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Abstract

The environmental benefits of cleaner, gaseous fuels such as natural gas and hydrogen are widely
reported. Yet, practical usage of these fuels is inhibited by current gas storage technology. Here, we
discuss the wide-ranging potential of gas-fuels to revolutionize the energy sector and introduce the
limitations of current storage technology that prevent this transition from taking place. The practical
capabilities of adsorptive gas storage using porous, crystalline metal-organic frameworks (MOFs) are
examined with regard to recent benchmark results and ultimate storage targets in this field. In
particular, the industrial limitations of typically powdered MOFs are discussed while recent
breakthroughs in MOF processing are highlighted. We offer our perspective on the future of practical,
rather than purely academic, MOF developments in the increasingly critical field of environmental fuel

storage.

Background

Despite an explosive report from the Intergovernmental Panel on Climate Change (IPCC) warning of
the environmental consequences of increased global warming, current temperatures continue to
approach the danger zone of 1.5°C above preindustrial levels. Correspondingly, widespread
environmental damage has already been seen, including vast loss of arctic sea ice, increased
frequency of heatwaves and forest fires as well as irreversible animal and plant mass extinctions.?
The evolution of global surface temperature, based on a range of different data sets, demonstrates
both a steady global warming trend since the industrial revolution as well as shockingly rapid
warming since the 1970s (Figure 1).2 This environmental impact is widely accepted to correlate with
exponentially increased energy consumption since the industrial revolution.® Atmosphere-warming
greenhouse gasses and other pollutants have traditionally been released by conventional energy
generation practices e.g. the burning of non-renewable coal and petrol. With the IPCC report warning

that critical changes to energy supply and demand must take place immediately, a complete overhaul
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of energy generation and storage practices is essential if future energy demands are to be sustainably

realized.
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Figure 1. Changepoint analysis of global temperature (combined land and ocean) trends (1850 — 2015) for
data sets collected by NOAA (The National Oceanic and Atmospheric Administration), GISTEMP (Goddard’s
Global Surface Temperature Analysis collected by The National Aeronautics and Space Administration),
Berkeley (Berkeley Earth Surface Temperature), HadCRUT (The Hadley Centre Climate Research Unit) and
Cowtan&Way (Revised HadCRUT data). Reproduced from Reference 2 with permission of IOP publishing.

One of the best solutions to mitigate global warming is the use of cleaner gaseous fuels. With
abundant natural reserves and reduced greenhouse gas emissions relative to solid coal and liquid
petroleum, the usage of natural gas (NG, primarily composed of methane) is predicted to increase
significantly.* Among the potential uses of gaseous fuels, a much sought-after application is in
automobile engines. Considering only the European market, the addition of ca. 3 million cars each
year increases annual energy consumption by 4%.° Since NG combustion engines emit 70, 87 and
20% less CO, NOx and COg, respectively, than gasoline combustion engines, this would bring a
staggering reduction in global emissions, as well as a much-needed improvement in local air quality
in highly populated areas.> An even more promising energy vector is clean, gaseous hydrogen. With
ongoing development of affordable and environmentally friendly production methods,® as well as an
outstanding gravimetric energy density of 120 MJ kg—1 compared to 47.2 MJ kg-1 for gasoline,
widespread utilisation of this potentially zero-carbon emission gas, would revolutionize the energy
industry and lessen current oil dependence in what is termed ‘The Future Hydrogen Economy’.” Fuel
cell vehicles (FCV), which environmentally convert hydrogen to electricity, offer further benefits
over not just traditional internal combustion engines but also popular battery-powered vehicles,

including substantial enhancements in driving range, with distances exceeding 500 km proposed.®

In spite of the potential benefits, the limitations of current gas storage technology remain a

significant barrier to widespread gas-fuel usage. Obviously, the required technology differs
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drastically from that which underpins the storage of traditional solid and liquid-based fossil fuels.
From a practical perspective, gas-fuel must be densely stored for feasible onboard usage. Taking NG
as an example, compressed natural gas (CNG) is stored traditionally at room temperature under high
pressures (ca. 180 — 250 bar) in robust, thick-walled steel tanks. The low storage capacity of these
tanks, coupled with the high mass of the storage vessels, which contribute at least 90% to the total
system mass,® and the cost of complex, multi-stage compressors prevent translation of this technology
to NG powered vehicles. The main consequence is that both the driving range and vehicle payload
capacity are significantly limited. Additionally, the onboard storage of highly pressurized flammable-
gas tanks presents obvious safety concerns. Low-pressure storage of liquified natural gas (LNG) may
provide fuel with up to 2.4 times higher energy density than CNG at 250 bar. Still, the liquification
of NG demands energy-intensive cooling to less than 110 K as well as bulky/heavy insulative
chambers to maintain cryogenic temperatures, mostly limiting this process to applications in

