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Natural gas is considered as a promising alternative to petroleum as the next generation of primary transportation fuel
owing to relatively smaller carbon footprint and lower SO/NOy emissions and to fast developments of shale gas in recent
years. Since the volumetric energy density of methane amounts to only about 1% of that of gasoline at ambient conditions,
natural gas storage represents one of the key challenges for prevalent deployment of natural gas vehicles. In this work, we
present a molecular thermodynamic model potentially useful for high-throughput screening of nanoporous materials for
natural gas storage. We investigate methane adsorption in a large library of metal-organic frameworks (MOF's) using four
versions of classical density functional theory (DFT) and calibrate the theoretical predictions with extensive simulation
data for total gas uptake and delivery capacity. In combination with an extended excess entropy scaling method, the classi-
cal DFT is also used to predict the self-diffusion coefficients of the confined gas in several top-ranked MOFs. The molecu-
lar thermodynamic model has been used to identify promising MOF materials and possible variations of operation
parameters to meet the Advanced Research Projects Agency-Energy (ARPA-E) target set by the U.S. Department of
Energy for natural gas storage. © 2015 The Authors AIChE Journal published by Wiley Periodicals, Inc. on behalf of
American Institute of Chemical Engineers AIChE J, 61: 3012-3021, 2015
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Introduction

Adsorption thermodynamics plays a pivotal role in tradi-
tional as well as modern chemical engineering ranging from
separation processes and heterogeneous catalysis to various
experimental tools for chemical analyses such as chromatogra-
phy.l’2 From a practical point of view, one of the most useful
thermodynamic models for gas adsorption was established by
Myers and Prausnitz, published in the AIChE Journal about 50
years ago.” We are pleased to dedicate this article to the spe-
cial issue honoring Professor John Prausnitz.

According to conventional wisdom, adsorption is an inter-
facial phenomenon related to adhesion of molecules, atoms,
or ions at a surface. Whereas in classical thermodynamics
concepts such as surface area and binding energy are indis-
pensable to describe the interfacial phenomenon, Myers and
Prausnitz took a radically different approach by extending the
ideal solution model for vapor-liquid equilibria to adsorption
of gas mixtures. The “solution model” is remarkably accurate
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for predicting the adsorption isotherm of a gas mixture from
those for pure components at moderate pressure, yet it is com-
putationally convenient for practical applications. Because the
number of pure species is limited in comparison to that for
mixtures, the solution model has been invaluable for design
and optimization of industrial adsorption processes and
remains relevant today.4

Driven by increasing concerns over global climate change
and rapid developments in renewable energy, research in gas
adsorption has seen considerable growth in recent years. How-
ever, the main focus of current literature has been shifted from
adsorption equilibria per se to discovery of novel nanoporous
materials, in particular open-framework materials promising
for large-scale hydrogen/methane storage or for selective
adsorption of carbon dioxide from gas mixtures.’ Unlike con-
ventional adsorbents such as activated carbon or silica gel,
open-framework materials are porous crystalline solids viable
for solution synthesis by coordinate bonding of secondary
building units (SBUs), that is, organic linkers and organome-
tallic/nonmetallic nodes that can sel-organize into periodic and
porous frameworks.® Theoretical investigations are useful to
acquire a better knowledge of adsorbate-adsorbent interactions
and, perhaps more important, for discovery and rational design
of nanoporous materials tailored to specific adsorbates. The
modular nature of the building blocks makes the framework
structures predictable based on the topology and the geometry
of specific link-node coordination complexes, rendering
unprecedented opportunities for computational design/discov-
ery of crystalline porous materials, and to have a precise
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Figure 1. Computational materials design involves quantum mechanical (QM) calculations for understanding the
chemistry of individual building blocks and the microscopic structure for molecules and solids, and
statistical-mechanical (SM) calculations to predict their performance under diverse thermodynamic

conditions.

Because multiple approaches are available for both QM and SM calculations, practical procedures for multiscale modeling should
be calibrated with extensive experimental data in terms of both theoretical accuracy and computational efficiency. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

control over their porosity and atomic compositions (size,
shape, and functionality). Molecular modeling can help to
identify specific open-framework materials from a virtually
infinite number of SBU combinations to meet specific practical
needs.”*

Whereas there have been impressive theoretical develop-
ments toward the discovery of better adsorbents for gas stor-
age and separation,“_14 computational materials design
remains in early development; there are enormous challenges
from practical perspectives. To predict material performance
from the chemistry of its building blocks, we need efficient
multiscale modeling methods that account for not only intrin-
sic properties in a vacuum but also interactions with a working
environment under diverse thermodynamic conditions. As
illustrated schematically in Figure 1, computational materials
design (or discovery) entails quantum mechanical (QM) calcu-
lations for determining electronic properties as well as molec-
ular and crystal structures, and statistical mechanical (SM)
calculations for predicting the physicochemical properties of
materials under different environments. Myriad computational
methods are available for predicting electronic, molecular, and
thermodynamic properties.'> Typically, these computational
methods are established in the context of drastically different
theoretical frameworks; approximations are inevitable at each
level. As a result, multiscale modeling requires a judicious
selection of QM and SM methods. An optimal choice resides
not necessarily only in terms of the theoretical rigor at individ-
ual scales but, perhaps more important, a reliable connection
between different methods and the overall computational effi-
ciency to attain pragmatic goals.

