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Balancing gravimetric and volumetric hydrogen
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Metal organic frameworks (MOFs) are promising materials for the storage of hydrogen fuel due to their
high surface areas, tunable properties, and reversible gas adsorption. Although several MOFs are known
to exhibit high hydrogen densities on a gravimetric basis, realizing high volumetric capacities – a critical
attribute for maximizing the driving range of fuel cell vehicles – remains a challenge. Here, MOFs that
achieve high gravimetric and volumetric H2 densities simultaneously are identified computationally, and
demonstrated experimentally. The hydrogen capacities of 5309 MOFs drawn from databases of known
compounds were predicted using empirical (Chahine rule) correlations and direct atomistic simulations.
A critical assessment of correlations between these methods, and with experimental data, identified
pseudo-Feynman–Hibbs-based grand canonical Monte Carlo calculations as the most accurate predictive
method. Based on these predictions, promising MOF candidates were synthesized and evaluated with
respect to their usable H2 capacities. Several MOFs predicted to exhibit high capacities displayed low
surface areas upon activation, highlighting the need to understand the factors that control stability. Consistent
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with the computational predictions, IRMOF-20 was experimentally demonstrated to exhibit an uncommon
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exceed those of the benchmark compound MOF-5, the record-holder for combined volumetric/gravimetric

combination of high usable volumetric and gravimetric capacities. Importantly, the measured capacities
performance. Our study illustrates the value of computational screening in pinpointing materials that optimize
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overall storage performance.

Broader context
The adoption of hydrogen fuel cell vehicles will benefit from the development of low-cost, high-capacity methods for storing hydrogen fuel. State-of-the art
storage systems are based on pressurized H2 gas. These systems are bulky, expensive, and operate at high pressures up to 700 bar. Consequently, alternative
storage strategies with the potential for higher eﬃciency and lower-cost are being explored. Of these, adsorptive storage in metal–organic frameworks (MOFs)
presents one of the more promising approaches due to the moderate operating pressures, fast kinetics, reversibility, and high gravimetric densities typical of
MOF-based storage. One area where MOFs struggle, however, is in achieving high volumetric H2 densities. Ideally, a hydrogen adsorbent should exhibit high
gravimetric and volumetric densities simultaneously. Unfortunately, achieving such a balance remains a challenge: for example, identifying MOFs that outperform the benchmark compound MOF-5 on a volumetric and gravimetric basis has proven difficult. The present study demonstrates IRMOF-20 as a MOF that
surpasses MOF-5 on both a usable volumetric and gravimetric basis. Our approach demonstrates the power of high-throughput computational screening in
guiding experimental synthesis & characterization efforts towards promising compounds. In so doing, a new high-water mark for volumetric hydrogen density
in MOFs has been established.
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Introduction
A high-capacity, low-cost method for storing hydrogen remains
one of the primary barriers to the widespread commercialization
of fuel cell vehicles (FCVs).1 Although many storage technologies
have been proposed, storage via adsorption presents one of the
more promising approaches due to its fast kinetics, facile
reversibility, and high gravimetric densities.1
Metal–organic frameworks (MOFs) are a relatively new class
of adsorbents that have attracted intense interest as materials

Energy Environ. Sci.

View Article Online

Published on 11 October 2017. Downloaded by University of Michigan Library on 23/10/2017 14:20:47.

Paper

for the capture and storage of gases.2–9 MOFs are coordination
compounds composed of metal clusters and organic linkers
that form a crystalline network.10–17 The surface area of MOFs
can be extremely high, exceeding 5000 m2 g1 in several
compounds.11,12,18–26 Moreover, the composition and structure
of MOFs are highly tunable.27–30
Unfortunately, the design flexibility aﬀorded by MOFs
creates challenges for the identification of the best material
for a given application. For example, many more MOFs exist than
can be evaluated using conventional experimental techniques:
several thousand MOFs have been synthesized, and B105 hypothetical compounds have been proposed.27–30 An additional complexity is that the storage capacity of a MOF depends on several
parameters, including: temperature, pressure, surface area, crystal
density, pore volume, pore diameter,18 pore size distribution,20,31
heat of adsorption,32,33 and others.34–37
To overcome these complications, several studies have turned
to computational screening to accelerate the identification of
high-performing MOFs.4,25,30,38,39 In the case of hydrogen storage,
Goldsmith et al.27 created a database of computation-ready MOFs
by mining the Cambridge Structural Database (CSD 2011).40 More
recently, Chung et al.28 and Moghadam et al.29 used variants of
Goldsmith et al.’s method applied to later CSD versions, 2014 and
2017, respectively, to identify additional MOFs. Goldsmith et al.27
used the empirical correlation between an adsorbent’s surface
area and its excess gravimetric uptake (the so-called Chahine
rule)27,41 to estimate the theoretical total hydrogen storage
capacities of MOFs in their database. Several high-capacity
MOFs were identified, many of which had not been assessed
as H2 adsorbents. Examples included: DIDDOK,42 EPOTAF
(SNU-21),43 and SUKYON.44
In addition to identifying promising MOFs, ref. 27 also
uncovered a tradeoﬀ between total volumetric and gravimetric
H2 density. This tradeoﬀ applies to compounds having large
surface areas, and implies that MOFs with the highest gravimetric performance will generally exhibit modest volumetric
capacities. This trend poses a new set of challenges, as prior
analyses45–48 have shown that the volumetric density of the
hydrogen storage system more strongly impacts the driving
range of a FCV than does the gravimetric density. Fig. 1 illustrates
this effect.45–48 For example, a storage system that falls 20% below
the DOE 2025 gravimetric target46 (corresponding to a few tens of
kg increase in vehicle weight) is projected to reduce driving range
by only B1%. In contrast, driving range is impacted significantly
when the storage system fails to meet the volumetric target: a
system that falls 20% below the DOE target results in a large,
B60 mi decrease in driving range. Additional details regarding
this analysis can be found in an earlier publication.47
Of course, an ideal hydrogen adsorbent should exhibit a balance
of high volumetric and gravimetric H2 densities. Unfortunately,
achieving high volumetric densities in MOFs remains a challenge,
especially in comparison to the densities typical of metal hydrides.1
Perhaps for this reason, reports of hydrogen storage in new MOFs
have historically emphasized gravimetric performance.
The desire to balance gravimetric and volumetric performance
led the Hydrogen Storage Engineering Center of Excellence
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Fig. 1 Eﬀect of H2 storage density on driving range. (blue curve) Percentage
change in range as a function of gravimetric density, assuming the system
achieves the 2025 volumetric target. (red curve) Percentage change in range
as a function of volumetric density, assuming the system achieves the 2025
gravimetric target. Adapted from ref. 45–48.