transoceanic shipping.°

To stimulate the development of new technologies that would increase NG viability by reducing
the practical, safety and economic barriers to its distribution and usage, the U.S. Department of
Energy (DOE) set an ambitious volumetric storage target for NG of 263 cm® (STP) cm™ at 65 bar
and 298 K. This is identical to the volumetric capacity of CNG at 250 bar and 298 K.'?
Subsequently, the Advanced Research Projects Agency-Energy (ARPA-E) set the methane
deliverable capacity between 65 and 5.8 bar to 315 cm?® (STP) cm™3, a target that is often considered
too high to be reached.® In any case, recommended pressures of ca. 65 bar and even 100 bar are
highly practical, being cost-effectively achieved using relatively inexpensive compressors and
requiring lighter storage tanks.® This offers not only safety benefits but also improvements in large-

scale industrial economics.

In addition to NG, the DOE has collaborated with both the U.S. Council for Automotive Research
and a number of U.S. energy companies to establish additional targets for on-board hydrogen storage
in light-duty vehicles. The ultimate aim is to develop a complete technology (i.e. materials, tank, H>
delivery system, etc.) that can compete with incumbent vehicle technology by achieving a comparable
300 — 500 mile driving range while simultaneously meeting cost and safety requirements. These
ultimate H. storage targets are highly ambitious, standing at 6.5 wt.% and 50 g L™%; crucially, these
cannot be achieved by compression.!* Moreover, while this DOE target appears ambitious, the
ultimate H storage requirements will, in fact, need to be significantly higher to account for the
additional weight of the complete H> storage and delivery system. State-of-the-art commercial FCVs
produced by companies such as Toyota rely on ambient temperature H storage at a mammoth 700

bar.'® Yet even under such immense compression, the maximum H storage density stands at only 40



g L. Moreover, in order to meet current FCV operating specifications, the fuel delivery (i.e. release)
pressure and temperature must range between 5 — 12 bar and 233 — 358 K, respectively, though the
storage temperature/pressure conditions may fall significantly outside this range. These guidelines
for on-board H, storage identify 160 and 430 bar as ‘low’ and ‘moderate’ storage pressures,
respectively. Obviously, H» storage systems which rely on excessively high pressures and/or low
temperatures are costly, impractical and energy consuming to achieve and maintain. Neither of these
gas-fuel targets (CH4 or Hz) can be achieved by traditional high-pressure compression or low

temperature liquification.’
Adsorbed hydrogen and Natural Gas

A range of alternative storage techniques for gas-fuels have been proposed, with chemical storage of
H. as metal-hydrides being of particular note.'® Though promising results have been achieved via this
process (e.g. inexpensive MgH> has a 7.6 wt.% H. capacity),!” an inherent pitfall of this technology
is the highly exothermic nature of metal hydride formation and subsequently endothermic hydrogen
fuel regeneration. Heat transfer to, and from, the metal hydride reactor bed, as well as slow
dehydrogenation kinetics, are significant challenges in chemisorption.*® Alternatively, physisorbed
NG (ANG) and Hz, in which the adsorbate is stored in the internal porosity of an adsorbent material,
are regarded as a highly efficient means of achieving high-density gas storage.'>!® Weak
physisorption-based storage offers numerous practical advantages over energy-intensive metal
hydride formation, including fast adsorption/desorption kinetics and high cyclability.?°