Amid numerous computational tools in QM and SM, den-
sity functional theory (DFT) provides a unified mathematical
framework to describe the properties of many-body systems
using the one-body density profiles as the fundamental varia-
bles. Whereas the original concepts, as first introduced many
years ago by Hohenberg and Kohn,'® were intended to provide
an alternative to the Schrodinger equation for predicting
ground-state electronic properties, the mathematical frame-
work has been generalized, applicable to electronic systems at
finite temperature and to statistical-mechanical systems
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including those containing classical particles and polymers.'’
Nowadays DFT is best known for its applications to electronic
systems, due to its extreme popularity in computational chem-
istry and materials science.'® However, the practicality of clas-
sical DFT for studying adsorption and other interfacial
phenomena has been well established.'® For example, classical
DFT programs have been routinely used to analyze experi-
mental data for characterization of porous materials by gas
adsorption.”’ Because DFT calculations avoid explicit multi-
body wave functions for quantum systems or microstates for
thermodynamic systems containing classical particles, its com-
putational efficiency is by far superior to wave-function-based
QM methods and conventional molecular simulations. The
computational efficiency and flexibility in formulation of
density functional make DFT an ideal choice for multiscale
modeling for both QM and SM calculations.*!

In a previous work,??> we demonstrated that the classical
DFT could be used for rapid screening a large library of
metal-organic frameworks (MOFs) potentially useful for H,
storage. Using extensive Monte Carlo simulation data as the
benchmark, we tested the theoretical performance of four ver-
sions of free-energy functionals that are commonly used in the
literature to describe the thermodynamic properties of inhomo-
geneous fluids.”>?® All these functionals incorporate the
modified fundamental measure theory (MFMT)27 to account
for molecular excluded-volume effects but they differ in repre-
senting the attraction part of the excess free energy. In stark
contrast to previous calibrations with model systems contain-
ing Lennard-Jones (LJ) fluids in idealized pores, we find that
the theoretical predictions are sensitive to specific gas compo-
nents (e.g., N, adsorption vs. hydrogen storage) and thermody-
namic conditions. In this work, we test the performance of
different classical DFT methods for predicting methane
adsorption in model slit pores as well as in a large library of
hypothetical nanostructured materials. In addition to adsorp-
tion isotherms, we consider methane diffusivity in top-
performance MOFs using an extended excess-entropy scaling
scheme proposed in our earlier work.?® After extensive cali-
bration with our simulation results, the DFT methods have
been applied to identify promising MOF materials for methane
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storage and possible variations of operation conditions to
attain the adsorption target set by the U.S. Department of
Energy (DOE) for natural gas storage in transportation vehicles.

Molecular Model and Theory

The theoretical models for predicting adsorption isotherms
and diffusivity have been reported in our previous publica-
tions.”>*® For completeness, here we recapitulate only the
basic ideas of classical DFT and the computational proce-
dures. In Supporting Information, we present the key equa-
tions from the four versions of the excess free energy
functional used in this work and additional results from classi-
cal DFT predictions.

Molecular model

To describe gas adsorption in MOF materials, we need to
define both bonded and nonbonded interactions among MOF
atoms, and MOF-gas and gas-gas pair interactions in addition
to temperature 7 and pressure P of the gas phase. As in our
previous work, we assume that the MOF materials are suffi-
ciently rigid so that their crystalline structures are unchanged
by gas adsorption. The crystallographic information files of
MOF materials are adopted from the hypothetical library con-
structed by Wilmer et al.!!

As a general rule for selecting the size of the computation
box, we use a 2 X 2 X 2 supercell of the crystalline structure
for each material. The conventional periodic boundary condi-
tions are applied to all directions. For most MOFs considered
in this work, the 2 X 2 X 2 supercell ensures that each dimen-
sion of the simulation box is larger than twice of the cutoff dis-
tance (1.29 nm). For MOFs with very small unit cells,
however, we increase the supercell size by adding more
repeating unit cells of the crystalline structure such that each
dimension is larger than twice of the cutoff distance. As usual,
methane molecules are represented by LJ particles, with
parameters, ecpa/kp=148.0 K and o¢14=3.73 A, obtained from
the TraPPE force field.”” For each gas molecule inside the
MOF material, the potential energy at position r is approxi-
mated by pairwise-additive interactions with all solid atoms

