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A computational approach towards understanding
hydrogen gas adsorption in Co—MIL-88A+}
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Unsaturated metal centers in metal-organic framework MIL-88A are able to significantly enhance the
amount of gas adsorbed at ambient temperatures and low pressures. This material has been investigated
for various applications; however, it has not yet been tested for hydrogen storage. In this research, we
examined the interaction of hydrogen gas (H,) with Co—MIL-88A by using the van der Waals dispersion-
corrected density functional theory calculations. The H, molecule was found to adsorb most favorably at
the hollow site of the metal trimers in Co-MIL-88A because of the maximum overlap between the
bonding state of the H, molecule and the total density of state of the Co-MIL-88A. In addition, the
hydrogen adsorption isotherms were also assessed by grand canonical Monte Carlo simulations. The
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1. Introduction

Metal-organic framework (MOF) materials have outstanding
characteristics for gas storage and capture with a high adsorp-
tion capacity compared with that of other porous solids or
sorbents.” Therefore, MOFs have been studied for hydrogen
storage to solve the problem of energy carrier in both mobile
and stationary applications.*” Although many MOFs exhibited
a large amount of hydrogen uptake at cryogenic temperatures,
they do not satisfy the target of the US Department of Energy
(DOE) for commercialization of MOFs at ambient temperatures
with pressures below 100 bar.*** Among newly synthesized
MOFs, MIL-88A has an excellent flexibility and thermal
stability”® and simultaneously contains coordinatively unsatu-
rated metal sites that can enhance the gas storage capacity at
ambient temperatures and low pressures.'®” Therefore,
MIL-88A can be a good candidate for hydrogen storage.”
MIL-88A has already been studied for the adsorption of NO*®
and CO,."” However, this MOF has not yet been tested for
hydrogen gas.
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results showed that Co—MIL-88A is one of the most effective H, storage materials.

Cobalt, a transitional metal, plays an important role in
improving the H, uptake capacity of MOFs. For example, Co,
(dobpdc) showed the highest gravimetric H, uptake among
M,(dobpdc), where M is Mg, Mn, Fe, Co, Ni or Zn.* The result of
Zhou and co-workers pointed out that the higher the tempera-
ture, the larger the uptake of H, adsorbed in Co-MOF-74 [also
called CPO-27-Co, Coy(dobdc) or Co,(dhtp)].** Their result
showed, at 150 K, Co-MOF-74 has the highest H, uptake in
comparison to M-MOF-74 (M = Mg, Mn, Ni, Zn) (see the ESI of
ref. 21). Therefore, we expect that the Co-based MIL-88A (here-
after called Co-MIL-88A) with the coordinatively unsaturated
Co metal sites (CUS)* also offer a high hydrogen sorption
capacity, especially at ambient temperatures.

In this work, we evaluate the hydrogen adsorption capability
of the Co-MIL-88A and explain the physical origin for the
interaction between H, molecule and the Co-MIL-88A MOF. We
first search for the most favorable adsorption sites of H, via
computing the adsorption energy and then analyze electronic
properties based on the van der Waals dispersion-corrected
density functional theory calculations. We then calculate
hydrogen adsorption isotherms of the Co-MIL-88A by using
grand canonical Monte Carlo (GCMC) simulations.

2. Computational methods

For the study of favorable adsorption sites and electronic
structure properties, we employed the Vienna ab initio simu-
lation package (VASP)** for the van der Waals dispersion-
corrected (vdW-DF version) density functional theory (DFT)
calculations. The plane-wave basis set with the cut-off energy of
700 eV, the revised Perdew-Burke-Ernzerhof (revBPE) func-
tional for the exchange-correlation energy,”*** and the
projector-augmented-wave method for the electron-ion
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interaction**”” were used to perform the calculations. The
surface Brillouin-zone integrations were performed by using the
Monkhorst and Pack k-point sampling technique?® with the 4 x
4 x 4 mesh grid and the gamma point at the center. The
Methfessel-Paxton smearing® of order 1 was used for the
geometry relaxation with the smearing width of 0.1 eV.
However, the linear tetrahedron method with Blochl correc-
tions® was employed for the calculations of total energy.

The electronic structure properties were elucidated through
the analysis of the density derived electrostatic and chemical
(DDEC) net atomic charge,* the Bader point charge,* the
electronic density of state (DOS), and the charge density
difference (CDD).