(HSECoE) to select MOF-5 as the adsorbent medium for demonstration in two prototype hydrogen storage systems.45,48,49 These
prototyping studies have positioned MOF-5 as an important
benchmark material, due to its unique balance of capacities,
and despite its stature as one of the oldest, most widely-studied
MOFs. Although more than 15 years of MOF research has
occurred since its introduction, surpassing the performance of
MOF-5 on a volumetric basis has been elusive.
The foregoing discussion raises several questions:
(1) Can the compounds identified by Goldsmith et al. be
synthesized and activated in a form that realizes their predicted
(exceptional) H2 capacities?
(2) How accurate is the Chahine rule as a predictive tool? Are
direct atomistic simulations more reliable?
(3) Can MOFs that balance usable gravimetric and volumetric
H2 densities, and out-perform MOF-5, be demonstrated?
Regarding question 1 (MOF synthesis & activation): MOF
synthesis can yield compounds with retained solvent molecules,
defects, and disorder.27–29 In contrast, computational models of
MOFs are typically based on idealized crystal structures27,28 where
these flaws are absent. Consequently, the predictions derived from
computational models represent best case scenarios that are not
always realized in experiments. Reduction of guest-accessible
surface area or pore volume upon activation, commonly known
as ‘‘pore collapse,’’ is one explanation for this discrepancy. In
summary, there is no guarantee that a given MOF can be experimentally realized in a ‘pristine’ form, even if that structure is
present in a database of experimentally-derived crystal structures.
Regarding question 2 (validity of the Chahine rule): the
Chahine rule – 1 wt% of excess adsorbed H2 is contributed
for every 500 m2 g1 of surface area – has been validated at
77 K and 35 bar for a handful of porous carbon materials and
MOFs.50 However, the limited availability of reproducible
hydrogen storage measurements for a larger and more diverse
set of MOFs presents a challenge to assessing the generality of
the Chahine rule.51–54
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H2 storage capacities can also be predicted using grand
canonical Monte Carlo55,56(GCMC) simulations.51,53,55 The
accuracy of GCMC depends on the accuracy of the MOF crystal
structure and the interatomic potentials employed.51,53 The
Universal Force Field57 (UFF) or one of its variants (e.g.,
UFF4MOF58,59) is typically adopted to describe the MOF
atoms.51,53 However, there is no consensus regarding an appropriate model for H2 in the literature.51–54 Many of the available
H2 models were initially validated using a small number of
MOFs (sometimes using a single MOF), and subsequently
adopted for large-scale simulations with limited additional
scrutiny. Variability in experimental data50,54,60 has also posed
challenges for parameterization of accurate interatomic potentials.
Overall, few H2 models have been benchmarked against a diverse
set of MOF isotherms and over a practical range of pressures.51,53
Furthermore, as suggested by Feynman and Hibbs (FH), quantum
mechanical effects can be important at the cryogenic temperatures
typical of H2 uptake measurements in MOFs (T = 77 K).61,62 For
example, it has recently been reported that the use of the FH
quantum correction with existing H2 models reduces H2 uptake
predictions by 15 to 20% (compared to of the uncorrected
values).52,63 In summary, a combination of experimental and
computational issues has slowed progress towards identifying a
preferred method for predicting H2 uptake in MOFs.
Regarding question 3 (new MOF discovery): recently, the
HSECoE highlighted usable (rather than total) capacity as a
performance metric for on-board H2 storage.64 Usable capacity
is evaluated assuming a pressure swing between 5 bar (‘‘empty
vessel’’) and 100 bar (‘‘full vessel’’). The pressure swing can be
isothermal (T = 77 K), or involve a temperature swing between
77 and 160 K.
As previously mentioned, a MOF-5-based adsorbent bed
was used in sub-scale storage systems demonstrated by the
HSECoE. To improve the performance of these systems it is
desirable to identify alternative MOFs that surpass the usable
capacity of MOF-5 (4.5 wt% & 31.1 g H2 per L, pressure
swing).50,65,66 Unfortunately, predictions employing the Chahine
rule are restricted to total capacities at a single pressure and
temperature (35 bar and 77 K). It is therefore of limited value in
predicting usable capacities. On the other hand, GCMC provides
predictions of full isotherms, allowing for usable capacity
estimates.
The goal of the present study is to answer questions 1 to 3
using a combination of computational screening, experimental
synthesis, and H2 uptake measurements. First, the performance
of MOF-5 was carefully reassessed to provide an unambiguous
baseline for comparison with other compounds. In addition
to MOF-5, we evaluated the performance of three promising
MOFs – DIDDOK, EPOTAF, and SUKYON – predicted27 by the
Chahine rule to out-perform MOF-5. However, after synthesis
and activation the measured surface areas of these MOFs were
observed to be significantly less than the theoretical predictions,
likely due to pore collapse.
Subsequently, the total H2 capacities of 5309 nonhypothetical MOFs compiled from the UM27 and CoRE28 databases
were assessed using the Chahine rule and GCMC calculations.
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A comparison of the GCMC and Chahine rule reveals a strong
correlation in predicted capacities. Nevertheless, the Chahine
rule generally over-predicts H2 adsorption for MOFs with large
surface areas (4B4500 m2 g1).
GCMC-based computational screening identified 90 compounds with usable capacities expected to surpass the MOF-5
baseline. Of these candidates, IRMOF-20 was identified as a
candidate with potential to be synthesized and activated in a
pristine form. Measurements on this compound demonstrated
excellent agreement with the calculated surface area and H2
isotherm. More importantly, IRMOF-20 demonstrated a usable
H2 capacity of 5.7 wt% and & 33.4 g H2 per L at 77 K, assuming a
pressure swing between 5 and 100 bar. This capacity surpasses
that of MOF-5 on both a usable gravimetric and volumetric
basis, thereby establishing a new benchmark for hydrogen
storage in MOFs.