Vele) = > uy(r—ry) (1

ieEMOF

where subscript i represents the ith atom from the MOF frame-
work, and r; stands for the position of atom i. The pair poten-
tial between atom i and gas molecule f, ugir), is also
represented by the LJ potential

wo-sl@-E] e

where parameters ¢ and o are calculated from the Lorentz-
Berthelot (LB) mixing rule. In both simulations and classical
DFT calculations performed in this work, the LJ parameters
for the MOF atoms are taken from the universal force field.*®

Adsorption thermodynamics

Classical DFT allows us to predict the local number density
of gas molecules within the adsorbent phase, viz., inside each
MOF material®’

p(r) = ppexp[— BV (r) = BAuT (r)] 3
where p, stands for the number density of gas molecules in

the bulk, f = 1/(kgT), and kg is the Boltzmann constant. The
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last term on the right hand side of Eq. 3 Au™(r) = p**(r) — !
represents the deviation of local excess chemical potential y**
(r) from that corresponding to the bulk phase, uf*. Thermody-
namic properties of the gas phase, including p, and p;* as
functions of T and P, are calculated from the modified
Benedict-Webb-Rubin equation of state.*” In general, the local
chemical potential depends on the local density profile p(r); it
must be determined self-consistently from Eq. 3 by iterations.

Intuitively, Eq. 3 may be understood as the Boltzmann dis-
tribution of gas molecules in the presence of an external field,
Ve (r). Within the framework of classical DFT, this equation
is formally exact. Approximations are introduced only in cal-
culating the local excess chemical potential; this quantity can
be derived from the functional derivative of the excess
Helmholtz energy, F*(r)

(X (r) = 6F(r)/op(r). @

Like the excess properties of a uniform thermodynamic sys-
tem, F**(r) accounts for the thermodynamic nonideality due
to intermolecular interactions. The excess Helmholtz energy is
an intrinsic property independent on the external potential,
that is, interaction of gas molecules with the adsorbent atoms.
If the intermolecular interaction between gas molecules is neg-
ligible, the excess Helmholtz energy vanishes. In that case,
Eq. 3 corresponds to the distribution of ideal-gas molecules
inside the porous material.

Whereas accurate expressions have been developed for
F®*(r) of inhomogeneous simple fluids below the vapor-liquid
critical temperature,”>* little is known about their perform-
ance at high temperature and pressure, that is, conditions rele-
vant to gas adsorption in typical industrial processes. In this
work, we consider four versions of classical DFT that have
been used predicting hydrogen adsorption in various MOF
materials. All these functionals are based on the modified fun-
damental measure theory (MFMT)? to describe molecular
excluded volume effects but differ in contribution to account
for intermolecular attractions. The attractive part of the excess
Helmbholtz energy functional is distinguished in terms of the
mean-field approximation (MFA),** the first-order mean-
spherical approximation (FMSA),” and two slightly different
forms of weighted density approximations (WDA-Y> and
WDA-L?®). The equations for these functionals and numerical
details are discussed in Supporting Information.

Total gas adsorption is conventionally expressed as the vol-
ume of adsorbed gas molecules per unit volume of the porous
material at the standard state (STP). Total adsorption I" can be
calculated from the molecular density profile by integration
over the supercell

kT
I'= ij(r)dr ®

where Py = 1 atm, Ty = 25°C, and V is the supercell volume.
For applications to gas storage, we are mostly interested in the
delivery amount, I'y, that corresponds to the change in total
gas uptake by the material at compression and release condi-
tions. Total gas adsorption or delivery amount should not be
confused with the surface excess I'** conventionally defined as

kpTo J
r=—— r)—p,]dr 6
pov | 1P =15 (©)
In general, the local number density of gas molecules inside
a nanostructured material is highly inhomogeneous due to
extreme confinement and attraction from adsorbent atoms.
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The difference between absolute and excess adsorption is neg-
ligible only when the pressure of the bulk gas is sufficiently
low.

Given an expression for the excess Helmholtz energy func-
tional, we can derive the excess entropy of gas molecules
inside the porous material from the thermodynamic relation

aFex
gox _ _( ) o
o ) gy
and the heat of adsorption from
0AQ
0= _T(W) ®)
puvV

In Eq. 8, AQ represents the difference between the grand
potential of gas molecules in the porous material and that of
the same amount of the bulk gas at the same temperature and
chemical potential

AQ = kBTJ drp(r){In[p(r)/ po] =1 =P +Z+ fVex (1)} +F[p(r)]
C))

where Z = Z(T, P) stands for the compressibility factor of the
bulk gas. While adsorption is not explicitly studied in this
work, we note that gas pressure inside a porous material corre-
sponds to a second-order tensor where each element varies
with the position. As a result, the adsorbed gas does not have
an enthalpy as typically defined in classical thermodynamics
for bulk fluids. Confusion might arise if one calculates the of
adsorption based on enthalpy changes. In writing Eq. 8, we
assume that the porous material is rigid such that gas adsorp-
tion has negligible effect on the solid’s entropy.

