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A critical bottleneck for the use of natural gas as a transportation fuel has been the
development of materials capable of storing it in a sufficiently compact form at
ambient temperature. Here we report the synthesis of a porous monolithic
metal-organic framework (MOF), which after successful packing and densification
reaches 259 cm? (STP)/cm? capacity. Notably, this is the highest value reported to date
for porous solids in a conformed shape, and a >50% improvement over any previously
reported experimental value. Nanoindentation tests on the monolithic MOF showed
robust mechanical properties with hardness at least 130% greater than that previously

measured in its conventional MOF counterparts.

Natural gas (NG), mainly composed of methane, has long been considered as a preferable
energy alternative to traditional fossil fuels due to its high hydrogen to carbon ratio and
lower CO; emissions.'? However, the low energy density of methane compared with
traditional fossil fuels restrains its on-board applicability. A long-standing challenge has
been to design storage systems that efficiently and safely store methane at a realistic volume
and that allow it to be easily extracted at reasonable pressures and temperatures.® The U.S.
Department of Energy (DOE) set in 2012 the ambitious volumetric storage target for
adsorbed natural gas (ANG) to 263 cm?® (STP)/cm® at room temperature and 65 bar,*
equivalent to the storage capacity of an empty tank at 250 bar — targets which, to this day,
has not been met by any conformed material after packing. Since the highest reported values

were of 180 cm? (STP)/cm?° it has so far been unclear whether a material able to reach DOE



targets could even be developed. Achieving DOE targets is critical for use in wider
vehicular/transportation applications or NG transoceanic shipping.

From all the existing adsorbents, MOFs, obtained by the coordination of metal clusters
with organic linkers, are arguably the most promising class of methane storage materials due
to their large surface areas and pore volumes.* ©® MOFs are one of the most exciting
advances in recent porous materials science, with currently 70,000 different structures
according to the Cambridge Crystallographic Database,” and symbolise the beauty of porous
coordination polymers and the possibility of modifying their individual chemical and
physical properties. From all the multiple structural possibilities, a careful examination of
137,953 hypothetical®® and over 4,700 already-synthesised® MOF structures using molecular
simulations have predicted a maximum methane adsorption capacity of 267 cm? (STP)/cm?.
However, volumetric capacities obtained computationally are almost always calculated
using the ideal single-crystal density of MOFs and, due to the existence of packing issues in
real scenarios, these values are, in the best case, only theoretical 11!

In a recent work, Peng et al.® studied experimentally the effect of MOF shaping and
densification on methane adsorption. They identified HKUST-1 [Cu3(BTC)2(H20)3] (BTC =
1,3,5-benzenetricarboxylate) as the only material capable of achieving the volumetric DOE
target — again, using the theoretical crystal density of the MOF (i.e. 0.883 g/cm?®) — and with
a maximum uptake of 270 cm?® (STP)/cm® at 65 bar. However, when HKUST-1 was
experimentally packed and densified, the volumetric adsorption capacity was reduced down
to 180 cm?3 (STP)/cm?® (i.e. 35% loss compared to the theoretical maximum value) because of

the partial mechanical collapse of the internal pore structure. Densification and pelletization



of MOFs is indeed one of the main challenges for MOF applications in industry, since
conventional synthesis methods produce MOFs as powders with very low packing density,
generally 3-4 times lower than theoretical crystal one.*?

In this work, we aimed to determine whether there exists a plausible synthetic protocol
for a MOF that would meet the DOE volumetric targets. We used our recent developments
in advanced synthesis, engineering and densification of MOFs to produce pure monolithic
structures of up to ca. 1 cm® size without using high pressures or additional binders.*? We
focus here on HKUST-1 as the — theoretically — top-performing MOF for methane
adsorption synthesized to date.