The strength of the gas-adsorbent interaction in porous materials is dependent on both the size
and chemical properties of the adsorbate (e.g. polarity) as well as pore shape/diameter (d) and surface
chemistry of the adsorbent.?:?2 The origin of the adsorption comes from the short-range Paulie
repulsion as well as attractive forces such as van der Waals. On top of these, electrostatic interactions
play a crucial role, especially when the adsorbent expresses functional groups and the adsorbates
present a dipolar or a quadrupolar moment.? For an infinitely wide pore, i.e. an open surface, a gas
molecule only experiences the attractive potential energy of the wall where it is adsorbed. As pore-
diameter decreases, the potential fields of opposing pore walls overlap to create an enhanced energy
well in the middle (Figure 2a).2*% This enhancement in negative potential energy is manifested
significantly for pore diameters below 2 nm, i.e. microporous materials. A minimum practical pore
diameter obviously exists, below which the molecules cannot fit, the kinetics of adsorption are too
slow or the number of molecules that can be adsorbed is reduced. These effects lead to gas
physisorption in microporous materials being considered to be energetically preferred to that in meso-
(pore sizes between 2 and 50 nm) or macroporous (pore sizes larger than 50 nm) materials, due to the

balance of high accessible internal surface area and enhanced gas adsorption properties.®



It’s appeal notwithstanding, gaseous fuel adsorption by purely microporous materials presents
practical problems of fuel accessibility. Due to the above-discussed dependence of adsorbent
interaction on pore diameter, gaseous species are adsorbed by materials with a narrow pore-size
distribution over a narrow pressure range. Due to their strong interaction potential with narrow
micropores, gases rapidly saturate purely microporous materials at low pressure. This is described by
a Type | adsorption isotherm (Figure 2b). Since there typically exists a minimum working pressure
below which stored fuel cannot be practically accessed (ca. 5 bar for vehicular H> and CHs
storage),?%?’ the energetically favorable adsorption of gases at low pressure means that the accessible
adsorbed gas (i.e. the working capacity) is significantly lower than the total amount stored. In
contrast, materials with wide pore-size distributions (i.e. mixed micro-/meso-/macroporous materials)
offer varying interaction potentials, adsorb over a wider range of pressures and hence have much
higher working capacities, as illustrated by a combined Type I and IV isotherm (Figure 2c). It is
therefore clear that, if gas fuel storage by physisorption is to be practically realized, then precise

control over the adsorbant material’s porosity is vital.
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Figure 2. a. Comparison of potential energy profiles (¢/ ¢.), approximated from the Steel potential energy
function, for a gas molecule (CHa, kinetic diameter, o = 0.38 nm) a distance (z) from the centre of model
graphitic micropores with diameters 2.0 nm (sky blue), 1.3 nm (royal blue) and 0.7 nm (navy blue) Data
digitized from Reference 22. b. Type | isotherm for an adsorbent with a narrow pore-size distribution i.e.
purely microporous. c. Type | + IV isotherm for an adsorbent with a wide pore-size distribution i.e. mixed
micro-/mesoporous.

Gas storage in metal-organic frameworks

Amongst known porous materials, metal-organic frameworks (MOFs) stand out as a safe, low energy
means of dense gas-fuel storage. MOFs are a diverse family of high porosity, coordination polymers
that result from the crystalline self-assembly of metal ions/metal oxide clusters?®2%3 with multi-

dentate organic linkers.>* The modular nature of these materials allows high synthetic tuneability,
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with over 90,000 distinct structures having been added to the Cambridge Structural Database
(CSD).* Significantly, the compositional and structural variations between these materials allow
comprehensive control over their chemical and physical properties. For example, the choice of metal
and its degree of saturation influences both the thermal/chemical stability as well as structural
topology and thus porosity of the framework. The inherent porosity of crystalline MOFs corresponds
with high surface areas, typically above 1000 m? g1, In 2018, and starting from a computational
design of the structure, Kaskel developed DUT-60, a material with a record-setting BET area of 7800
m? gt (Figure 3).® MOFs with large pore volumes facilitate high gas uptake,* although this can

also present critical challenges related to the materials having low densities, as described below.
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Figure 3. a. DUT-60 framework structure showing the arrangement of 1,3,5-tris(4'-carboxy[1,1"-biphenyl]-4-
yhbenzene and 1,4-bis-p-carboxyphenylbuta-1,3-diene linkers (grey) with ZnsO(CO)s clusters (green
polyhedra). Pore volume is indicated by the space-filling sphere (red). b. Spatial arrangement and dimensions
of the mesopore system (orange and blue polyhedra) within DUT-60. Reproduced from Reference 33 with
permission of John Wiley and Sons Inc.