Excess entropy scaling for calculating gas diffusivity

As in our previous work,”® we assume that self-diffusivity
of gas molecules in a porous medium, here designated as Dy,
may be determined from a linear combination of those pre-
dicted from the Knudsen diffusion model and the excess-
entropy scaling method

3 3

oao oao

InDg = (1 - )lnDK+ InDg (10)

Vree Viree

where v represents the total accessible volume of the porous
material divided by the number of confined gas molecules,** o
is a constant reflecting the maximum molecular packing den-
sity, and ¢ is the LJ diameter for the gas molecules. In Eq. 10,
00> /Viee may be interpreted as the fraction of the free space
inside the pore occupied by gas molecules. In the limit of clos-
est packing, we may estimate o from that for spherical par-
ticles in a face-centered-cubic lattice

XAfFcc = \/5/2 (11)

Equation 11 provides a first-order estimate for « if no addi-
tional information is available. For best agreement with simu-
lation or experimental data, however, & may be used as an
adjustable parameter. While this parameter varies slightly for
different systems depending on crystal structure, it is inde-
pendent of the thermodynamic conditions of the bulk gas
including temperature and pressure.

The Knudsen model applies to gas diffusion at infinite
dilution
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Dx = lim Dy (12)

pp—0

where the limiting value can be obtained from performing MD
simulation at low gas pressure. Excess-entropy scaling
accounts for contributions due to gas-gas interactions inside
the pore, estimated from Rosenfeld’s scaling rule®

0.585 [kgT
Dy = =775/ —-exp(0.7885 /Nkp) (13)
Pav m

where m represents the molecular mass, p,, is the average
number density of gas molecules inside the porous material,
and N represents the total number of adsorbed gas molecules.
With the excess entropy calculated from classical DFT, the
hybrid method provides an efficient procedure to predict the
self-diffusion coefficient of gas molecules in nanoporous
materials as a function of temperature and bulk pressure.?®

Results and Discussion
Adsorption in slit pores

The four classical DFT methods considered in this work
have been calibrated in previous publications by extensive
comparison with simulation data for inhomogeneous LJ fluids
in model systems near a planar wall or in slit pores. At condi-
tions near vapor-liquid equilibrium, the MFA fails to repro-
duce the depletion of a LJ fluid near a hard or weakly
attractive surface, while the FMSA performs rather well in
comparison with simulation.”** Surprisingly, all free-energy
functionals including MFA are highly accurate for predicting
the adsorption of LJ fluids in slit pores. Regrettably, previous
publications were mostly focused on comparisons for model
systems at low temperatures (<200 K) that have little rele-
vance to practical methane storage.

In this work, the classical DFT methods are first tested with
simulation results for methane adsorption in slit pores of dif-
ferent widths and surface energies at room temperature
(298 K). Figure 2 shows theoretical predictions for total
adsorption and comparison with simulation data. FMSA over-
estimates total adsorption if the surface is weakly attractive,
while the opposite holds for MFA predictions. Conversely,
both weight-density approximations (WDA-L and WDA-Y)
agree very well with simulation data at all conditions (Figure
2a). For adsorption in slit pores with more attractive walls
(Figure 2b), the three versions of non-mean-field methods give
virtually identical results. However, MFA underestimates total
adsorption compared to simulation data. The poor perform-
ance of MFA is somewhat anticipated because it neglects cor-
relation effects due to van der Waals attractions. Because
correlation effects contribute to a negative chemical potential,
consideration of the correlation contribution would increase
total adsorption.

Adsorption and delivery capacities

The performance of different DFT methods for methane
adsorption in porous materials may not be fully consistent
with that for simple systems. To illustrate, we consider meth-
ane adsorption in two representative MOF materials, MOF-5°
and Cu-BTC,”’ at room temperature. Figure 3 compares total
adsorption predicted from different classical DFT methods
with results from Grand Canonical Monte Carlo (GCMC) sim-
ulation. Overall, the four versions of classical DFT methods
all show good agreement with simulation data. However, their
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Figure 2. a) Average density (pa,) in slit pores of reduced width H/¢ = 2, 3, 4 from top to bottom at 298K. The inter-
action between the gas molecule and each wall is described with Steele’s 10-4-3 potential, where ¢ = o,
g = 0.5g, and A = 0.70716; b) The same as (a) except ¢ = ¢.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

accuracies are slightly different for different materials. In stark
contrast to their performance in slit pores, MFA and FMSA
are more accurate than WDA-L and WDA-Y for gas adsorp-
tion in MOF-5 at room temperature over the entire range of
testing pressures. Both  WDA methods overestimate total
adsorption especially at intermediate pressures. For methane
adsorption in Cu-BTC, however, WDA-Y reproduces GCMC
data very well. While WDA-L and FMSA slightly underesti-
mate the storage capacity at moderate pressures, total adsorp-
tion predicted by MFA is noticeably smaller than those from
other DFT methods at high gas loadings. As indicated in our
previous study,22 the performance of classical DFT methods
for gas adsorption in nanoporous materials depends also on
testing conditions.

