatively unsaturated metal sites (or OMSs),
which exhibit strong interactions with Hy, also offers a way of increasing volumetric H, storage capacity. The
adsorption strength of the positive charge density at the metal cation site increases the amount of gas
bound at the working temperature. The best performing material was Ni,(m-dobdc) (m-dobdc*~ =
4,6-dioxido-1,3-benzenedicarboxylate), with a record of 12 ¢ H, 17! and 0.9 wt% at 25 °C and 100 bar.
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Figure 4. Specific volume using the packing density and single-crystal density (red circles and blue triangles, respectively) as a
function of the SSA for porous materials. Data from Zacharia et al [95] obtained for a mechanically densified MOF-177 are
included as black crosses and data from Blanita et al [96] for MIL-101 are included as green stars. The green arrow symbolises the
gap for improving the volumetric storage capacity, that can be closed by densification, pelletising or forming monoliths.

However, this approach is limited by the surface density of OMSs in the pores of the framework. Volumetric
and gravimetric H, capacities are both key factors determining practical system performance in fuel cell
vehicles. It is therefore crucial to optimise the volumetric and gravimetric capacities as concurrent
parameters.

3.1.2. Usable capacity

Despite the importance of maximum gravimetric and volumetric capacities, usable capacity is another key
practical consideration for evaluating adsorbents for H, storage. Maximum storage capacities typically
reported for adsorbents are defined as the amount adsorbed between vacuum and a maximum storage
pressure. From a practical perspective, however, a minimum pressure, in the range 1.5-5 bar, is required to
supply a back pressure to the fuel cell stack. Any H, adsorbed at pressures below 1.5-5 bar will remain in the
material and will therefore be unusable. Usable or deliverable capacity is thus defined as the amount of H,
released from the adsorbent between full tank conditions and the fuel cell stack back pressure [35].

As mentioned before, surface area, commonly measured by Ar/N, adsorption and calculated using the
BET method [22], defines the accessible area available for H, adsorption (see section 2.1). Storage
performance, however, also depends on other adsorbent properties, such as total pore volume, which
determines saturation capacities at high pressure, and the magnitude and variation of the gas—solid
interaction potential. The latter depends not only on pore size, but also on surface chemistry. The right
balance of these properties is required, but deconvoluting the individual contributions is difficult. So,
although the search for effective H, adsorbents has been ongoing for at least two decades, there are still
significant hurdles to developing and deploying nanoporous materials for H, storage [16]. Regardless of the
impressive maximum gravimetric H, capacities reported so far, optimum solutions, in terms of usable or
deliverable gravimetric and volumetric capacities, under different temperature and pressure operating
conditions, are yet to be achieved.

For a given material, the optimum operating temperature is the temperature at which the maximum
usable capacity is obtained. In principle, adsorption on materials exhibiting low AHj; requires low
temperatures/high pressures, while stronger gas-solid interactions and therefore increased AHg may allow
significant adsorption at higher temperatures and/or lower pressures. In this respect, attempts have been
made to develop materials optimised for AHy, in order to elevate the operating temperature. The optimum
AHy was estimated by Bhatia and Myers [101] to be 15-20 k] mol ™!, to achieve H, adsorption at ambient
temperature at the charging pressure. One way of increasing AH is to introduce strong adsorption centres,
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such as undercoordinated metals, to enhance the interaction strength, which will increase the adsorption
temperature. However, the surface chemistry is not the only property to be considered; pore size is also
important since in small pores, AH increases due to overlap of van der Waals forces [13]. A higher AH;
increases the temperature at which H, can be adsorbed, but it also leads to a weaker temperature dependence
of the maximum H, uptake at a given pressure [102].

In this respect, Kapelewski et al [103], for example, employed a family of structural isomers of
M, (m-dobdc), featuring M** cation sites with a higher apparent charge density, to increase H, binding
enthalpies to 8.8—12.3 k] mol~!. The H, capacity was ~12 g H, 1! at 298 K. An even higher H, binding
enthalpy (—21 k] mol ') has been reported by Jaramillo et al [104] for the V,Cl, 3(btdd) framework, which
contains a high density of exposed vanadium (II) sites. However, even though the total H, capacity at
ambient temperature was enhanced, both materials showed no increase in usable capacity. To understand
this observation, the Langmuir—Freundlich model is applied, in which the usable capacity depends not
explicitly on temperature, but on the saturation adsorption and the ratio of the charging pressure to
discharge pressure of the tank. The optimum usable capacity can be described as follows:

n

(2=) 2

Pmin

po ) 2 1 ®
(f) "+
where kqp is the usable H, storage capacity at optimum operating temperature, ppmay is the maximum
permissible pressure of a tank, pui, is the required minimum pressure of a fuel cell, n,, is the saturation
uptake of a sample in a monolayer, and 7 is Freundlich exponent.

The parameter 7 is a temperature-independent material constant. Nevertheless, for several materials with

variable enthalpies of adsorption, the following correlation between 7 and the enthalpy of adsorption is
suggested,

kopt =k (pmam Pmin, Topt) = Mm

_ —4.63 kJmol

~ 1
n AH, (10)

Based on the above equations, a lower enthalpy, which decreases the amount of H, adsorbed at low
pressures, can increase the usable capacity at a particular temperature. In 2012, Schlichtenmayer and
Hirscher [13] studied a series of nanoporous materials and found a correlation between the average enthalpy
of adsorption and the excess H, uptake at 77 K and 20 bar. However, the different enthalpies of adsorption
were mainly achieved by varying pore size, rather than by including strong adsorption sites, e.g. OMSs. Since
smaller pore size typically coincides with a reduction in SSA, a tendency of lower saturation uptake with
increasing enthalpy was observed. In 2016, the same authors evaluated the usable capacity, between 2 and
20 bar, and found a higher optimal operating temperature for materials with higher enthalpies of adsorption
[35]. Glante et al [105] recently reported a correlation between optimal operating temperature and usable
capacity, using the same analysis method. A series of MOFs were investigated and compared to zeolite Ca—A.
The optimal operating temperature for most of the MOFs was below 90 K, while for zeolite Ca—A it was
~120 K. In addition, the usable fraction decreases if one is using a material like zeolite A or a carbon
molecular sieve, which have small pore diameters and thus a higher enthalpy of adsorption. This
phenomenon has also been confirmed by a computational study by Sun et al [106], in which the maximum
working capacity was predicted to decrease with increasing optimal temperatures, after screening 64 state
points.