For estimating the binding strength of H, with Co-MIL-88A,
we calculated the adsorption energy E,qs of H, by using the
following formula:

E.qs = —Ep = Envor+n, — (Emor + En,). (1)

here, Exior+n,, Emor, En, is the total energy of the Co-MIL-88A +
H, system, the isolated Co-MIL-88A, and the isolated H,
molecule, respectively. The binding energy of the H, molecule
and the Co-MIL-88A is denoted by Ej,.

Grand canonical Monte Carlo (GCMC) simulations were
used to compute the gravimetric loadings of hydrogen gas in the
Co-MIL-88A MOF by using the simulation package RASPA,
which is a molecular simulation software for nanoporous
materials.>® These simulations were performed in the VTu
(constant volume, temperature, and chemical potential)
ensembles at two different temperatures (77 K and 298 K) for
pressures up to 100 bar. The number of MC steps was 3 x 10>
for the random insertion, deletion, translation, and rotation of
H, molecules in the simulation box of the Co-MIL-88A frame-
work of 3 x 3 x 2 times of the unit cell. The framework was kept
rigid during the simulation process, while hydrogen molecule
freely moves in the MOF structure. The interaction between the
H, gas and the atoms (C, O, H and Co) of the MOF were
described through the Lennard-Jones (L]) 6-12 potential (the
first two terms, in square parenthesis) and the electrostatic
potential (the last term), presented by

12 6
R AN 1 qig;
U('t/) = d¢; [(ri]_) <ij) ] + dmeg 1y (2)

where U is the potential energy between a pair of atoms i and j at
a distance ry; ¢, is the dielectric constant; g; is the partial charge
of atom 7 obtained from the DDEC atomic net charge calcula-
tion based on the DFT method. The parameters ¢; and o, are the
L] potential well depth and diameter, respectively. These
parameters were calculated by using the Lorentz-Berthelot
mixing rule:

1
& = VEg, 05 = 5(0i+0)). (3)

here, the L] parameters for atom i (o;, ¢) were taken from
generic force fields for MOFs in RASPA software package,* lis-
ted in Table 1.
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Table 1 The LJ parameters for the atom types and the partial charges
used in our GCMC simulations

Atom type elkg (K) a (A) DDEC charge (e”)
Co 7.05 2.56 1.158

C (on the metal trimer) 47.86 3.47 0.734

C (on the linker) 47.86 3.47 —0.169

o 48.16 3.03 —0.559

H3-O 48.16 3.03 —0.858

H 7.65 2.85 0.117

Hcom of H, molecule 36.70 2.96 —0.936

The Lennard-Jones interaction is neglected beyond the
unique cutoff radius of 12 A. The electrostatic equation was
calculated by the Ewald summation technique. For the
hydrogen molecule, a single LJ interaction site model at the
center of mass (Heom) Was used with the L] parameters taken
from the TraPPE force field. These parameters are oy, = 2.96 A
and ¢y_ /ks = 36.70 K with the H-H bond length of 0.74 A.

3. Results and discussion

3.1. Geometry optimization of Co-MIL-88A

In this work, the Co-MIL-88A was designed with the chemical
formula [{Co30(-0,C-C,H,-CO,-);}], having a three-
dimensional hexagonal structure consisting of the trimers of
Co octahedra linked to the fumarate ligands, where n is the
number of chemical formula units. This structure has the
neutral charge with the Co atoms in a closed shell configuration
due to bonding with the other atoms of the MOF. Fig. 1 shows
the structure of the unit cell of Co-MIL-88A with n = 2. The
dimensions of the unit cell are a, b, and ¢, where a = b and the
angles « = 8 = 90°, v = 120°.

After the primary unit cell for Co-MIL-88A was designed, the
geometry optimization for Co-MIL-88A was performed for its
volume and ionic positions. The ionic positions were relaxed by
using the van der Waals-density functional (vdW-DF) of Lan-
greth and Lundqvist et al.**

To obtain the optimized volume of the unit cell, we calcu-
lated the total energy of the unit cell for the following condi-
tions. For several fixed values of c/a ratio between 1.25 and 1.39,
we varied the a lattice constant from 10.58 to 11.98 A in 0.2 A
grids. We then fitted the unit cell volume to the Murnaghan's
equation of state® based on the obtained total energy versus the
structural parameter a and c¢/a. Fig. 2a shows that the minimum
energy is found at different a for the different ¢/a. The collection
of the minimum energy points as a function of the lattice
constant a and the c/a ratio is presented in Fig. 2b and c,
respectively. The detailed values of the minimum energies are
listed in Table 2. On the basis of these curves, we found an
optimized lattice constant of @ = b = 11.222 A and ¢ = 14.719 A,
corresponding to a volume of 1605.34 A*. This volume is close to
the experimental value of 1589 A® for the Fe-MIL-88A.%° It
should be noted that the ionic radius of Co®" is 0.69 A which is
the same as that of the Fe’" ion.