The trailblazing work on 3D coordination polymers was first published by Saito and co-workers
in 1959.% Following the work of Robson and Werner in the design of 3D coordination polymers,¢=7
Yaghi®®* and Kitagawa*® pioneered the use of MOFs and PCPs in gas adsorption applications. Since
then, significant synthetic advancements have been made, resulting in the tailoring of MOF structures
for maximized gravimetric gas storage capacity (i.e. cm® (STP) g™t — per unit of mass). Significantly,
a benchmark computational and experimental study of a diverse series of MOFs was recently used to
demonstrate the linear relationship between pore volume and Hz gravimetric capacity.** This study
showed that, when allowing flexibility in the temperature range dictated by the U.S. DOE, Cu-based
NU-125 was found to achieve a record gravimetric Hz storage, with a working capacity of 8.5 wt.%
when operating under temperature-pressure swing conditions (77 K and 100 bar at adsorption, and
160 K and 5 bar at desorption). The volumetric working capacity of NU-125 in these conditions was
calculated to be 49 g L™ assuming maximum crystal density i.e. ideal packing of the defect-free

material.

Based on the outstanding gravimetric capacities of numerous MOFs, such as NU-125, for the

storage of gaseous fuels, it is evident that they have the potential for wide-reaching environmental
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impact in the energy sector. Yet, significant barriers to widespread industrial MOF usage remain. In
addition to the gravimetric gas storage capacity described above, volumetric (e.g. cm® (STP) cm™)
capacity — which determines the volume of gas which can be stored as a function of the volume of an
adsorbent-filled tank — is a critical measure of industrial viability in gas storage. If gravimetric
capacity is low, the payload capacity of the tank is diminished. This reduces fuel economy via the
energy-consuming transportation of the heavy on-board tank. If volumetric capacity is low,
excessively voluminous tanks are required to store the quantity of fuel required for feasible transport;
a similar problem is faced in industrial adsorption-based separation columns.** While substantial
progress in the synthesis of MOFs with high gravimetric capacities for CHs, Hz and other gases has
been made, research directed towards achieving practical volumetric capacities has been somewhat
overlooked. High gravimetric capacities are achieved in porous materials by maximizing void
fractions, yet this yields low-density frameworks. However, volumetric capacity is maximized by
balancing void fraction with high crystal density. This relationship was computationally studied by
Snurr and co-workers, who performed high throughput computational screening of 18,383 MOFs for
H. storage capacity.*? Maximum gravimetric capacity was achieved in materials with void fractions
exceeding 0.9, while volumetric capacity was maximized at a void fraction of ca. 0.75. The
contrasting topological requirements of these two physical properties represent an inherent limitation

to the development of porous materials for feasible large-scale gas storage.

A significant issue with many reports of state-of-the-art gas storage MOFs is that their capacities
are recorded gravimetrically and converted to volumetric capacity using the theoretical single-crystal
density of the adsorbing MOF. Traditionally, however, MOFs have been synthesized as micro- or
nanoscale crystals, with the resulting bulk material being a loosely packed, fine powder.? It follows
that volumetric capacities calculated from single crystal density do not take into consideration the
low packing efficiency of individual MOF crystals. This has been reported to lead to the
overcalculation of practical volumetric gas storage capacity by as much as 300%.*® This
overcalculation stems from the inevitable complexity of measuring bulk densities in fine powders.
From a practical perspective, even if a MOF with both high gravimetric and theoretical volumetric
gas storage capacity is synthesized, a non-optimized, powdered material will be incapable of reaching
that volumetric gas storage potential. To achieve the wide-ranging potential of MOFs in gas storage,

powders must be processed into more practical materials.
Industrially viable adsorption

With the arrival of MOFs to the market,** an extensive range of MOF-shaping techniques have been
reported,*® including 3D printing,*®*’ foaming,* chemical vapor deposition (CVD) onto thin films*®

and use of supports such as cordierite®®! or activated carbons.>® Yet, the resulting low-density



products often perform less well than predicted, demonstrating the importance of combining high
adsorbent density and mechanical robustness during shaping. Meeting this target would have a
number of critical benefits. These include eliminating pressure drops due to powder compaction and
the accompanying resistance to gas flow, minimization of dusting and materials loss, and the

avoidance of pore collapse or blockage upon the application of high-pelletization pressures.