Methodology
MOF databases
We examined 5309 real (i.e., non-hypothetical) MOFs from the
UM27 and CoRE28 databases. Both of these databases were
distilled from the Cambridge Structural Database (CSD)40 using
similar algorithms developed originally by Goldsmith et al.27
The UM and CoRE MOF libraries are based on CSD releases
from 2011 and 2014, respectively.
Computational characterization of MOFs
The guest-accessible surface area (ASA), pore volume (PV), pore
diameter (PD), pore aperture (PA), void fraction (VF), and pore
size distribution were calculated using Zeo++.19,20,67 (PA is defined
as the smallest diameter encountered along the pore network,
while the PD is the largest diameter of any internal cavity.) The
atomic radii of the MOF atoms were assigned using default values
in the Zeo++ library, which are in turn based on atomic radii
suggested in the CSD.40 Surface areas were calculated using a N2
probe molecule with van der Waals diameter of 3.72 Å. Additionally, Brunauer–Emmett–Teller (BET) surface areas were
calculated from N2 isotherms predicted via grand canonical
Monte Carlo55 (GCMC) simulations. In this case the MOF atoms
and N2 molecules were modeled using Lennard-Jones interactions
with parameters adopted from the Universal Force Field (UFF)57
and from the Transferable Potentials for Phase Equilibria
(TraPPE),68 respectively. Lorentz–Berthelot69,70 combination rules
were used in computing MOF-N2 cross-interaction parameters.
Finally, helium void fractions71 of all synthesized MOFs were
calculated using the method of Talu and Myer71 employing the
RASPA72,73 package.
Semi-empirical prediction of total hydrogen capacities
The total gravimetric and volumetric hydrogen capacities of all
MOFs were evaluated at 77 K and 35 bar using the Chahine
rule41,74 and the procedure described in Goldsmith et al.27 The
Chahine rule is an empirical correlation stating that the excess
gravimetric adsorption of hydrogen (nex) is directly proportional

Energy Environ. Sci.

View Article Online

Paper

Energy & Environmental Science

to the N2-accessible BET surface area (SAgrav), i.e., nex =
C  SAgrav. Here, C is a proportionality constant equal to
2.1  105 g H2 per m2 at 77 K and 35 bar. The total storage
capacity (ntot) can be estimated by adding a contribution that
accounts for gas phase H2 (ngas) in the MOF pores:27

Published on 11 October 2017. Downloaded by University of Michigan Library on 23/10/2017 14:20:47.

ntot = nex + ngas = CSAgrav + rH2Vpore,

(1)

where Vpore is the pore volume (in cm3 g1) and rH2 is the
density of hydrogen (0.0115 g cm3) at 77 K and 35 bar. The
total gravimetric (in wt%) and volumetric (g H2 per L MOF)
capacities can be obtained, respectively, by dividing ntot by the
summed mass of the MOF and H2 stored, or by the volume of
the unit cell.27
Interatomic potentials
Hydrogen molecules were modeled using the pseudo-Feynman–
Hibbs-corrected (p-FH) united-atom model proposed by Fisher
et al.75 The use of a (spherical) united atom model is reasonable,
given that H2 retains its rotational degrees of freedom even after
adsorption62 at cryogenic temperatures. The p-FH model was
developed by adjusting the Lennard-Jones parameters to reproduce the Feynman–Hibbs-corrected Buch76 potential at 77 K.
Fisher et al.75 verified that the p-FH model reproduced measured
H2 densities at 77 K and at various pressures. The model has also
been shown to predict H2 isotherms in good agreement with
experimental measurements on MOF-5, MOF-74, ZIF-8, HKUST-1,
MOF-505, UMCM-150, and (Mn4Cl)3 (1,3,5-benzenetristetrazolate)8
over a pressure range of 1 to 100 bar.75 The p-FH model was
selected based on a comparison of 5 popular H2 models for their
accuracy in reproducing H2 isotherms measured in-house: p-FH,
Kumar,77 Buch,76 Darkrim–Levesque,78,79 and MGS.80,81
MOFs were modeled as a rigid framework using LennardJones parameters from the UFF.57 Interactions between MOF atoms
and H2 molecules were computed using Lorentz–Berthelot69,70
combination rules. All H2-MOF interactions were truncated at
12 Å. MOFs with unit cell dimensions smaller than twice the
cutoff radius were modeled with computational cells that were
replicated periodically in the short direction(s). The crystalline
nature of MOFs was accounted for by using periodic boundary
conditions in all simulations.
Grand canonical Monte Carlo simulation
Hydrogen storage capacities were computed using GCMC55,56,73,82,83
simulations using the RASPA72 package. Most simulations were
performed using isothermal conditions with T = 77 K over a