Figure 5 summarises the reported data on the correlation of usable fraction and the optimum operating
temperature for different porous materials. As the materials have different SSAs (and thus uptakes) usable
fraction, defined as the usable capacity at the optimum operating temperature normalised to the uptake at
77 K, has been chosen for comparison. Overall, the higher enthalpy of adsorption associated with small pores
or strong adsorption sites increases working temperature, but at the expense of usable capacity. The trade-off
between optimal operating temperature and high working capacity is a major roadblock for adsorptive H,
storage, and needs to be addressed further.

In an ideal scenario, for practical applications, all H, uptake/release would occur above the minimum
operating pressure of the storage unit, and usable capacity would equal total capacity; although this is usually
not the case. Typical rigid materials exhibit classical Langmuir-type absolute adsorption isotherms, where the
amount of gas adsorbed increases significantly at relatively low pressure, before reaching a plateau. It is
therefore difficult to improve the usable capacity of such adsorbents. To optimise usable capacity, an
adsorbent with an ‘S-shaped’ or ‘stepped” adsorption isotherm is desired, in which the adsorbed amount
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Figure 5. The usable fraction (usable capacity at the optimum operating temperature normalised to the uptake at 77 K and
25 bar) of all materials versus their optimum operating temperature. The materials PAF-1, DUT-6, DUT-8(Cu), DUT-9, and
IRMOF-1 are inserted at 77 K, since their optimum temperature could not be identified within the measured temperature range.

would be small at low pressure but would rise sharply just above the delivery pressure. Such stepped
isotherms have been reported for the flexible compounds Co(bdq) and Fe(bdq) by Mason et al [107] and
were attributed to a structural phase transition, enabling higher usable CH, storage capacities than rigid
adsorbents. Flexible MOFs that exhibit ‘gate-opening’ behaviour, in which the non-porous structure expands
to a porous framework above a certain pressure, have shown hysteretic H, adsorption behaviour, resulting in
a higher usable capacity. For example MIL-53(Al) exhibited flexibility during H, adsorption, revealing an
increase in usable capacity [108].

Another option to increase usable capacity is to apply a temperature-pressure swing (TPS) when
emptying the tank, by warming the pressure vessel in its depleted state to a higher final temperature. This was
first considered by comparing MOF-177 and AX-21 in the pressure range up to 20 bar and at temperatures
from 77 K to 125 K and at room temperature [12]. AX-21_33 shows a usable capacity of 3.5 wt% in the case
of isothermal operation at 77 K, but 5.6 wt% when the tank is loaded at 77 K and then increased by 40 K
during unloading, with a pressure drop from 20 bar to 2 bar. Under the same condition, the usable capacity
of MOF-177 increases from 6.1 wt% to 7.4 wt%. As another example, H, deliverable capacities under
conditions corresponding to charging at 100 bar and 77 K and discharging at 5 bar and 160 K, were evaluated
for 14 MOFs [109]. Among the MOFs studied, the gravimetric and volumetric deliverable capacities for
NU-125 (49 g171, 8.5 wt%), NU-1000 (48 g1, 8.3 wt%), and UiO-68-Ant (47 g1, 7.8 wt%) are
promising for applications in H2 storage and delivery. Moreover, a recent experimental investigation was
carried out on NU-1501-Al, which shows one of the highest deliverable hydrogen capacities (14.0 wt%,

46.2 g H, 17!) under a combined TPS from 77 K/100 bar to 160 K/5 bar [110].

The challenge for enhancing usable H, storage capacity is thus twofold: identify materials whereby H,
drives structural phase transitions above a certain pressure at a practical temperature but also perform
systematic studies of different materials over a range of pressures and temperature. In both fields,
computational methods have become an increasingly powerful tool, both for explaining and interpreting
experimental results and for guiding experimental work.

13



10P Publishing

Prog. Energy 4 (2022) 042013 L Zhang et al

3.2. Neutron scattering characterisation of adsorption systems

Understanding the properties of molecular H, confined in nanopores is critical to designing and developing
new materials and/or processes towards improving current H, storage technologies. The microscopic nature
of adsorbed molecular H, depends on the interaction with the adsorbent surface and the geometry of the
pores [72], while confinement can result in phenomena such as phase transitions and hysteresis [111].
Moreover, an adsorbent can also undergo structural changes, due to flexibility, breathing, gate-opening, and
so forth, upon gas adsorption or other external stimuli that modify the local environment of the adsorbed H,
molecules [112].

The aforementioned widely used adsorption methodologies are bulk experimental approaches based on
statistically averaged observations. They are key techniques for assessing the performance of hydrogen
storage materials but fail to provide direct information on the atomic-molecular level. Scattering and
diffraction techniques either in powdered or single crystal samples has proven pivotal in resolving the
structure of new crystalline porous sorbents, while synchrotron radiation is in several cases essential due to
the low density of the materials. Neutron scattering on the other hand is an ideal tool for the in-situ
characterisation of H, storage materials due to the large cross-section of hydrogen ('H and ?H). This strong
neutron scattering power means that atomic positions and motion can easily be detected [113, 114].
However, neutron scattering experiments require a neutron source, typically either a nuclear reactor or a
particle accelerator-based spallation source, which are generally large national or international facilities. For
interested readers, an earlier discussion of neutron scattering studies of H, in nanoporous materials and
existing challenges was provided by Broom et al [15].