The synthesis of the high-density monoHKUST-1 described here follows a sol-gel process
similar to the synthesis of organic and inorganic aero/xerogels.’*” Figure 1la shows the
proposed synthetic mechanism followed in this work, the optical image of moncHKUST-1
and the PXRD patterns of the samples. After the formation of the crystalline, primary MOF
particles at the beginning of the reaction, the mother solution was centrifuged and the
resulting densified solid, i.e. the gel, was washed to remove unreacted precursors. We found
the drying temperature to be critical for the final morphology of HKUST-1. On the one hand,
if the dense gel was dried at high temperature, the fast removal of the solvent from the
interstitial spaces between primary particles does not allow maintaining the gel
macrostructure, and therefore only a powder was obtained (named here powdHKUST-1). On
the other hand, if the dense gel is dried at mild conditions (e.g. room temperature), the
retained precursors start nucleating at the interface, experiencing an epitaxial growth within

the existing primary particles. In this way, the MOF, a porous coordination polymer, acts as



a binder, closely connecting the existing primary particles together, and leading to a dense,

glassy-look monolith (Fig. 1b).
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Figure 1. Schematic representation of monolithic and powder MOF synthesis. a, the synthesis
follows a sol-gel process, where a dense monolith is obtained under mild drying conditions while
powders are obtained when the wet gel is dried at higher temperature or vacuum; b, optical picture of
the monolithic MOF, moneHKUST-1, maintaining the shape of the mould where it was prepared; c,
comparison of PXRD patterns of monoHKUST-1: observed (black symbols) Pawley fitting (red line)

and difference (grey line), confirming the successful synthesis of HKUST-1.

Elemental analysis for experimental monoHKUST-1 and powdHKUST-1 samples did not
show any important differences between them and theoretical composition of hydrated
HKUST-1, with ca. 1 water molecule per Cu atom (Supplementary Table 1). High-resolution
PXRD analysis and Pawley fitting showed that the crystalline phase of both monoHKUST-1 and
powdHKUST-1 was the same as the predicted HKUST-1 single-crystal (Fig. 1c and Supplementary
Fig. 1). No extra crystalline phases were observed although at this point the existence of amorphous

phases inside the MOF primary particles or acting as a binder cannot be discarded. FTIR showed



essentially identical peaks in both monoHKUST-1 and powdHKUST-1 samples (Supplementary Fig. 2),
indicating that there were no new chemical functionalities in the monolith. A careful examination of
TEM images showed that the powder sample is formed by an aggregation of primary particles of ca.
51 nm size (Supplementary Figs. 3a and 4), whereas the monolithic sample is made of a continuous
phase where the primary particles cannot be observed any more (Figure 2 and Supplementary Fig.
5), i.e. there is no boundary or interphase between primary particles. Electron diffraction also
showed same results for powder and monolithic samples (Supplementary Fig. 6).
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Figure 2. Transition electron microscopy images of monolithic and powder MOF samples.

a, powdHKUST-1 b, moneHKUST-1; ¢, EDX analysis and elemental maps of the selected areas from (a-b).

We have identified three key factors in the synthesis of the monolithic MOF.*2 First, the
primary particles of the monolith need to be small; in our case it is 51 = 10 nm
(Supplementary Fig. 3a). This was also suggested by Horcajada et al. when preparing

MIL-89 aero/xerogels.'® Second, the nucleation and crystal growth processes between MOF



primary particles during the drying process need to be fast under the selected conditions. If
the conditions are unfavourable, the weak interactions will induce a mismatched growth,
resulting in a non-crystalline gel.*® Third, the drying process needs to be achieved under
mild conditions, i.e. typically lower than 40 °C and avoiding vacuum. With a slow drying
process, it is possible to avoid the mechanical stress at the vapour-liquid meniscus interface
of the solvent inside the porosity, and to get a dense monolithic structure instead of a
powdered MOF. To probe the synthesis mechanism, we prepared two additional HKUST-1
samples with larger particle size: 73 £ 18 and 145 + 60 nm (Supplementary Fig. 3b and 3c),
and then dried the samples at different temperatures in the range of 20 to 80 °C.
Supplementary Table 2 shows the effect of particle size and drying temperature on the
formation of either the monolith or the powder. We found that samples with particle size of
51 nm can be successfully dried up to 40 °C in order to get the monolithic structure. On the
other hand, samples with particle size of 73 nm can only be successfully dried up to 30 °C,
whereas samples with particle size of 145 nm cannot conform the monolithic structure at any
temperature.