For potential applications to material discovery, the classi-
cal DFT methods should be calibrated in the context of multi-
scale modeling and benchmarked with a large set of
experimental data. While novel computational methods for
predicting the crystal structures of framework materials and
their interactions with gas molecules are rapid emerging,”®
much work remains for systematic calibration of multiscale
modeling methods. In this work, we confine our interest to
comparing theoretical predictions with GCMC data for meth-
ane adsorption in over 1000 MOF materials at various thermo-
dynamic conditions. The crystal structures of these materials
are from the Northwestern hypothetic MOF database,'' gener-
ated according to the topology of some common SBUs. These
materials have been studied before for methane storage using
GCMC simulations'' and thus provide a good basis to test the
performance of different classical DFT methods for materials
screening. For validation of the theoretical performance, we
consider only 1200 materials from the MOF database, that is,
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top 300 with the largest excess CH,4 adsorption in weight; top
300 with the largest excess CH,4 adsorption in volume; top 300
with the largest void fraction; top 300 with the largest surface
area (m*/cm?®), all evaluated at 298 K and 35 bar. We believe
that these materials are most important for studying methane
adsorption and provide a good benchmark for calibration of
the four classical DFT methods considered in this work.

Figure 4 shows theoretical results predicted by MFA in
comparison with GCMC data. Similar comparisons for other
classical DFT methods are presented in Supplementary Mate-
rials. In addition to total adsorption at 298 K, we consider also
methane delivery for each material when the pressure is
reduced from 35 bar to 5 bar at the same temperature. The
thermodynamic conditions for the bulk gas are in line with the
ARPA-E target for methane storage. Table 1 summarizes the
root-mean-square deviations (RMSD) and theory-simulation
correlation coefficients (the R values) for different classical
DFT methods. In general, all four classical DFT methods show
good agreements with the GCMC data for total methane adsorp-
tion at the ARPA-E target condition. Surprisingly, MFA gives
the best results when compared with simulation data, with
RMSD = 7.90 cm*(STP)/em” and R” = 0.99. This functional is
mathematically simpler than FMSA and weighted-density
approximations; it is also numerically more stable and easier to
converge in solving for the molecular density profiles. Although
other methods show slightly larger deviations, the RMSD val-
ues are within about 6% of total adsorption.

The original target set by ARPA-E for CH, storage states
that, at 298 K and 35 bar, the volumetric storage capacity
should exceed 180 v/v for qualified nanoporous materials.
Under such conditions, the adsorbed natural gas will have an
energy density comparable to that of the compressed natural
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Figure 3. Methane adsorption isotherms at 298K for (a)

MOF-5 and (b) Cu-BTC framework materials

calculated from GCMC simulation and from

different classical DFT methods.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

gas (CNG) at the same temperature and 250 bar.'" While that
target can be easily reached by many MOF candidates, none
of the existing materials meet the new ARPA-E target for
methane storage in transportation vehicles.*” The new ARPA-
E target specifies not only the total gas uptake but also the
delivery amount by nanoporous materials between compres-
sion at 35 bar and release at 5 bar at room temperature. In Fig-
ure 4b, we compare methane delivery predicted by MFA and
GCMC methods. In general, the MFA predictions agree very
well with the simulation data, especially for medium and high
loading MOF materials. The deviation becomes more noticea-
ble for materials with high total adsorption but low delivery.
Considering the accuracy of MFA prediction for the total
methane storage capacity at 298 K and 5 bar (Figure 4a), the
large discrepancy for delivery may be attributed to numerical
issues in our classical DFT calculations. Because those MOFs
have large adsorption capabilities at both 35 and 5 bar, deliv-
ery is small and sensitive to numerical details.

