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Porous metal—organic frameworks for
hydrogen storage

Dian Zhao, {22 Xinxin Wang, (2 Lianglan Yue,? Yabing He (& * and
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The high gravimetric energy density and environmental benefits place hydrogen as a promising alternative
to the widely used fossil fuels, which is however impeded by the lack of safe, energy-saving and cost-
effective H, storage systems. The use of solid adsorbents as candidate materials offers a less energy-
intensive way of storing hydrogen. The exceptional diversity and tunability of the chemical composition,
topological structure, and surface chemistry together with large surface area position porous metal—
organic frameworks as promising hydrogen storage material candidates. In this review, we first introduce
several classes of important metal—organic frameworks for hydrogen storage, and then highlight the pro-
gress associated with the key challenges to be addressed, including the improvement of hydrogen—frame-
work interaction required for enhancing room-temperature hydrogen storage capacities, and the
optimization/balance of both gravimetric and volumetric storage/working capacities. In particular, the
strategies used to tune and enhance hydrogen binding energies have been comprehensively reviewed.
Future development prospects and related challenges of using porous metal-organic frameworks as
hydrogen storage materials are also outlined. This feature review provides a wide perspective and insightful
thoughts and suggestions for hydrogen storage using metal-organic frameworks, and promotes the
further development of hydrogen storage materials to realize a hydrogen economy.

1. Introduction

Currently, energy crisis and environmental pollution are two
important issues facing mankind, caused by rapid industriali-
zation and overpopulation that consume massive amounts of
fossil fuels and generate huge amounts of carbon dioxide (CO,)
and other greenhouse gases. The global concentration of
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atmospheric CO, has crossed the unprecedented threshold of
400 ppm. To create an environmentally friendly and carbon-
neutral society, finding new energy resources becomes urgent.
Due to its renewability, universal abundance, pollution-free
combustion (H,O as the only product without CO, emission),
and high specific energy (120 MJ kg™ vs. 44.5 MJ kg~ ' for
gasoline), hydrogen (H,) stands at the forefront among alter-
native energy carriers and is envisioned as a clean sustainable
fuel of the future to replace fossil fuels. A major obstacle to the
widespread implementation of H, gas as a primary fuel source,
especially for on-board mobile transportation, is its extremely
low volumetric energy density (0.0813 g L™ " at 298 K and 1 bar)
because of its volatility under ambient conditions. Although the
energy density can be increased by liquefaction (70.8 g L™"
at 20.4 K and 1 bar) or to a lesser extent by compression
(39.2 ¢ L' at 298 K and 700 bar) or by the combined cryo-
compression (64.1 ¢ L' at 77 K and 350 bar); the above-
mentioned physical densification techniques suffer from the
issues of using either complex well-insulated cryogenic tanks to
maintain low temperature or heavy- and thick-walled high-
pressure vessels with expensive compressors to support high
pressure, which involves high cost and is energy-intensive, thus
preventing it from being competitive with the widely used gaso-
line and precluding its use in mass-market applications. There-
fore, safe, efficient, and economically and technically viable
storage of H, remains a big concern for practical application.
For on-board vehicle applications, the current scheme is to
fabricate a fuel cell vehicle enabling a 300 mile driving range
for which 5.6 kg of H, must be stored and released in a safe and
efficient manner. To encourage research in this important field
and advance the move toward a H, economy, the US DOE
(United States Department of Energy) has set the 2020-year
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(4.5 wt%, 30 g L"), 2025-year (5.5 wt%, 40 g L"), and ultimate
(6.5 wt%, 50 g L") targets for on-board storage systems. The
data in brackets correspond to the storage capacities on both
gravimetric and volumetric bases. It is worth noting that these
targets are based on the mass and volume of the entire system
including the storage tank, porous material, and all other
essential accessories. Although the storage pressure is not
specified, an operating pressure below 100 bar has the potential
to reduce the costs associated with the storage vessel and
compression while maintaining reasonable capacities. The
working temperature should be at near room temperature in
the range of 233-333 K.

The adsorption-based technique has received significant
attention and has been proposed as an alternative approach
to increasing the storage density at non-cryogenic temperatures
and lower pressures. However, the success of the technique will
call for the development of effective materials that are capable
of storing a large amount of H, under relatively mild conditions
with small volume, light weight, and fast kinetics and high
reversibility for charging and delivering H,. Although metal
hydride systems displaying high volumetric storage capacity have
been intensely examined in this respect, there are still unsolved
issues associated with their use including high dehydrogenation
temperature, low specific uptake by mass, slow kinetics, suscepti-
bility to impurity contamination, and high cost. Besides metal
hydrides, various adsorbents such as carbon materials," zeolites,
and polymers have been studied for H, storage, with the mole-
cular identity of H, being maintained, but systematic engineering
of their structures is difficult. Furthermore, they do not meet
the gravimetric and volumetric storage targets because of their
relatively weak interaction with H,.

Metal-organic frameworks (MOFs, also known as porous
coordination polymers) have emerged as an exciting class of
porous solid adsorbents formed by the solution assembly of
inorganic metal ions or metal-containing clusters and organic
linkers that generates multi-dimensionally extended networks.
In principle, variation of metal ions/clusters and organic
ligands enables a multitude of design possibilities for MOF
materials allowing for the fine-tuning of their porosity and
pore chemistry for a wide range of potential applications.
With respect to the porosity, the pore size spans from the
ultra-micro-porosity to meso-porosity and even macro-
porosity. Unusually high internal surface areas of more than
7000 m> g~ are also observed for MOFs that are not readily
achieved in traditional porous materials. Regarding the pore
chemistry, the desired functional groups and/or metal binding
sites can be programmatically incorporated for specific guest-
binding interactions. Such chemical tunability can be used to
improve their properties for a desired application. Besides
inherent design and synthetic flexibility, their highly crystalline
nature facilitates the structural characterization via X-ray dif-
fraction techniques and the establishment of the structure-
performance correlation. These interesting properties have
spurred tremendous interest in the use of MOFs as solid-state
adsorbent materials for numerous applications such as fuel
storage,” mixture separation,® molecular sensing,* nonlinear
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optics,” heterogeneous catalysis, and drug delivery,?*™’
including H, storage discussed herein.

Since MOF-5 was reported for the first time for reversible H,
uptake in 2003 by Yaghi et al., investigation of porous MOFs for
H, storage has become one of the most active research fields in
materials chemistry. At the early stage of research, the MOFs
reported usually exhibited limited H, uptake capacities due to
the partial structure collapse/distortion/amorphization upon
guest removal, and most studies mainly focused on the low-
pressure adsorption and selective adsorption properties such
as H,/N, and H,/O, separations.® With the further development
of MOF chemistry and the in-depth understanding of the H,
adsorption mechanism including position, occupancy and
binding energy via advanced characterization techniques,
together with the advent of mild activation methods such as
supercritical CO, drying” and freeze drying'® and the availability
of high-pressure adsorption measurement instruments, their full
potential is being realized, overcoming the early limitations.
Although important progress on H, storage has been made and
several excellent and comprehensive reviews on H, storage
have been published,***?/$* some key issues listed below are
not still well addressed, necessitating further research. (1) Although
the quantities of H, adsorbed in some MOFs (for example, 10 wt%
and 66 g L™ for MOF-5 at 77 K and 100 bar'?) have exceeded
the DOE on-board H, storage targets, the storage temperature
of usually 77 K makes their use economically unfavourable.
Nonetheless, once the storage temperature increases to room
temperature, the storage capacity drops significantly and
becomes quite limited, typically 1-2 wt% at 100 bar, as a result
of weak nonspecific disperse-type interaction as mirrored by
the adsorption enthalpies (Qs) ranging from —4 to —8 k] mol %,
which equally limits their practical applications. Therefore,
improving the room-temperature storage capacity of MOFs via
enhancing the H, binding energy is highly desirable, which
however remains a long-standing challenge to be addressed.
Thermodynamic considerations have indicated that the
enthalpy for H, adsorption should fall in the optimal range
of —15 to —20 k] mol™' to have reversible storage around
ambient temperature. (2) There is still a trade-off effect between
the gravimetric and volumetric H, uptake capacities, which
makes it very difficult to concurrently meet the gravimetric
and volumetric target capacity requirements set by US DOE.
Therefore, how to balance the gravimetrical and volumetric
capacities is also a crucial issue to be considered.t (3)
The working/deliverable capacity is the most important con-
sideration when evaluating adsorbents for gas fuel storage
because it determines the driving range of mobile vehicles.
A minimum pressure of 5 bar is assumed to be necessary for the
fuel injector in the vehicle, while 100 bar is regarded as the
maximum pressure that could ease tank-design constraints and
safety concerns. How to improve the H, working/deliverable
capacity is also a vital issue. (4) Last but not least, it is
important to understand the H, binding characteristic and

1 Crystallographic densities were used to calculate volumetric capacities in the
main text unless specified otherwise.
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Fig. 1 The structure, H, adsorption properties, and H, binding sites of
MOF-5. (a) The structure is illustrated using a cube fragment with the void
highlighted by a yellow sphere. (b) Comparison of the H, isotherms of the
samples with and without air exposure, which are distinguished using the
filled and open symbols, respectively. The densities of pure H, gas
indicated by the solid lines were also included for a visual comparison.
The square and circle symbols represent the excess and total uptake data.
(c) INS spectra revealed the two binding sites corresponding to the
inorganic cluster and organic ligand, which were labelled as sites | and I
and schematically shown in the top right corner. Reprinted with permis-
sion from ref. 12 and 13. Copyright 2007, American Chemical Society, and
Copyright 2003, Science.

derive the structure-performance relationship, which is favourable
to fabricating next-generation adsorbent materials for H, storage.
The exploration of the H, location within MOFs and its structural
behaviour during adsorption allows the delineation of the
structural features that maximize H, loading. However, such an
investigation is quite scarce due to the limited availability of some
advanced spectroscopic instruments in common laboratories.
In this feature article, starting from the introduction of several
important classes of MOFs for H, storage, from which some
valuable information and even lessons guiding the design and
synthesis on H,-storage MOF materials can be gleaned, we would
like to highlight the recent progress associated with the above-
mentioned aspects, with the main focus placed on the chemical
strategies on the optimization and improvement of the frame-
work-H,, interactions.