During standard activation of monoHKUST-1 under heat — typically 80-120 °C — and
vacuum without any extra processing, we found that the sample was able to retain the
macroscopic monolithic morphology and shape of the mould (Figure 1b). Supplementary Fig.
7 shows the SEM images of the monoliths and corresponding powdsHKUST-1. There is a clear
difference in the way the material is packed: powdHKUST-1 is a simple agglomeration of particles
with a large amount of interstitial space, whereas monoHKUST-1 surface is much more compact and

with minimal amount of interstitial space. The porosity was evaluated using N2 adsorption at 77



K (Supplementary Fig. 8); it showed a typical Type | isotherm shape, indicative of the
microporous character of the monoliths.*? Table 1 compares the bulk densities, gravimetric
and volumetric BET areas and pore volumes of monoHKUST-1 with the HKUST-1 powder
samples from Peng et al.® The lower gravimetric BET area compared with previously
reported data (i.e. in the range of 1500-1850 m?/g),>?*?! are expected due to the short
synthesis time (10 min) and low synthesis temperature (20 °C), similar to other reported
nano-scale MOF syntheses such as ZIF-8,22* and MIL-53%. In spite of the lower BET areas,
the critical advantage of monolithic MOFs is their high bulk density, and therefore the
higher volumetric BET areas, pore volumes and adsorption capacities compared to
traditional powdered counterparts. The measured bulk density of monoHKUST-1 (i.e. 1.06 +
0.05 g/cm?®, Supplementary Table 3) was higher than the hand packed and, remarkably, than
the crystal densities of HKUST-1, i.e. 0.430 and 0.883 g/cm?, respectively. In our case, the
bulk density of powdHKUST-1 was 0.40 g/cm?®. The larger density of monoHKUST-1 is related to
the better packing, and to the presence of amorphous, denser phases. Supplementary Figure
9 shows the pore size distributions obtained from mercury porosimetry up to 206 MPa (i.e.
equivalent to 60 A). The volume of mercury intruded for monoHKUST-1 and powdHKUST-1
were 0.037 and 1.922 cm®/g, respectively. In particular, the volume of mercury intruded for

powdHKUST-1 is coming from the interparticle space rather than any real porosity.



Table 1. BET areas (Sget), micropore volume (W), total pore volume (V1) and bulk density (py) for

monoHKUST-1.

Seer  We® Vi p°  Seer(vol) Viw(vol)  CHg4 uptake®

Materials
m?/g cm®g cm¥g g/cm® m?%cm® cmdcm® g/g viv
monoHKUST-1 1193 051 052 1.06 1288 0.56 0.177 259
Pengetal.? 1850 0.68 0.78 0.43¢ 796 0.33 0.216 130

30btained at P/Po = 0.1; Pobtained at P/Po = 0.99; bulk density quantified by measuring of weight and volume

using mercury porosimetry; Yhand packing density®; ®total uptake.

To probe the improved performance of densified MOFs in NG storage, we ran methane
adsorption isotherms at room temperature and up to 70 bar. Figure 3a compares the absolute
volumetric adsorption isotherms of methane in monoHKUST-1 at 298 K with previous
powdered and densified HKUST-1 samples®. We also included the 263 cm? (STP)/cm?®target
from DOE for benchmark comparison. The gravimetric uptake is shown in Supplementary
Fig. 12 for comparison. It is important to note that the experimentally measured values are
excess amounts adsorbed (Nexc), which are transformed into absolute uptakes (Nabs) by using
equation [1]:

Naps = Ngxe + PVpore [1]
where p is the density of the gas at the given adsorption pressure and temperature, obtained
from the National Institute of Standards and Technology (NIST),%® and Vpore is the pore
volume of the adsorbent.?” Interestingly, the volumetric methane storage capacity of the
monoHKUST-1, i.e. 259 cm?3 (STP)/cm? at 65 bar, virtually matches the DOE target due to the
high bulk density of the monolith. To the best of our knowledge, this is the first example of
an adsorbent — including MOFs but also other traditional porous materials such as activated

carbons and zeolites — that can achieve the DOE target after successful packing.!!