Attempts to pelletise MOFs have generally focussed on two approaches. The first involves
powder compaction by the application of pressure (typically 10 to 100 MPa).>® The aim of this process
is to achieve a bulk density that approaches the MOFs single-crystal density by minimizing
interparticle space. Denser pellets of a range of MOFs have been reported using this approach.
Farrusseng and co-workers recorded a positive linear relationship between applied pressure and
mechanical strength for a range of densified MOF pellets of Cu- and Zr-MOFs.>* Despite achieving
1.8 — 3.4 fold increases in MOF bulk density compared to the corresponding powders, this synthetic
approach caused substantial losses of BET area due to pore collapse. For example, exposure of UiO-
66-NH> [ZrsO4(OH)4(2-amino-1,4-benzenedicarboxylate)s] to 63 — 82 MPa applied pressure resulted
in a ca. 80% loss of BET area. This is the result of pressure-induced amorphization via the cleavage

of chemical bonds in the MOF, an inherent consequence of applying mechanical force.>®

In a similar vein, HKUST-1 [Cus(1,3,5-benzenetricarboxylate),], was computationally identified
by Peng et al. to exceed DOE targets for methane storage, with a volumetric capacity of 270 cm?3
(STP) cm? (65 bar) expected. Experimentally, however, the powder density of HKUST-1 (0.43 g cm™
%) was so much lower than the single crystal density (0.883 g cm™) that the volumetric capacity
measured for the powder was less than 50% of the theoretical value. Moreover, while the application
of high pressures (4.54 tonnes) achieved high density (1.104 g cm3) pelletized disks, the low
mechanical stability of these otherwise promising MOF pellets resulted in a 59% loss of pore volume
and, correspondingly, no significant increase in volumetric storage capacity was observed.** Zhou
and co-workers studied the impact of extrusion pressure on the physical properties of highly stable
PCN-250, which is comprised of Fes(us-O) oxoclusters coordinated by 3,3,5,5'-
azobenzenetetracarboxylate linkers. The application of asymmetric pressure during extrusion was
found to incur irreversible phase transformations despite the retention of crystallinity. The resulting
PCN-250 analogs (PCN-250" and PCN-250") displayed isomerically flipped N=N bonds in some of
the tetratopic linkers. In particular, PCN-250" showed both reduced unit-cell volume (-1.33 %) and
gravimetric CHa uptake (—21.4 %).%® To help with the prediction of properties of pelletized materials,
we recently developed an interactive map of the structure-mechanical landscape of MOFs by
performing a multi-level computational analysis on 3,385 MOFs.>’ Using artificial neural networks,

we were able to reveal the sensitivity of structural parameters such as network topology and porous



texture to pressure, allowing us to predict the performance of existing and future MOFs through a

readily available machine learning algorithm.

The second approach to attempting to achieve free-standing, industrially viable MOF pellets
avoids high pressures and instead involves the addition of chemical binders e.g. typically long-chain
polymers such as polyvinylpyrrolidone (PVP) and poly (N-methylolacrylamide) (PNMA).%%°° These
binders act as adhesives, adhering individual MOF crystals in e.g. extrusion,®® emulsion templating®
and granulation®® processes. Despite high resulting mechanical strength, which increases ease of
usage from a practical perspective, materials obtained in this way must contain a significant
percentage of binder, both introducing new chemical functionality and preventing MOF density from
being maximized. Denayer and co-workers produced sub-millimeter MIL-53 [Al(OH)(O.C-CgHs-
CO2)] pellets comprising 13 wt.% polyvinyl alcohol (PVA).%® Besides the increased synthetic
complexity and cost of producing such composite materials, binders reduce gas uptake capacity by
decreasing the total bulk quantity of MOF in each pellet without achieving substantial gains in total
packing efficiency/density. Chang et al. reported the macroscopic granulation processing of Fe-, Zr-
and Cr-based MOFs using 5 wt.% amorphous-phase mesoporous p-alumina as binder.®* Even though
the application of relatively moderate binder quantities, bulk densities of the obtained materials were
significantly lower than the theoretical crystal densities of the studied MOFs (i.e. 0.67 g cm= vs. 1.20
g cm~3 for UiO-66). Additionally, bulky binder molecules can further block pores, reducing accessible
porosity and preventing efficient gas sieving.®® Overall, observed losses of crystallinity and accessible
porosity by the two traditional processing methods outlined here have, to date, resulted in non-

optimized MOF products that cannot approach their maximum potential for gas-based applications.