Elastic scattering involves no change in energy of the scattered neutrons and results in diffraction, which
provides atomic and/or magnetic structural information, similar to x-ray diffraction (XRD), but with the
difference that neutrons interact with atomic nuclei or magnetic moments, rather than the electrons of
atoms in a sample. Neutron powder diffraction (NPD) has been successfully applied to understand the
structural response of porous frameworks upon gas adsorption, such as MIL-53 [115, 116] and ZIF-7 [117],
and to determine adsorbate positions in crystalline porous frameworks [118-120].

INS is especially relevant for H, storage in nanoporous materials because it provides a direct
spectroscopic probe of the dynamics and local environment of physisorbed H,, which can be difficult to
detect using other techniques. It therefore provides valuable microscopic information on the effects of both
surface interactions and confinement. Typically, this characterisation is performed at low temperatures,
below the melting point (~5 K), with H, showing quantum properties such as rotational transitions. The
lowest possible rotational transition (J = 1 to J = 0) has a characteristic energy of 14.6 meV, known as the
free rotor transition. Such a transition is directly visible in an INS experiment and is affected by the local
environment of the H, molecule. Confinement and adsorption potential symmetry can create a rotational
barrier that hinders the free rotor transition [121], and so the hindered rotor transition energies and
intensities can be studied to understand the local environment of H,. Typically, only the molecules in direct
contact with the surface are affected by the rotational barrier and the hindering effect can also be used to
distinguish the different adsorbed positions in a complex interaction, such as in porous materials with
different pore sizes or strong adsorption sites [54]. INS has been used to study molecular H, confined within
carbon-based materials [72, 122], MOFs [123, 124] and covalent organic frameworks [125]. In combination
with structural characterisation methods, such as XRD or NPD, INS can help explain complex adsorbate or
adsorbent behaviour, such as flexibility, phase transitions, or quantum effects.

3.3. Computational methods

In parallel to experimental studies, computer simulations and quantum chemical calculations have provided
key insights into the hydrogen storage properties of nanoporous materials. Grand canonical Monte Carlo
(GCMC) simulations have been widely used to calculate H, adsorption capacities at specific temperatures
and pressures, while binding sites and energies can be determined using first principles methods, such as
electronic DFT and ab initio calculations. An earlier discussion of these methods and the challenges involved
in performing accurate simulations of H, adsorption was provided by Broom et al [15], while Allendorf ef al
[16] compared different theoretical methods of calculating H, physisorption, including first principles
methods, ab initio and classical molecular dynamics, and GCMC simulations. The most common theoretical
methods used to compute H, interactions with adsorbent materials have been summarised in [16], see table
3 therein. In this section, we will now consider the screening of MOFs using ML, and recent work assessing
the limits of the deliverable H; capacity of flexible materials.

3.3.1. Screening MOF:s for H, storage using ML
A huge number of nanoporous materials have now been synthesised experimentally, with new materials
being reported almost on a daily basis. Some of these materials have been tested for their H, storage capacity;
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however, due to the expense and time requirements associated with physical experiments, a large proportion
of these nanoporous materials are yet to be evaluated experimentally for H, storage. Over the past few
decades, with advances in computing hardware and software, as well as the development of accurate
nanoporous materials databases [126, 127] and efficient ML algorithms [128—130], it has become feasible to
run high-throughput computational screening on hundreds of thousands of experimentally synthesised and
hypothetical nanoporous materials to assess their suitability for H, storage. This approach is much cheaper,
and candidate materials with targeted gas storage properties can be identified in a much shorter time scale,
and indeed this has led to the discovery of a number of nanoporous materials with excellent gas storage
properties.

ML has been used extensively over the last decade to identify materials with specific properties, in a range
of different fields. Once an ML model has been constructed, it can provide almost instantaneous predictions
for unknown materials. Traditionally, to develop predictive ML models, data from the literature
(experimental or theoretical), or data constructed for the purpose of the specific study, are employed. Several
ML algorithms are then trained and validated using the data before arriving at the best-performing
predictive model. In principle, assuming the ML descriptors are appropriate and the amount of data is
sufficient, the ML algorithm can provide predictions of unprecedented accuracy. The development and
evaluation of ML descriptors, as well as the accuracy of various ML algorithms for predicting H, and other
gas adsorption capacities of MOFs, have been studied extensively over the last few years. For H, adsorption
by MOFs, structural features, such as void fraction, surface area, pore volume, and so forth, have been used
as descriptors leading to accurate ML predictions; however, improved performance has been recorded when
energy-based descriptors were also employed [129, 131].

In one of the first applications of ML in this area, Borboudakis et al [130] constructed a database of 100
experimentally studied MOFs. The metal corners, linkers and functional groups were used as descriptors.

A number of different ML algorithms were capable of providing reasonable predictions for the gravimetric
capacity of these materials. A combination of ML and molecular simulations was used by Thornton et al
[132] to screen a library of ~850 000 materials. Neural networks were trained to predict H, adsorption by
the materials, using their structural features as descriptors and data generated using GCMC simulations.
Candidates with the most promising volumetric working capacities between 100 and 1 bar were identified.
More recently, Ahmed and Siegel [128] employed a diverse set of 918 734 MOFs. A sub-set comprising

24 674 MOFs was used to train the ML algorithm, while seven structural features were used as descriptors.
The extremely randomised trees algorithm [133] identified more than 8000 MOFs appropriate for pressure
swing (PS) and 95 materials for TPS which exceed, within the accuracy of the modelling parameterisation,
the gravimetric and volumetric capacities of state-of-the-art materials.