Remarkably, the high methane adsorption capacity of moncHKUST-1 is very close to the
theoretical, but unachievable volumetric methane uptake for HKUST-1 when ideal crystal
density is assumed.®> When applying pressures in the range of 0.5 to 5 Tons to densify
powdered HKUST-1 in previous works,®> the MOF density increased but the total pore
volume was reduced due to partial collapse of the MOF structure. As a result, the methane
capacity was only increased up to 180 cm?® (STP)/cm?® (i.e. a 35 % loss instead of the
theoretical value without collapse). Overall, we found that monoHKUST-1 shows an
enhancement of the methane adsorption capacity of, at least, ca. 99 % over previous reported
experimental values on a powder, and 45 % on a densified powder. Taking into account
previous accurate computational models for methane storage,® we reasonably believe this
value to be, within a small range of statistical error, the physical limit of ambient

temperature methane storage capacity in porous materials.
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Figure 3. Gas adsorption in HKUST-1. a, Comparison of absolute volumetric methane
adsorption isotherms at 298 K on moneHKUST-1 (red solid circles), excess volumetric uptake on
monoHKUST-1 (red empty circles), HKUST-1 pellets under hand packing (blue diamonds), HKUST-1
pellets packed under 2 Tons (black squares), and HKUST-1 pellets under 5 Tons (green triangles).®
DOE target of 263 c¢cm® (STP)/cm?® is represented by the red dashed line. b, equilibrium time of
methane adsorption at 298 K as a function of equilibrium pressure and c, decay of pressure with time,
at 40 bar, for monoHKUST-1 (blue diamonds) and powsHKUST-1 (red circles).
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Very often, densification of strictly microporous materials comes at the expense of slower
adsorption kinetics. We have measured the kinetics for methane adsorption, and the
evolution of the pressure decay with time, in powdHKUST-1 and monoHKUST-1 samples at 5,
10, 20, 40 and 60 bar (Fig. 3c-d). Interestingly, we noticed no important differences in the
adsorption kinetics between the two samples, showing very fast equilibrium between 75 and
200 s for both powdHKUST-1 and monoHKUST-1. Small differences are due to the absence of
mesoporosity in monoHKUST-1 and therefore slightly slower transport diffusivity compared
with the nanometre-sized particles of powdHKUST-1.

In addition to DOE targets described above, the Advanced Research Projects
Agency-Energy (ARPA-E) has also set the methane deliverable capacity to 315 cm?®
(STP)/cm?3, where the deliverable capacity is defined as the uptake at the storage pressure of
65 bar subtracted by the uptake at the depletion pressure of 5.8 bar. This ARPA-E methane
deliverable target is often considered too high to be reached.?®?° Indeed, current theoretical —
using crystal density — maximum delivery capacities of top-performing adsorbents are
around 200 cm?® (STP)/cm®: e.g. 190, 208, 183 and 180 cm?® (STP)/cm? for HKUST-1,°
MOF-519,%0 NU-125,> and MOF-9053! etc.?82° Taking into account previous packing loses
due to MOF densification, all these delivery capacities are in practice likely to decrease
down to ca. 135 cm?® (STP)/cm3assuming a typical 35 % packing 10ss.? Our monoHKUST-1
shows a delivery capacity, using real bulk density, of 172 cm®(STP)/cm? (i.e. the difference
between 259 and 87 cm? (STP)/cm?, for the uptakes obtained at 65 and 5.8 bar, respectively).
Again, to the best of our knowledge, this is the highest deliverable capacity achieved by any