Fig. 2

pressure range between 1 and 100 bar. Isotherms depicting the
total stored H2 were evaluated at several pressures within this
pressure window. H2 capacity was determined at each pressure
on the isotherm by averaging the number of H2 molecules
in the simulation cell over 10 000 GCMC production cycles,
preceded by 10 000 initialization cycles.39 Each GCMC cycle was
comprised of moves equal to the number of molecules in the
system at the beginning of the cycle. Translation, insertion, and
deletion moves were performed with equal probabilities.
Selection of MOFs for synthesis
MOF-5 was selected as a benchmark compound due to its rare
balance of gravimetric and volumetric H2 capacities.27,84
Despite the prominence of MOF-5 – it is by far the most
widely-studied MOF – consensus regarding its hydrogen capacity has been slow to emerge; literature reports of its H2 uptake
exhibit a wide range of capacities.54
MOF-5 was synthesized following the procedure of ref. 65
as closely as possible. Subsequently, its surface area and H2
isotherms were measured after careful activation. These data
were compared to computational predictions, literature reports,
and to values obtained for the pre-commercial version of MOF-5
used by the HSECoE.84
In addition to MOF-5, three MOFs with CSD identifiers
SUKYON, DIDDOK, and EPOTAF (SNU-21) were selected for
synthesis based on the Chahine rule predictions of Goldsmith
et al.27 that these compounds should exhibit high total capacities, exceeding that of MOF-5. Finally, IRMOF-20 was selected
for synthesis based on GCMC screening performed in the
present study. The crystal structures for these MOFs are shown
in Fig. 2.
MOF synthesis and characterization
All MOFs were synthesized using the methods reported earlier;
additional details are provided in the ESI.† MOF-5 and IRMOF-20
were activated by solvent exchange with dichloromethane and
drying under vacuum. Flowing supercritical CO2 was used
to activate SUKYON, EPOTAF (SNU-21), and DIDDOK. This
method has been previously shown to be eﬀective in realizing
high surface areas in MOFs that tend to undergo pore collapse
during activation,85,86 and in MOFs where it is diﬃcult to
remove solvent of synthesis85,86 with conventional activation
techniques.87
Materials were characterized by powder X-ray diﬀraction
(PXRD), using a Bruker D8 Advance diﬀractometer equipped

Crystal structures of MOFs examined experimentally in this study.
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with a 60 mm sealed Göbel mirror and a LynxEye linear position
sensitive detector. The Cu-Ka (1.5406 Å) X-ray source was
operated at 40 kV and 40 mA. Samples were deposited on glass
slides for measurement. Alternatively, a Rigaku R-AXIS SPIDER
diﬀractometer with an imaging plate detector using graphite
monochromated Cu-Ka radiation (1.5406 Å) operating at 40 kV
and 44 mA was used. For collections at room temperature,
samples were mounted on a cryoloop. To obtain powder
patterns with minimized preferred orientation, images were
collected for 3–5 minutes while rotating the sample about the
f-axis at 101 s1 while oscillating o between 1201 and 1801 at
11 s1 and w set at 451. Images were integrated in the AreaMax2
software package. The BET surface areas were measured by
nitrogen adsorption and desorption at 77 K from 0.005 to 1 bar
using a NOVA e-series 4200 surface area analyzer from Quantachrome Instruments (Boynton Beach, Florida, USA). Confirmatory
measurements of BET surface areas were performed on a Micromeritics ASAP 2420 surface area analyzer. Surface areas were
calculated from measured N2 isotherms following the recommendations by Roquerol88 for the application of the BET method to
microporous adsorbents.
Hydrogen adsorption and desorption measurements were
performed using a manometric Sievert’s-type instrument
(HPVA-200, Micromeritics Instrument Corporation). Void
volume measurements were performed using helium at room
temperature to estimate both the internal volume of an empty
sample cell, and the skeletal density (rsk) of the microporous
sample (rsk = 2.41 g cm3 was measured for IRMOF-20, and
rsk = 2.01 g cm3 for MOF-5). The mass of sample loaded for
hydrogen adsorption measurements was 226 mg for MOF-5 and
563 mg for IRMOF-20. Samples were not heated prior to
measurements since no significant residual water or solvent
was detected on the vacuum gauge at room temperature.
Hydrogen adsorption measurements were performed at
77 K, with the sample cell immersed in a liquid N2 bath.
The ambient volume (sub-volume at room temperature) and
cold volume (sub-volume at 77 K) of an empty sample cell was
calibrated with the liquid N2 bath filled to a marked level on
the sample cell stem. For subsequent 77 K measurements on
IRMOF-20 and MOF-5, the free volume was calculated by
subtracting the skeletal volume of the adsorbent (i.e., = m/rsk)
from the empty sample cell volume. Excess adsorption and
desorption isotherms were measured using the static manometric method.88
Total hydrogen volumetric and gravimetric storage capacities were calculated following the recommendations made by
Parrilla et al.,89 using the MOF single crystal density (rcrys =
0.51 g cm3 for IRMOF-20, and rcrys = 0.61 g cm3 for MOF-5)
in place of a packing density. Volumetric capacity in units of
g H2 per L was calculated as


rcrys
;
nv ¼ rcrys nex þ rgas 1 
rsk

(2)

where nex is the excess adsorption in units of g kg1, the crystal
and skeletal densities have units of g cm3, and the bulk H2
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density (rgas) has units g L1. Total gravimetric uptake (in wt%)
is calculated from the volumetric uptake, as:
ng ¼

nv
 100
nv þ 1000  rcrys

(3)