2. Several types of classic MOFs for H,
storage
2.1 Zn,O-Based series

IRMOFs belong to the tetrahedral Zn,O unit-based framework
family in which the organic component can be systematically
varied in terms of size and functionality."* A typical representa-
tive of this series is MOF-5 constructed from the 1,4-benzenedi-
carboxylate linker (Fig. 1a); its H, adsorption properties were
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investigated for the first time by Yaghi et al in 2003." The
maximum cryogenic uptake capacity is recorded as 4.5 wt%,
while the ambient-temperature one is linearly related to the
storage pressure, reaching 1 wt% at 20 bar. Inelastic neutron
scattering (INS) studies revealed that both the metal oxide cluster
and the organic unit are the primary adsorption sites for H,
bound in MOF-5 (Fig. 1c), indicating that the H, storage capacities
of MOFs can be optimized by metal replacement and linker
tuning. Although it was found later by the authors that the uptake
data were incorrect, which might be caused by the presence of
impurities displaying a stronger affinity compared to H,," this
pioneering work absolutely highlighted the huge potential of
porous MOFs for application in H, storage, which has attracted
the attention of many researchers in academia and industry and
triggered a lot of research on MOFs for H, storage. Besides, it is
suggested that a D, isotherm should be measured to validate that
the observed uptake is due to H, rather than other impurities.
In the following year, considering that the organic linker is also
one of the crucial adsorption sites in MOF-5, the same group
measured H, sorption properties at 77 K and 1 atm of a series of
chemically functionalized IRMOFs including IRMOF-1, 8, 11 and
18, together with MOF-177."> MOF-177 is another typical example
of Zn,0-based MOFs constructed from the tritopic BTB (4,4',4""-
benzene-1,3,5-triyl-tribenzoate) linker with different topological
structures.'® It is found that the H, uptake scales with the number
of organic rings per formula unit while is uncorrelated with the
apparent surface area, which is different from that documented
for porous nanostructured carbons.”” Obviously, this work again
authenticated the importance of an organic linker on H, adsorp-
tion. Due to the mixed results on the adsorption properties of the
prototypical MOF-5 reported in the open literature, Long et al
systematically investigated the impact of preparation and hand-
ling on the H, storage properties of MOF-5."> Optimizing the
reaction parameters including solvent, temperature, and time
during the solvothermal assembly, coupled with the avoidance
of water and air exposure during sample handling, furnished a
material with a BET (Brunauer-Emmett-Teller) surface area of up
to 3800 m”> g~ '. At 77 K and 100 bar, the total gravimetric and
volumetric H, uptakes, respectively, reached 10 wt% and 66 g L. ™",
which are quite remarkable (Fig. 1b). In principle, ligand exten-
sion allows the formation of the expanded isoreticular analogues,
but sometimes framework interpenetration occurs, which not
only precludes high porosity but also hampers attaining the
phase-pure sample for further investigation, as demonstrated in
the case of IRMOF-8. Matzger et al. adopted the room-temperature
route, instead of the solvothermal route, to synthesize phase-pure
non-interpenetrated IRMOF-8, as indicated by the experimental
and calculated consistency in terms of the surface area and
pore size.'® H, adsorption studies revealed the gravimetric uptake
of 1.23 wt% at 77 K and 1 bar and Qg values falling in the 5.5-
4.6 k] mol ! range.

Apart from the IRMOF series, combination of an inorganic
Zn,O-cluster with a single tritopic tricarboxylate linker or with
mixed tricarboxylate/dicarboxylate linkers yielded frameworks
with exceptional porosity as exemplified by MOF-180/200/205/
210."> At 77 K and 80 bar, the total gravimetric uptake
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capacities of MOF-200, MOF-205, and MOF-210, respectively,
reached 16.3 wt%, 12.0 wt%, and 17.6 wt%, which are all higher
than that of MOF-177 (11.6 wt%) under the same conditions.
However, due to the low crystal density and unsuitable pore
size, the volumetric uptake capacities are relatively moderate.
The corresponding values, respectively, are 36, 46, and 44 g L™ ",
which are smaller than that of MOF-177 (50 g L™ ). Other Zn,O-
based ultrahigh-surface-area materials synthesized by adopting
the same mixed-linker or coordination copolymerization strategy
include the UMCM series. UMCM-1 derived from tritopic BTB
and ditopic BDC (1,4-benzenedicarboxylate) linkers showed a
high BET surface area of 4730 m” g~ ".>° Interestingly, when the
BDC linker was replaced with a longer thieno[3,2]thiophene-2,5-
dicarboxylate, a topologically distinct compound UMCM-2 was
obtained, which is attributed to the different linker arrangement
around the Zn,O cluster. UMCM-2 exhibited a BET surface area
of 5200 m* ¢~ " and total gravimetric and volumetric H, uptakes
of 12.4 wt% and 50 g L™ " at 77 K and 80 bar.*

2.2 Prussian blue series

Prussian blue analogues possess purely inorganic face-centred
cubic framework structures. Each node is occupied by metal
ions that are bridged by CN™ ions to form a three-dimensional
network. To satisfy the correct charge balance, framework
vacancy is formed at the hexacyanometalate sites in the entire
structure. Taking Fe,[Fe(CN)s]5-14H,O Prussian blue itself as an
example, there is one-quarter of the [Fe(CN)g]'™ sites missing,
thus leading to a framework structure featuring vacancies at 25%
of the [Fe(CN)o]*~ sites with water molecules fulfilling the octahe-
dral coordination of some of the Fe*" ions. It is expected that the
combination of divalent M** ions with [M’(CN)]>~ complexes will
yield vacancies at one-third of the hexacyanometalate sites and
thus Prussian blue analogues with the framework formula of
M;[M’(CN)g], bearing larger porosity are generated. Upon dehy-
dration, both the vacant coordination sites on the nitrogen-bound
divalent M>" cations and the polarizable CN~ bridging group
furnish the potential sites for binding H,. In view of the con-
siderations mentioned above, Long et al. examined the porosities
and H, storage properties of six Prussian blue analogues
M;[Co(CN)g], (M = Mn, Fe, Co, Ni, Cu, and Zn).>* The porosity
characterization via argon sorption measurements revealed that
all the compounds investigated are microporous materials, with
the BET specific surface area varying from 560 to 870 m”> g™/,
depending on the divalent metal ions. At 77 K and 1.2 bar, the
storage capacity varies from 1.4 wt% in the Zn compound to
1.8 wt% in the Cu compound (Fig. 2a). With the exception of
the Ni compound, the H, adsorption enthalpies match the Irving-
Williams stability order (Fig. 2b). The larger enthalpy of adsorp-
tion for the Ni compound is likely attributed to its smaller
crystallite size. Importantly, the enthalpies of adsorption for the
Prussian blue analogues are all significantly higher than the 4.7-
5.2 kJ mol " range observed for MOF-5 without open metal sites
(OMSs). Due to the high H, adsorption capacity of Cuz[Co(CN)g],,
Hartman et al investigated the H, binding characteristic of
this material.>® Neutron powder diffraction (NPD) studies revealed
two adsorption sites for H, molecule. One is located at the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 The isotherms, heat of adsorption, and binding mechanism with
respect to H, in M3[Co(CN)el, Prussian blue analogues (M = Mn, Fe, Co, Ni,
Cu, and Zn). (a) The H, uptake data are represented by the open symbols,
and compared with the Langmuir—Freundlich fitting results. For clarity, the
H, isotherms of the Fe and Co compounds are not shown due to the
isotherm similarity between the Fe and Zn compounds as well as between
the Co and Mn compounds. MOF-5 was also included for comparison. (b)
The isosteric heat of H, adsorption in M3[Co(CN)el, compounds is plotted
as a function of H, coverages. (c) Difference Fourier analyses of NPD data
revealed two sites for D, adsorbed in the Cu compound highlighted in red
colour but different shapes, which are referred to as the (1/4, 1/4.1/4)
interstitial location and unsaturated copper site. (d) Neutron vibrational
spectroscopy of the Cu compound loaded with different amounts of H,
displayed the broad peaks attributable to a range of local bonding
potentials for the adsorbed H, molecules. Reprinted with permission from
ref. 22 and 23. Copyright 2005, American Chemical Society, and Copyright
2006, American Chemical Society.

(0.25, 0.25, 0.25) crystallographic site, while the other one is
situated on the exposed Cu®>" ion (Fig. 2c). Neutron vibrational
spectroscopy measurements showed broad peaks (Fig. 2d), indi-
cating a range of local binding potential for the H, molecule
adsorbed, which may be explained by the aperiodic arrangement
of framework vacancies.

Furthermore, valence state alternation of the metal ions
provided diverse Prussian blue analogues with varied concen-
trations of framework vacancies. The variation of framework
vacancy concentration in turn affects the material properties such
as permanent porosities, framework densities, and concentration
of open metal sites as well as the stability of the framework
against desolvation. Their interplay leads to a complicated effect
on H, adsorption performance. Eight Prussian blue analogues
(Ga[Co(CN)] (0%), Fe,[Fe(CN)sls (25%), Cus[Co(CN)sl, (33%),
M,[Fe(CN)s] (M = Mn, Co, Ni, and Cu) (50%) and Cos[Co(CN)s]y;
the value given in parentheses indicates framework vacancy
concentration) were synthesized to compare the impact of frame-
work vacancy concentration on the porosities and H, sorption
properties.>* The BET surface area ranges from 550 m* g~ for
Fe4[Fe(CN)g]s to 750 m?* g~ * for Cus[Co(CN)g],, while the uptake
capacity at 77 K and 1.2 bar varies from 0.9 wt% in Co,[Fe(CN)e] to
2.3 wt% in Cu,[Fe(CN)]. The maximum storage uptake capacities
predicted by isotherm fitting with Langmuir-Freundlich equation

This journal is © The Royal Society of Chemistry 2022
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are correlated with the framework vacancy concentrations, while
the adsorption heats are not significantly higher for compounds
incorporating framework vacancies than for fully saturated frame-
works, suggesting that the H, binding interaction in these materials
is not dominated by the exposed metal coordination sites.

2.3 MOF-74 series

The MOF-74 (also referred to as CPO-27) series based on the
tetraanionic dobdc (2,5-dihydroxyterephthalate/2,5-dioxido-1,4-
benzenedicarboxylate) linker and dicationic metal ion repre-
sent a family of isostructural framework compounds. They
feature one-dimensional honeycomb-like hexagonal channels
of about 12 A in diameter equipped with unsaturated metal
coordination sites at the vertices that are accessible to the
incoming guest molecules of suitable sizes. Due to the excep-
tionally high density of OMSs attainable by removing the axially
occupied solvent molecules, they have been widely investigated
for various applications including catalysis, conductivity, drug
delivery, and storage and separation of various gases.?® Parti-
cularly, this structure type is compatible with the incorporation
of a wide array of metal species. To date, eight different
isostructural analogues with M = Mg, Mn, Fe, Co, Ni, Cu, Zn,
and Cd have been fabricated. As such, they serve as an ideal
platform to systematically understand the framework-adsor-
bate interactions.

In 2008, Zhou et al. measured H, sorption isotherms of five
MOF-74 compounds based on Mg>*, Mn**, Co>", Ni*", and
Zn**.”° Qq analyses showed that the H, binding energy is
heavily dependent on the metal ions, following the trend of
Zn < Mn < Mg < Co < Ni. Within this series, the Zn
compound holds the lowest value of —8.5 k] mol ', while the
Ni compound has the highest value of —12.9 k] mol *. The
trend observed for the four transition metal compounds
matches the Irving-Williams sequence holding true for high-
spin complexes. As revealed by first-principles calculations, the
major interaction between the H, molecule and the open metal
site originates from the Coulomb attraction. With regard to the
Ni compound, the binding mechanism has been exposed by
means of low-temperature IR spectrometry’® as well as NPD.>*
During H, adsorption, the IR absorbance bands appear in two
distinct regions. The 4010-4040 cm ™" region is associated with that
interacting primarily with Ni** ions, while the 4110-4150 cm ™ *
region corresponds to H, bound to the organic ligand. On the basis
of variable-temperature IR spectroscopy, the adsorption enthalpy
was calculated to be —13.5 kJ mol , basically consistent with the
studies of Zhou et al. mentioned above. NPD studies revealed that
D, was located close to the open Ni(u) ion (Fig. 3a), with the Ni(u)-
D, separation as short as 2.20 A, which well correlates with the high
initial heat of H, adsorption. Considering that Mg”* acts as a
lightweight cation with a high charge density, the low-pressure and
high-pressure H, adsorption properties as well as the H, binding
nature of the Mg compound were further investigated in depth.?*®
The Mg compound exhibited a H, uptake capacity of 2.2 wt% at
77 K and 1 bar and a zero-coverage isosteric heat of H, adsorption
at —10.3 kJ mol . The total adsorption amount reaches 4.9 wt%
and 45 g L " at 77 K and 100 bar, which is significantly reduced to
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Fig. 3 NPD experiments revealed (a) three D, binding sites in Ni-MOF-74,
(b) two D, binding sites in Mg-MOF-74, (c) three D, binding sites in Fe(n)-
MOF-74, (d) seven D, binding sites in the Co-MOF-74 isomer, and (e) five
D, binding sites in Fe,(dobpdc). The experimental D, loadings are 1.5 D,
per Ni2* ion, 0.6 D, per Mg®* ion, 2.25 D, per Fe?* ion, 3.0 D, per Co®" ion,
and 4.5 D, per Fe?* ion. (f) shows two different coordination environments
of Mn?* ions and two D, molecules bound by Mn22* ions in the
Mn,(dsbdc) compound as determined by NPD studies with a loading of
0.7 D, per Mn22* ion. Reprinted with permission from ref. 26-28. Copy-
right 2013, Elsevier; Copyright 2011-2012 and 2016, Royal Society of
Chemistry; and Copyright 2014, 2016, 2018 American Chemical Society.