adsorbent after successful pelletization and shaping.
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Once a MOF has been shaped and densified, one of the main challenges that pellets and
monolithic structures need to face in industrial settings is the necessity to support
mechanical stress from e.g. friction against the tank walls, vibrations within a column, the
weight of the adsorbent, external pressurization etc. To determine the mechanical properties
of the synthesised moneHKUST-1, we have measured the elastic modulus and hardness of the
monolithic samples using nanoindentation technique (Figure 4), and compared them with
theoretical calculations.®? Our results show that the indentation modulus (1) of monoHKUST-1
is 11.5 £ 0.4 GPa (Supplementary Fig. 13), from which we established its Young’s modulus
(E) to be 9.3 + 0.3 GPa (taking Poisson’s ratio, v = 0.433 from Woll et al).*® Interestingly,
our current Young’s modulus is ~15% higher than that recently predicted by density
functional theory (DFT, E = 8.1 GPa)® for an isotropic polycrystalline HKUST-1 where its
isotropic v = 0.45. Another revealing comparison can be made against the mechanical
properties of an epitaxially grown HKUST-1 polycrystalline film by Woll et al (i.e. E = 9.3
GPa, H = 198 + 19 MPa),*® also measured by nanoindentation method. Most remarkably,
while the Young’s modulus of our monoHKUST-1 is matching the conventional HKUST-1
(see above),*® the mechanical hardness of monoHKUST-1 (H = 460 + 30 MPa) is in fact more
than 130% surpassing that of its conventional counterpart. Significantly, this meant that the
monolithic version of HKUST-1 has improved mechanical durability against permanent
plastic deformation, simply ascribed to its high bulk density (Table 1). Likewise,
monoHKUST-1 will have a significantly greater yield strength (cv), because oy o< H.3* Indeed
we have carried out atomic force microscopy (AFM) imaging of the residual indents,

verifying their good resistance against surface cracking, evidenced in Figure 3d. In addition

12



to providing high mechanical strength, the high bulk density of the monolith could also lead

to higher thermal conductivity, providing further benefits in practical applications.
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Figure 3. Nanoindentation on monoHKUST-1. a, Young’s modulus and b, hardness as a
function of indentation depth on a mencHKUST-1 sample. Averaged properties were derived from 60
indents, using penetration depths of 200 — 2000 nm, thus ensuring results are free from surface
defects and tip calibration artefacts. Error bars are standard deviations calculated from 60
measurements. Inset (a) shows the load-displacement raw data, inset (b) shows the hardness of
monoHKUST-1 is doubled that of its conventional polycrystalline counterpart (H ~200 MPa).* c,
Optical micrograph showing the array of residual indents, showing no evidence of radial cracking. d,
AFM profile depicting the 3D topography of a representative indent, showing there is no sign of
surface cracking indicating good mechanical resilience of the monolith.

In conclusion, we have synthesised a monolithic MOF, monoHKUST-1, using a sol-gel

process and without using binders and/or high pressures. The mild conditions of the
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synthetic protocol and soft drying process lead to a dense monolithic structure. Small
primary particles and mild drying process are necessary to allow the successful synthesis.
monoHKUST-1 was able to retain the characteristic structure and porosity of the powder,
while showing 3 times higher density and therefore volumetric gas adsorption capacity.
monoHKUST-1 showed an outstanding methane capacity of 259 ¢cm? (STP)/cm? at 65 bar,
becoming the first conformed adsorbent, after successful densification and shaping, to
achieve the volumetric DOE target (i.e. 263 cm® (STP)/cm®). Taking into account earlier
accurate computational models for methane storage, we reasonably believe this value to be,
within a very small range of statistical error, the physical limit of ambient temperature
methane storage capacity in porous materials. From the mechanical point of view, it is
striking to discover that the hardness of monoHKUST-1 is exceeding twice that of a
conventional HKUST-1 material published to date. This work represents a significant step
forward in the shaping and densification of MOFs, and therefore opens the gate towards
their applicability in ANG and other real-world industrial applications where high

volumetric adsorption capacities and resilient mechanical properties are critical.