Diffusivity
Classical DFT gives the density profile of gas molecules in
a porous material that reflects the microscopic details of
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adsorbent-adsorbate interactions. Not only is the density pro-
file related to the adsorption isotherm, it can also be used to
identify important adsorbent-adsorbate interactions and pre-
dict other thermodynamic properties including enthalpy of
adsorption and excess entropy. While the enthalpy of adsorp-
tion is important for practical applications, the excess entropy
provides a convenient starting point for predicting transport
coefficients over a broad range of thermodynamic conditions.
In our previous work,28 we have demonstrated that Rose-
nfeld’s excess-entropy scaling method can be combined with
the Knudsen model to predict the self-diffusivity of gas mole-
cules in various nanoporous materials. Because the excess
entropy is readily available from adsorption calculations and
the Knudsen model applies to gas diffusion at infinite dilution,
the new computational procedure is much faster than
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Figure 4. Comparison of methane adsorption at 298 K
in 1200 MOFs calculated from GCMC and
from MFA methods.

a) Total adsorption amount at 5 bar; b) Delivery
amount between 35 bar and 5 bar. Color code: Navy
blue, top 300 from excess CH,4 adsorption in weight cate-
gory; Red, top 300 from excess CH,4 adsorption in vol-
ume category; Purple, top 300 from void fraction
category; SKy blue, top 300 from surface area (m*cm?)
category from the Northwestern Hypothetical MOF
Database. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Table 1. RMSD and Correlation Coefficients (R-value) for
Various Classical DFT Methods in Comparison with GCMC
Simulation Data for Methane Adsorption in 1200 MOFs at
298 K and 35 bar

FMSA MFA WDA-Y WDA-L
RMSD cm?® (STP)/em®  16.45 7.90 15.76 16.58
R? 094 099 0.98 0.97

traditional MD simulation methods for calculating the gas
self-diffusivity over a broad range of thermodynamic
conditions.

Figure 5 presents the self-diffusion coefficients of CH, in
the two MOF materials considered above, MOF-5 and Cu-
BTC, at 298 K over a broad range of pressures. The theoretical
results are calculated according to Eq. 10. With « treated as an
adjustable parameter (o = 0.42), the extended excess entropy
scaling method is able to reproduce the simulation data almost
quantitatively. Semiquantitative results are attainable with
approximation o /2 ogcc.-

Figure 6 shows the self-diffusivities of CH, in the top five
MOFs that, as identified below, show the highest volumetric
delivery (see Table 2). Here, temperature is fixed at 298 K,
and « is an adjustable parameter for each material. Again, the
extended excess entropy scaling method reproduces the simu-
lation data very well over the entire range of pressures; the
approximation « ~ apcc leads to semiquantitative agreement
between theory and MD simulation data. Interestingly, the
MOF materials with top delivery show similar gas diffusivity
at both low and high loadings, even though their relative ranks
are slightly different.

Characteristics of “good” adsorbents

Conventional thermodynamic models for gas adsorption
such as Langmuir and BET isotherms presume that, at a given

s MD (MOF-5)
- - - - 0=0, (MOF-5)
—— 0=0.42 (MOF-5)
. = MD (Cu-BTC)
b - - - - 0=0, (CU-BTC)
—— 0=0.42 (Cu-BTC)

0 50 160 1’c|':0 2[I)0
Pressure(bar)

Figure 5. Self-diffusivities of CH,; molecules in MOF-5
and Cu-BTC at 298 K predicted by MD simu-
lation and by the extended excess-entropy
scaling method, respectively.

Filled dots are results from MD simulations, while the
lines are obtained from the extended excess-entropy
scaling method. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.
com.]
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bulk condition, the total gas uptake is linearly proportional to
available adsorbent surface area (or accessible surface area).
Whereas ambiguity might arise in its definition (or measure-
ment) for a particular porous material, the surface area has
been routinely used as an important measure for identification
of promising MOFs with large adsorption capability. The sig-
nificance of surface area has been rarely challenged even after
widespread applications of simulation methods.

To find possible correlations between gas adsorption capa-
bility and materials surface area, we plot methane adsorption
vs. accessible surface area*”*! for 1200 MOFs materials at
298 K and 35 bar. While Figure 7a shows some positive corre-
lation for total adsorption, no trend in Figure 7b correlates the
accessible surface areas and delivery. More important, if one
focuses on the top MOF candidates for methane storage (see
Figure 8), neither the simulation results nor the classical DFT
predictions exhibit any convincing relationship between those
two quantities. The decoupling of delivery from the (accessi-
ble) surface area is somewhat anticipated because although the
geometric accessible surface areas are calculated based on the
locus of the surface potential minimum, it only accounts for
one gas molecule at a time. The surface area does not take into
consideration the correlation between adsorbed gas molecules
that is important, especially for candidates with high loading
capacities. Conversely, the BET surface area is nicely corre-
lated with adsorption because it is obtained from fitting to the

0 100 200

D, (10°® m?s)

"o 100 200
Pressure (bar)

Figure 6. Self-diffusivities of CH, in top 5 MOFs with
the highest volumetric delivery amount for
compression at 233 K and 75 bar and release
at 358 K and 5 bar predicted by FMSA
method.

