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Abstract Promising metal-organic frameworks (MOFs)
have been identified from Grand Canonical Monte Carlo
simulation to meet the ARPA-E target for methane storage
in natural gas vehicles set by the U.S. Department of
Energy (DOE). While none of MOF materials known today
are able to meet the ARPA-E target for in vehicle natural
gas storage, it could be reached by relaxing the operation
conditions for gas compression and delivery. When
methane is compressed at 298 K and 170 bar and released
at 358 K and 5 bar, top ranked MOFs are able to deliver
over 90 % of the required gas delivery amount. Besides, a
large number of MOF materials could achieve the ARPA-E
target 100 % if the compression temperature is set to
233 K. The simulation results provide useful insights into
chemical and geometric characteristics of new materials for
methane storage. Future materials development should be
focused on improving the volumetric delivery amount
rather than the total volumetric gas storage capacity that is
often quoted in the literature.

Graphical Abstract Monte Carlo simulation identifies
promising MOF materials and operation parameters to
meet the ARPA-E target for methane storage.
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1 Introduction

Concerns over the national energy security and global
climate changes are calling for the development of alter-
native transportation fuels that have minimal carbon foot-
print yet reliable supplies. The low cost and huge reserve of
natural gas (NG) discovered in recent years make it an
attractive choice. NG is mainly composed of methane that
has a high research octane number (RON = 107) and
contributes no SO, and NO, emissions (Lozano-Castello
et al. 2002). While the performance of natural gas vehicles
(NGV) is almost comparable with those of equivalent
conventional vehicles, one of the key challenges in their
broader use lies in the storage and delivery of a large
amount of gas at ambient conditions. At present, NGVs
employ heavy-duty tanks containing either liquefied natu-
ral gas (LNG) or compressed natural gas (CNG) (He et al.
2014). The gas storage involves cryogenic (112 K) and

@ Springer


http://dx.doi.org/10.1007/s10450-015-9688-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s10450-015-9688-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10450-015-9688-2&amp;domain=pdf

500

Adsorption (2015) 21:499-507

high-pressure (>200 bar) operations that are too expensive,
energetically inefficient, and hazardous for many practical
applications. Recent years have witnessed tremendous
developments in Adsorbed Natural Gas (ANG) based on
activated carbons or nanostructured porous materials such
as metal-organic frameworks (MOFs) (Li et al. 2014b).
ANG is promising for NGV applications owing to its
excellent gas storage capability at relatively moderate
conditions (Celzard and Fierro 2005; Chui et al. 1999;
Diiren et al. 2004; He et al. 2014; Liu et al. 2012; Ma et al.
2008; Makal et al. 2012; Mason et al. 2014; Peng et al.
2013a; Rosi et al. 2003; Suh et al. 2011; Sumida et al.
2011).

Unlike amorphous porous materials such as activated
carbons, MOFs have predicable crystalline structures and
diverse modular building blocks (Eddaoudi et al. 2001,
2002a, b; Yaghi et al. 2003). These materials can be syn-
thesized at the industrial scale. [e.g., BASF(BASF)] A wide
variety of MOFs have been reported potentially useful for
CH, storage. Prominent examples include HKUST-1,
(Peng et al. 2013a) MOF-5, (Mason et al. 2014) NU-111,
(Peng et al. 2013b) NU-125, (Wilmer et al. 2013) NU-800,
(Gomez-Gualdron et al. 2014) UTSA-20, (Guo et al. 2011)
UTSA-76, (Li et al. 2014a) PCN-14, (Ma et al. 2007)
NiMOF-74 (Wu et al. 2009). Recently, Yaghi’s group
demonstrated that MOF-519 (Gandara et al. 2014) provides
an impressive methane delivery amount of 230 cm’/cm? at
298 K for compression and release at 80 and 5 bar,
respectively. While that capacity is higher than any MOFs
presently known, it does not yet meet the ARPA-E target
(Wilmer et al. 2013). Under the same operating conditions,
the ARPA-E goal for methane storage demands a volu-
metric delivery amount above 315 cm’(STP)/cm? (corre-
sponding to energy density 12.5 MJ/L, the same as CNG at
250 bar and 298 K) and a weight delivery amount above
0.5 g/g.