This journal is © The Royal Society of Chemistry 2017
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Fig.1 The structure of Co—MIL-88A: side view (a) and top view (b) of the unit cell, the pus-O-centered trimer of Co metals (c), and the fumarate
linker of the MOF (d). The blue, red, brown, and white colored balls represent the cobalt, oxygen, carbon, and hydrogen atoms, respectively.
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Fig. 2 Relative energy as a function of the lattice constant a for each c/a ratio (a). The solid lines are the fitting curves, while the points are the
calculated values. The minimum energy points are plotted versus the lattice constant a (b) and the c/a ratio (c).

Table 2 The minimum energy of the Co—MIL-88A unit cell and the
corresponding structural parameters

c/a ratio Lattice constant a (A) Minimum total energy (eV)
1.253 11.42 —358.01
1.273 11.36 —358.55
1.293 11.29 —358.78
1.313 11.23 —358.87
1.333 11.16 —358.77
1.353 11.10 —358.58
1.373 11.05 —358.23
1.393 10.99 —357.79

3.2. Favorable hydrogen adsorption sites and electronic
properties

After obtaining the Co-MIL-88A unit cell with the optimized
lattice constants, a hydrogen molecule (H,) is loaded into the
unit cell at many different sites. We then performed geometry
optimization and calculated the adsorption energy of H,. The
results are listed in Table 3 together with the average bond
length of H, to the closest atoms of the MOF. From these
calculations, we found the favorable adsorption sites of H,.
Fig. 3a and b are the adsorption configurations of H, on the
hollow and ligand sites, and Fig. 3c and d are the side-on and
end-on configurations of H, over the Co metal atom. For the
metal end-on configuration, the H atoms of H, molecule and
the nearest Co atom form an angle of 180°. The hollow site is

This journal is © The Royal Society of Chemistry 2017

formed by four oxygen atoms (01, O2, O3 and 0O4) of the MOF.
The hydrogen molecule adsorbs in a parallel configuration with
the plane of these oxygen atoms. For the ligand site, H, adsorbs
over the fumarate with the H-H bond perpendicular to the line
connecting C1 and C2. The average distance of H, to the
reference atoms of the MOF (3.20 A) for the most favorable
adsorption site (i.e. the hollow site) is comparable to that for the
side-on and end-on ones on the metal site, ca. 3.15 A, but
significantly shorter than that for the binding to the ligand,
3.41A.

From Table 3, we see that, on the basis of the adsorption
energy, the favorable adsorption site is in the order of hollow >
ligand > metal side-on > metal end-on. The most favorable
adsorption of H, is at the hollow site with a binding energy of
13.72 k] mol ', Although, hydrogen molecule was also found to
have strong adsorption at the hollow site of MOF-5,*""% it is
usually expected that the strong hydrogen bonding is at the
metal site. Surprisingly, the adsorption is even less favorable on
the metal site than on the organic ligand, which is different with
common expectation. For instance, several authors found that
the hydrogen binding energies on the ligand were smaller than
those on the metal.**** The reason for this strong adsorption of
H, on the organic ligand of the Co-MIL-88A may be due to the
relatively short fumarate bridge. Thereby, the metal and oxygen
atoms may interact with the H, located at the hollow and ligand
sites. This point will be discussed through the analysis of the
electronic density of state in the below part. For the H, adsorbed
end-on configuration on the metal site, the binding energy of

RSC Adv., 2017, 7, 39583-39593 | 39585
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Table 3 The adsorption sites, adsorption energy, structural parame-
ters, and electronic property of H, in Co—-MIL-88A. The average
distance between the H, molecule and the reference atoms of the
MOF is denoted by dy,- and the Bader point charge of H; is denoted
by gu,

Sites Eags (kI mol™")  Ep, (K mol™)  di.a (&) qu, (e)

Hollow —13.72 13.72 3.20 —0.0002
Ligand —10.76 10.76 3.41 —0.0006
Metal (side-on) —10.61 10.61 3.14 —0.0038
Metal (end-on) —6.50 6.50 3.15 —0.0006

this configuration is the smallest compared with that of the
others.