Ideally, the future of MOFs for gas-fuel applications lies in the non-trivial densification of pure
materials without loss of accessible porosity.®? We recently reported a novel, room-temperature sol-
gel synthesis of robust, centimeter-scale monolithic advanced MOF, monoZIF-8 [Zn(2-
methylimidazolate),], without the use of chemical binders or applied pressures.*® The resulting
transparent, glassy-looking, crystalline material displayed high bulk mechanical strength (hardness,
H, = 0.43 + 0.03 GPa) and BET area (Sger = 1423 m? g!) and a density that, at p, = 1.05 g cm™3,
compares closely to that of the corresponding theoretical single crystal (pp = 0.95 g cm~3). Excitingly,
the generality of this novel synthesis has been demonstrated through its extension to other MOFs,
starting with HKUST-1 (Figure 4a).%® The remarkable physical and mechanical properties displayed
bY monoHKUST-1 (pp = 1.06 g cm™3, Sger = 1288 m? gt and H = 0.46 + 0.03 GPa) (Figure 4b)
resulted in an outstanding volumetric methane uptake capacity of 261 cm® (STP) cm~3 (65 bar, 298
K). Not only does this substantially exceed the previously reported results for HKUST-1 compacted

under a range of pressures, but it renders the first densified material to effectively reach the DOE



target for methane storage.'? Furthermore, comparable sol-gels of HKUST-1 (comprising only the
MOF and ethanol) have recently demonstrated further applicability towards alternative shaping
processes, including 3D printing.®’

Figure 4. a. Crystal structure of HKUST-1, b. Optical image of moneHKUST-1, c. Crystal structure of UiO-66,
d. Optical image of monoUiO-66, e. Comparison of absolute CH4 uptake in monoHKUST-1 (white star), monoUiO-
66 (green circle) and simulated UiO-66 (white square) between 0 — 100 bar at 298 K. Dashed red line indicates
the DOE target for CH4 storage in a densified material at 65 bar (298 K), f. Table showing both the total
absolute CH, uptake and working capacity in each MOF at 5, 65 and 100 bar. Working capacity is calculated
from the uptake at the maximum storage pressure (65 or 100 bar) minus the uptake at the minimum desorption
pressure (5 bar).

While the development of the densified Cu-based MOF monoHKUST-1, with its record-setting
volumetric methane storage, represents a significant breakthrough in the field of powder shaping, it
still does not yield an industrially optimized material.%¢ The presence of open Cu(ll) sites in this
MOF’s coordinatively unsaturated di-copper paddle-wheel-based structure results in a high water
affinity. A gradual and irreversible loss of crystal structure through exposure to humidity is observed
e.g. under ambient conditions and in the presence of NG.®8 If MOFs are to be practically applied to
gas storage applications, it is clear that the process of synthesizing dense and porous monolithic
materials must be extended to a wider range of materials with a host of precisely tuneable properties

e.g. air/water stability, mechanical strength and variable pore size and functionalities.

Enhanced chemical stability is often observed in MOFs containing high oxidation state metals
since these can form strong metal-linker bonds. Zirconium MOFs are the prototypical example of
this; the Zr(IV) centers exhibit hard-hard coordination to carboxylate linkers to achieve chemically,

mechanically and thermally stable frameworks.®® Through a gel-based synthesis, different groups
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have extended the possibility of creating monolithic MOFs to the archetypical zirconium-MOF UiO-
66 [Zrs04(OH)s(benzene-1,4-dicarboxylate)]. Although the first attempts resulted in mm-sized
structures (Figure 5a — ¢),’® Horcajada and co-workers were able to create cm-sized xero- and aero-
gels with hierarchical porosity (Figure 5d — f).”* Very recently, Nakanishi et al. described controlled
trimodal structures, that is, with micro-, meso- and macro-porosities, of UiO-66-NH> (Figure 5g —
i).”2 However, due to the large mesopore volumes, all these monoliths returned low densities (ca. 0.39
g cm™). In contrast, by synthetically varying the drying conditions employed at the end of the
synthesis (e.g. the boiling point of washing solvent and drying temperature), we have been able to
demonstrate that the bulk physical properties of a monolithic MOF can be tuned with a high level of
experimental control. For example, we have been able to produce robust menoUiO-66 (Figure 4d) and
monoUi0-66-NH_ samples with bulk densities varying between 0.43 — 1.05 g cm™3, while single-crystal
UiO-66 exhibits a density of 1.20 g cm™. This density variation was achieved by the novel, controlled

inclusion of mesoporosity within the macrostructure of the otherwise purely microporous MOF.