Results and discussion
Evaluation of MOF-5
MOF-5 crystals were observed to form during synthesis at 80 1C
after 32 h. The crystals were clear colorless cubes (as expected),
while the solvent, diethylformamide, took on a yellow color. At
this point heating was stopped, and the mixture was allowed to
cool to room temperature. The yield of MOF-5 was less than
15%. Although continued heating could produce a higher yield,
once the solvent darkens the crystallites exhibit a yellow hue
that cannot be removed by washing with fresh solvent. Subsequently, all manipulations were carried out under inert
atmosphere and with anhydrous solvents.
The predicted (3563 m2 g1) and measured (3512 m2 g1, see
Fig. S1, ESI† for the N2 isotherm) N2-accessible BET surface
areas of the in-house synthesized version of MOF-5 are in excellent
agreement, and very similar to the theoretical value predicted by
Gómez-Gualdrón et al.18 (3434 m2 g1) and the measured BET
surface area of the pre-commercial MOF-5 (3539 m2 g1) used by
the HSECoE.84 The measured surface area of our MOF-5 is larger
than those reported by Panella et al.41 (2296 m2 g1), Poirier and
Dailly90 (3100 m2 g1), and Durette et al.54 (3201 m2 g1), but
approximately 300 m2 g1 smaller than that reported by Kaye
et al.65 (3800 m2 g1). Furthermore, our measured and calculated
values are both similar to a recently reported18 BET surface area of
MOF-5 (3492 m2 g1) obtained through careful application of the
Rouquerol et al.91,92 criteria to an N2 isotherm obtained from
GCMC calculations. Gómez-Gualdrón et al.18 discussed how overlap of pore-filling and monolayer formation can lead to disagreement in calculated and measured surface areas. However, the
calculated pore and aperture diameters of MOF-5 (see Fig. S2 and
Table S1, ESI†) suggest that pore-filling contamination is not an
issue for this MOF.
The PXRD pattern of our synthesized MOF-5 was compared
with that obtained for pre-commercial MOF-5 provided by
the HSECoE (Fig. S3 and S4, ESI†);84 a very good match was
obtained. Fig. 3 shows the measured hydrogen isotherms for
the synthesized version of MOF-5, and for the MOF-5 provided
by the HSECoE.84 Consistent with their nearly-identical surface
areas, the hydrogen isotherms from these two samples are
almost indistinguishable. The isotherm reported by Kaye
et al.65 is also shown for comparison, and exhibits a higher
H2 uptake.
Synthesis and evaluation of MOFs predicted by Goldsmith et al.
A comparison of measured and simulated (generated using
crystal structures) PXRD patterns was used to assess success at
synthesizing, in guest free form, three of the promising MOFs
predicted by Goldsmith et al.27 DIDDOK, EPOTAF and SUKYON.
All three patterns, upon solvent removal, showed that structural
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Fig. 3 Comparison of total (a) gravimetric and (b) volumetric H2 isotherms at 77 K for MOF-5 (this work), MOF-5 provided by the HSECoE, and
MOF-5 reported by Kaye et al.65

integrity was not maintained. The PXRD pattern for DIDDOK is
shown in Fig. S5 (ESI†) after activation. Diﬀerences in the
patterns are dramatic and consistent with a substantial change
in structure such that the crystal structure is no longer representative of the material. Similar behavior was observed for
SUKYON (Fig. S6, ESI†) and EPOTAF (Fig. S7, ESI†).
Table 1 summarizes the measured and calculated crystallographic properties of SUKYON, EPOTAF, and DIDDOK. (Fig. S8–S10,
ESI† show the N2 isotherms used in surface area measurements.)
The measured BET surface area of SUKYON following activation by
flowing supercritical CO2 (sc-CO2) was 2125 m2 g1. This value is
less than half the calculated geometric surface area, 4577 m2 g1.27
The low measured surface area is consistent with Ma et al.’s44

Table 1 Measured and calculated properties of MOFs examined in this
study. Values with an asterisk were reported in Goldsmith et al.27

Surface area
(m2 g1)

Pore vol.
(cm3 g1)

Pore
diameter (Å)

Void
fraction

MOF

Expt./calc.

Calc.

Calc.

Calc.

MOF-5
SUKYON
EPOTAF
DIDDOK
IRMOF-20

3512/3563
2125/4577*
27/5208*
578/4651*
4073/4127

1.36
1.47
1.34
1.48
1.65

15.1
10.8
7.6
9.6
17.3

0.81
0.77
0.77
0.78
0.84
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reported BET values of 526 m2 g1 and 1560 m2 g1 upon
vacuum- and freeze-drying (FD) activation, respectively. Ma
et al.44 attributed the discrepancy between the measured and
calculated surface areas to a structural phase change during
FD activation.
The measured BET surface area of EPOTAF after sc-CO2 activation was only 27 m2 g1, which is over two orders of magnitude
smaller than the calculated surface area of 5208 m2 g1.27 Similar
behavior was observed for DIDDOK, where the measured BET
surface area after sc-CO2 activation was only 578 m2 g1, while the
predicted surface area is 4651 m2 g1.27
The large diﬀerences in the calculated and measured surface
areas, along with similar diﬀerences in the measured diﬀraction patterns (compared to those based on single crystal
structures), suggest that these three MOFs undergo pore collapse
(or some other form of porosity-decreasing structure change85,86,93)
during, or after, activation. In particular, the extremely low surface
areas of EPOTAF and DIDDOK may be explained by their use of
flexible linkers,94 which greatly increases the likelihood of pore
collapse in these compounds. A detailed comparison of pore
geometries of all MOFs studied here can be found in Section 3
of the ESI.†
In summary, several of the promising MOFs predicted
by Goldsmith et al.27 to have high hydrogen capacities could
not be realized experimentally. We emphasize that these
compounds are MOFs previously reported in the literature,
whose structures were extracted from the CSD. Their properties
(surface area, H2 uptake) were predicted using algorithms
known to correlate strongly with measured values. Nevertheless,
the robustness of a given MOF against pore collapse remains
a challenging property to predict. More eﬀort is needed to
address this failure mode, especially in MOFs predicted to have
exceptionally-high surface areas. Below, we broaden our search
for MOFs that can out-perform MOF-5, and successfully demonstrate IRMOF-20 as one such compound.
Validation of interatomic potentials
In our prior work the semi-empirical Chahine rule was used
to identify MOFs with high H2 capacities. The present study
extends that approach using atomistic simulations based on
grand canonical Monte Carlo (GCMC).55,95 GCMC simulations
are widely used to study gas uptake in porous materials.4,38 An
important advantage of GCMC is that it can predict uptake at
arbitrary pressures and temperatures. This allows for simulation of full isotherms, and estimates of usable capacities, with
the latter quantities measured as diﬀerences between two P, T
state points.
For a GCMC calculation to be useful it must make accurate
predictions of H2 uptake. This accuracy is largely determined by
the details of the interatomic potential. To maximize the
accuracy of our GCMC calculations, 5 popular potential models
for hydrogen were assessed against hydrogen adsorption measurements involving MOF-5.
Fig. 4 compares the measured and simulated total hydrogen
isotherms for MOF-5 at 77 K for pressures ranging from 1 to 100 bar.
(The measured capacities of MOF-5 are provided in Table S2, ESI.†)
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Fig. 4 Comparison of H2 isotherms calculated with 5 diﬀerent hydrogen
models with measured total (a) gravimetric and (b) volumetric isotherms of
MOF-5 at 77 K.