All the vibrational modes for the H, molecule showed posi-
tive values implying that the hollow, ligand, metal end-on and
metal side-on configurations are local minima of the H,
adsorption (see Table S1 in ESIf). We also computed the H-H
stretching frequency shift (Av) for the different adsorption sites
relative to the stretching frequency of the free H, molecule.
Table 4 shows that the stretching frequency shift is about
27-46 cm~*, which is much smaller than those in the work of
Solans-Monfort.** This no significant perturbation of the

a) Hollow

H1G=0) H2
I

¢) Metal (side-on)

View Article Online
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Table 4 The H—-H stretching frequency shift (Av) and the zero-point
energy for the adsorbed H, at the favorable adsorption sites

Sites Av® (em ™" Zero-point energy (k] mol ")
Hollow —46 31.95
Ligand —46 31.76
Metal side-on -39 30.12
Metal end-on —27 30.08

% The H-H harmonic stretching frequency shift with respect to the free
H, stretching frequency, Av = »(MOF + H,) — »(isolated H,).

stretching frequency suggests that the charge transfer between
the MOF and the adsorbed H, should be little. Additionally, the
zero-point vibration energy is about 1.8 k] mol ™" larger for the
hollow site compared to the metal sites, but it is still smaller
than the electronic energy difference of about 3 kJ mol .
Thereby, the hollow site is the likely binding site even including
Zero-point energy corrections.

Although the binding energy of H, with the Co-MIL-88A
is much smaller than DOE's target binding energy of
20-25 kJ mol ',*** it is greater than that of many MOFs

d) Metal (end-on)

Fig. 3 The favorable adsorption configurations of H, in Co—MIL-88A. The bond distance to the reference atoms is correspondingly shown for

each configuration.
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currently achieved ~7-10 kJ mol . For instance, by the same
vdW-DF approach, the E}, of H, is about 9.8-10.4 k] mol ™" for
M, (BDC),(TED) series, where M is Zn, Mg, Ni.**

To understand the interaction of the H, molecule in the Co-
MIL-88A structure, we analyzed the charge density difference of
the absorbed H, molecule and the MOF, which is shown in
Fig. 4. On the hollow, the ligand, and the metal side-on, the H,
molecule interacts with the MOF through its bonding state,
while on the metal end-on site the interaction is via the anti-
bonding state of H,. The charge exchange cloud of the H,
molecule closest to the MOF shows a charge gain for the cases of
the H, molecule adsorbed on the ligand, the metal side-on, and
the metal end-on; however, it shows a charge donation for the
most favorable adsorption site, i.e., the hollow site of the cobalt
metal oxide. The size of the charge exchange cloud is qualita-
tively proportional to the binding strength of H, with the MOF,
see Table 3 for the binding energy. The hollow configuration
(Fig. 4a) has the largest charge exchange cloud due to the
strongest interaction with the MOF, while the metal end-on
configuration (Fig. 4d) has the smallest charge exchange
cloud because of the weakest interaction.

We also calculated the Bader charge exchange of the H,
molecule, see Table 3. We find that the Bader charge of the H,

View Article Online
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molecule is very small and within the error of the charge
calculation of 0.0005 e. Therefore, we can conclude that there is
no significant charge transfer between the H, molecule and the
Co-MIL-88A due to the weak physisorption of the H, molecule.
This result is also in good agreement with the prediction from
the small H, stretching frequency shift obtained in the above
part.

Deeper insights of the MOF-H, interaction can be exposed
through the analysis of the electronic density of states. Fig. 5
shows that the H, molecule interacts with the Co atoms of the
Co-MIL-88A, where the state of H, overlaps with the d orbital of
the Co atoms. For the hollow, the ligand, and the metal side-on
configurations, the d,y, d,>_,» and d, orbitals of the metal atoms
mainly contribute to the interaction with the hydrogen mole-
cule, while it is the d,- orbital for the metal end-on configura-
tion. The s orbital of the metal atoms of the MOF also
contributes to the interaction with H, but most substantially for
the most favorable H, adsorption configuration, on the hollow
site. Although the H, molecule at the hollow site is far away
from the nearest Co atoms with the average distance of 4.15 A,
the interaction of the H, molecule and the Co atoms is still
possible through the indirect interaction with the oxygen atoms
in the outer space of the metal oxide. Fig. S1 in ESI shows that

b) Ligand site

¢) Metal (side-on) site

d) Metal (end-on) site

Fig. 4 The charge density difference for the favorable adsorption configuration of H, in the Co-MIL-88A. Yellow and cyan clouds represent

charge gain and loss, respectively. Isosurface = 2 x 10~* e bohr~>.