Fanourgakis et al [134] recently introduced an iterative self-consistent (SC) approach aimed at rapidly
identifying the top-performing materials from a large database of candidates, using a minimum amount of
information. The procedure is illustrated in figure 6 and is briefly described as follows: initially a data set is
created using information for a small number of materials. These materials could be selected from the
database either randomly or using semi-empirical models [60, 132]. An initial ML model is trained on this
data and is used for predictions for the remaining materials in the database. A predefined number of ML
predicted top-performing MOFs enriches the previous data set which is used, in turn, to construct a second
ML model. This procedure is repeated until the predefined number of the predicted top-performing
materials has been included in the training data set. Even though the ML predictions are not very accurate
during the first iterations, due to the small training set sizes, the majority of materials included in the
training data during the next iterations will have high capacities. As a result, successive ML models gradually
improve in the region of interest, namely for materials having large capacities. The final ML model provided
significantly higher accuracy for materials with large capacities compared to the materials with lower
capacities.

Application of the above method to CH,4 adsorption by nanoporous materials [134] showed that more
than 70 of the 100 top-performing materials could be identified with only a small amount of information
(260-390 MOFs). It is important to mention that, while the previous approach was applied to two databases
with sizes differing by more than an order of magnitude (~5000 MOFs and ~67 000 covalent organic
frameworks (COFs)), the amount of information finally required was similar in both cases. Secondly, the
accuracy of the present approach (number of identified top-performing MOFs) is significantly higher than
when data sets of similar sizes, containing randomly selected materials, are used instead. For example, in an
application of the approach it was found [134] that the SC procedure converged requiring information for
only 306 of the 4763 CoRE MOFs. Among them were 76 of the top-100 performing MOFs for CH, storage at
P = 5.8 bar. Instead, the ML model trained using a dataset of 306 randomly selected MOFs was capable of
successfully identifying only 50 of the top-100 materials. For constructing efficient ML schemes, aimed at
identifying top-performing materials, the proposed iterative procedure can therefore significantly reduce the
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Figure 6. Flowchart of the iterative SC approach used for the identification of the top-performing MOFs for H, storage.

number of required simulations. While in the previous application of the SC approach, CH4 adsorption
capacities of materials were computed using GCMC simulations, in principle, experimentally determined
adsorption capacities may be used as well.

The same methodology for identifying top-performing materials was employed for H, storage.
Candidates were selected from a collection of experimentally synthesised and hypothetical MOFs created by
Ahmed et al [135]. The gravimetric capacity of 98 694 materials for PS between P = 100 bar and 5 bar at
T =77 K, as well as for TPS between P = 100 bar at T = 77 Kand P = 5 bar at T = 160 K was also computed
by GCMC simulations by the same researchers. Usable capacities, along with several structural features of the
MOFs, including void fraction, mass density, and pore limited diameter, were freely distributed by the
authors. These results were used to evaluate the approach in terms of accuracy (number of identified
top-performing materials) and efficiency (total amount of reference information required). During the
application of the SC approach, it was assumed that the adsorption capacities of 100 randomly selected
materials are known. Also, after each iteration, the top-100 materials predicted by the ML algorithm were
examined. Those not included in the training set were considered during the next iteration. After convergence
of the procedure, the results were evaluated by examining the number of materials that were among the
top-100 performing ones. In order to avoid any bias from the initial choice of the randomly selected MOFs,
the procedure was repeated 100 times and the average results were computed. The final results of the two
data sets are shown in figure 7. It is easily seen that under both conditions (PS and TPS) the SC approach was
capable of identifying 98 of the top-100 performing materials. On average, information for less than 300
materials was required (298 for PS and 253 for TPS). Since the number of candidates that were examined is
~3 orders of magnitude larger than the materials for which GCMC simulations were needed (i.e. ~100 000
versus ~300) it can be concluded that the proposed SC approach combines both accuracy and efficiency.

3.3.2. Probing limits of deliverable H, capacity by modelling intrinsically flexible materials
To achieve technical targets for on-board vehicular storage of H,, it is important to understand the
fundamental limits of deliverable or usable capacity of nanoporous materials, as discussed in section 3.1.2.
The deliverable or usable capacity of a Langmuirian material is maximised by an optimal free energy of
adsorption AG represented by the orange isotherm in figure 8(a) and is decreased when adsorption is too
strong (blue) or too weak (green) [136]. Hydrogen’s adsorption enthalpy in porous materials via
physisorption is almost exclusively too weak to provide the deliverable capacity required by technical targets
(at non-cryogenic temperatures) [137]. Rare exceptions have been demonstrated where materials containing
OMSs approach the optimal [104], or even too strong [138], binding energetics; nonetheless, analogues of
these materials with a sufficiently high density of such adsorption sites have yet to be discovered [139]. Even
if the optimal AG of adsorption can be achieved in a high OMS density framework, rigid materials with
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Figure 7. Evaluation of the performance of the SC approach on the identification of performing materials for H, storage. In each
bar, the number of materials identified as top-performing (blue region) and the total number of materials used for the training of
the ML algorithm (grey region) are denoted. The percentage of successfully identified materials over the number of materials for
which accurate GCMC simulations were required is given in parentheses. The thermodynamic conditions and the database used
are denoted next to each bar. The red error bars at the top of each bar show the minimum and maximum values found during the
100 individual runs, while the green error bars the corresponding standard deviation.
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Figure 8. (a) Schematic isotherms of three different Langmuirian materials where deliverable capacity (DC) is maximised from an
optimal AG of adsorption (orange) or reduced via too strong (blue) or too weak (green) binding of the adsorbate. An
intrinsically flexible material with a non-porous (black) isotherm can further maximise deliverable capacity over the optimal
Langmuirian material. (b) Examples of intrinsically flexible (left), Sr(NDC) [145], vs extrinsically flexible (right), Co(BDP) [141],
MOFs with visualisation of the non-porous and porous states.

Langmuir adsorption behaviour will still suffer a drop in H; deliverable capacity (as with any gas) due to
unremovable capacity at the discharge pressure, as discussed in section 3.1.2.