The symbols are self-diffusion coefficients predicted by
MD simulation, and the lines are from the extended
excess-entropy scaling method. [Color figure can be

viewed in the online issue, which is available at wileyon-
linelibrary.com.]
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Figure 7.

gas adsorption data. Therefore, good correlation between BET
surface area and adsorption capability is not surprising.
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Figure 8. Top 10 MOF candidates with the highest

adsorption amounts of methane at 298 K
and 35 bar as a function of the accessible
surface area.
Cycles: predicted by GCMC; Diamonds: predicted by
MFA, while filled ones stand for total adsorption
amounts and blank ones for delivery amounts between
298 K, 35 bar and 298 K, 5 bar. [Color figure can be
viewed in the online issue, which is available at wileyon-
linelibrary.com.]

1500

According to Figure 4 and Supporting Information Figure
S1, a material with high methane adsorption capacity does not
warrant a large delivery at the ARPA-E conditions. While
adsorption capacity appears to be in good correlation with the
void fraction, such correlation does not exist for the top candi-
dates. Conversely, Figure 4b shows that MOFs with high CH,
weight adsorption coincide with those with high delivery, sug-
gesting that it may serve as a good indicator to identify prom-
ising materials for methane storage.

ARPA-E MOVE target

Methane delivery capacities for all MOF materials consid-
ered in this work are below 160 cm3/cm3, far below the
ARPA-E target 315 cm’/em?®. To achieve the desired volumet-
ric delivery, we could either increase the gas uptake at the
compressed stage or reduce the remnant amount upon release.
Table 3 summarizes the performance of the top 10 MOFs
identified from different theoretical methods if we set the ini-
tial pressure to 250 bar, the same as that in a CNG tank.
According to this table, the top materials identified by GCMC
are in good agreement with those from various classical DFT

Table 2. Top 10 MOF Candidates Identified by GCMC and by Various Classical DFT Methods According to the Volumetric
Delivery Amount between Compression at 7' =233 K, P =75 bar and Release at 7= 358 K, P =5 bar. As explained in Table 3
T 4ery is given in the units of cm*(STP)/em® and Ty in the units of g/g.

FMSA MFA WDA-Y GCMC
Rank No. Laerv Lgerm No. Laerv LCaerm No. Laerv Laerm No. Laerv LCaerm
1 1031 3214 0.63 1033 315.5 0.53 1111 353.9 0.69 1162 336.1 0.66
2 1037 318.7 0.59 1011 315.2 0.49 1025 352.1 0.68 1026 335.8 0.53
3 1111 318.4 0.62 1022 314.4 0.50 1064 349.2 0.65 1011 3355 0.52
4 1002 318.2 0.55 1026 313.9 0.49 1034 348.9 0.68 1007 335.3 0.59
5 1007 318.2 0.56 1013 312.7 0.50 1041 348.2 0.68 1145 335.3 0.68
6 1055 318.1 0.57 1046 312.2 0.45 1030 347.9 0.67 1031 334.7 0.65
7 1025 317.7 0.61 1098 311.7 0.47 1055 346.0 0.62 1019 334.6 0.51
8 1033 317.6 0.53 1044 311.7 0.46 1071 345.9 0.60 1001 334.2 0.58
9 1010 317.5 0.55 1019 311.0 0.47 1086 345.8 0.70 1071 334.1 0.58
10 1011 317.3 0.49 1197 310.5 0.48 1033 345.1 0.57 1087 3339 0.59
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Table 3. Top 10 MOF Candidates Identified by GCMC and by Various Classical DFT Methods According to the Volumetric
Delivery Amount: the Methane Delivery Amount is Calculated between Compression at 7' = 298 K, P =250 bar and Release at
T =298 K, P =5 bar.

FMSA MFA WDA-Y" GCMC
Rank No. Laerv Lgerm No. LCaerv LCaerm No. Laerv Laerm No. | R LCaerm
1 1101 300.5 0.63 1033 272.1 0.45 1213 307.4 0.66 1031 290.1 0.57
2 1089 299.1 0.62 1101 271.8 0.57 1101 306.7 0.64 1089 290.1 0.60
3 1213 298.7 0.64 1031 271.6 0.53 1089 305.2 0.64 1101 290.0 0.61
4 1031 297.5 0.58 1213 271.1 0.58 1031 304.1 0.59 1213 289.8 0.62
5 1111 295.7 0.58 1089 270.9 0.56 1111 303.2 0.59 1111 287.1 0.56
6 1052 295.6 0.60 1026 269.7 0.42 1025 301.9 0.58 1034 287.0 0.56
7 1145 295.2 0.60 1111 269.5 0.53 1145 301.8 0.61 1086 286.8 0.58
8 1025 294.5 0.57 1064 268.7 0.50 1052 300.6 0.61 1030 286.5 0.55
9 1086 294.2 0.59 1025 268.7 0.52 1233 300.4 0.73 1145 286.5 0.58
10 1034 294.1 0.57 1052 268.6 0.54 1086 299.9 0.60 1052 286.2 0.58