These data show that four of the five potentials – all except the
p-FH – significantly over-predict H2 uptake. The error is largest
for the Kumar77 potential, whose prediction for volumetric
capacity is 41% higher than the measured value at 100 bar. Smaller,
but still significant over-estimates are observed for the MGS80,81
(20% higher) and Darkrim–Levesque78,79 (16% higher) models,
which are two of the most widely-used potentials. The performance
of the Buch potential is similar to the Darkrim–Levesque model. In
contrast, the isotherms predicted with the p-FH75 model are in very
good agreement with the measurements. Earlier studies have also
shown that the bulk properties of hydrogen at 77 K are accurately
reproduced by the p-FH potential.96,97
Comparisons with several other MOFs were performed to
confirm the promising performance of the p-FH model. Fig. 5
illustrates these comparisons with in-house synthesized versions of
MOF-5, UMCM-4,98 MOF-177, MOF-177-NH2,99 and DUT-23(Co);100
data for the MGS potential is also shown for MOF-5 and UMCM-4.
In all cases the isotherms generated from the p-FH model are in
very good agreement with uptake measurements. Based on its
ability to reproduce experimental isotherms, the p-FH model was
adopted for subsequent screening studies.
Table 2 compares the measured and p-FH GCMC calculated
usable H2 storage capacities of MOF-5 at 77 K, assuming a pressure

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Comparison of measured H2 isotherms for several MOFs with
those calculated with GCMC using the p-FH potentials. (left) Total gravimetric capacity; (right) total volumetric capacity. Additional comparisons
are made to the MGS potential in the case of MOF-5 and UMCM-4.

Table 2 Comparison of calculated and measured usable H2 capacities of
in-house synthesized MOF-5 at 77 K assuming an isothermal pressure
swing between Pmin = 5 bar and Pmax. MUE is the mean unsigned error
between the measurements and calculations

Pmax (bar)
35
50
100
MUE

Usable gravimetric
(wt%)

Usable volumetric
(g H2 per L)

Expt.

GCMC

Expt.

GCMC

3.3
3.8
4.5

3.6
4.1
4.9

22.2
25.6
31.1

23.5
27.0
32.5

0.3

1.4

swing between Pmin = 5 bar and Pmax = 35, 50, and 100 bar (see
Table S2, ESI† for the total H2 capacities at these pressures). Good
agreement between measurements and simulations is obtained,
as is evident from the mean unsigned error (MUE): 0.3 wt%
(gravimetric) and 1.4 g L1 (volumetric). (MUE is defined as the
arithmetic mean of the absolute diﬀerence between the measured
and calculated usable uptake across the diﬀerent Pmax values.)
Chahine rule vs. GCMC
We next quantify the extent to which H2 capacity predictions
made by the Chahine rule correlate with those derived from
GCMC calculations. Fig. 6 illustrates these correlations for a set
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Fig. 6 Correlation between the Chahine rule and GCMC calculations of
total H2 uptake in approximately 2800 real MOFs with non-zero surface
areas. GCMC capacities were calculated at 77 K and 35 bar using both the
MGS80,81 and p-FH75 potentials for hydrogen. (a) Total gravimetric capacity; (b) total volumetric capacity.

of B2800 real MOFs (with non-zero porosity) extracted from the
UM27 and CORE28 databases; comparisons of total volumetric
and gravimetric capacity at 77 K and 35 bar are made with both
the MGS and p-FH interatomic potentials.
Fig. 6 shows that a strong correlation exists between the
Chahine rule and the GCMC-predicted capacities, regardless of
the interatomic potential employed. This suggests that relative
capacity predictions – i.e., distinguishing MOFs with high
(total) capacities from those with low capacities – should be
possible with the Chahine rule under these conditions.
The correlation between the methods is strongest for
gravimetric capacity, shown in Fig. 6a, especially for the
Chahine rule and the MGS-based GCMC simulation. As the
MGS potential tends to overestimate measured capacities
(Fig. 4 and 5), its strong correlation with the Chahine rule
implies that the latter method will yield similar overestimates.
Like the MGS potential, gravimetric predictions from the
p-FH-based GCMC exhibit a roughly linear relationship with
the Chahine rule. However, the slope of the data trace is
shallower. Consequently, at high wt%’s (corresponding to
MOFs with high surface areas) the Chahine rule systematically
overpredicts capacity relative to the p-FH model. Our observation of overestimation by the Chahine rule is consistent with
earlier reports involving high surface area MOFs.101
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Fig. 6b illustrates the correlation in volumetric H2 capacity
between the Chahine rule and the GCMC-based predictions.
While a reasonable correlation still exists, the data exhibit
a wider scatter compared to the gravimetric capacity. As
observed for the gravimetric data, the Chahine rule is in better
agreement with predictions made by the MGS potential.
Nevertheless, for the highest capacity MOFs (i.e., those
with volumetric capacities exceeding B60 g H2 per L) the
Chahine rule overpredicts capacity relative to this potential.
The overprediction of the Chahine rule is even more severe
when compared to the p-FH potential, and is evident for MOFs
with capacities exceeding B45 g H2 per L. A comparison of
Chahine rule and GCMC capacities for a set of high-capacity
MOFs reported by Goldsmith et al.27 is given in Table S3
(ESI†). Fig. S11 (ESI†) illustrates the correlation between total
capacity predictions made with the MGS and p-FH-based
potentials.
More quantitative measures of the correlation between the
Chahine rule and GCMC calculations can be found in Table S4
(ESI†), which reports the Pearson correlation coeﬃcient, r, and
the Kendall rank correlation coeﬃcient, t.102,103 The Pearson
coeﬃcient is defined within [1, 1] and is a measure of the
linear correlation between two datasets: r = 1(1) implies a
perfect positive (negative) correlation. In the present context, a
large positive value of r would indicate, for example, that MOFs
predicted to have high capacities according to the Chahine rule
also have high capacities based on MGS-based GCMC calculations. In contrast, Kendall’s t coeﬃcient assesses the similarity
of the pairwise rank ordering in MOF capacities predicted by
two methods (e.g., Chahine rule vs. p-FH-based GCMC). t is
defined in [1, 1], with a value of 1 indicating identical pairwise
rank-ordering between the two datasets.
Table S4 (ESI†) shows that the Pearson correlation is
very high between the Chahine rule and GCMC, regardless of
interatomic potential: r = 0.98 for gravimetric capacity, and
r B 0.90 for volumetric capacity. Moderately lower values are
obtained for t – B0.88 gravimetric and 0.73 volumetric –
indicating that the Chahine rule and GCMC often, but not
always, yield the same rank-ordering of MOFs with respect
to H2 capacity. An example of these deviations are shown in
Table S3 (ESI†), where the Chahine rule predicts EPOTAF to
have the highest volumetric capacity, whereas p-FH and MGS-based
GCMC predict SUKYON and ENITAX to be the top-performers,
respectively.
High-throughput screening
Fig. 7a illustrates the total volumetric capacities as function
of the corresponding gravimetric capacities for 5309 MOFs
extracted from the UM27 and CoRE28 databases. All calculations
were performed at 77 K and 35 bar using the p-FH potential.
The rectangular region in the upper right corner identifies 48
compounds that surpass the measured total uptake of MOF-5
(6.8 wt% 44.4 g H2 per L) at 77 K and 35 bar on both a gravimetric
and volumetric basis. A list of these MOFs is given in Table S5
(ESI†). In total, only 0.9% of the MOFs examined are predicted to
surpass the total capacity of MOF-5. These statistics highlight the
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exceptional performance of this well-known compound. Of course,
due to pore collapse and stability issues, not all of the compounds
identified are likely to achieve the projected performance
experimentally.
The concave downward profile of the data in Fig. 7a is
similar to what was reported by Goldsmith et al.27 using
capacities estimated with the Chahine rule. This shape suggests
a tradeoﬀ in volumetric capacity in MOFs that exhibit the
highest gravimetric performance.27 Although several MOFs
exhibit impressive gravimetric capacities (exceeding 10 wt%),
the data suggest that total volumetric performance is capped at
approximately 50 g H2 per L at 77 K and 35 bar.
Qualitatively diﬀerent behavior is observed for usable capacities.
Fig. 7b plots the usable volumetric vs. usable gravimetric capacity
for the same database of MOFs as in Fig. 7a, assuming an
isothermal (T = 77 K) pressure swing between 100 and 5 bar. Unlike
the concave-downward shape observed for the total capacities
(Fig. 7a), the usable volumetric capacity increases monotonically with increasing gravimetric capacity, until a plateau
is reached for values Z8 wt%. At this point volumetric capacity
is capped at a ceiling of B40 g H2 per L; nevertheless, additional gains in gravimetric capacity are possible, and extend
beyond 10 wt%.

