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Experimental
1.1 Materials

MIL-101 was prepared and purified as described in detail in *.
1.2 Preparation of monoliths

Monoliths of 3.67 mm diameter were prepared from a known mass of MIL-101 powder in a
cylindrical die of 3.67 mm, compressed with a manual hydraulic press by fine adjustment of the
anvil height to control the penetrating depth of the stainless steel punch. The envelope densities
of the pellets were calculated from their degassed mass measured after the p-c-T experiments,
when all the water content is lost during the activation 20 h at 220 ‘C in vacuum down to a

residual pressure of 2x10™ mbar.

1.3 Characterization

X-ray diffraction patterns: The powder XRD analyses were performed with a Bruker D8
advanced diffractometer with Cu Ka radiation (40 kV, 40 mA).

Low-pressure N, BET measurements: Specific surface area measurements at 77 K were carried
out using Quantachrome Autosorp-1 MP instrument with N, gas using optimized protocols, the
MIL-101 compressed pellet and powder samples were priorly degassed at 490 K for overnight.
The specific surface area was obtained by the Brunauer-Emmett-Teller (BET) method. Pressure
range for BET calculation were chosen according to Rouquerol’s suggestions®. (see details in
supporting information)

Cryogenic low-pressure high-resolution H, BET measurements: The hydrogen adsorption
isotherms of the MIL-101 compressed pellet and powder samples at 19.5 K were measured with
laboratory-designed volumetric adsorption equipment with temperature controlled cryostat and is
described in details elsewhere *. Around 23 mg of pellet and powder were activated under ultra-
high vacuum at 420 K for overnight prior to each measurement. For the laboratory-designed
cryostat, the temperature control was calibrated by measuring the liquefaction pressure for
hydrogen and nitrogen in the empty sample chamber at various temperatures. The specific
surface area was obtained by the Brunauer-Emmett-Teller (BET) method, selecting the p/po
range according to Rouquerol’s suggestions® (see details in supporting information). The specific

pore volume (SPV) was calculated according to Gurvich’s rule 4

SPV = nmax /p|q



Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2013

where nmax is the maximum uptake per material mass before liquefaction and piq is the density of
the liquid.
The adsorbed amount is reported in wt% which is defined as mass of hydrogen m,qs (absolute
uptake) per mass of the system, which consists of the sample mass ms and the adsorbed
hydrogen.

Hydrogen uptake (Wt%) = Mags / (Ms + Mags) *100

Sample characterization

The PXRD patterns for MIL101 powder, compressed pellet and ground pellet are presented in
Fig. S1 and compared to simulated one. The changes in the ratio of some peaks intensity for
pellet can be explained by the preferential orientation of crystallites imposed by compression. As
shown in detail in *, this effect disappears in the patterns of the ground pellet and the ratios of
intensities of Bragg reflexions return to the same characteristics of the starting uncompressed
powder. Basically the structure is conserved up to densities close to the crystal density. However,
irreversible effects are induced by mechanical pressure on the adsorption sites in the
coordination environment of the metal, leading to decrease of SSA, pore volume and excess

hydrogen adsorption *.
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Sl figure S1. PXRD patterns of MIL-101powder and compressed pellet.
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BET calculation