Methods

Materials. Cu(NO3)2-2.5H.0 (98 %), BTC (95 %), ethanol (=99.5 %) and silicone oil
(density = 0.967 g/ml at 20 °C) were purchased from Sigma Aldrich and used as received.

Synthesis of HKUST-1 samples. monoHKUST-1 was synthesised based on a modification of
the synthesis method of HKUST-1 reported by Wee et al.®® Solutions of BTC (10 ml, 0.062

M) and Cu(NOs3)2-2.5H20 (10 ml, 0.064 M) in ethanol were mixed and stirred for 10 min at
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room temperature (20 £ 1 °C). After centrifugation, the solid was kept in the falcon tube and
washed in ethanol for 10 minutes (15 ml, 3 times) and then dried in an incubator at room
temperature (20 £ 1 °C) overnight. The solid was then transferred to a glass vial and was
further dried at 120 °C in an incubator under vacuum overnight. ,owdHKUST-1 was obtained
by drying the washed solid after centrifugation, at high temperature (120 °C) rather than
allowing them to dry first at room temperature. The vyields of moncHKUST-1 and
powdHKUST-1 were 53 % after activation. Two samples of HKUST-1 with larger particle
size were synthesised following the previous method but at 40 °C and 60 °C. The yields
were 53 % and 55 %, respectively, after activation. These new samples were dried at
different temperatures from 20 to 80 °C to provide either a powder or a monolithic sample.

Characterisation of monoHKUST-1. Powder X-ray diffraction (PXRD) patterns were
recorded with a Bruker D8 diffractometer using CuKas (A = 1.5405 A) radiation with a step
of 0.02° at a scanning speed of 8 s per step. IR was performed on PerkinElmer spectrum 100
FT-IR spectrometer. Scanning electron microscope (SEM) images were taken using a FEI
XL30 FEGSEM with an accelerating voltage of 5 kV. Transmission Electron Microscopy
(TEM) was carried out using a FEI Osiris S/TEM operated at 200 kV, operated in scanning
mode. Elemental analysis in the TEM was performed with a Bruker Super-X EDX detector.
C, H, N analysis was performed on an Exeter analytical CE 440 elemental analyser at a
combustion temperature of 975 °C while Cu analysis was performed on a Thermo Scientific
iICAP 7400 ICP-OES analyser against 1 ppm and 10 ppm standards. Thermogravimetric
analysis — mass spectrometry (TGA-MS) was performed using TGA Q500 from TA

Instruments in nitrogen, from room temperature to 900 °C, using a ramp rate of 5 °C min™.
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N2 adsorption isotherms were undertaken at 77 K using a Micromeritics 3Flex instrument. High
pressure methane adsorption at 298 K was conducted using an HPVA Il from Micromeritics.
Adsorption kinetics for methane were measured at different pressures by recording the manifold
pressure versus time until equilibrium has been reached. The temperature was controlled by using a
Julabo F25 HE bath circulator. Prior to all analyses, the samples were degassed in situ overnight at
120 °C.

Mercury porosimetry was obtained up to a final pressure of 2000 bar using an AutoPore IV 9500
instrument from Micromeritics. This technique was used to estimate the particle density of the
monoHKUST-1 at atmospheric pressure. Prior to the analysis, all samples were degassed overnight at
120 °C before measuring the mass, and then degassed in situ (rotatory pump, 3 h) thoroughly before
the mercury porosimetry. Full details and discussion on density evaluation are included in the
Supplementary Information, page S9.

Nanoindentation study was performed using an MTS Nanoindenter XP instrument, equipped with
a continuous stiffness measurement module. HKUST-1 monoliths were mounted on an epoxy resin
(Struers Epofix) and the surface was carefully prepared using established methodology designed for
studying MOF crystals.*® Prepared monolith surface (Fig.3c) was cleaned with isopropanol and then
desolvated at 100 °C. The evacuated sample was secured in a desiccator until testing. A Berkovich
diamond tip was used to measure load-displacement data to a surface penetration depth of 2000 nm,
from which the hardness values and Young’s moduli were derived in accordance to the Oliver-Pharr

method.3’
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