This journal is © The Royal Society of Chemistry 2017
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(a), ligand (b), metal side-on (c), and metal end-on (d).

the charge cloud of the Co atoms mixes with the charge cloud of
the oxygen atoms, which expands in a large area and
approaches the charge cloud of the H, molecule. Fig. 6 shows
a more visible evidence of the interaction of the H, molecule
with the Co atoms through the real-space wave functions.*® We
can see that there is an overlapping between the wave function
of the H atoms of the H, molecule and that of the Co atoms.
Furthermore, the p;-O oxygen atoms of the Co-MIL-88A were
also found to participate in the interaction with H, via their p,
and p, orbitals, see Fig. S2 in ESL}

Although the Co and p;-O atoms can interact with the
hydrogen molecule, the most profound interaction is from the
Px» Py, P: orbitals of all atoms of the Co-MIL-88A. Fig. 7 shows
that a large portion of total p DOS overlaps with the H, DOS,
which covers almost the whole area of the H, DOS. This result
implies that the p orbital of all atoms of the Co-MIL-88A should
influence on the hydrogen adsorption more significantly
compared to the s and d orbitals of the Co atoms.

Remarkably, we can quantitatively assess the interaction
strength of H, with the MOF by calculating a common area of
DOS,*” which is the overlap area between the DOS of the
adsorbed H, and the DOS of the Co-MIL-88A as demonstrated
in Fig. 8a. Here, we calculate the common area between the DOS
of the adsorbed H, molecule and the total DOS from all orbitals
of the Co-MIL-88A. The results for the different adsorption sites
can be seen in the seventh column of Table 5 and are plotted
versus the binding energy in Fig. 8b. It shows that this quantity
correlates to some extent with the binding energy, i.e., the larger
the common area, the stronger the binding strength is.
Furthermore, Fig. 5 and 7 also show that the more stable the H,
adsorption configuration becomes, the lower the peak height of
the H, DOS is. By calculating the DOS area of the adsorbed H,
molecule, listed in the last column of Table 5 and shown in
Fig. 8b, we found that this peak area is inversely proportional to
the common area of DOS.

H1 ;xtom of I-iz
Col atom

(a)

Wave Function

H2 ;xtom of I-iz
Co2 atom

0 2 4 6 8 10

0 2 4 6 8 10

Distance (A)

Fig.6 Thereal part of the wave functions of the hydrogen atom and the Co atom along x direction, the vector a in Fig. 1a. The dot denotes for the

position of the atoms along the x direction.
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We can break the contribution to the common area of the
total DOS of all atoms into different portions that are from the s
and d orbitals of Co atoms and from the total p orbital of all
atoms of the MOF. We also calculated the common area of the
H, DOS and the total s orbital of oxygen and carbon atoms;
however, there is no significant contribution to the interaction
with the H, molecule. Table 5 shows that although the contri-
bution from the total p orbital of all atoms is large, the over-
lapping with the total p orbital of all atoms decreases while the
overlapping with the s and d orbitals of Co atoms increase
significantly for the more stable adsorption configurations. We
also found that the common area of the H, DOS with the s
orbital and the d orbital of Co atoms and the p orbital of the p;,-
O atoms monotonically increase in the order: the metal end-on
< the metal side-on < the ligand < the hollow site. In generally
speaking, the inner atoms of the trimers such as Co and p;-O
become more and more important for stabilizing the H,
adsorption. With the electronic analysis, we could explain the
site dependence of the H, adsorption.