One solution is to perform a temperature swing, whereby charging occurs at low temperatures and
discharging at high temperatures (also represented by blue and green isotherms, respectively) [140]. Another
way to circumvent this problem is to exploit the structural flexibility that many nanoporous materials
possess, which can be either intrinsic flexibility (e.g. linker rotation/vibration, see figure 8(b) left) or extrinsic
flexibility (e.g. ‘breathing’ behaviour, see figure 8(b) right) or both. Extrinsically flexible nanoporous
materials have been shown to deliver H, via an S-shaped isotherm through a large volume contraction from
an open-pore phase (charged) to a narrow-pore phase (discharged), therefore increasing the H, deliverable
capacity, represented by the black isotherm in figure 8(a) [141]. However, the weak interactions of H; in this
non-OMS framework limited such a phase transition at feasible H, pressures to cryogenic temperatures;
furthermore, such large volume contraction/expansion would also pose a significant challenge in practical
applications, as high mechanical stress associated with large volume changes in some of these materials may
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affect long-term structural integrity and therefore adsorption capacity after successive cycles of
charging/discharging [142]. Significant attention is therefore placed on intrinsically flexible nanoporous
materials which do not experience significant volume change after repeated charging/discharging cycles, and
can maintain their structural integrity and mechanical stability under realistic operating conditions [143].
Computational modelling and simulation provide significant insights into such materials and elucidate how
and when pore geometry, H, binding energetics, and host energetics can produce this desirable
non-Langmuirian adsorption profile [144].

In large-scale high-throughput screening studies of nanoporous materials, as described in the previous
section, a widely used approximation is the rigid structure assumption. This makes such studies feasible, but
also biases the results when the adsorbates of interest have size/shape commensurate with the pores of the
adsorbent [146]. In reality, many nanoporous materials have some degree of structural flexibility. One of the
consequences is that some of the flexible adsorbents with small pores under the rigid structure
approximation (e.g. close to or smaller than the kinetic diameter of a target adsorbate) can be nominally
non-porous; however, a slightly higher energy open pore configuration could be stabilised by uptake of H,
molecules at sufficiently high chemical potential, if H, adsorption is sufficiently strong in the open state and
the penalty for framework distortion to the open state is sufficiently small. Such materials are destined to be
missed by these high-throughput screening studies.

To understand the limit of deliverable capacity in intrinsically flexible nanoporous materials, a statistical
adsorption model has been developed by Witman et al [144]. Taking CH,4 as an example, it was
demonstrated that a perfectly designed nanoporous material with intrinsically flexible slit-pores could
achieve higher deliverable CH,4 capacity than the best benchmark systems known to date, with little to no
total volume change [144]. Inspired by this flexible slit pore model, electronic DFT calculations and GCMC
simulations were performed, from which a known MOF (see figure 8(b) left) was identified that validates key
features of the statistical adsorption model. It was also demonstrated that the adsorption thermodynamics,
including the energy penalty associated with intrinsic adsorbent linker rotation/vibration and adsorbate
binding energy, can be isoreticularly tuned by modifying the linker as well as the metal species of an existing
intrinsically flexible MOF. While this study was initially focused on CHy, it is envisaged that the same
computational framework can also be used to study H, adsorption and estimate the limit of H, deliverable
capacity in intrinsically flexible nanoporous materials.

The next challenge would be developing efficient computational approaches to identify intrinsically
flexible nanoporous materials with the right pore parameters that lead to optimal H, deliverable capacity.
Ultimately, a large-scale high-throughput screening study, with carefully chosen and physically informed
materials descriptors, relies on a better fundamental understanding of the origin of such intrinsic structural
flexibility. An alternative and viable approach, however, would be looking into an existing nanoporous
materials database [126], which contains ‘cleaned” MOF structures of which guest or solvent molecules were
removed from the pores, i.e. these MOF structures resemble the porous (‘charged’) state. Computational
geometry optimisations of these MOF structures in the absence of guest/solvent molecules, using DFT, for
example, may result in MOF structures that resemble the nonporous (‘discharged’) state, providing (a) the
open-pore to narrow-pore transition is enthalpy driven, and (b) there is no significant kinetic barrier for this
transition. Comparing the two MOF structures in different states and taking into account the prerequisites
on negligible or small overall volume change, as well as appropriate pore parameters, it may be possible to
identify some, if not all, of the intrinsically flexible nanoporous materials that have excellent H, deliverable
capacity.

To conclude, effort should be made towards rationally designing nanoporous materials analogous to the
above flexible slit pore adsorption model, and we call for continued discovery of intrinsically flexible
nanoporous materials with high H, deliverable capacity, where such materials remain hidden from rigid
structure screening studies due to their nominal non- or low-porosity.

3.4. Reproducibility and interlaboratory exercises

Experimental reproducibility has been an issue in hydrogen storage material research, due to the difficulties
of accurately characterising the hydrogen storage properties of materials [8, 147]. Problems have mostly
affected nanostructured and nanoporous materials, for which it can be challenging to comprehensively
characterise samples, particularly in terms of purity. Experimental errors when measuring H, sorption can
also be particularly severe for low density materials and increase with increasing pressure [79, 148, 149].
Nanoporous materials of interest for H; storage, including carbons and MOFs, are almost exclusively low
density, and nanoporosity can lead to difficulties in accurately determining sample volume, which is typically
required to perform accurate measurements. In light of these difficulties, Broom and Hirscher [150] recently
presented measurement and reporting guidelines, aimed at improving reproducibility in hydrogen storage
material research.
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Table 1. The relative standard deviation for excess gravimetric hydrogen capacity for 2009 [151] and 2019 [154] for measurements at
liquid N and ambient temperatures.