The number of MOFs that have been tested for methane
storage is trivially small in comparison to the huge variety
of the nanostructures that could be synthesized. Because
experimental studies for a large number of materials are
tedious and time consuming, computational methods such
as the classical molecular simulation are a welcome choice
in the materials community (Diiren et al. 2004; Frost et al.
2006; Garberoglio et al. 2005; Liu and Smit 2010; Skoul-
idas and Sholl 2005; Walton and Snurr 2007; Yang and
Zhong 2006). For example, Wilmer et al. (2012) and
Gomez-Gualdron et al. (2014) used grand canonical Monte
Carlo (GCMC) simulation to predict methane adsorption in
about 100,000 hypothetical MOFs and identified a small
group for tailored synthesis. Martin et al. (2014) utilized
commercially available chemical fragments with experi-
mentally known synthetic routes to design 18,000 syn-
thetically realistic Porous Polymer Networks (PPNs) by
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computational methods. Important geometric and chemical
characteristics of PNPs were identified for methane stor-
age. It was found that cooperative methane—methane
attractions must be considered for optimal materials design.
Recently, Gomez-Gualdron et al. (2014) explored the
limits of nanoporous materials for methane storage and
delivery. They concluded that none of the existing MOFs
meet the ARPA-E target, at least for gas storage at ambient
temperature (298 K) and moderate pressure (<65 bar).
Nevertheless, the simulation studies suggest that alkyne
groups are more favorable than phenyl rings for gas storage
due to more efficient packing around the binding sites
(Gomez-Gualdron et al. 2014). By screening over 200
hypothetical MOFs based on zirconium inorgianc nodes,
GCMC simulation helps the successful design and syn-
thesis of NU-800, a new stable MOF with a methane
deliverable capacity of 167 cm*/cm® at the ARPA-E
operation conditions. Rana et al. (2014) studied the
adsorption thermodynamics, electronic structure and
methane storage capacity of a series of metal substituted
M-2,5-oxidobenzene-1,4-dicarboxylate and other promi-
nent MOFs. Significant gaps were identified between the
total and usable capacities of these materials for both
isothermal pressure swing (PS) and temperature plus
pressure swing (TPS) processes. It was found that optimal
methane adsorbents should maximize the capacity while
minimizing the thermal loads.

In this work, we use GCMC to identify promising MOFs
for NGV applications and explore possible alternatives to
reach the ARPA-E target by changing the operation con-
ditions for gas compression and delivery. In addition, we
examine the chemical and geometric characteristics of the
promising MOFs and highlight important indicators for
future material developments.

2 Methods

We use the grand canonical Monte Carlo (GCMC) simu-
lation to study methane adsorption in various metal—or-
ganic frameworks (MOFs) (Frenkel and Smit 2001). The
fluid-framework and fluid—fluid interactions are modeled
by the Lennard-Jones (LJ) 12-6 potential:

w22 "

where ¢ and ¢ are the LJ size and energy parameters,
respectively. As in a standard force field, the Lorentz—
Berthelot (LB) mixing rule is employed for different atom
types. The LJ parameters for MOFs are taken from the UFF
force field (Rappe et al. 1992). It has been shown that, in
general, UFF is accurate for predicting gas adsorption in
MOFs at room temperature (Diiren et al. 2004; Rana et al.
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2014). For CH4 molecules, the LJ parameters are obtained
from TraPPE force field (ecpys/kyg = 148.0 K and
Ocma = 3.73 1&). These parameters are able to reproduce
the methane critical temperature and saturated liquid den-
sities (Martin and Siepmann, 1998).

As a general rule for selecting the simulation box, we
use a 2 x 2 x 2 supercell of the unit crystalline structure
for each MOF framework. GCMC simulations are per-
formed with the conventional three dimensional periodic
boundary conditions (PBC). The van der Waals interac-
tions were evaluated with a spherical cutoff of 12.9 A. For
most MOFs considered in this work, the supercell ensures
that the simulation box is larger than twice of the cut-off
distance in each dimension. For MOFs with very small unit
cells, we increase the supercell size by adding more
repeating unit cells of the crystalline structure to make sure
that each dimension is larger than twice of the cut-off
distance. As in typical GCMC simulations, we use 10° trial
moves to reach the equilibrium state, and subsequent 10°
moves for calculating ensemble averages. The chemical
potential for methane gas is calculated from the MBWR
equation of state (Johnson et al. 1993). The data from each
simulation trajectory is divided into ten blocks in order to
estimate statistical uncertainties. Unless specifically men-
tioned, the statistical uncertainty is generally smaller than
the symbol sizes presented in the figures. All GCMC
simulations are carried out with the Towhee 7.0.4 program
(Martin 2013).