This journal is © The Royal Society of Chemistry 2017

3.3. Hydrogen adsorption isotherms

In the previous section, we provided some insight toward the H,
adsorption in the MOF. Here, we will quantitatively assess the
storage capability of the Co-MIL-88A by calculating the
hydrogen adsorption isotherms using GCMC simulations. The
best way of performing GCMC simulations is to use the force
field with both the dispersion and electrostatic interactions that
were parameterized on the same footing from the DFT calcu-
lations. However, the parameterization of only the Coulomb
interaction from the DFT while the parameters of the dispersion
term was taken from the generic force field for MOFs* which
has also been used by several works in the literature.***° In this
work, we assigned the point charges in an independent way
from the dispersion force field parameters. Before applying the
generic force field for MOFs*® and the DDEC charge assignment
to the present problem, we first test the reliability of the force
field through the calculation of the adsorption isotherm for
a known MOF, the Co-MOF-74, and compare our simulated
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Table 5 Common area between the DOS of the adsorbed hydrogen molecule with the DOS of different components of the Co—MIL-88A

d orbital s orbital s and d orbitals p orbital of Total p orbital Total DOS of Area of
Sites of Co of Co of Co n3-O atoms of all atoms* all atoms H, DOS
Hollow 0.750 0.378 1.128 0.793 1.277 2.405 0.7050
Ligand 0.704 0.180 0.884 0.731 1.400 2.284 0.7052
Metal side-on 0.376 0.081 0.457 0.250 1.433 1.890 0.7358
Metal end-on 0.258 0.017 0.275 0.049 1.488 1.763 0.7836

“ We do not list the common area of the H, DOS with the O p (except for pi;-O p) and C p orbitals separately because there are no simple rules for

them.

result with the available experimental data.*® The hydrogen
adsorption isotherm of the Co-MOF-74 framework was calcu-
lated at the temperature of 77 K and the pressure below 6 bar.
Fig. 9a shows this result together with the experimental data.
We found that the calculated excess H, adsorption isotherms
using the generic force field and the DDEC charge assignment
are in good agreement with the experimental result at low
pressures. Although there is a discrepancy at high pressures, the
behavior of the isotherm is well reproduced by our scheme.
Besides, to determine the reliability of the charge assignment
while remaining the other force field parameters, we simulated
the hydrogen adsorption isotherms for the Co-MOF-74 with the
atomic point charges obtained by the DDEC charge calculation
of our group and the charges (available for Co-MOF-74) taken
from the library of RASPA, see Table S2.} Fig. 9b shows that both
results are in excellent agreement. Because the Co-MIL-88A and
the Co-MOF-74 have the same characteristics such as having
unsaturated metal sites, hexagonal unit cell, and containing the
same types of elements, i.e., Co, C, O, and H. Therefore, we use
the tested force field for the Co-MIL-88A.

For evaluating the adsorption capacity of H, in the Co-MIL-
88A, we computed the average amount of absolute and excess
loadings at the temperatures of 77 K and 298 K, and for pres-
sures up to 100 bar. Fig. 10a shows that the H, adsorption
isotherms at 77 K increase sharply below 5 bar and achieves the
maximum value of about 4.0 wt% at about 15 bar for the excess
loading but still increases slightly for the absolute loading until
50 bar where the total uptake reaches the value of 4.5 wt%. From

S 3 ]
E
L
=
S 2 1
=
g
g 1 1
- Our calculation =i
oy Exp. W. Zhou et al. ----@---
O 1 1 1 1 1

0 1 2 3 4 d 6

Pressure (bar)

these results, we see the H, uptake in Co-MIL-88A at the cryo-
genic temperature (77 K) is moderate compared with that of the
best MOFs reported up to now, see the recent review papers.'>*?
For example, MOF-5 (the MOF was firstly synthesized and was
evaluated for hydrogen storage capacity in 2003) has the total
uptake with 4.5 wt% at (78 K, 1 bar)** and 5.6 wt% at (77 K, 100
bar).” At 77 K, the highest excess H, storage capacity is 9.95
wt% at 56 bar and the absolute one is 16.4 wt% at 70 bar for NU-
100;>* while, the highest total H, storage capacity is 17.6 wt%
(excess 8.6 wt%) at 80 bar for MOF-210.%* Besides, several MOFs
were also evaluated with a high H, uptake of 7.5 wt% at 70 bar
for MOF-177,>* 2.4 wt% and 4.6 wt% at 31 bar for UiO-66 and
UiO-67, respectively.”® The sudden increase of the adsorption
isotherm at low pressures implies that the storage is mainly
based on the adsorption of H, with the MOF.