Comparison of the relative standard deviation for excess gravimetric capacity measurements on different
carbon samples

Liquid N, temperature Ambient temperature
2019 study 2019 study
Pressure (bar) 2009 study Sample 1 Sample 2 2009 study Sample 1 Sample 2
5 10.5 5.6 2.2 30 26.8 15.5
10 9.5 3.1 1.1 27.4 12.3 11.1
15 11.1 4.3 1.2 26.5 10.0 11.0
25 — — — 22.5 8.1 9.3
50 — — — 21.5 6.2 7.8

The challenges of obtaining agreement between H, sorption measurements made in different
laboratories, which are at the heart of the above problems, were demonstrated by a round robin study
published in 2009. Zlotea et al [151] reported measurements of H, adsorption on a porous carbon up to
200 bar, and found large variations between laboratories in the reported gravimetric capacities. A later, 2013
study involving 14 laboratories subsequently reported measurements of hydrogen absorption by a ball-milled
MgH, sample [152]. Isotherms were measured at 553 and 593 K and both sets of results had a roughly 7%
relative standard deviation in the gravimetric capacity at the plateau equilibrium pressure. In 2016, a
comparison of measurements of gravimetric excess capacities for two different carbon samples was
published, involving four different research groups who each had over 10 years of experience in the hydrogen
storage field [153]. This study showed good measurement agreement and described explicit details of sample
preparation and calculations used, providing benchmark H, adsorption data for the research community.
Nevertheless, these studies clearly illustrated the inherent difficulty in achieving agreement between H,
sorption measurements made in different laboratories.

Subsequently, in 2019, a study with 13 participating laboratories focused on both gravimetric and
volumetric H, storage capacities [154]. This investigation involved measuring H, adsorption by two porous
carbon samples, a pelletised and powder material with surface areas of 1270 m? g~ ! and 2400 m* g~!,
respectively, at liquid N, and ambient temperatures. In an attempt to compare the 2019 results to the 2009
study, the data from the 2009 work was interpolated to a common pressure and the relative standard
deviation was calculated based on the data in the supplementary information. Table 1 lists the relative
standard deviation of the 2019 and the 2009 [151] studies for the excess gravimetric capacities at various
pressures. It is important to note that data in table 1 represents measurements of different carbon materials,
and therefore different magnitudes of excess adsorption. There is also a difference in the methodology for the
statistical analysis of the two studies; the 2019 study includes all the reported data, while some outlying data
are removed from the analysis from the 2009 work. At both liquid N, and ambient temperatures, the relative
standard deviation for Sample 1 and 2 in the 2019 study are roughly 50% lower than that of the 2009 data.

In addition to reporting gravimetric capacities for porous carbon samples, the most recent study
highlighted the importance of a consistent methodology for determining volumetric H, adsorption capacity
(see section 3.1.1). Both excess and total volumetric capacities are normalised by a characteristic volume,
where the volume can be defined in different ways, for example, crystalline volume, packing volume and
envelope volume. A complete discussion of various volumes associated with H, storage measurements can be
found elsewhere [155—-157]. This study used packing volume. One striking finding was the difference in the
relative standard deviation of the packing volumes of the pelletised material (4.6%) compared to that of the
powder material (27.8%). This uncertainty was reflected in the relative standard deviations of the excess and
total volumetric capacities and was attributed to uncertainty in the packing volume measurement and/or real
differences in the sample packing densities. This study showed the need for robust and universally accepted
definitions, and consistent measurement protocols for reporting volumetric capacities. A material’s
volumetric capacity is an important performance metric for applications, and measurement protocols must
be explicit in order to provide meaningful comparison of a material’s hydrogen storage performance.

4. Future developments

The future progress of nanoporous materials for H, storage depends on the one side on a large-scale and
environmentally-friendly production of affordable materials and on the other side on a reliable and highly
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reproducible characterisation of materials properties. The production of materials from sustainable sources
will gain importance in a world with limited resources and reduced energy consumption. New
interlaboratory tests on hydrogen adsorption properties over a wide range of temperatures and pressures will
be needed to get reliable enthalpies of H, adsorption, which are required for designing large storage systems.
This brings up the demand of reference materials for validation of high pressure H, adsorption
measurements on porous materials and special challenges in characterising materials under extreme
pressures.

4.1. Sustainable material production

Worldwide population growth has led to increasing demand for food and other basic resources, resulting in
the intensification of agricultural and industrial activities, and hence in the amount of generated waste.
Global annual production of biomass waste and of municipal solid waste (MSW) are of the order of 140 Gt
[158, 159] and over 2.1 Bt (0.74 kg/person/day) [160], respectively. Global waste production is expected to
grow to 3.40 billion tonnes by 2050, resulting from more than double population growth over the same
period. Waste management is therefore critical, and the availability of rapid, low-cost, and economically
feasible methods of recovering by-products and turning them into new sources is of considerable academic
and industrial interest. Globally, organic (food and green) waste constitutes 44% of total MSW, followed by
paper and cardboard (17%), and plastic (12%) [161]. All these materials can be considered, from a circular
economy perspective, as a rich and underutilised renewable source of carbon-based materials.

Biochar, a carbon-rich solid residue (C content from 40% to 90%) formed by the pyrolysis of biomass at
moderate temperatures (from 673 K to 873 K), has been attracting growing attention in recent years, due to
abundant surface functional groups that can have significant effects on the thermodynamics of
heterogeneous reactions occurring at the interface, and the possibility of easily tuning porosity by varying the
thermal treatment temperature and duration. The application of biochar-based materials as functional
composites in energy storage and conversion field is very promising [162]. Concerning H, storage, biochar
must be activated using, for example, KOH, ZnCl, or steam [163] in order to create the microporosity
required for H, adsorption [164]. The biochar material prepared by Xiao et al [165], by pyrolysis at 1073 K
for 4 h under N, atmosphere and subsequent KOH activation of melaleuca bark, for example, shows a surface
area up to 3170 m? g, a micropore volume up to 0.86 cm® g~!, and has a H, storage capacity of 4.08 wt%
at 77 K and 10 bar. Zhang et al [166] prepared microporous carbon with surface area of 3200 m? g~ 'and
pore volume of 1.44 cm? g~ ! via pyrolysis and KOH activation of cornstalks and obtained a maximum H,
adsorption capacity of 4.4 wt% at 77 K and 40 bar. Biochar was prepared from rice bran pyrolysis at 923 K
for 12 h and subsequent activation with KOH, obtaining an activated material with a BET area of
2270 m? g~ ! and a pore volume of 1.22 cm® g~!, able to reversibly store up to 4.2 wt% H, in less than 1 min
at 77 K and 8 bar (manuscript in preparation). One drawback of these materials is the low H, adsorption at
room temperature (maximum 0.85 wt%), requiring high pressure (up to 100 bar) [167]. Intercalation with
alkaline and alkaline earth metals and decoration with transition metals will be attempted on biochar from
cereals and vegetable peels to verify their effect in inducing/improving the absorption performance close to
room temperature, potentially making these materials appealing for practical applications.