3 Results

We consider over 1000 MOF candidates from the North-
western Hypothetical MOF Database that were previously
identified by different characteristic properties at 298 K
and 35 bar (Wilmer et al. 2012). These materials are cho-
sen from the top rankings according to four different cri-
teria: (1) top 300 MOFs based on the excess CHy
adsorption per material weight (weight category); (2) top
300 MOFs based on the excess CH4 adsorption per material
volume (volume category); (3) top 300 MOFs based on the
material void fraction (void fraction category); and (4) top
300 MOFs based on the material specific surface area (m?/
cm®) (surface area category). In selection of these materi-
als, we remove the duplicates such that each material
appears only in one of the four categories.

As in a previous work (Fu et al. 2015), we start with
GCMC calculations for methane adsorption at 298 K and
35 bar and release at the same temperature but at 5 bar.
These operation conditions are the same as those specified
in the ARPA-E target. Figure 1 shows our GCMC pre-
dictions for both the total and the deliverable capacities
(between compression at 298 K and 35 bar and release at

the same temperature and 5 bar). For those top MOFs in
the volume category (see Fig. la, c¢), the GCMC results
indicate that, even in terms of the total storage capacity at
298 K and 35 bar, none of these materials meet the ARPA-
E target of 260 cm*(STP)/cm® (with an energy density of
9.2 MJ/L, corresponding to that of CNG at 250 bar without
considering 25 % packing loss). Ironically, MOFs with
high total volumetric adsorption often have small deliver-
able capacity, typically less than 20 % of the total uptake at
35 bar.

Top MOF materials in the volume category are char-
acterized by large specific surface area and favorable sur-
face interactions. Due to the strong attraction of these
materials with CH4 molecules, a large amount of adsorbed
gas persists at low pressure. As indicated by Rana et al.
(2014), the total adsorption capacity is not a good indicator
to evaluate MOFs for NGV applications. Modifications to
enhance methane attraction at the binding sites (such as
unsaturated metal nodes) are also not recommended due to
strong adsorption at low pressure. As a result, we expect
that materials with moderate interaction with methane
molecules are most likely to have high delivery amount.
Our simulation results show no clear correlation between
the weight adsorption capacity and the total volumetric
storage (see also Tables S1-S10 in Support Information
(SD).

Figure 1c shows that MOFs with the highest volumetric
delivery capacity may also have a large weight adsorption
capacity, even though the total volumetric capacity is not
necessarily ranked on the top. In terms of the gravimetric
adsorption amount (Fig. 1b, d), the total and delivery
capacities follow similar trends. In particular, MOF (5003)
has the highest total gas weight uptake and the best
delivery capacity. The top candidates in the weight cate-
gory rank poorly in terms of the volumetric adsorption, less
than 40 % in comparison to the top-ranked MOFs shown in
Fig. la, c. Surprisingly, those top candidates have very
close total and delivery amounts in the volumetric cate-
gory. It appears that those materials do not have many
favorable binding sites, acting as if gas molecules were in a
usual compressed tank. Considering all possible measures,
we find that the volumetric deliverable amount is probably
the most important criterion to select MOF materials for
NGV applications. A similar conclusion was reached from
recent experimental studies of the NGV driving range
(Mason et al. 2014). In the following discussions, we thus
focus on materials performance in terms of the volumetric
deliverable capacity.