At room temperature, the isotherms increase fairly close to
a linear function of the pressure, but are not saturated at our
highest pressure of 100 bar (Fig. 10b). This result implies that
the Co-MIL-88A is very stable and suitable for the hydrogen
storage at high pressures. The maximum value for the excess
and absolute loadings at 298 K and 100 bar is 0.22 and 0.63
wt%, respectively. The calculated absolute loading is compa-
rable to the experimental data obtained for the best MOFs up to
date at the standard condition of 298 K and 100 bar. For
examples, the absolute loadings are 2.3 wt% for Be-BTB,** 0.8
wt% for Mg-MOF-74,%” and the excess loadings are 0.62 wt% for
MOF-177,>* at 298 K and 100 bar, many MOFs reported up to
now also reached the H, storage capacities of 0.36-0.58 wt%.®
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Fig. 9 Excess hydrogen uptake for Co-MOF-74 at 77 K: (a) GCMC simulation with the generic force field for MOFs and the DDEC charge
assignment (solid square) and the experimental data (solid circle) extracted with permission from ref. 21. Copyright 2008 American Chemical
Society; (b) GCMC simulation with the DDEC charges of this work and the charges taken from the library of RASPA.
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Fig. 10 Absolute (red) and excess (blue) adsorption isotherms for the Co—MIL-88A at 77 K (a) and 298 K (b).

Table 6 Absolute hydrogen uptake (wt%) in the Co—MIL-88A with and
without electrostatic interaction at 77 K

LJ + Coulomb Coulomb  Weight of

Pressure interaction LJ interaction interaction electrostatic
(bar) (Wt%) (Wt%) (Wt%) interaction (%)
1 2.56 1.90 0.66 25.78

2 3.21 2.53 0.68 21.18

3 3.52 2.83 0.69 19.60

4 3.69 3.01 0.68 18.43

5 3.81 3.15 0.66 17.32

10 4.13 3.52 0.61 14.77

20 4.32 3.81 0.51 11.81

30 4.40 3.97 0.43 9.77

40 4.46 4.06 0.40 8.97

50 4.50 4.14 0.36 8.00

To assess the weight of the electrostatic interaction with
respect to the dispersion one, we calculated the hydrogen
uptake with and without the assignment of the atomic DDEC
charges by our DFT calculations. The information was listed in
Table 6, see also Fig. S3 and Tables S3 and S4.1 Looking at the
last two columns of Table S4,1 we found that the electrostatic
interaction contributes less than 10% to the overall hydrogen
uptakes at the room temperature. Table 6 shows that the
contribution of the electrostatic interaction is much more
significant at the low temperature than at the room tempera-
ture. Simultaneously, the electrostatic contribution decreases as
the pressure increases. The dispersion interaction is more
dominant than the electrostatic part.

Fig. S4t shows that the hydrogen molecules are more
concentrated around the hollow than around the ligand and the
metal site, which means that the hollow site is the most favor-
able adsorption place of the hydrogen gas. The average distance
from the H, molecules to the nearest atoms of the MOF, shown
in Table S5 in ESI,} was found to be in good agreement with that
obtained by the density functional theory calculation, listed in
Table 3. These results demonstrated that the used generic force
field for MOFs could qualitatively reproduce the observation of
the density functional theory results.

This journal is © The Royal Society of Chemistry 2017

4. Conclusions

Our DFT-based results show that the favorable adsorption sites
of H, in Co-MIL-88A MOF is in the order: hollow > ligand >
metal side-on > metal end-on, in which the adsorption of H, is
most favorable on the hollow of four oxygen atoms with the
binding energy of 13.72 k] mol . This value is greater than that
of many MOFs reported so far ~4-13 kJ mol*. The interaction
between the bonding state of H, with the s and d orbitals of the
Co atoms and the p orbital of the ps;-O atoms favors the
adsorption of the H, molecule at the hollow site. Furthermore,
the interaction of H, with Co-MIL-88A is physisorption. The
dispersion force dominates the interaction energy, which binds
H, at the adsorption sites.

At 77 K, the excess adsorption isotherm of hydrogen gas in
Co-MIL-88A saturates at 15 bar with 4.0 wt%, but the absolute
adsorption isotherm still increases slightly up to 50 bar and
reach the maximum value of 4.5 wt%. At the room temperature
of 298 K, the H, adsorption isotherms increase strongly upon
the increase of the temperature and reach 0.63 and 0.22 wt% for
the absolute and excess uptakes at 100 bar, respectively. These
achieved results are worthy for hydrogen storage. Further study
will be on the enhancement of the H, storage capacity by
substituting metal or linker of MIL-88A.
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