A rather young field is ‘green’ synthesis of MOFs by either new routes at room-temperature and in water,
avoiding energy demanding solvothermal processes [168], or the use of sustainable precursors based on
waste materials [169, 170]. MOFs can also be prepared from waste: polyethylene terephthalate bottles, for
example, were used to obtain the acid linker terephthalic acid, that served to prepare MOF-5 and UiO-66(Zr)
[171, 172]. This last material showed a SSA of 814 m? g~!, micropore volume of 0.28 cm® g~ !, and adsorb
1.2 wt% H, at 77 K and 1 bar (to be compared with 1.5 wt% for the commercial cage).

4.2. New inter-laboratory exercises

The interlaboratory exercises performed to date have focussed on measuring H, adsorption capacities at

77 K and ambient temperature. Another important parameter, however, is the enthalpy of adsorption, AH,
or the coverage dependent isosteric heat of adsorption, gy, which is a metric for the strength of the
adsorbent-adsorbate interaction, often used to assess adsorbent properties and compare materials. AHg can
be measured directly via calorimetry [25, 173] or indirectly through applying the CC approximation to
adsorption isotherms taken at different temperatures. Derivation of the CC approximation requires
assumptions that may not hold under experimental conditions e.g. the gas in the bulk phase behaves ideally,
and the molar volume of the bulk gas is much greater than the molar volume of the gas in the adsorbed
phase. In addition, the CC approximation is based on absolute adsorption while isotherm measurements
typically measure excess adsorption. Since absolute adsorption cannot be directly measured experimentally,
conversion of excess to absolute is required.
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The CC approximation is given by,

AHg 1
In(p)=—=2—+C (11)
B In(p1/p2)
AHst_RTsz(TZ_Tl ) (12)

The enthalpy of adsorption can be calculated using equation (11) by plotting the natural log of the
equilibrium pressure, In(P), for a constant coverage, #, as a function of inverse temperature, 1/T, for various
measured isotherms. The enthalpy of adsorption is determined from the slope of the line multiplied by the
ideal gas constant, R. The method results in AHy as a function of moles adsorbed. Equation (12) is a
discretised form of equation (11) that can be used with isotherms measured only at two temperatures. Using
either equation requires fitting the experimental data with a model isotherm to determine
pressure-temperature pairs corresponding to constant moles adsorbed at each isotherm temperature. Details
of how the methods are carried out can be found elsewhere [34, 157].

Several reports in the literature have highlighted discrepancies in calculated enthalpies of adsorption via
the CC approximation arising from differences in how the equations are applied and how the experimental
data is processed [25, 174]. Examples include: whether the CC equation is corrected for the non-ideality of
the gas; if and how the data is converted from excess to absolute sorption and the associating assumptions;
which isotherm model is used to fit the data; the number of isotherms included in the analysis; the isotherm
temperature range; and finally if each isotherm is fit individually or if a single temperature dependent model
is used to fit all the isotherms. These variation in analyses make it inherently challenging to judiciously
compare competing materials.

An interlaboratory study for determining the enthalpy of adsorption and the associated range of
variability would elucidate if and how, and to what extent, different variables and approaches affects the
reported results. The objective would be to develop a consensus protocol that allows researchers to converge
on best practices for determining the isosteric heat of adsorption. This will enable the hydrogen storage
community to better define and compare adsorbate—adsorbent interaction strengths.

An effective study would require identification of a reference material which is uniform, abundant, stable,
with a well-defined activation protocol, and an appropriate and measurable adsorption capacity. The
material should be well-characterised and have a limited number of homogeneous adsorption sites. Specific
parameters for all experiments would be clear and well-defined, including the degassing procedure, sample
size, equilibrium time, and pressure range.

The focus would first be to obtain isothermal adsorption measurements at the most experimentally
accessible temperatures, for example, 77 K, 89 K, 273 K, and 303 K. Laboratories with more extensive
temperature control capabilities could provide isotherm data at additional temperatures. Each research
group would be asked to calculate the enthalpy of adsorption using the method they deem most accurate to
characterise the extent of deviation within the reported values. In addition, using their same data, researchers
would be asked to calculate the enthalpy of adsorption with a common method to determine if consistent
results are achievable for material evaluation across different laboratories. The relative standard deviation of
the isosteric heat of adsorption will provide a measure of the sensitivity of the calculation method and how
differences in measurements are reflected in the calculated data.