0.8 wt% and 7.5 g L' when the temperature increases to
298 K. Analyses of variable-temperature isotherms and FTIR
yielded the comparable isosteric adsorption heats of —10.3 and
—12.1 k] mol ', respectively. NPD experiments showed that the
exposed Mg”* ion is the highest-affinity adsorption site with a
Mg-D, distance of 2.45 A, while the oxido group is the secondary
adsorption site for D, with a D,~Oqy40 distance of 3.5 A (Fig. 3Db),
which is also supported by the INS studies. After this, the redox-
active member of the MOF-74 series, Fe,(dobdc), was successfully
synthesized,®® and the H, storage characteristics of the Fe com-
pound and its oxidized version were also investigated.?”” The H,
uptake capacity at 77 K and 1.2 bar is 2.2 wt% and the initial
H, adsorption heat is —9.7 k] mol " for the Fe(i1) compound. The
oxidized counterpart exhibits a higher initial H, adsorption heat
(=10 kJ mol ") in magnitude than the un-oxidized parent solid as
a result of the higher charge density and thus the stronger
polarizability of Fe** compared to Fe*", while it shows lower H,
storage capacity due to the reduced surface area and higher
molecular weight. NPD explorations revealed that the open Fe**
site is the primary adsorption site for D, in the Fe(u) compound,
with Fe-D, contact of 2.47 A (Fig. 3c). Two additional adsorption
sites were also observed, in which D, interacts with the one bound
in the Fe(u) site with the intermolecular distance of 2.87-3.22 A as
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well as the framework with the closest atom-D, contacts of
3.2-3.3 A. With respect to the oxidized counterpart Fe,(O,)(dobdc),
the peroxide species was also the binding position for D, adsorp-
tion, in addition to the three adsorption sites observed in the
parent Fe(ir) compound.

The pore environment of MOF-74 frameworks can be further
varied by linker isomerization. On using m-dobdc (4,6-dioxido-
1,3-benzenedicarboxylate) as the isomeric ligand,*®* the resulting
framework still retains the same overall topology. Although Ni,
(m-dobdc) and Ni,(dobdc) belong to a pair of ligand-originated
framework isomers, the ligand field alteration results in higher
charge densities of unsaturated Ni** centres in the isomeric
version than that in the parent compound.®®” As a result, Ni,
(m-dobdc) exhibits a binding enthalpy of up to —13.7 k] mol ™,
which is 1.4 kJ mol " larger than that of Ni,(dobdc). At 298 K and
100 bar, Ni,(m-dobdc) takes up 11.9 g L' of H,, which is among
the highest for the reported adsorbents under the same condi-
tions. The usable capacity under the 5-100 bar pressure swing at
298 K is slightly reduced to 11.0 g L™, which still outperforms
that of compressed H, under the conditions (7.3 g L™"). As a
comparison, H, is required to be compressed over 150 bar to
obtain the same total volumetric usable capacity at 298 K. Taking
Co,(m-dobdc) as an example, NPD investigations revealed seven
distinct adsorption sites (Fig. 3d), among which the open Co*" site
is the strongest adsorption site (Fig. 3d). Notably, Ni,(m-dobdc) is
the top-performing material with respect to the critical metric of
usable volumetric H, capacity at pressures between 5 and 100 bar
and near ambient temperature.

By using extended but geometrically equivalent ligands such
as 4,4-dioxido-3,3-biphenyldicarboxylate (dobpdc)***** and
other analogues with multiple phenylene groups,* the pores
of the MOF-74 framework can be expanded while preserving the
parent framework structure. Long et al. investigated the H,
storage properties of the expanded MOF-74 family with a larger
pore diameter of 18-22 A based on the dobpdc linker and six
different metal ions (Zn>**, Mn?*, Fe**, Mg**, Co®", and Ni**).2%¢
Isosteric heat of H, adsorption ranging from —8.4 to —12.0 kJ mol "
followed a similar trend to the above-mentioned MOF-74 series.
However, as a result of the higher surface areas and pore
volumes, they exhibited enhanced gravimetric H, uptake capa-
cities but a lower volumetric one compared to the non-expanded
MOF-74 series. Taking the Fe(u) compound as an example, NPD
experiments revealed two extra adsorption sites, which were not
observed for the non-expanded framework (Fig. 3e). The primary
adsorption occurs in the metal centre with a Fe-D, distance of
2.44 A comparable to the one found for Fe,(dobdc). The second-
ary site is located in the middle of the two adjacent primary sites
with close Dy~Cearboxyaite a0d D2~Ojpyoxide distances of 3.03 and
3.01 A. The third and fourth loci lie at the ligand benzene rings.
The fifth site occurs in between the two sites IV. At 298 K and
100 bar, the total gravimetric capacities range from 1.3 wt% (Zn)
to 1.8 wt% (Mg) and correlate reasonably well with the respective
BET surface areas. Also, the drug olsalazine was employed as an
extended ligand to synthesize a mesoporous series of expanded
MOF-74 analogues (M = Mg, Fe, Co, Ni, and Zn) with the pore
diameter of about 27 A.>* Despite larger pore apertures, these
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frameworks exhibited Qg values comparable to those of
M,(m-dobdc), ranging from —10.8 to —12.0 kJ mol . Variable-
temperature H, adsorption isotherms revealed strong adsorption
at the open metal sites. Besides, these frameworks also displayed
the utility for drug delivery.

In the materials mentioned above, each metal site is only
capable of adsorbing a single gas molecule, thus resulting in a
limited storage capacity. It is speculated that if a metal site
contains more than one terminal solvent molecule, the low-
coordinated metal centre generated via desolvation can accom-
modate more gas molecules. Based on this idea, Long et al.
used a thiolated analogue (dsbdc, 2,5-disulfido-1,4-benzenedi-
carboxylate) of the dobdc linker to construct a Mn(u)-based
framework compound.*’® Different from Mn-MOF-74 in which
all the metal has the same coordination environment, this
compound contains two different kinds of octahedral metal
centres (Fig. 3f). Mn1 is coordinated by six ligating atoms
coming from the dsbdc linker, while the coordination of Mn2
is fulfilled with just four ligating atoms originating from dsbdc
linkers and two cis-arranged DMF molecules. The DMF
molecules can be removed upon activation as confirmed by
structural analyses using synchrotron X-ray powder diffraction.
NPD experiments disclosed that the exposed four-coordinated
Mn*" jon is capable of binding two gas molecules such as D,,
CD, and CO, (Fig. 3f). The Mn2-D, separation is 3.40 and
3.07 A for D, loadings of 0.7 and 1.4 per Mn2 ion, respectively,
indicating relatively weak metal-D, interactions. This is also
consistent with the result of adsorption heat extracted from
temperature-dependent H, adsorption isotherms. Mn,(dsbdc)
exhibited a very modest initial binding enthalpy of —5.6 k] mol *,
significantly lower than the corresponding value of —8.8 kJ mol *
in Mn,(dobdc). The relatively weak binding enthalpy is due to the
larger radius of sulfide atom relative to that of the oxido atom.

2.4 Metal-tetrazolate frameworks

Due to the similarities between tetrazolate and carboxylate in
terms of for example pK, values, the tetrazolate-based ligands
have been designed and applied to construct porous MOFs.>”
The use of polytetrazolate as bridging ligands is deemed to be
favourable for creating rigid frameworks with exposed metal
coordination sites. As a demonstration, Long et al. used 1,3,5-
benzenetristetrazolate (BTT) to fabricate a Mn(u)-based com-
pound (Mn-BTT) in which the chloride-centred square-planar
[Mn,Cl] units are connected via the BTT ligands to yield an
anionic sodalite-type network that is charge-balanced by
[Mn(DMF)g]** counterions.*® Desolvation engineering enables
optimization of this compound to exhibit a higher surface area
(2100 m* g~ ! BET) and more accessible Mn(u) sites, and thus a
better H, storage capacity. At 77 K and 90 bar, the gravimetric
and volumetric uptake capacities of Mn-BTT reached 6.9 wt%
and 60 g L™, respectively. The latter value is only 11 g L™ * lower
than the liquid-H, density. The initial adsorption heat was
found to be —10.1 k] mol ", which is the highest value recorded
for a MOF solid at that time. NPD studies with sequenced H,
loadings revealed four adsorption sites for H, which are sum-
marized in Fig. 4a. Both site I and site II are the two strongest
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Fig. 4 D, binding sites in (a) Mn-BTT, (b) Cu-BTT and (c) Fe-BTT com-
pounds as determined by the NPD experiment with the D2 loadings of 12,
30 and 20 per formula unit, respectively, and (d) comparison of their H,
adsorption heats. Reprinted with permission from ref. 36, 38 and 39.
Copyright 2006, American Chemical Society; Copyright 2007, Wiley;
Copyright 2010, Royal Society of Chemistry.

adsorption sites. The D, molecule at the site I is located on the
open Mn(n) centre with a Mn(u)-D, distance of 2.27 A, while
the one at site II displays multi-site interactions with both the
chloride anion and four tetrazole rings. The D, molecule at the
third site located inside the large cuboctahedral cage has van
der Waals contact with two tetrazole rings with a distance of
3.26 A between D, and the centroid of the tetrazole ring. The
fourth H, binding site was situated inside the small octahedral
cage in which the four carbon atoms from the surrounding
tetrazole rings are in the closest contact with the bound D,
molecule therein. This work provided the first neutron diffrac-
tion evidence for a metal-D, interaction within a MOF.

The above experiments showed that the large adsorption
enthalpy of Mn-BTT is due in part to the strong interaction
between D, molecules and unsaturated Mn?" ions within the
anionic framework skeleton. To tune the metal-D, interaction,
the same group undertook the post-synthetic ion exchange
experiments and studied the H, adsorption properties of the
respective ion-exchanged frameworks.>” The results showed that
the H, adsorption enthalpies can be varied through ion exchange,
and the Co(u)-exchanged compound exhibited an initial adsorp-
tion enthalpy of —10.5 k] mol ", which is 0.4 kJ mol " higher in
magnitude than that of the pristine material Mn-BTT.

The inability to fully desolvate Mn-BTT limits its maximum
potential for H, storage. Replacement of Mn”>* with Cu®*
yielded a Cu-BTT compound that can however be fully activated
to expose a greater number of open metal coordination sites for
H, adsorption.*® With respect to the H, uptake, Cu-BTT exceeds
Mn-BTT at 77 K and 1.2 bar, despite the lower surface area.
However, the lower surface area of Cu-BTT resulted in its lower
total gravimetric H, uptake at a higher pressure of 90 bar
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(5.7 wt% vs. 6.9 wt%) in comparison to that of Mn-BTT. In
terms of the H, adsorption enthalpy, the initial value is lower
for Cu-BTT (9.5 kJ mol™") than for Mn-BTT (10.1 kJ mol ") due
to the Jahn-Teller effect of the copper(u) ion resulting in lower
binding affinity toward H, relative to the Mn(u) ion, which was
also corroborated by NPD studies revealing that the Cu(u)-D,
distance of 2.47 A is slighter longer than the 2.27 A observed for
the Mn(u)-D, distance in Mn-BTT (Fig. 4b). However, with the
increasing H, loadings, the H, adsorption heat of Cu-BTT
surpassed that of Mn-BTT, which is attributed to Cu-BTT
possessing more OMSs available.