Paper

A total of 90 MOFs exceed the usable capacity of MOF-5
(4.5 wt% & 31.1 g L1) both gravimetrically and volumetrically.
These compounds, and their respective properties, are listed in
Table S6 (ESI†). The projected capacities of these MOFs suggest
that dramatic gains in (usable) gravimetric capacities, up to
200% higher than MOF-5, may be possible. In contrast, volumetric gains are projected to be much more diﬃcult to achieve,
with maximum improvements on the order of only B30%
compared to MOF-5.
Taken together, these capacity projections (Fig. 7a and b)
reaﬃrm the observation27 that MOF-5 exhibits a uncommon
balance of volumetric and gravimetric performance. Importantly,
the volumetric performance of MOF-5 is amongst the best can be
achieved within the realm of known MOFs.
Demonstration of IRMOF-20
Guided by on our screening calculations, we aimed to experimentally demonstrate a MOF that can out-perform MOF-5 on a
usable capacity basis, both gravimetrically and volumetrically.
An assessment of the crystal structures of the highest-capacity
compounds (Table S6, ESI†) suggested that IRMOF-20 would be
a promising target, given prior experience with its synthesis
and low (assumed) probability for pore collapse or solvent
retention.104 The structure of IRMOF-20 is shown in Fig. 2. It is
isoreticular with MOF-5, and shares the same Zn-based secondary
building units (SBUs). Diﬀerent from MOF-5, the IRMOF-20 linker
contains S heteroatoms, and is synthesized using thieno[3,2-b]thiophene-2,5-dicarboxylic acid as the precursor.104
The calculated hydrogen capacity of IRMOF-20 is summarized
in Table 3. Assuming isothermal pressure swing operation between
100 and 5 bar, capacities of 6.1 wt% and 35.5 g H2 per L were
predicted. These values are 36 and 14% higher than the respective
capacities of MOF-5.
IRMOF-20 was synthesized and activated according to Rowsell
et al.104 Fig. S12 (ESI†) shows that the powder XRD pattern of the
synthesized material is similar to the simulated pattern generated
from the structure from ref. 104. In addition, the measured BET
surface area of 4073 m2 g1 was in excellent agreement with the
calculated value of 4127 m2 g1. (The corresponding measured N2
isotherm is shown in Fig. S13, ESI.†)
Fig. 8 compares the measured and simulated (total) gravimetric and volumetric H2 adsorption isotherms for IRMOF-20
at 77 K. Good agreement between theory and experiment was
obtained at 77 K and 100 bar: 9.3 (measured) vs. 9.6 (calculated)

Table 3 Usable H2 storage capacities for IRMOF-20 for an isothermal
pressure swing at 77 K between Pmin = 5 bar and several maximum
pressures, Pmax. MUE is the mean unsigned error between the measurements and calculations
Fig. 7 (a) Total and (b) usable volumetric vs. gravimetric H2 storage
capacities for 5309 MOFs computed at 77 K using GCMC. Total capacities
are computed at 35 bar; usable capacities are computed for a pressure
swing between 5 and 100 bar. The intersection of the red dashed lines
indicates the measured capacity of MOF-5. MOFs that fall to right/above of
this point exceed the capacity of MOF-5.
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Pmax (bar)
35
50
100
MUE

Usable grav. (wt%)

Usable vol. (g H2 per L)