4.3. Reference materials

Reference materials are invaluable for validating measurements of any physical or chemical property.
Organisations such as the US National Institute of Standards and Technology (NIST) and the Bundesanstalt
fiir Materialforschung und -priifung, in Germany, provide reference materials for a vast array of purposes. As
discussed above, problems have occurred in hydrogen storage material research due to difficulties in
obtaining agreement between high pressure H, sorption measurements made on the same material in
different laboratories. However, there are currently no reference materials available for H, adsorption in
nanoporous materials, although a EURAMET project, MefHySto, is seeking to rectify this situation.
Reference measurements of high pressure CO, and CH,4 adsorption on the NIST reference materials, RM
8852 and RM 8850, respectively, have been published recently [175, 176], but there is a clear need for
equivalent work to be performed for H, adsorption. RM 8852 is ammonium ZSM-5 zeolite and RM 8850 is
zeolite Y. The key point is that the availability of a stable nanoporous material, for which the high pressure
H, adsorption capacity has been determined reproducibly in different laboratories using different apparatus
and techniques, would allow independent researchers and laboratories to test the accuracy of their
measurement apparatus and protocols. This is a crucial precursor to performing accurate and reproducible
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H, adsorption measurements on new materials, and so identification of a suitable reference material would
have a significant impact on the field.

4.4. Measurement challenges

A considerable amount of computational and experimental research has been conducted on H, storage in
nanoporous materials over the last two decades or so, as outlined in this article and elsewhere [13, 15, 16, 21,
31, 155]. However, there are perhaps surprising gaps in our knowledge of H, adsorption by different
materials over a wide range of temperatures and pressures. This information is of fundamental interest, but
the H, adsorption behaviour of materials, as a function of temperature and pressure, is also required to
accurately model the performance of adsorptive H, storage units, particularly under different TPS
conditions.

The majority of H, adsorption data in the literature has been measured at 77 K, due to the relative ease of
performing adsorption experiments at this temperature using liquid N,. Variable low temperature
measurements are far more scarce, as are measurements performed beyond 200 bar, at any temperature. It
could be argued that H, adsorption beyond 200 bar is of limited technological relevance, as the aim of using
adsorption to store Hj is to lower the upper storage pressure to 100 bar or so. However, this does not mean it
is not worthy of further study. For some materials, for example, framework flexibility could lead to changes
in adsorption behaviour or adsorbed phase density under different temperature and pressure conditions.

With regard to the challenges of such work, it is important to note the variability and irreproducibility of
high pressure H, adsorption data. It has proven difficult to achieve good agreement between data measured
at a single temperature, 77 K, for various reasons [79, 150], so it seems likely that data measured at variable
temperatures could be subject to even greater variation. The practical significance of variable temperature
data is the possible need to use TPS conditions for storage units, in order to maximise usable capacity. As
noted recently by Humayun and Tomasko [88], there has been only a limited number of experimental studies
on the usable capacity of different materials under temperature swing conditions.

Two of the fundamental issues with measuring H, adsorption at high pressure and variable temperature
are accurately describing the density of high pressure H,, as a function of temperature and pressure, and the
density or volume of a material with pores of molecular dimensions. Small errors in the gas density and the
volume or density of the solid can lead to large errors in the calculated excess adsorption isotherms. Practical
issues include the challenge of operating high accuracy apparatus with H,, which can be particularly
susceptible to leakage. Leakage must be avoided when making H, adsorption measurements [79, 150].
Commercial apparatus for such measurements is not widely available and so measurement systems must be
custom built [91]. It is therefore likely that this will remain a rather specialist area. To the best of our
knowledge, no instruments for making H, adsorption measurements to pressures significantly greater than
200 bar, but at variable low temperatures, have been reported. It is possible that in-situ neutron scattering
experiments could be used to probe the behaviour of H, in nanoporous materials at high pressure and
variable low temperatures, but the development of appropriate in-situ cells for such work brings its own
challenges.

5. Conclusion

This article has addressed several important aspects of the fundamentals of hydrogen storage in nanoporous
materials, as well as assessment of the performance of different materials, particularly in terms of usable
volumetric and gravimetric capacity. Computational techniques, such as ML, have also been discussed, in the
context of searching for new rigid and flexible MOFs, together with other important issues, including
sustainable production of sorbents, and the use of interlaboratory exercises and the need for standard
reference materials, to help improve the reproducibility of experimental H, adsorption data.

Research into the use of adsorption to store H; in porous materials has evolved significantly in recent
years. Although adsorptive H, storage was first reported over 40 years ago, using activated carbons, the
emergence of carbon nanotubes as a possible storage medium in the late 1990s and MOFs, in the early 2000s,
greatly increased the focus on H; adsorption as a possible solution to the hydrogen storage problem,
alongside hydrides, which have a far longer history. Much of the earlier strategy and work, however, focussed
on maximising gravimetric SSA and thus increasing gravimetric capacities, while performance assessment
was carried out mainly by adsorption measurements at 77 K. Although this approach is still reasonable to
some extent, there has been a notable shift towards considering alternative working conditions, such as
temperature swings and adsorption at higher temperatures, and also assessing additional parameters such as
usable capacity and volumetric capacity, which have been discussed extensively in this article. Another
significant change in recent years has been the introduction of ML methods to rapidly test the H, storage
capacity of newly synthesised materials or screen hypothetical structures for new candidates with high H,
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uptake. This has allowed a more strategic approach, compared to simply synthesising a material or several
materials in a trial-and-error fashion and testing them for H, storage experimentally or using GCMC
simulation to estimate H, uptakes. Nevertheless, current ML approaches can certainly be improved by
considering variable working conditions, for example, pressure-temperature swings or avoiding missing
flexible frameworks, by assuming that all structures are rigid.

At the start of this article, different aspects of the adsorption of H, by nanoporous materials were
discussed, including some of the physics behind intermolecular interactions and the adsorption of H; in
porous materials at different temperatures and pressures, while densification of the nano-confined adsorbed
phase under diverse conditions was also detailed. As noted later, there is much that remains unknown about
the behaviour of H, in nanoporous materials, under a wider range of temperatures and pressures than is
typically studied. Further work in this area may lead to a greater understanding of H, adsorption, more
generally, and this could take us closer to the ultimate goal, which is the development of affordable hydrogen
storage tanks that can satisfy the technical requirements for practical applications, in terms of usable
volumetric and gravimetric capacity, refill time, safety and energy consumption.
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