Substitution of Mn(u) or Cu(u) ions in the structure with
divalent cations bearing a smaller radius provides a possible
approach to improve the isosteric heat of H, adsorption
because the higher charge density of the exposed metal cations
on the framework surface facilitates inducing a dipole moment in
H,, thus leading to stronger binding.* To this end, they prepared
an Fe(un)-based analogue via a high throughput methodology.
The Fe(un) compound exhibited an initial H, adsorption heat
of —11.9 k] mol !, which is higher in magnitude than that of
Mn-BTT (—10.1 k] mol ') as a result of the higher charge-to-radius
ratio for Fe*" compared to Mn®>" (Fig. 4d). Also, the initial adsorp-
tion heat of Fe-BTT is larger than that of Cu-BTT (—9.5 k] mol ),
although Cu®" is a smaller ion than Fe®", which might be due to
the Jahn-Teller effect of Cu(u) ions that reduces the charge at
the open coordination site. However, beyond 0.4 wt% H,
uptake, the isosteric heat of H, adsorption for Cu-BTT over-
takes that of Fe-BTT. This is likely due to the greater number of
desolvated M>* jons in Cu-BTT, whereas Fe-BTT retains some
bound methanol molecules. The total H, uptake of Fe-BTT
reaches 4.1 wt% and 35 g L™ " at 77 K and 95 bar. These values
are below the corresponding values recorded for Mn-BTT
(6.9 wt%, 60 g L™ " at 90 bar), and Cu-BTT (5.7 wt%, 53 g L™ "
at 90 bar). NPD studies reveal the four D, binding site, with the
framework Fe®* ion as the strongest-affinity site (Fig. 4c). The
Fe-D, distance is as short as 2.17 A.

One strategy for adjusting the adsorption capacity in micro-
porous frameworks involves ligand elongation to expand the
known structure types. To this end, Long et al. designed and
synthesized two expanded versions related to the aforementioned
BTT ligand, namely, 1,3,5-tri-p-(tetrazol-5-yl)phenylbenzene
(H;TPB-3tz) and 2,4,6-tri-p-(tetrazol-5-yl)phenyltriazine (H;TPT-
3tz), and constructed the corresponding MOFs that are isotypic
with that of M-BTT as revealed by single-crystal X-ray diffraction.*
Interestingly, the ligand-directed interpenetration occurs
during the assembly process. Solvothermal reaction of the
benzene-centred ligand with the copper ion generated the non-
interpenetrated framework, while the resulting framework is
doubly interpenetrated upon using the triazine-centred linker to
assemble with Mn>" or Cu*" ion. Gas adsorption studies showed
that the interpenetrated compound exhibited better framework
stabilities and higher H, storage performance. At 77 K and 80 bar,
the total H, uptake capacity of the Mn-TPT-3tz compound reached
4.5 wt% and 37 g L™ ', respectively. Due to the lack of unsaturated
metal centres, the volumetric storage capacity of the Mn-TPT-3tz
compound is lower than that of the pristine Mn-BTT compound.
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NOTT-101

Fig. 5 D, binding sites in copper-multicarboxylate frameworks of (a)
HKUST-1, (b) NOTT-101 and (c) NOTT-112 compounds as determined by
the NPD experiment with D, loadings of 4, 1.82 and 2.0 per copper ion,
respectively. Reprinted with permission from ref. 42 and 43. Copyright
2006, and 2009-2010, American Chemical Society.

2.5 Copper-multicarboxylate frameworks

Polycarboxylate ligands are a class of the most widely used organic
ligands because of their strong coordination and chelation
abilities as well as flexible coordination modes. In particular,
coordination of the carboxylate group with Cu®" is prone to yield
the typical Cu,(COO), dicopper paddlewheel unit with the terminal
solvent molecules easily desorbed as a result of the Jahn-Teller
effect of the copper(u) ion, thus yielding an open copper site to
increase H, adsorption. Therefore, copper-multicarboxylate frame-
works have been widely explored as H, storage materials.

HKUST-1 is an iconic coordination framework compound
composed of a dicopper paddlewheel bridged by a 3-connected
organic linker 1,3,5-BTC (benzene-1,3,5-tricarboxilate) to form a
tbo-type network. The removal of the axially bound H,O molecule
makes the framework Cu(u) sites available for interaction with the
H, molecule, which is evidenced by in situ IR spectroscopy
performed at 15 K showing a v(H-H) band of Cu(u)-H,
adducts.”" Also, the NPD studies established six binding sites
for D, adsorbed in HKUST-1 (Fig. 5a). The most favoured one of
these sites lies in close proximity to the open Cu sites with a Cu-
D, distance of 2.39 A.** A triazine-centred tricarboxylate ligand,
namely, 4,4',4"-s-triazine-2,4,6-triyltribenzoate (TATB), was used to
construct a pair of framework catenation isomers (namely, PCN-6
and PCN-6'), revealing that the framework catenation is favourable
for the enhancement of H, adsorption because the interpenetra-
tion divided the large void into a smaller one that can better fit the
H, molecule.** At 77 K and 50 bar, the total gravimetric and
volumetric H, uptake capacities of the interpenetrated compound
PCN-6 are 9.5 wt% and 53 g L', which are systematically higher
than the corresponding values of 5.8 wt% and 16.2 g L™ " for the
noninterpenetrated counterpart PCN-6'. The INS studies indicated
that the much stronger interactions of adsorbed H, with the
organic linker in the catenated material originate from a greater
number of interacting atoms from the organic ligands, especially
at high H, loadings.
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Isophthalate-containing multicarboxylate ligands are in par-
ticular attractive for framework construction because of their
propensity to form cage-type architectures.*> Chen et al
reported the first copper-diisophthalate framework MOF-505 based
on 3,3',5,5"-biphenyltetracarboxylic acid for H, adsorption.*®
Studies of the effect of the desolvation conditions on H, uptake
indicated the favourable role of the open copper site. The fully
desolvated MOF-505 exhibited 2.47 wt% H, uptake at 77 K and
close to 1 bar. After this, a variety of diisophthalate ligands
incorporating distinct central spacers between two terminal iso-
phthalate units were developed, and the corresponding copper(u)
frameworks were constructed for H, adsorption studies. For exam-
ple, Schroder et al. studied the H, adsorption properties of a series
of copper-diisopthalate frameworks based on tetracarboxylic acids
bearing a range of polyaromatic backbones,**”*” revealing that the
low-pressure H, uptake is mainly dominated by the adsorbate-
adsorbent interaction that is closely related to the pore size and
pore surface chemistry, while the available pore volume controls
the high-pressure H, adsorption capacities. In particular, there
exists an optimal pore size to obtain a significant H, storage
density. With respect to NOTT-101, NPD studies revealed that the
exposed copper site, the triangular window and the cusp formed by
three phenyl rings are three main adsorption sites for H, (Fig. 5b).
The Cu-D, distance is 2.50 A, which is slightly longer than that
observed in HKUST-1 (2.39 A),** but clearly not of the “Kubas”-type
binding.*® Replacement of biphenyl in NOTT-102 with phenan-
threne and 9,10-dihydrophenanthrene yielded the two frameworks
NOTT-110 and NOTT-111. Compared to the parent compound, they
exhibited a similar surface area and slightly lower pore sizes but
significant enhancement of H, uptake at the low to medium
pressure region at 77 K, indicating that the ligand curvature enables
enhancement of H, adsorption.”’® Zhou et al. used a methylene-
bridged diisophthalate ligand to construct a pair of copper-based
framework isomers (PCN-12 and PCN-12'). Comparison of their
uptake properties revealed that the rational arrangement of the
open copper site has a significant effect on H, uptake.*® At 77 and
1.01 bar, the H, uptake capacity of 3.05 wt% for PCN-12 is higher
than that of 2.4 wt% for its isomer PCN-12’.

The organic linkers bearing more than two isophthalate
subunits were also involved in MOF construction. A rht-type
topological platform based on the dicopper paddlewheel unit
and triisophthalate linkers was developed by several well-known
research groups of Eddaoudi,®® Schréder,****' Farha,”> and
Zhou,” and explored for high-pressure H, adsorption studies.
The entire structure of this type can be described as the packing
of three types of polyhedral cages of cuboctahedron, truncated
tetrahedron, and truncated octahedron in the ratio of 1:2:1,
and has the advantage of prohibiting network interpenetration.
Due to ultrahigh porosity, hierarchical cage, and OMS incorpora-
tion, they exhibited impressive H, uptake capacities. The MOFs
of this structure type investigated include PCN-68/610,>° NU-100/
110/111,%2? and NOTT-112/113/114/115/116/119/122 series.>
At 77 K and 100 bar, the total H, uptake of PCN-68 reaches
13 wt%.>° NPD studies on NOTT-112 have revealed five different
binding sites for H, molecules (Fig. 5c).*** Interestingly,
the chemically un-equivalent copper(u) ions displayed different
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affinity towards H, molecules. The H, binding first occurred at
the vacant copper site (CuA) within the cuboctahedral cage
followed by the outside one (CuB) as the secondary binding site.
The distances are 2.23 and 2.41 A for CuA-D, and CuB-D,,
respectively. The D, molecules sited at the third and fourth sites
were populated nearby the triangular windows formed by three
dicopper paddlewheel units and three isophthalate moieties
connecting the cuboctahedral cage and the truncated tetrahedral
cage. The fifth binding site is positioned with the truncated
tetrahedral cage around the three-fold axis of the triangular
window. Besides, a few copper-tetraisophthalate frameworks
have been designed for H, storage investigation.”® For example,
three aromatic-rich binaphthalene-based octacarboxylates were
employed as 8-connected organic linkers to construct porous
copper-tetraisophthalate frameworks. They displayed high stability
and impressive H, adsorption. Furthermore, H, uptake capacities
can be tuned by altering side groups, ranging from 1.8 to 2.5 wt% at
77 K and 1.01 bar.”® Also, NOTT-140 with tetrahedrally-branched
tetraisophthalate as a ligand was reported by Schroder’s group to
exhibit the total H, uptake capacity of 6 wt% at 77 K and 20 bar.>**

3. Regulation and optimization of H,
adsorption performance

As a new entry to the field of H, storage materials, MOFs can be
engineered in terms of pore dimension and shape as well as
pore surface environment via the chemistry with respect to
their compositions of inorganic secondary building unit (SBU),
organic linkers and guest species for the purpose of modifying
and improving the H, adsorption performance. In the following
section, we discussed the strategies used for increasing the H,-
framework interaction and ambient-temperature H, storage
performance, balancing the gravimetric and volumetric capa-
cities as well as improving the H, working capacities.