We may boost the volumetric delivery amount either by
increasing the gas uptake at the compression stage or by
reducing the remnant amount upon release. Figure 2 shows
the performance of some top ranked MOFs from the vol-
ume category if we set the initial pressure higher than
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Fig. 1 Top ten MOF materials identifed from simulation accordingly
to their performance at 298 K and 35 bar in terms of a total
volumetric adsorption; b total weight adsorption; ¢ volumetric
delivery amount (released at the same temperature and 5 bar);
d Weight delivery amount. In each panel, the horizontal axis gives the
serial numbers in the Northwestern Hypothetical MOF Database
(Wilmer et al. 2012); the 1st digit represents the category of ranking,

35 bar. More extensive results are given in Tables S11-
S20. Figure 2a shows that both the volumetric and weight
deliverable amounts increase by nearly 30 % if we double
the compression pressure (i.e., from 35 to 70 bar). How-
ever, the delivery capacity reaches only up to about 60 %
of the ARPA-E target, even for the top ranked MOF
materials. The volumetric target [i.e., 260 cm3(STP)/cm3]
could be reached only if the pressure is further increased to
170 bar. While the volumetric target appears unattainable
[i.e., 315 cm3(STP)/cm3], the weight deliverable amount
has already exceeded the 0.5 g/g target, suggesting that
170 bar could be taken as the upper limit for studying the
adsorbed methane storage capacity at room temperature. At
this pressure, most MOFs approach the saturation limit of
their CH, storage capacity, i.e., a further increase of the
compression pressure does not have much effect on the
volumetric delivery amount.
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i.e., one for excess CH4 adsorption in the weight category; two for
excess CHy adsorption in the volume category; and five for the void
fraction category. The last three digits of each serial number denote
the ranking within the individual category. Here black and red column
bars stand for the total and delivery volumetric adsorption amounts,
blue and pink lines correspond to the total and delivery weight
adsorption amounts, respectively (Color figure online)

Figure 2c shows that, when the compression pressure is
further increased to 250 bar, the same as that in the CNG
gas tank, the total adsorption amount is 50 % higher than
that at 170 bar (Fig. 2b). However, we only increase the
volumetric delivery amount less than 5 %. Gomez-Gual-
drén et al. (2014) and Wilmer et al. (2012) suggested that
MOF materials could reach the ARPA-E target only if the
attractive energy between the gas and substrate is quadru-
pled and if the release temperature is increased to 398 K.

Considering that the tolerated temperate range for CHy
operation is between —40 and 85 °C in the ARPA-E pro-
ject (ARPA-E 2015), we have also investigated the effect
of the two temperature boundaries on methane adsorption.
In one case, we raise the adsorption amount by lowering
the compression temperature to 233 K. In another case, we
increase the delivery temperature to 358 K so that the
remnant gas adsorption could be minimized. Figure 2d
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Fig. 2 Top ten MOF materials identified from simulation in terms of
the volumetric delivery amount at 298 K and 5 bar. The themrody-
namic condition at the stage of gas compression is: a 298 K and
70 bar; b 298 K and 170 bar; ¢ 298 K and 250 bar; d 233 K and

shows the top 10 MOF candidates if the ARPA-E target is
modified to the new compression temperature (233 K) and
pressure (75 bar). We find that more than half of these
materials could achieve the modified ARPA-E target in
both volumetric and weight delivery categories. The
reduction in compression temperature greatly improves the
material performance for methane volumetric adsorption,
much better than that at 298 K and 250 bar.

Table 1 lists the MOF candidates that yield the largest
methane deliverable amount at various operational condi-
tions (more data could be found in Tables S11-S30). We
may attain the weight delivery target by either increasing
the pressure or decreasing the temperature at the gas
compression stage. However, the volumetric target cannot
be reached solely by increasing the delivery temperature.
Although none of the MOF materials we studied could
meet the ARPA-E requirement at 298 K, over 90 % of the
demand could be satisfied if we are allowed to increase the
compression pressure to 170 bar and the release tempera-
ture to 358 K. We could further increase the volumetric