Measured

Calculated

Measured

Calculated

3.9
4.6
5.7

4.3
5.0
6.1

22.3
26.3
33.4

24.5
28.7
35.5

0.40

2.2
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Table 4 Measured usable capacities of selected MOFs assuming a
temperature + pressure swing from (Tmin = 77 K, Pmax = 100 bar) to
(Tmax = 160 K, Pmin = 5 bar)

MOF

Usable gravimetric
H2 capacity (wt%)

Usable volumetric
H2 capacity (g H2 per L)

MOF-5
IRMOF-20
NU-1103

7.8
9.1
12.6

51.9
51.0
43.2

IRMOF-20 compared to other high-capacity MOFs

Fig. 8 Measured and calculated total (a) gravimetric and (b) volumetric
hydrogen adsorption isotherms of IRMOF-20 at 77 K.

wt% and 52.7 (measured) vs. 54.2 (calculated) g H2 per L. Based
on the total uptake isotherms, Table 3 compares the measured
usable pressure-swing capacities of IRMOF-20 with the
computationally-predicted values. The measured usable volumetric (33.4 g H2 per L) and gravimetric (5.7 wt%) capacities of
IRMOF-20 for Pmax = 100 bar exceed those of MOF-5 (31.1 g H2
per L & 4.5 wt%, respectively, Table 2) by 7.4% and 26.7%,
respectively.
The enhanced gravimetric performance of IRMOF-20
relative to MOF-5 is expected, given its higher surface area:
B4100 vs. B3500 m2 g1, as shown in Table 1. As both
compounds share the same SBUs, this extra surface area must
be derived from the slightly longer, thiophene-based linkers
present in IRMOF-20. On the other hand, the improved volumetric performance of IRMOF-20 (usable basis) does not follow
expected trends related to total volumetric capacity. For example,
the density and volumetric surface area (VSA) of MOF-5 are both
larger than those of IRMOF-20: 0.60 vs. 0.51 g cm3 and 2172 vs.
2000 m2 cm3, respectively. As expected, these properties
correlate positively with the higher total volumetric hydrogen
capacity exhibited by MOF-5, yet these same properties correlate negatively with usable volumetric capacity. Furthermore,
void fraction and pore volume – two properties expected to
correlate with gravimetric density – appear to correlate positively with usable volumetric capacity (Table 1). Additional
study is needed to clarify trends linking usable volumetric
capacity and fundamental structural properties of MOFs.
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To place the properties of IRMOF-20 in context, it is helpful to
compare its performance to other recently-reported highcapacity MOFs. For example, Gómez-Gualdrón et al.4 reported
usable gravimetric and volumetric capacities of NU-1103
assuming a temperature + pressure swing from (Tmin = 77 K,
Pmax = 100 bar) to (Tmax = 160 K, Pmin = 5 bar). Table 4 compares
the performance of MOF-5, IRMOF-20, and NU-1103 using
these operating conditions. The data illustrate the superior
volumetric performance of MOF-5 and IRMOF-20: both of these
MOFs exhibit usable capacities of approximately 51 g H2 per L,
a value B20% larger than that for NU-1103. On the other hand,
NU-1103 excels gravimetrically, outperforming both MOF-5 and
IRMOF-20 by 61% and 38%, respectively.
Overall, the performance of IRMOF-20 exhibits an appealing
balance, as it achieves high usable gravimetric and volumetric
capacities simultaneously. MOFs with balanced, high capacities
are rare (for example, see Fig. 7). The ability of IRMOF-20 to
out-perform the usable capacity of MOF-5 suggests that it can
serve as a new benchmark against which future storage materials
can be assessed. As a known MOF that was first reported more than
a decade ago,104 the identification of IRMOF-20 highlights the value
of computational screening in identifying existing, but overlooked
materials. We anticipate that additional MOF ‘diamonds in the
rough’ will be identified using this approach.4,9,21,28,38,105–108
In a broader sense, the variations in performance observed
between IRMOF-20 and MOF-5 for the diﬀerent operating
conditions examined (e.g., isothermal pressure swing vs. temperature + pressure swing) highlight the impact of these conditions on usable capacity. Fortunately, the methods employed
here could be exploited to identify the best MOF for a fixed
operating scenario, or conversely, to quantify the gains in
capacity that could be achieved with other scenarios. Of course,
in the latter case a gain in capacity should be weighed against
penalties that could be incurred at the system level, such as
eﬃciency losses arising from more significant heating/cooling
loads.45,46,48,64

Conclusions
Metal organic frameworks (MOFs) are promising hydrogen
storage materials thanks to their high surface areas, tunable
properties, and reversible gas adsorption. Although several
MOFs are known to exhibit high hydrogen densities on a
gravimetric basis, realizing high volumetric capacities remains
a challenge. The present study demonstrates MOFs capable of
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achieving high gravimetric and volumetric H2 densities
simultaneously using a combination of computational screening,
synthesis, and characterization.
The hydrogen capacities of 5309 MOFs drawn from databases of known compounds were predicted using empirical
correlations and grand canonical Monte Carlo simulations.
Correlations between these two methods, and with experimental
data, were quantified. These assessments identified pseudoFeynman–Hibbs-based GCMC calculations as the method yielding
the best agreement with measured capacities. Nevertheless, the
relatively strong correlation observed between the Chahine rule
and more expensive GCMC calculations suggests that the former
method remains a useful tool for quickly assessing the H2 capacity
of MOFs.
Promising MOFs suggested by screening were synthesized
and evaluated with respect to their usable H2 capacities.
Unfortunately, several MOFs predicted to exhibit high capacities
were unstable upon activation, highlighting the need to understand the factors that contribute to pore collapse. Consistent
with the computational predictions, IRMOF-20 was experimentally demonstrated to exhibit high usable volumetric and
gravimetric capacities. These capacities exceed those of the
benchmark compound MOF-5, and establish a new highwater mark for usable hydrogen capacity in MOFs. Our study
illustrates the value of computational screening in guiding
experimental eﬀorts towards materials that optimize overall
storage performance.
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