3.1 Increasing the H,-framework interactions and ambient-
temperature H, storage performance

3.1.1 SBU design and chemistry. Theoretical calculations
have revealed that for ambient-temperature on-board H, storage,
the adsorbent materials should possess the enthalpy of H,
adsorption falling within the range of —15 to —20 kJ mol™.>*
In particular, according to the equation derived by Bhatia and
Myers, an adsorbent material should have an average adsorption
enthalpy of —12.1 k] mol " if the operating pressure changes
from 100 to 5 bar and the working temperature is at 298 K.>*?
However, most adsorbents bind H, via weak physisorption with
the enthalpies near —5 kJ mol~". To improve H, binding, one
strategy is to install the coordinatively unsaturated metal centre
(also termed OMS) into the framework.*® The exposed positive
charges are able to polarize H, more strongly than the typical
framework surface available for physisorption in most storage
materials. Table 1 summarizes the M-D, distance determined by
NPD studies and Qg values extracted from varied-temperature
isotherms upon H, binding on OMS-incorporated MOFs. It can
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Table 1 Summary of porous MOFs with open metal sites as one of the
primary binding sites and their Qg values and metal-D, contacts for H;
adsorption

M-D, (centroid)

MOFs OMS distance (A) —Qy (k] mol™") Ref.
Cu(1)-MFU-41 Cu(1) 1.6, 1.66“ 32 55
V,Clyg(btdd) V(u)  1.966(8) 20.9 56
MFM-132 Cu(n) CuA-D,: 2.07(2) 6.8 57
CuB-D,: 2.329(15)
Fe-BTT Fe(n) 2.17(5) 11.9 39
Ni-MOF-74  Ni(u) 2.201(1) 11.9 26a
Co,(m-dobdc) Co(u) 2.23(5) 11.5 28a
NOTT-112 Cu() CuA-D,: 2.23(1) 5.64 43a and 51
CuB-D,: 2.41(1)
Niy(m-dobde) Ni(u) 2.25(7), 2.18(4) 12.3 28a and b
Mn-BTT Mn(n) 2.27 10.1 36
Co-MOF-74  Co(u) 2.32(2) 10.8 28a
HKUST-1 Cu(u) 2.39(1) 6.8 42
Fe,(dobpdc)  Fe(u) 2.44(7) 10.0 28¢
Mg-MOF-74  Mg(u) 2.45(4) 10.3 26b
Cu-BTT Cu(n) 2.47 9.5 38
Fe-MOF-74  Fe(u) 2.47(3) 9.7 27b
NOTT-101  Cu(n) 2.50(3) 5.38 43b
Cr-BTC Cr(n) 2.63(2) 7.4 58
Mn,(dsbde)  Mn(u) 3.40(4) 5.6 27a

“ Determined by DFT calculations.

be seen that even so, very few MOFs have been shown to achieve
the necessary binding enthalpies.

One effective approach to fabricate OMS is to remove the
terminal solvent molecules attached to the metallic node during
solvothermal assembly. The degree of solvent removal is highly
dependent on the activation conditions including the activation
solvents, activation temperature, and ramping rate. With respect
to the activation solvent, low-boiling solvents such as methanol
and acetone were frequently used to exchange with the guest
molecules encapsulated in the pore space and even replace the
terminally coordinated amide solvent molecules such as DMF
(N,N-dimethylformamide). In terms of activation temperature, a
too low one does not liberate all the terminal solvent molecules,
while a too high one might result in the risk of thermal collapse
of the framework. In order to maximize the pore volume
and OMS density determining the saturated amount of H,
adsorption and H, binding energetics, full activation should be
established. Therefore, the activation conditions need to be
carefully optimized prior to H, adsorption measurement. Long’s
work on the metal-tetrazolate frameworks for H, storage has
clearly highlighted the significance of desolvation on H, adsorp-
tion performance.

As exemplified by several classes of important MOFs
mentioned above, metal-H, interaction heavily depends on
the nature of the metal ion and its surrounding coordination
environment. The studies on the impact of divalent metal ions
on the H, adsorption heat in MOF-74, expanded MOF-74 and
M-BTT series showed that the isosteric heat of H, adsorption
usually correlates with the ionic radii of the metal ions. As the
ionic radius of the metal ion decreases, the metal ion displays a
higher charge density and thus a stronger polarizing ability, resulting
in the enhanced interaction between metal and dihydrogen
molecule. It should be mentioned that the copper ion is
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frequently an exception as a result of the Jahn-Teller effect
originating from its d° electronic configuration. In particular,
comparison of the D, binding behaviour of Cr-BTC®® and
HKUST-1** also highlighted the importance of electronic
configuration of the metal ion on H, binding. There are two
chemically un-equivalent copper ions in NOTT-112 and MFM-
132, and they displayed different binding energies towards H,,
indicating that the surrounding of copper ions is capable of
yielding a certain effect on H, binding. Therefore, the charge,
radius, and electronic configuration as well as its arrangement
and coordination environment should be carefully considered
upon the design and construction of OMSs for H, affinity
improvement.

In the above examples, the Coulomb force was mainly
involved in the metal-H, interaction. Inspired by a high binding
enthalpy of —80 k] mol ' in the metal-dihydrogen compound
W(CO);('Pr;P)y(n*H,) discovered by Kubas and co-workers,*
Long et al reported the first framework compound of
V,Cl, g(btdd) (H,btdd = bis(1H-1,2,3-triazolo[4,5-b],[4’,5'-]])diben-
zo[1,4]dioxin) exhibiting H, adsorption enthalpy within the
optimal range for ambient temperature H, storage by using
a less-reducing, weaker n-basic vanadium site capable of back-
bonding interactions with H, (Fig. 6a and b).>® In this material,
vanadium is of mixed valences with the V(m): V() ratio of 2:3.
The empty d,; orbital of V(u) in this material accepts the electron
from the HOMO of the H, molecule, and at the same time the d,
orbital offers the electron to the LUMO of the H, molecule, thus
forming a “c + n” synergistic effect to enhance the metal-H,
interaction. This binding nature was collaborated by a series of
isotherm measurements, spectroscopy characterization studies
and theoretical calculations. The Clausius-Clapeyron analyses of
the temperature-dependent H, isotherms yielded an isosteric
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Fig. 6 (a) The 3D structure of V,C, g(btdd) and the coordination environ-
ment of the V(i) centre in (b) the activated framework and (c) in the
framework dosed with 0.75 equiv. of D, molecules. (d) The high-pressure
H, isotherm in the temperature range of 208-313 K. Reprinted with
permission from ref. 56. Copyright 2021, American Chemical Society.
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heat of H, adsorption of —20.9 k] mol™*, which falls in the
optimal range required for ambient-temperature H, storage.
Infrared spectroscopy studies showed the appearance of two
new peaks at 3919 and 4112 cm ™ relative to the bare framework
spectrum upon dosing with H, at 97 K, which are, respectively,
attributed to H, strongly bound to the open V(u) sites, and
H, physisorbed at the secondary non-metallic site within the
materials. Red shift occurs for H, bound in the metal sites in
V,Cl, g(tbdd) compared to Ni,(m-dobdc), indicating the stronger
backbonding from d, to LUMO, but the degree in red shift is
much smaller than that typically characterized in molecular
metal-dihydrogen complexes, indicating the attenuated dihydro-
gen activation. The weaker activation present in V,Cl, gbtdd is
likely a result of the greater ionic charge at the metal centre
as well as the weaker surrounding ligand field environment.
Analyses of the variable-temperature IR spectrum using van’t
Hoff's equation give a H, binding enthalpy of —21 kJ mol*,
which is consistent with the results from isotherm measure-
ment. Furthermore, the V-D, interaction was directly observed
through NPD studies, revealing that D, binds at the V(u) centre
with a distance of 1.966(8) A accompanied with a slight change
with respect to the V-CI equatorial bonds and the Cl-V-Cl bond
angle that contract and decrease, respectively, upon D, binding
(Fig. 6¢). High-pressure H, adsorption measurements revealed that
V,Cl, ¢(tbdd) achieved a total volumetric H, uptake of 10.7 g L™
298 K and 100 bar (Fig. 3d). The data demonstrated that stronger
orbital-mediated interactions with m-basic metal sites provide a
novel means of optimizing the thermodynamics of H, adsorption
in porous materials for storage application.

Apart from OMS, the bridging group within the inorganic
SBU was identified as the primary binding site for H,. For
example, the NPD study confirms that the free bridging hydroxyl
group within the pore of MFM-300(In) is the primary binding site
for adsorbed D, molecules.®® D, forms a direct binding inter-
action with the bridging hydroxyl group in the pore, and the
binding distance is slightly longer than that observed in MOFs
with OMSs, consistent with the nature of the different binding
mechanisms.

Asides from the design and selection of metal ions, cluster
post-modification is recognized as one of the effective means to
fine-tune the framework structure and thus the adsorption
performance. Volkmer et al. reported an elegant example
of post-synthetic cluster chemistry performed in the MFU-41
framework constructed from the bistriazolate BTDD>~ ligand
and [ZnsCly]°" building unit for significantly enhanced H,
binding enthalpy (Fig. 7a).?*” The peripheral CI~ moieties can
be exchanged with formate ions, and subsequent thermal
decomposition generated the corresponding framework with
the retained structure containing metal hydride complexes that
can react with electrophiles such as PhCOCI (Fig. 7b). Besides,
metathesis of the terminal Zn** with Cu®" followed by the Cl~ to
HCOO™ ligand exchange and subsequent thermal activation
afforded the corresponding framework material [Cu(1)-MFU-41]
bearing threefold-coordinated unsaturated Cu(i) sites that
showed remarkably strong but fully reversible binding of small
molecules under ambient conditions (Fig. 7b and c). The H,
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Fig. 7 (a) The structure of MFU-4l, (b) schematic representation of the
conversion of MFU-4linto its corresponding hydride-containing and Cu())-
containing compounds, and (c) binding geometries for H,, N, O, and
CoHy4 at the Cu() site as determined by DFT calculations. (d) D, binding
sites for Cu()-MFU-4l determined at 7 K by NPD experiments at a 0.75 D5,/
Cu at the dosing temperatures of 40 K (left) and 77 K (right). Reprinted with
permission from ref. 55a and b. Copyright 2014, Wiley. Copyright 2021,
American Chemical Society.

adsorption heat was estimated to be up to —32.3 k] mol ™. This
work highlighted the promising potential of copper(i)-
containing materials bearing a higher OMS density for H,
storage. NPD studies performed by Long et al. revealed that
the D, binding in Cu-MFU-4] followed a precursor-mediated
adsorption path (Fig. 7d).>>® At the D, dosing temperature of
40 K, the unsaturated copper centre serves as a very strong
binding site (site I) but with very low occupancy, while the
pentanuclear tetrahedral node acts as the highest occupancy
site (site II). The additional site (site I*) located above site I
represents a metastable physisorbed state that serves as a
precursor to chemisorption. When the dosing temperature is
increased to 77 K and much higher, the sites I and I* were
occupied exclusively, and the occupancy of site I becomes much
populated. More recently, starting from the existing framework
compound MFU-41,°" Farha et al. adopted post-synthetic ionic
exchange to obtain a Li'-decorated isorecticular compound
MFU-4l-Li, exhibiting a better performance than its parent
compound with respect to H, storage and release, which is
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mainly attributed to the increase in the pore volume after
transmetalation.®” At 77 K and 100 bar, the gravimetric and
volumetric H, uptake capacities of MFY-4l-Li are 9.9 wt% and
52.4 ¢ L', which are 28.6% and 12.7%% higher than the
corresponding values of the parent compound (7.7 wt% and
46.5%). Under combined temperature and pressure swing
conditions (77K/100 bar — 160 K/5 bar), the gravimetric and
volumetric working capacities of MFU-41-Li are 9.4 wt% and
50.2 g L', which also significantly exceed those examined for
the parent compound (7.3 wt% and 44.3 g L™"). The H, isosteric
heat of adsorption varies from —5.4 to —3 KJ mol ' during the
entire adsorption process. The relatively modest adsorption
heat might be responsible for its high working capacity under
the operational conditions. The above-mentioned adsorption
data place MFU-4l-Li among the best MOF-based materials for
H, storage application.

With respect to the ambient temperature H, storage,
Niy(m-dobdc) is one of the best H, storage materials.®”
At 298 K and 100 bar, the total volumetric H, uptake reaches
11.9 g L', which only slightly drops to 11.0 g L™" upon
considering the 5-100 bar working capacities. The total
volumetric capacity represents a 39% increase over compressed
H, under the same conditions (7.7 g L™ "). Usable H, capacities
achieved with this material are greater than those of com-
pressed H, under a range of conditions.