1145 1089 1162 1213 1101 1031 1297 1064 1111 1055

75 bar. In each panel, the dashed lines correspond to the ARPA-E
target for the volumetric delivery [315 cm>(STP)/em?, golden] and
for the weight delivery (0.5 g/g, green) (Color figure online)

delivery capacity by decreasing the gas compression tem-
perature. For example, many MOF materials could achieve
the ARPA-E target at a relatively low pressure (<50 bar) if
the compression and delivery temperatures were set at 233
and 358 K, respectively. It is worth noting that temperature
effect is also important for conventional gas storage such as
CNG and LNG. For example, a gas tank contains 48 %
more methane at 233 K and 250 bar than that of the same
tank at 298 K and identical pressure. At lower pressure
(e.g. compression at 35 bar and delivery at 5 bar), the net
delivery amount of CNG increases 52 % at the reduced
compression temperature 233 K. However, this amount is
only about 17 % of its deliverable capacity at 298 K and
250 bar. By contrast, the same temperature change could
increase over 75 % of the net methane delivery amount for
MOFs, reaching more than 80 % of CNG deliverable
capacity at 298 K and 250 bar.

The materials shown in Table 1 provide useful insights
into future developments to meet the ARPA-E target for
methane storage. These MOF candidates typically have a
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Table 1 MOF materials with

the maximum adsorption P? Gas released at 298 K and 5 bar Gas released at 358 K and 5 bar

capacity in different categories D T3y ID T Derm D | ID Del,M
35 1029 157 5003 0.29 1226 206 5003 0.32
70 1026 212 5001 0.59 1062 246 5001 0.61
100 1033 234 5001 0.79 1046 264 5001 0.81
150 1089 260 5077 1.08 1026 286 5077 1.09
170 1089 268 5077 1.19 1197 290 5077 1.21
200 1031 277 5124 1.34 1011 297 5124 1.35
250 1031 290 5124 1.52 1031 309 5124 1.53
35 1033 280 5003 0.64 1028 311 5003 0.67
45 1026 291 5002 0.71 1028 321 5001 0.81
75" 1145 317 5007 1.16 1162 336 5007 1.18

# Pressure in the units of bar at the compression stage

b T del.v> the delivery amount in the units of em’/em’, if the gas is released at 298 K and 5 bar

¢ Tgerm, the delivery amount in the units of g/g

d I4erv, the delivery amount, in the units of cm’/cm?, if the gas is released at 358 K and 5 bar

¢ Tgerms the delivery amount in the units of g/g

void fraction around 0.9 and specific surface area about
5000 m*/g, with the building blocks containing large con-
jugated organic linkers and their derivatives with one or
more alkane substitutions, incorporated with either zinc or
copper oxides as the inorganic nodes. Figures S1 and S2
present the crystalline structures and the building blocks of
these materials, and Tables 2 and 3 summarize, respec-
tively, their pore characteristics and the simulation results
for the isosteric heat of adsorption at different thermody-
namic conditions. As discussed above, materials with high
volumetric delivery amount approximately coincide those
with large weight excess adsorption. Table 3 shows that
these MOF materials have similar isosteric heat of
adsorption at the compression stage, in the range of
14-16 kJ/mol regardless of the compression temperature.
The results are similar if the gas release temperature is set
to 358 K (Table S31), with slightly higher adsorption heat
(15-19 kJ/mol) at the compression stage. Consistent with
previously studies (Gomez-Gualdron et al. 2014; Rana
et al. 2014), our simulation results indicate that a mild heat
of adsorption (14-20 kJ/mol) is required for porous mate-
rials to achieve high volumetric deliverable amount.

We have also examined the characteristics of those
MOF materials with the highest weight delivery amount.
These MOF candidates are all in the category of high void
fraction with zinc oxides as the inorganic nodes. In com-
parison to those MOFs with highest volumetric delivery
amount, these materials have a much smaller isosteric heat
of adsorption (7-9 kJ/mol). In addition, a higher com-
pression pressure favors MOFs with larger void fraction
but more gas interaction sites. The best MOF materials
identified from the weight delivery amount typically have a
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The compression temperature is set to 233 K (italic)

very small density, with the volume surface area (m*/cm?)
less than 15 % of the weight surface area (m%g). By
contrast, the ratio is larger than 35 % for the MOFs with
the highest volumetric delivery amount. Interestingly, the
best MOF candidates identified by the weight delivery
amount are relatively insensitive to the release temperature.