“The No. represents the serial number in the Northwestern Hypothetical MOF Database, while the st digit means the category (1 for excess CH4 adsorption in
weight category; 2 for excess CH, adsorption in volume category; 3 for void fraction category; 4 for surface area (m>/cm®) category), the last 3 digits means
the rank in the category. Iy means delivery amount, where V stands for adsorption amount in units of cm*(STP)/cm® and M stands for adsorption amount in

units of g/g. (http://hmofs.northwestern.edu/hc/crystals.php)

"Since the two WDA methods give nearly the same results, here we give only the WDA-Y data.

methods. For the top candidates, the list of MOFs generated
from FMSA agrees the best with that from simulation, with 9
out of 10 materials identical.

If the initial compression pressure is set to 250 bar, many
MOFs may meet the target for weight delivery of 0.5 g/g, and
the best material is able to achieve up to 95% of the volumet-
ric ARPA-E target. If we raise the release temperature to
358 K, the ARPA-E volumetric target may also be reached
(see Supporting Information Table S1). Alternatively, the
ARPA-E target can be reached by reducing the initial storage
temperature to 233 K, the lowest operation temperature
according to DOE instructions. In that case, many MOFs could
reach the ARPA-E target by compression at 75 bar and release
at 298 K and 5 bar (see Supporting Information Table S2). At
higher release temperature, all top 10 MOFs achieve the
ARPA-E methane storage target for both gravimetric and vol-
umetric targets (see Table 3).

Unlike the results shown in Table 1, the classical DFT and
GCMC methods predict different top 10 candidates to meet
the ARPA-E target (see Table 3). Nevertheless, all these mate-
rials exhibit similar adsorption capabilities. The GCMC candi-
dates are among the top 50 materials identified by the classical
DFT methods. In both Tables 1 and 3, there are about 3%
numerical discrepancies between DFT and GCMC data. Con-
sidering 5% statistical error in typical GCMC simulations, we
believe the classical DFT methods should be sufficiently accu-
rate to identify promising MOF materials for further experi-
mental investigations.

Conclusions

We have calibrated four versions of classical DFT for
potential applications to the discovery of novel MOFs for
methane storage. Overall, the classical DFT methods show
good agreement with the simulation results for methane
adsorption in slit pores as well as in MOF-5 and Cu-BTC.
Their relative performance is sensitive to thermodynamic con-
ditions and depends also on the specific material under consid-
eration. Using the ARPA-E methane delivery capabilities of
over 1200 MOFs as the benchmark, we find that, surprisingly,
the results from the MFA agree best with the simulations data,
with a RMSD of only 7.90 cm*(STP)/cm?. Considering its the-
oretical simplicity, we conclude that MFA is probably the best
choice for screening nanostructured materials for methane
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storage. While this work focuses on methane adsorption and
shows that classical DFT is a promising computational tool for
materials screening, a similar conclusion holds for adsorption
of other gases including those with partial atomic charges, pro-
vided that an accurate Helmholtz energy functional is avail-
able. Working along this direction is under current
investigation and will be reported in future publications.

Whereas the BET surface area is conventionally used as a
benchmark to identify nanoporous materials with large adsorp-
tion capacity, we find that, in general, there is no convincing
correlation between a geometric surface area and the net deliv-
ery at conditions relevant to methane storage. While none of
the existing materials satisfies the ARPA-E target, many
MOFs can be identified to give a weight delivery exceeding
0.5 g/g if the initial compression pressure is modified to 250
bar, the same as that in a CNG tank. The volumetric target
may also be reached if the release temperature is raised to
358 K. Alternatively, the ARPA-E target can be fulfilled by
reducing the initial storage temperature to 233 K, the lowest
operation temperature according to DOE instruction.

The classical DFT is computationally extremely efficient
when compared with conventional simulation methods, in par-
ticular for calculating thermodynamic properties for a large
library of materials over a broad parameter space. Figure 9
shows the statistics of the computational time for

DFT Calculating Time (s)

u0-30
u30-60

= 60-90
u90-120
"120-

Figure 9. Distribution of computational time for pre-
dicting methane adsorption in 1200 MOFs
with MFA.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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implementing classical DFT calculations on a single desktop
computer (i.e., one 3.0 GHz Sandy Bridge CPU core). The
average computational time is within 2 min for each sample,
which is faster than that for conventional GCMC simulation
by more than one order of magnitude. DFT provides quantita-
tive information on the excess entropy that can be used for
predicting gas self-diffusivities in porous materials, important
for practical applications but extremely time-consuming to
calculate using conventional simulation methods. Good per-
formance and computational efficiency make classical DFT a
suitable choice for high-throughput calculations.
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