3.1.2 Linker design and chemistry. INS (inelastic neutron
scattering) studies of H, adsorption in MOF-5 have revealed
that in addition to the inorganic metal cluster, the organic
linker is also a binding site for H,, indicating the important role
of ligand selection. Incorporation of more conjugated aromatic
rings into the organic linkers can not only significantly enhance
the rigidity and stability of the resulting materials but also
provide strong affinity for guest molecules based on specific
van der Waals interactions. Based on this idea, Schroder’s group
reported a rht-type MOF denoted MFM-132 based on the dicop-
per paddlewheel and anthracene-decorated triisophthalate
linker.”” Due to the bulky anthracene, the structure contains
a fourth cage in addition to the typical three cages observed in
rht-type MOFs. The desolvated framework exhibited an excep-
tionally high volumetric capacity of 52 g L ™" at 77 K and 60 bar.
NPD studies showed that a cleft formed by the anthracene
moieties within the pores of MFM-132 is directly responsible
for its excellent H, adsorption performance by creating specific
ligand-based binding domains.

The organic ligands can be modified to induce stronger
interactions with H,. Pre-synthetic incorporation of polar func-
tional groups, electronegative heteroatoms, and crown ether as
specific metal-recognizing sites into the ligand skeleton has
the potential to produce the enhanced H,-binding sites.®?
For example, Schroder’s work showed that the pre-synthetic
incorporation of functional groups such as methyl and fluorine
into copper—diisophthalate frameworks endowed the resulting
materials with enhanced heat of H, adsorption.”*” A Zr-MOF
containing sulphur heteroatom displayed higher H, sorption
capacities than its heteroatom-free counterpart, which is attributed
to the enhanced framework electronegativity arising from sulphur
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doping.®®> SNU-200 bearing the 18-crown-6 moiety in the strut
is capable of selective inclusion of cations such as K', NH,",
and MV** (methyl viologen). In particular, the K*-bound com-
pound exhibited the highest Qg value of —9.92 k] mol * which
is attributed to K" ion providing accessible vacant coordination
sites.®* Also, post-synthetic covalent ligand modification is also
presented as a means to modify the pore structures and thus
tune the H, adsorption properties. For example, three frame-
work compounds (IRMOF-3, UMCM-1-NH, and DMOF-1-NH,)
containing the amino group can be modified in a controlled
manner with benzoic anhydride and phenylisocyanate. The
resulting modified frameworks displayed enhancement in the
sorption affinity of MOFs with H, for the entire coverage
range.®’

Reduction of redox-active ligands with lithium metal provides
an avenue to doping the framework with Li" ions. For example,
the interpenetrated framework of Zn,(NDC),(diPyNI) can be
directly reduced with lithium metal in DMF, yielding the Li*-
doped compound exhibiting a higher H, adsorption heat over
the entire loading range and a larger H, uptake capacity at
77 K and 1 atm compared to the pristine compound (Fig. 8).
The possible reasons for the significant improvement include
enhanced ligand polarizability, introduction of charge-balanced
Li" ions and increased surface area induced by framework
displacement.®® Goddard III et al. also employed the computa-
tional methods to confirm that such lithium-doped MOFs dis-
played significantly improved H, uptake capacities at ambient
temperature relative to the undoped parent compound. The
Li-MOF-C300 binds 4.56 wt% H, at 50 bar pressure, which is
an order of magnitude higher than that of pure MOF-C300.%”

The acid-base reaction is also utilized for linker modifica-
tion. For example, the addition of a lithium alkoxide group
to an organic linker is proposed as a protocol to establish
Li" doping of MOFs. A hydroxyl-modified MIL-53(Al) analogue
was synthesized by substituting terephthalic acid with
2-hydroxyterephthalic acid, and subsequent deprotonation
of the hydroxyl group including the bridging OH groups and
the pendent OH group with lithium diisopropylamide (LDA)
afforded the Li*-doping material with the preservation of
the framework structure. Compared to the un-doped solid,
the resulting material exhibited a slightly decreased surface
area but significant enhancement in H, uptake capacity and
adsorption heat, highlighting the usefulness of Li* doping.®®

Apart from experimental exploration, theoretical investigation
was performed. Froudakis et al. studied the effect of the ligand
modification with lithium atoms on H, storage capacities of
MOFs via combined quantum mechanics and GCMC (grand
canonical Monte Carlo) simulations.®® IRMOF-8 (naphthalene
dicarboxylate as linker) and IRMOF-14 (pyrenedicarboxylate as
linker) were chosen as two model MOFs in which the hydrogen
atoms of the organic linkers were substituted with lithium
alkoxide groups without changing the material frameworks.
Compared to the unmodified MOFs, the functionalized version
showed a significant improvement in terms of the interaction
energies and gravimetrical H, storage capacities at cryogenic
(77 K) and ambient (300 K) temperatures.
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Fig. 8 (a) Illustration of the chemical conversion of Zn,(NDC),(diPyNI)
into Zn,(NDC),(diPyNI)-Li* via framework reduction and framework
displacement leading to the enhanced (b) H, uptake capacity and (c)
isosteric heat of H, adsorption. Reprinted with permission from ref. 66.
Copyright 2007, American Chemical Society.

3.1.3 Guest chemistry. A number of theoretical and modelling
studies have suggested that the introduction of lightweight
non-transition metal ions such as Li*, Na* or Mg>* might afford
non-dissociative H, binding, thus enhancing the overall
adsorption of H,.”" In particular, Li*-doped materials appear
to be especially interesting in this regard because lithium as the
hardest alkali metal shows the strongest interaction with H,
molecules among other alkali metals through charge-induced
dipole and quadrupole moments. Due to the high reactivity of
Li(0), the chemical reduction of organic struts using lithium
metal to realize Li'-doping might be operatively complex and
intrinsically problematic. In contrast, post-synthetic exchange
of extra-framework counter ions in the anionic framework
compounds with Li" ions provides a means to producing Li'-
doped materials. However, literature survey showed that the
effect of Li"-doping on H, adsorption varies from MOF to MOF.
For example, an anionic coordination framework (Me,N)[InL]
(H4L = biphenyl-3,3’,5,5'-tetracarboxylic acid) incorporated the
Me,NH," as the counterion, which can be exchanged by Li* ions
and H;0" ions (Fig. 9a).”° The Li*-exchanged material displayed
a lower isosteric heat (Fig. 9d) for H, adsorption but higher H,
uptake (Fig. 9¢) than the parent material. The increase in H,
uptake capacity is due to an increase in accessible pore volume
on cation exchange (Fig. 9b), while lower adsorption enthalpy is
consistent with increased pore size and in turn indicated that
the introduced Li’ ion is not accessible to the incoming H,
molecule and might be coordinated by ligand carboxylate
oxygen atoms. In contrast, Li’-exchange performed in a series
of anionic In-diisophthalate frameworks (NOTT-200, NOTT-206,
and NOTT-208) resulted in the simultaneous increase of both
uptake capacity and adsorption heat of H,.””

A strong electrostatic field can be introduced via post-
synthetic ionic exchange. The ion exchange and its effect on
H, adsorption energy and uptake were investigated by utilizing
a zeolite-like anionic framework compound of [Me,N],g[Inys
(HImDC)oe] (H;ImDC = 4,5-imidazoledicarboxylic acid) as the
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Fig. 9 (a) The partial structure of (Me,NH)[In(L)] and comparison of (b) N,
and (c) Hy isotherms at 77 K and (d) H, adsorption heat for (Me,NH;)[In(L)]
before and after Li* exchange. Reprinted with permission from ref. 70.
Copyright 2008, Royal Society of Chemistry.

staring compound.” The extra-framework cation of Me,NH,"
can be fully exchanged with Li* and Mg>" ions. They existed
in the form of aqua complexes in the resulting MOFs so that
the adsorbed H, molecules cannot directly bind with the extra-
framework cations, thus resulting in similar H, adsorption
properties. However, the electrostatic field formed between
the anionic framework and counterion afforded the enhanced
adsorption heat of the exchanged materials compared to that of
the pristine MOF because of the higher charge/size ratio of
Mg>" and Li" ions relative to the Me,NH," ion.

Apart from the above-mentioned impregnation method, a
direct synthesis method involving the introduction of LiOH
into the solvothermal reaction system was developed for
Li-doping.”* The Li-included samples displayed increased pore
size, surface area, and H, uptake capacity.

3.1.4 Pore size/shape optimization. Tailoring the pore
size to fit the molecular dimensions of the stored H, molecule
(2.89 A kinetic diameter) is an established strategy for enhancing
the binding energy between the framework and H, as a result of
the enhanced overlapping potentials from the opposite pore walls
for H, molecule.” In this aspect, framework interpenetration was
usually utilized to create a narrow pore size that well matches the
H, molecule. For example, Li et al. reported a two-fold interpene-
trated MOF based on dicopper paddlewheel and 4,4’-(hexafluoro-
isopropylidene)-bis(benzoic acid) that features the ordered arrays
of 1D microtubes with a curved internal surface. As the small
window size of 3.5 x 3.5 A% and the large cage size of 5.1 x 5.1 A
of 1D microtubes are comparable to those of the H, molecule, the
MOF took up close to 1 wt% H, at 298 K and 48 atm.”® Also, two
four-fold interpenetrated MOFs constructed from aromatic-rich
binaphthyl-based ligands were reported to exhibit significant H,
uptakes in the range of 0.98-1.12 wt% at 298 K and 48 bar,””
which benefits from the framework interpenetration together
with the aromatic-rich n surface strengthening interaction of the
framework with H,. It should be mentioned that framework
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interpenetration has the potential to improve the H,-framework
interaction, but might suffer from unpredictable and difficult
control as well as significant porosity reduction.

The importance of the optimized pore size for H, adsorption
was also demonstrated by NPD studies of H, binding in a rare-
earth MOF Y(BTC).”® The desolvated framework features open Y
sites and tetragonal channels of about 6 A in diameter. It was
found that the strongest adsorbed position is not the OMS but
is associated with the aromatic BTC linker, with a distance of
3.7 A between the D, and the benzene rings of the BTC linker.
The results in turn indicated that small pores with an optimal
pore diameter of just slightly over twice the kinetic diameter of the
H, molecule strengthen the interactions between H, molecules
and pore walls and thus increase the heat of H, adsorption.

Apart from the pore dimension, the pore shape also plays an
important effect on H, adsorption. For example, compared to
the common rectangle channels in IRMOFs, the honeycomb-like
channels featuring a rolling surface in M(HBTC)(4,4'-bipy)
(M = Ni and Co) strengthen the interaction of the adsorbent
and H, and thus increase the H, adsorption properties at room
temperature.”® The Ni compound shows a high H, storage
capacity of 1.20 wt% at room temperature and 72 bar.