It is worth noting that molecular simulations are mostly
based on perfect crystals while the MOF materials used in
experiments and real applications typically appear as
powders. Because of the void space between particles,
realistic MOF materials have a much smaller overall den-
sity and thus lower volumetric gas storage capacity. To
achieve higher volumetric surface area and thermal sta-
bility, we may minimize the void space between particles
by pelletizing or other mechanical techniques (Dailly and
Poirier 2011). For example, Purewal et al. processed MOF-
5 powders into cylindrical tablets to increase the density up
to 1.6 g/cm® by mechanical compaction, yielding a 350 %
increase in volumetric H, adsorption with only 15 % loss
in gravimetric storage capacity (Purewal et al. 2012). A
similar procedure was used for Cu-BTC and UiO-66 with a
substantial improvement of the gas adsorption capabilities
(Bazer-Bachi et al. 2014).

4 Conclusions

In summary, we have investigated a large number of
promising MOF materials and operational conditions that
may be used to meet the ambitious ARPA-E target for
methane storage. We propose that new materials develop-
ment should be focused on improving the volumetric
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Table 2 Characteristics of MOF materials listed in Table 1

Void fr. Dom. pore dia. (1&) Max. pore dia. (A) Surf. area (m2/g) Surf. area (m%/cm?) Dens. (cm3/g)
1011 0.891 7.75 9.75 4940 2274 0.460
1026 0.885 7.5 10.25 4908 2243 0.457
1028 0.892 8.75 10.25 5109 2396 0.469
1029 0.892 7.75 10.25 5030 2414 0.480
1031 0.917 10.25 12.25 5526 2028 0.367
1033 0.897 8.75 10.25 5067 2178 0.430
1046 0.872 7.5 9.75 4723 2328 0.493
1062 0.868 7.75 9.75 4623 2332 0.504
1089 0.916 11.25 13.25 5435 1870 0.344
1145 0.898 12.75 13.75 5332 1884 0.353
1162 0.880 11.25 12.75 5862 2153 0.367
1197 0.865 7.75 12.25 4558 2094 0.460
1226 0.871 775 9.75 3513 2137 0.608
5001 0.967 20.75 2475 5746 777 0.135
5002 0.966 2425 2475 5622 859 0.153
5003 0.966 2475 2475 5550 872 0.157
5007 0.961 2425 2475 5743 776 0.135
5077 0.952 2475 2475 6396 763 0.119
5124 0.949 23.25 24.75 6340 751 0.118
Table 3 Isosteric heat of pa
i‘lijt‘:rll);‘l‘;“higj)lioﬁgfe“;Kztp D Qst® (ki/mol)  QstSyy (kI/mol)  ID Qst® (ki/fmol)  QstSya (kJ/mol)
different themrodynamic 35 1029 15.84 13.09 5003 8.30 9.62
conditions
70 1026 16.29 12.59 5001 7.30 8.17
100 1033 15.07 11.83 5001 7.42 8.17
150 1089 13.84 11.44 5077 7.30 6.39
170 1089 13.59 11.44 5077 7.55 6.39
200 1031 14.70 11.50 5124 7.96 6.74
250 1031 15.02 11.50 5124 8.68 6.74
35 1033 16.11¢ 11.83 5003 8.37¢ 9.62
45 1026 17.25¢ 12.59 5002 8.28¢ 9.22
75 1145 15.43¢ 11.78 5007 8.16¢ 8.18

# Pressure in units of bar at the compression stage

> Compression temperature at 298 K
¢ Gas release at 5 bar and 298 K (italic)

4 Gas compression at 233 K (bold)

delivery amount rather than the gravimetric gas storage
capacity or other criteria that are often quoted in the lit-
erature. While none of MOF materials known today meet
the original ARPA-E standards, the top ranked MOF is able
to deliver over 90 % of the required methane amount if
methane is compressed at 298 K and 170 bar and released
at 358 K and 5 bar. A large number of MOF materials
could reach the ARPA-E target if the compression tem-
perature is set at 233 K. A further analysis of these

materials indicates that the promising MOFs should have
large conjugated phenyl ring structure as organic linker and
copper oxide as inorganic node, concomitant with a void
fraction around 0.9, specific surface area around 5000 m?/
g, and a moderate isosteric heat of adsorption
(14-20 kJ/mol).
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