The specific surface area (SSA) is an important characteristic for microporous materials, which
is typically determined from adsorption of nitrogen, argon or carbon dioxide. In order to
determine the appropriate BET pressure range for microporous materials, nags(1 — p/po) in the
chosen pressure range always increases with p/po as suggested by Rouquerol et al® (figure
S2~S5, Sl). Please note that P is absolute pressure and Pg is hydrogen liquefaction pressure at
19.5K, 1 bar.
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Sl figure S2. a) hydrogen adsorption (closed symbol) / desorption (open symbol) isotherms at
19.5 K for powder MIL101. b) n(1-(P/Py)) vs P/Py, Only the range between P/Py = 0.02-0.1
satisfies the criterion for applying the BET theory. c) Linear fit of BET surface area plot
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Sl figure S3. a) hydrogen adsorption (closed symbol) / desorption (open symbol) isotherms at
19.5 K for compressed pellet MIL101. b) n(1-(P/Py)) vs P/Py, Only the range between P/Py =
0.02-0.1 satisfies the criterion for applying the BET theory. c) Linear fit of BET surface area plot
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Sl figure S4. a) nitrogen adsorption (closed symbol) / desorption (open symbol) isotherms at 77
K for powder MIL101. b) n(1-(P/Py)) vs P/Py, Only the range between P/Py = 0.02-0.1 satisfies
the criterion for applying the BET theory. c) Linear fit of BET surface area plot
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Sl figure S5. a) nitrogen adsorption (closed symbol) / desorption (open symbol) isotherms at 77
K for compressed pellet MIL101. b) n(1-(P/Py)) vs P/Pg, Only the range between P/Py = 0.02-0.1
satisfies the criterion for applying the BET theory. c) Linear fit of BET surface area plot
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Sl figure S6. Schematic diagram of the compressed pellet MIL101
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All measurements on pellets after adsorption isotherms showed a contraction of ~1% and the

volume of the degassed pellet is 57.90 mm?®. This gives an envelope density 0.40 g/cm®.

Excess volumetric adsorption

“The adsorption volume V, (the space lying within the potential field of the solid) is interpreted
as the microporous volume of the adsorbent and not the void volume (V,) of the adsorbent” and
V, is experimentally measured by helium probing or calculated from the bulk and the skeletal
density of the adsorbent®, where it is pointed out that the part of the V, where negligible
adsorption takes place and where the density of the gas is the same then the bulk (V) is defined
as:
Vy=V, -V,

We made additional measurements with helium, on larger amounts of MIL-101, to evaluate the
skeleton volume of degassed pellets. Envelope density (degassed mass per pellet volume) for
0.155 g pellets is 0.40 g/cm®, and the MIL-101 skeleton volume obtained was 0.0775 cm® which
gives a skeleton volume 0.50 cm®/g (skeleton density 2.0 g/cm®). From the degassed pellet
density, the specific volume 1/0.40 = 2.50 cm®yg is obtained. Subtracting the skeleton and
adsorption volumes gives

Vioi(envelope)— Vg — V, = 2.50 — 0.50 — 1.50 =0.50 cm* g™
as Vg available for compressed gas. This is not a negligible volume which might be taken into
account to evaluate the total volumetric storage capacity.
The calculated crystal density reported for CrsF(H,0),0[(C6H4)-(C0O2)2]3.nH20 is 0.62 g/cm®
’. Eliminating all the H,O molecules and changing F~ with CI” in our MIL-101, a degassed
density 0.43 g/cm® can be calculated, corresponding to the formula [CrsO0(OOC-CgH4-CO0)5]ClI
of fully degassed MIL-101.
This results in V~2.33 cm®g specific volume for a “single crystal”. The specific skeleton
volume measured with helium was Vg= 0.50 + 0.02 cm®/g for powder (skeleton density 1.9
+0.1g/cm®). The sum of skeleton specific volume (Vg= 0.50 cm®/g ) and adsorption volume from
hydrogen isotherm (1.9 cm®/g for powder) is ~2.4 cm®/g, practically the same with the specific
volume of the crystal, taking into account the cumulative errors including the evaluation of
crystal density, skeleton volume with helium and pore volume (with hydrogen) evaluation. This

shows a negligible volume V, available for compressed gas if the total volumetric adsorption is
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desired to be evaluated. The adsorption volume from hydrogen isotherm for powder V, = 1.9
cm®/g at 19.5 K is practically the same with

Vs - Vg=2.33- (0.50+0.02)=1.83+0.02 cm®/g
the volume “seen by helium”. It was also concluded earlier® that in these conditions, at saturation
(p/po ~1), all the free volume within the crystal (metal centers, small to medium pores and larger

pores) are filled with liquid-like hydrogen.
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