3.1.5 Composite fabrication and the spillover effect. H,
spillover is a catalytic phenomenon of H, chemisorption and
dissociation by using platinum-group-metal nanoparticles as
catalysts followed by H surface diffusion to the supports.
Deployment of such an effect can improve the room-temperature
H,-storage performance of MOFs. Such feasibility was for the first
time demonstrated in 2006 by Yang et al.®® They were the first to
report that the H, adsorption of MOF-5 and IRMOF-8 can be
significantly improved by means of H, spillover at room tempera-
ture over a wide pressure range (Fig. 10a and b). Despite a lower
specific surface area, IRMOF-8 exhibited a higher H, uptake
capacity than MOF-5, which might be attributed to the organic
linker in IRMOF-8 possessing more benzene rings than that in
MOF-5. With the use of a 10 wt% Pt/AC catalyst (namely, 5 wt% of
Pt supported on active carbon) for H, dissociation, the H, storage
capacity of IRMOF-8 was significantly increased to 1.8 wt% at
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298 K and 100 bar, which is quite impressive. For the purpose of
comparison, the unmodified IRMOF-8 and Pt/AC catalysts
only displayed H, uptakes of 0.5 wt% and 1.0 wt% under the
same conditions. Furthermore, the H, isotherms were totally
reversible after Pt doping, which is beneficial for H, delivery.
The above results initiate the increasing interest and a lot
of research in exploring the spillover effect and H, storage
performance enhancement using other MOFs. Recently, Wang
et al. doped Pt nanoparticles onto UiO-66 and its derivatives,
and studied the resulting compositions for H, adsorption
under room temperature and high pressure (Fig. 10c).®" After
Pt doping, the H, uptake capacity was increased from 0.08 to
0.71 wt%, which XPS studies revealed is due to H, spillover in
which spiltover H, radicals hydrogenate carboxylates in MOF
supports. Besides, it was found that the MOF and Pt nano-
particle size have a significant effect on the H, adsorbed in
the pore.®” Although the above examples have revealed the
effectiveness of H, spillover for enhanced ambient-temperature
H, storage, the real mechanism is still unclear and there are
still some disputes on its reproduction and reversibility, which
are worthy to be further investigated.

Another strategy involves metal nanoparticle fabrication
inside the pore of MOFs. The preparation of Mg nanocrystals
in a MOF SNU-90 based on the Zn,O cluster and the ATB
(aniline-2,4,6-tribenzoate) linker was achieved by thermal
decomposition of air-sensitive bis-cyclopentadienyl magnesium
(CpMg) vapour.®” The resulting composite material exhibited
enhanced isosteric heats of H, adsorption as well as H, uptake
at ambient temperature compared to the pristine compound,
despite the lower surface area. The synergetic physisorption
and chemisorption effects were responsible for the increased
adsorption heat for H, physisorption and decreased desorption
temperature for H, chemisorption.

3.2 Improving gravimetric/volumetric capacity and their
balance

The gravimetric and volumetric uptake capacities are two
critical indicators of H, storage material performance, and
therefore it is very important to develop effective strategies
to improve them. Because the experimental and theoretical
studies have revealed that the gravimetrical uptake capacity is
positively correlated to the gravimetric surface area, construction
of high-surface-area MOFs is a route to attaining high gravime-
trical uptake capacity. This can be rationalized as follows. The
critical temperature of H, of 33 K is lower than the usual
measurement temperature of 77 K. As a result, the multilayer
adsorption can hardly be attained at the supercritical temperature.
Monolayer adsorption dominated in the entire adsorption process
in which the amount adsorbed is basically associated with the
available surface area. In fact, “Chahines rule” predicts that the
maximum H, storage capacity increases linearly by 2 wt%, when
the surface area increases by 1000 m® g, which is decreased to
0.23 wt% when the temperature increases to ambient temperature.
However, it is quite difficult to create a MOF with an extremely large
surface area because of Aristotle’s observation that nature abhors a
vacuum. Aided by isoreticular chemistry and topological guidance,
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some ultrahigh-surface-area MOFs such as MOF-210,"’ NU-1501,%
NOTT-112*** and PCN-68,”° etc. have been synthesized. Indeed,
they exhibited ultrahigh gravimetric H, uptake capacities. Besides,
utilization of a lightweight metal ion to construct metal organic
frameworks is believed to be a way to improve gravimetric uptake
capacity. The metal ions evaluated mainly included Mg>*,* Be*",**
and AI*",* of the main group.

For the on-board transportation application, volumetric
uptake capacity might be more important than the gravimetric
one for a given MOF used as the H, storage adsorbent because
of the limited vehicular space. Despite its importance, MOF
volumetric storage has not been studied as much as gravimetric
storage. Generally, MOFs with the highest gravimetric perfor-
mance exhibit modest volumetric capacities. Because the
volumetric uptake capacity is a product of the gravimetric uptake
and the framework/packing density, a single increase in the
gravimetric surface area cannot secure the high volumetric uptake
capacity. To obtain high volumetric uptake capacity, MOFs should
possess a high volumetric surface area and a suitable pore size.
The work from Schréder’s group on engineering ligand chemistry
to regulate H, adsorption properties revealed that there exists an
optimal pore size for a H, storage material in order to realize high
H, storage densities.*”” A too small pore size cannot provide
enough space for H, accommodation, while a too large pore size
leads to a weak affinity to the H, molecule. In fact, the theoretical
explorations on idealized homogenous solids predicted that the
pore size optimized for maximal volumetric H, uptake capacities
at 100 bar is about 7 and 10 A at ambient temperature and
cryogenic temperature, respectively.®®

Asides from the structural regulation, improving the packing
density of the MOF powder is also taken into account as one
efficient method to optimize the volumetric storage density,
which is however relatively less explored in the open literature.
Indeed, inefficient material packing can lead to up to 60% loss of
volumetric density on a single-crystal basis. Recently, Matzger
et al. reported the significant improvement of packing density
and thus volumetric uptake of the benchmark framework
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Copyright 2021, American Chemical Society.
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compound MOF-5 via engineering its morphology, size, and size
distribution.®> The crystal size of MOF-5 can be regulated via
changing the synthetic parameters such as feedstock ratio,
reaction temperature and duration, while the introduction of
carboxylate additives into the reaction system can control the
relative growth rates of different crystal faces and thus tune its
morphologies varying from cubic to noncubic shapes such as
cuboctahedron and octahedron (Fig. 11a). For a mixture consist-
ing of MOF-5(2349) and MOF-5(808) with different average
crystal sizes shown in the brackets in a 7:1 weight ratio, the
packing density can be improved by up to 33% without a
significant loss of gravimetric capacity compared to the com-
mercial MOF-5 sample. It was demonstrated by system model
projections that the volumetric capacity of a typical 700 bar
compressed storage system (25 g L") and the DOE target 2020
volumetric capacity (30 g L) can be surpassed via engineering
crystal morphology/size or use of a bimodal distribution of cubic
crystal sizes coupled with system optimization.

There usually exists a trade-off between gravimetric and
volumetric capacities reported for H, storage materials.
Because the mass and size requirement for the on-board tank
must be met to make the storage system feasible, an ideal H,
adsorbent should simultaneously exhibit high gravimetric
and volumetric densities. Therefore, it is crucial to ponder over
the optimization of volumetric and gravimetric deliverable
capacities in MOFs as concurrent objectives rather than separate
ones. However, there remains a great challenge in providing
satisfactory volumetric and gravimetric capacities within a single
material. To date, few H, adsorbents balance high volumetric
and gravimetric capacities,3:899%:92:93

One key step toward a satisfactory trade-off between
volumetric and gravimetric capacities would be to impart a
single material with both high volumetric and gravimetric sur-
face areas. In this regard, the computation method has been of
great value in accelerating this search and is an effective method
to identify the optimal materials. Farha and coworkers reported
the simulation-motivated synthesis of an ultraporous MOF
NU-1501-M based on metal trinuclear clusters exhibiting con-
currently high gravimetric and volumetric BET surface areas of
7310 m* g~ " and 2060 m” cm™®, which imparts the material with
impressive gravimetric and volumetric storage performance for
H, and methane.®* Under the combined temperature and pres-
sure swing conditions of 77 K/100 bar (adsorption) to 160/5 bar
(desorption), agreeing with the tank design conditions proposed
by DOE, the deliverable capacities reach 14.0 wt% and 46.2 g ™",
which is among the highest reported for MOFs.

3.3 Improving H, working capacities

The H, working capacity is defined as the amount of H, gas
released via pressure reduction and typically evaluated assuming
a pressure swing between 5 bar and 100 bar under the isother-
mal conditions. Considering that to empty a H, tank below the
atmospheric pressure is not energetically economic, 5 bar has
been taken as the lower limit of the working pressure. However,
due to different structural factors influencing the H, adsorption
performance in the high and low pressure regions, how to design
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the MOF materials with high H, working capacities has become
a long-standing challenge that has triggered tremendous studies
to improve the H, working capacity.

With respect to the isothermal pressure-swing operation
(100-5 bar & 77 K), the studies of the H, Storage Engineering
Center of Excellence (HSECoE) have positioned MOF-5, one of
the most widely studied MOFs, as an important benchmark
material due to its uncommon balance of both working
capacities of 4.5 wt% and 31.1 g L' at 77 K. After this, the
computational screening and experimental validation have
identified IRMOF-20 based on thieno[3,2-b]thiophene-2,5-
dicarboxylic acid as a candidate exceeding the MOF-5 baseline
in terms of gravimetric and volumetric working capacities,
which reach 5.7 wt% and 33.4 g L .°° Recently, further
computational studies led to the finding of three MOFs with
capacities surpassing that of IRMOF-20. They are SNU-70
(7.8 wt%, and 34.3 g L"), UMCM-9 (7.3 wt%, and 34.1 g L),
and PCN-610/NU-100 (10.1 wt%, 35.5 g L"), establishing a new
high-water mark for usable H, capacities.’

Optimization of the conditions triggering the gas release is
cited as an alternative approach to H, working capacity
improvement. Given that the HSECoE has proposed designing
tanks for cryo-adsorption storage that operate with charge at
77 K and 100 bar and discharge at 160 K and 5 bar, a combined
temperature and pressure swing is recommended to load and
deliver H, from these systems. As such, the quantity of H,
remaining in the tank after use is minimized, and therefore the
deliverable H, is maximized. However, H, storage in MOFs
using the pressure and temperature swing methods is yet to be
systematically studied under these conditions experimentally.
For this purpose, Snurr et al. used computational tools to
construct 13512 potential MOFs on the basis of 41 different
topological structures and screened/predicted their H, adsorp-
tion properties, revealing the feasibility of using MOFs for H,
storage under the suggested cryo-adsorption operating
conditions.”® The best MOF operating in 100 bar/77 K —
5 bar/160 K adsorption/desorption cycles achieves a H, deliverable
capacity of 57 g L', surpassing that of current CHG (compressed
H, gas) technologies (35 g L™, 5-700 bar). Also, computation
simulations can delineate useful structure-performance relation-
ship, which are shown in Fig. 12. A MOF material with the highest
volumetric storage capacities at 77 K and 100 bar should have a
void fraction of 0.85 (Fig. 12a). The largest volumetric deliverable
capacity (77 K/100-160 K/5 bar) corresponds to a heat of adsorp-
tion around 4 kJ mol " (Fig. 12b), which is translated to a pore
size of 8 A and a low void fraction (Fig. 12c). With such an
optimal heat of H, adsorption, the deliverable capacities can
vary from 36 to 57 g L™, depending on the volumetric surface
areas (Fig. 12b). The trade-off effect between gravimetric and
volumetric deliverable capacities is topologically dependent.
Namely, distinct topologies reach a maximum in volumetric deli-
verable capacity at different linker sizes (Fig. 12d). For the MOFs
with the volumetric capacities over 50 g L', the gravimetric
deliverable capacities vary from 6 to 21 wt%. For further experi-
mental demonstration, a new isoreticular series of (4,6)-connected
MOFs (she-MOF-x, x = 1-4) together with NU-1103 were synthesized
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Fig. 12 Computational simulations revealing the relationship of (a) H, loading
vs. void faction, (b) volumetric H, working capacities (AH,) vs. heats of H,
adsorption, with colour showing MOF volumetric surface areas (VSA), and (c)
heats of H, adsorption and MOF void fractions vs. MOF largest cavity diameters.
Highlighted points denote MOFs with AH, higher than 53 g L™* and (d)
volumetric vs. gravimetric H, working capacities, with colour showing selected
MOF topologies. NOTT-1103 was identified as one of the best performers
in terms of balancing gravimetric and volumetric H, working capacities with
the structure and H, isotherm shown in (e and f), respectively. Reprinted with
permission from ref. 93. Copyright 2016, Royal Society of Chemistry.

and their H, adsorption properties were measured. NU-1103, more
stable than the she-MOF-X series, exhibited volumetric and gravi-
metric deliverable capacities of 43.2 g L™" and 12.6 wt%, respec-
tively. More recently, Farha and co-workers experimentally
examined the gravimetric and volumetric working capacities of
14 MOFs under the new temperature and pressure swing tank
design conditions.” A reasonably linear relationship between
gravimetric working capacity and pore volume as well as a relatively
constant trend for volumetric working capacities was observed for
all of the 14 MOFs studied. Remarkably, the MOFs tested volume-
trically exceed the DOE 2020 target of 30 g L', which is still
achievable with the exception of rht-MOF-7 even though taking into
account a 25% loss in capacity upon packing. In particular, NU-125
presents the highest volumetric deliverable capacity of all MOFs
studied at 49 g L™, owing partially to the favourable integration of
volumetric surface area and void fraction. Also, this MOF displays a
large gravimetric deliverable capacity of 7.7% overtaking the 6.5%
ultimate system target.