T omy b,

Figure 5. a. Optical and b — c. SEM images of UiO-66 monolithic xerogels. Reproduced from Reference 70
with permission from the Royal Society of Chemistry. d. Optical and e — f. SEM images of UiO-66-NH. aero-
monolith obtained by supercritical CO; drying of a MOF gel. Reproduced from Reference 71 with permission
from the Royal Society of Chemistry. g —i. SEM images of dried UiO-66-NH. gel. Inset in g. Optical image
of a monolith. Reproduced with permission from Reference 72 with permission of John Wiley and Sons Inc.

As already discussed, in addition to total gas uptake, another parameter of critical importance is
the working capacity of an adsorbent. That is, the usable volume of adsorbed gas achievable under
practical working conditions. MOFs that are ordinarily purely microporous, such as UiO-66 and
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HKUST-1, typically demonstrate high gas uptake at low pressure followed by pore saturation i.e.
Type | adsorption isotherms (Figure 2b). The result of this is a high total gas uptake but low working
capacity. By synthetically including variable volumes of mesoporosity into the macrostructure of
normally purely microporous UiO-66, it proved possible to beneficially convert the Type | isotherm
shape normally associated with this MOF to Type | + IV isotherm (Figure 4e). This transition was a
consequence of the controlled introduction of delayed gas condensation in the wider mesoporous
cavities at higher pressures. This structural modification and its resultant alteration to the absorptive
properties of the MOF yielded outstanding improvements in the working capacity of monoUiO-66 (up
to 261 cm® (STP) cm3, 5 — 100 bar, 298 K) compared to that of the theoretical, purely microporous
material (139 cm? (STP) cm3) or to experimental, purely microporous monoHKUST-1 (235 cm?® (STP)
cm™3) (Figure 4e,f). Hence, not only can air-stable, high-density monolithic MOFs now be
synthesized with retention of accessible porosity, but we have further demonstrated that
unprecedented levels of synthetic control can be exerted on the materials to enhance the gas

adsorption capacity beyond theoretical maxima in purely microporous and defect-free materials.
Outlook

In the field of environmental preservation and remediation, numerous MOFs exhibiting significant
potential have been reported.” The high modularity of these unique materials allows for precise
tuning of both chemical and physical properties, making them applicable to all stages of
environmental energy usage.’* Outstanding results have been reported not only in the high-density
storage of environmental gas-fuels (including NG and hydrogen) but also in molecular sieving for
gas stream purification and the capture of environmental pollutants.”” Despite these significant
achievements, the full potential of MOFs is far from being achieved and their industrial usage remains
limited to just a few examples e.g. BASF have recently tested the viability of a NG-powered vehicle
fleet.”® Such poor progress stems not only from the current cost barriers to mass production,”” but
also from a technical inability to process the obtained adsorbents into practically viable materials.
While some materials have been shown to be capable of being produced using economically more
feasible synthesis routes such as aqueous and liquid assisted grinding (LAG) methods,’’ the vast
majority of MOFs still require energy-intensive solvothermal synthesis, after which bulk powders
need to be processed into usable shaped bodies. These approaches have thus far failed to produce
viable high-density materials that can achieve the challenging targets set by the DOE for NG and H>
storage and as such newer synthetic methods will be required to produce next-generation MOFs. On
top of that, and in particular for NG and H> storage, another critical barrier that remains is the need

to develop a MOF that, even with a crystallographic density, can meet these DOE targets.
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More than 90,000 unique MOFs have been structurally characterized to date,® each with diverse
and distinct chemical and physical properties. This raises the question, how do we choose the ideal
material for a target application? In this respect, the considered combination of computational and
experimental chemistry will likely yield the most promising results.”® Being crystalline materials,
MOFs can be easily engineered through ad hoc building blocks, where the organic ligands enrich the
surface chemistry and the metal nodes define the geometry.” With this in hand, recent advances in
data mining and computational simulation of known MOF structures have already provided unrivaled
insights into the design and selection of materials for specific applications.®’ We and others have used
high-throughput simulations to develop extensive and dynamic structure-property relationships,
being able to report a full cycle of novel material development for diverse applications, including the
storage of H, and NG as well as other molecules.®! This demonstrates not only the unrivaled potential
of MOFs to revolutionize environmental gas capture and storage but further highlights the

significance of fully utilizing computational chemistry to both rationalize and unlock their potential.®?
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