4. Conclusions and outlook

Zero-carbon emission and high energy density place H, as an
attractive energy carrier to replace fossil oil in the future. The

This journal is © The Royal Society of Chemistry 2022
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key to the establishment of clean H, energy systems lies in H,
storage. One of the promising ways is the physisorption of H, in
porous solids due to fast kinetics, reversibility, and favorable
thermodynamics. As reviewed above, the past two decades have
witnessed the rapid development of porous MOFs for H,
storage after a tentative testament to the potential feasibility
of MOF-5 as a H, storage material in 2003. Asides from
extremely high internal porosity, the rich structure and pore
chemistry as well as diverse host-guest interaction, a feature
less readily achieved in zeolites and activated carbon, afford
MOFs with huge potential to tune the pore metrics and chem-
istry and thus regulate and optimize H, storage performance.
In particular, the capacity to construct the isoreticular series
makes MOFs an excellent platform for elucidating the effect of
various structural parameters such as OMS, organic linker, pore
size, and surface area on the H, adsorption properties,
as demonstrated in several important classes of MOFs afore-
discussed, thus providing the designing principles for future
H, storage materials with better performance. To date, some
benchmark materials have been established. In terms of
adsorption heat, the highest value of —32 kJ mol~* holds for
Cu(1)-MFU-41. With respect to the balanced working capacities,
MOF-5, IRMOF-20, SNU-7, and NU-100 were successively
identified as the best MOFs under the isothermal pressure-
swing operation. Upon considering the new tank design conditions
(77 K/100 bar — 160 K/5 bar), several MOFs, in particular water-
stable NU-1501-Al and NU-1103, have become the best material
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performers (for details, see Table 2). In fact, their performance has
exceeded that of compressed H, gas techniques.

Given that H, is a nonpolar diatomic molecule, the
H,-framework interaction is usually quite weak that cannot
meet the practical storage requirements. In fact, significant H,
uptakes are only observed at cryogenic temperatures and
high pressure. The improvement of ambient temperature H,
storage capacities calls for enhancing the H,-binding energies.
Theoretical calculations have revealed that the optimal H,
adsorption heat for ambient-temperature storage should fall in
the range of —15 to —20 k] mol~*. To date, various chemistries
related to inorganic SBUs, organic linkers, and guest species
have been intensively carried out to increase the H, adsorption
heat. The SBU chemistry includes the introduction of open metal
sites and post-synthetic metal/terminal ligand exchange. The
unsaturated metal centre is capable of polarizing the H, molecule
through induced dipole moment, thus yielding the dipole-induced
dipole interactions. In particular, incorporation of special metal
ions such as the early transition metal ion of V(u) for the formation
of the Kubas-type metal-H, interaction has been initiated since the
discovery of Kubas-type metal-H, molecular complexes. In addition
to the nature of metal-H, interaction, the concentration of open
metal sites and their rational spatial arrangement were also
considered in designing MOFs with OMSs for H, storage. As
demonstrated in NOTT-112, specific geometrical arrangement of
open copper sites within the cuboctahedral cage strengthened the
interaction of H, and open copper sites. By means of post-synthetic

Table 2 Summary of H, adsorption properties of MOFs, with the available data recorded under the measurement pressure up to 100 bar

Total capacities
(100 K and 77 K)

Working capacities
(77 K, 5-100 bar)

Working capacities
(77 K/100 bar, 160 K/5 bar)

Gravimetric Volumetric

Gravimetric Volumetric Qg

P c
(m>g ™) (em® g™") (g em ™) basis (Wt%) basis (g L") basis (wt%) basis (g L") basis (Wt%) basis (g L™") (kJ mol ') Ref.

SBET v, D Gravimetric Volumetric

MOFs

Cu-MOF-74 1270 0.47 1.323 3.1 43.0 0.9
PCN-250 1780 0.71 0.896 5.4 50.8 1.6
Rht-MOF-7 1950 0.79 0.789 4.9 40.5 1.7
HKUST-1 1980 0.75 0.879 5.3 49.3 1.8
ZnZ(BDC)z 2020 0.76 0.873 4.9 44.9 1.4
(DABCO)

NU-1000 2200 1.48 0.571 8.0 49.5 4.6
Uio-67 2360 0.91 0.688 5.9 42.8 2.6
CYCU-3-Al 2450 1.56 0.477 8.2 42.9 4.9
UiO-68-Ant 3030 1.17 0.607 7.6 49.8 3.8
MFU-41 3160 1.30 0.559 7.7 46.5 4.5
NU-125 3230 1.33 0.578 8.2 51.6 3.6
NOTT-112 3440 1.44 0.446 8.7 42.7 4.6
MOF-5 3512 1.47 0.61 8.0 53.3 4.5
NU-1500-Al 3560 1.46 0.498 8.4 46.6 4.4
NU-1102 3720 1.65 0.403 9.9 45.3 6.9
MFU-4l-Li 4070 1.66 0.479 9.9 52.4 5.9
IRMOF-20 4073 1.56 0.51 9.3 52.7 5.7
NU-1101 4340 1.72 0.459 9.5 48.7 6.1
BUT-22 4380 2.01 0.381 12.0 45.8 7.8
SNU-70 4944 2.14 0.411 10.7 48.9 7.8
UMCM-9 5039 2.31 0.372 11.5 48.5 7.3
NU-100 6050 3.17 0.29 14.1 48.1 10.1
NU-1103 6246 2.72 0.298 12.9 44.9 10.1
NU-1501-Fe 7140 2.90 0.299 13.6 46.9 9.4
NU-1501-Al 7310 2.91 0.283 14.5 47.9 10.3

13.0 2.8 39.0 5.6 87
15.7 4.9 46.4 6.6 87
14.2 4.5 37.2 5.9 87
17.1 4.9 45.4 6.5 87
13.6 4.6 42.0 4.9 87
29.6 7.6 47.1 5 87
19.9 5.5 40.3 5.8 87
26.2 7.9 41.0 4.5 87
25.7 7.1 46.9 6 87
27.5 7.3 44.3 5.5 62 and 88
23.8 7.7 48.6 5.1 87
23.5 8.2 40.4 5.1 87
31.1 7.8 51.9 NA 12
26.6 8.2 44.6 4.9 83
30.5 9.6 43.7 4.5 89
32.4 9.4 50.2 5.4 62
33.4 9.1 51.0 NA 90
29.9 9.1 46.6 5.5 89
30.3 11.6 44.1 4.7 91
34.3 10.6 47.9 NA 92
34.1 11.3 47.4 NA 92
35.5 13.9 47.6 NA 92
33.3 12.6 43.2 3.8 89 and 93
33.9 13.2 45.4 4 83
35.5 14.0 46.2 4 83

Sger: BET specific surface area; V,,: pore volume; D.: framework density; Qg: isosteric heat of H, adsorption at zero coverage; NA: not available.

This journal is © The Royal Society of Chemistry 2022
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metal and terminal ligand exchange, the monovalent copper(i)
chemistry at SBU for example was also explored for binding H,.
The utilization of an aromatic linker to construct a m-rich pore
surface, chemical reduction of redox-active ligand with elemental
Li(0), the acid-base reaction between the acidic functional group
grafted at the organic linker and lithium-containing base for
lithium doping, and post/pre-synthetic covalent modification of
the ligands with polar functional groups represent notable syn-
thetic strategies involving the linker chemistry. Regarding guest
chemistry, a variety of guest species, in particular Li* ion, can be
incorporated in the MOF pores via post-synthetic ion exchange and
pre-synthetic introduction of LiOH into the reaction system.
In addition, metal nanoparticles can be embedded in the pore
exhibiting the synergistic effect of physisorption and chemi-
sorption. For example, the doping of Pt nanoparticles to achieve
H, spillover can improve the room-temperature H,-storage perfor-
mance of MOFs.

For the development of H,-adsorbing MOFs, a high H,
sorption capacity is an important criterion. To this end, the
corresponding strategies have been established. The strategies
to increase the gravimetric capacities include the construction
of ultrahigh surface area MOFs and employment of the light-
weight alkaline and alkaline earth ions for example as metal
ions. The volumetric uptake capacities can be optimized by
structural tuning with a suitable pore size and volumetric
surface areas, which is more difficult to achieve than the
gravimetric one. Besides, engineering the crystal morphology
is an effective method to improve the packing density and thus
boost volumetric performance. However, the mutual restriction
of structural parameters makes it quite challenging to simulta-
neously obtain both high capabilities. An ideal MOF material
should exhibit good gravimetric and volumetric H, uptake
capacities. The computational simulation plays an important
role in accelerating the identification of the optimized materials
with balanced gravimetrical and volumetric capacities. Regarding
working capacities, deployment of the combined temperature and
pressure swing also afforded a technical route to enhance the
deliverable amount of H, fuel.

A detailed understanding of the H, sorption mechanism
including the position, occupancy, and orientation of the
adsorbed H, in the framework as well as H,—framework interac-
tions is very crucial in H, adsorption studies. Such information
can be directly and/or indirectly acquired and extracted using
advanced spectroscopic characterization techniques such as
NPD, INS, in situ synchrotron powder diffraction,” and in situ
low-temperature IR spectroscopy in combination with the corres-
ponding DFT theoretical calculations. The low X-ray scattering
factor of an H atom limits the single-crystal X-ray diffraction
technique, being seldom applied to structurally characterize H,
adsorption sites. Depending on the MOF structure investigated,
the primary H, adsorption sites might be located on different
positions, including the open metal sites, the bridging
OH groups, the organic linker, small windows and so on, which
can be considered as H, binding sites being incorporated
into the framework upon the design and construction of future
H, storage materials. These investigations would afford key
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guidance for the rational design and construction of porous
MOFs with enhanced performance.

Although significant progress in development of MOFs as H,
storage media has been made, there are many concerns that are
not fully solved, including but not limited to the common
issues associated with the framework stability, production cost,
material machinability/shaping, and intrinsic heat management
during use, to name a few. In particular, due to the weak
interaction between MOFs and H,, the development of MOFs
that can operate under ambient conditions has so far been
unsuccessful. Further efforts should be devoted to simulating
the Kubas-type metal-H, interaction in the MOF compounds to
improve H, binding energies. Besides, the optimization and
balancing of gravimetric and volumetric uptake capacities to
address the trade-off effect as well as deep understanding of H,
binding mechanism via spectral techniques and structure-
performance correlation is still the future research direction. Since
the mechanism investigation usually involves very low temperature,
the H, binding behaviour under practical storage conditions is still
unclear and requires continued investigation. We firmly believe
that further collaboration between experimental and theoretical
researchers and industrial partners around the world will accelerate
the commercialization and industrialization of some promising
MOFs applied in our daily lives for H, fuel storage in the near
future.
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