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Abstract

In this work, we are evaluating the hydrogen adsorption capacity at 298 K of cobalt-doped MOF-5 using the Grand
Canonical Monte Carlo method. We substitute eight, sixteen, and thirty-two zinc atoms of MOF-5 with cobalt atoms and
we obtain Co8-MOF-5, Co16-MOF-5 and CoMOF-5 respectively. For each of these molecules, we determine the pore diam-
eters, the surface, the pore volume, the isosteric heat, and the storage capacities of these doped MOFs. The results show
that for Co8-MOF-5 and Co16-MOF-5, doping decreases the pore volume and increases the density. This will lead to an
increase in volumetric capacity and a decrease in gravimetric capacity. However, we note a strong adsorbent-adsorbate
attraction compared to undoped MOF. This is justified by a high excess capacity for materials with a small surface.

Keywords Hydrogen adsorption - MOFs - Doping - Ambient temperature and pressure

1 Introduction

Storage remains the only major obstacle to the large-
scale use of hydrogen in the energy sector today. Indeed,
hydrogen is not a source of energy, but a vector, just like
electricity. It is used to transport the energy produced by
a primary source (petroleum, uranium). It is presented as
a possible substitute for hydrocarbons and an efficient
way to store renewable energies (wind, solar and hydro),
main electricity over a long period. However, its applica-
tion remains very expensive, because its storage is done by
the bias two very energy-consuming methods. Compres-
sion under a pressure of 700 bar presents key problems in
terms of material, design, and sealing; moreover, reaching
the desired pressure requires more than 10% of the stored
energy. The cryogenic method, on the other hand, causes
large losses of energy during the liquefaction and evapo-
ration processes [1, 2].

However, Metal-Organic Frameworks (MOFs) struc-
tures have received very important attention over the
past two decades for applications in renewable energy
and environmental science [3]. Indeed, the large num-
ber of combinations of organic linkers and metal con-
nectors that can be used in principle makes it possi-
ble to design materials for a wide variety of potential
applications [4-6]. These MOFs have the promise that
by modifying building blocks, organic ligands or metal-
lic nodes, i.e. the electronic structure, we can design
an optimal material for various applications [7, 8]. Their
characteristics, such as high porosity, large surface area,
tunable structure, and modifiable functionality, make
them very promising to be applied in gas storage and
separation [9-12]. This is why the scientific community
is placing great emphasis on the study of adsorption of
hydrogen by these MOFs at room temperature and pres-
sure to reduce the costs associated with storage. But
at room temperature, their storage capacity becomes

>4 Noél Djongyang, noeldjongyang@gmail.com | 'Department of Renewable Energy, National Advanced School of Engineering
of Maroua, University of Maroua, PO Box 46, Maroua, Cameroon. 2Department of Energy Engineering, University Institute of Technology,

University of Ngaoundere, PO Box 455, Ngaoundere, Cameroon.

®

Check for
updates

SN Applied Sciences (2020) 2:1815 | https://doi.org/10.1007/s42452-020-03627-9

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-03627-9&domain=pdf

Research Article

SN Applied Sciences (2020) 2:1815 | https://doi.org/10.1007/542452-020-03627-9

low, because of MOFs-H2 interactions which are very
weak [3, 13, 14].

Different popular strategies to increase the adsorp-
tion capacity of hydrogen at room temperature are
reported in the literature: increasing the length of
organic linkers [15], incorporation post-synthesis of
metallic species [16], post-synthesis anchoring of met-
als (Li or Cr, Co) in the aromatic rings of the linker [17],
the improvement of the dipole moment of the group
of metal oxides in MOFs [18, 19]. Other promising ways
are to decorate the attraction of hydrogen by metals on
their surfaces. Examples of hydrogen attracting metals
are Li[17, 20], Na [21], K[21] Ca [22, 23], Sc [24] and Ti
[25-27]. MOF having two metals in the structure is also
presented as a likely solution [28, 29]. Indeed, the dop-
ing of different metals in the MOF nodes can generate
defects in the MOF, which would improve their intrinsic
properties and thus affect their gas absorption [30, 31].

MOFs can be used as semiconductors. But their appli-
cations in areas such as photovoltaics, detection, and
photocatalysis [8, 32-34] are limited by their band gaps
relatively wide. This is how Choi and al., 2009 [35] pro-
posed a substitution of the Zinc molecules of MOF-5
to study the effect of doping on the band gap. In 2010,
Botas et al., [36] Having noticed the high affinity of Co
with H2, studied the adsorption capacity of Co-doped
MOF-5.They noted that the adsorption of H2, CH4, and
CO2 by MOF-5 systematically increases with the Co con-
tent, in particular at high pressure at 77 K. Yang et al,,
[37] In 2014 demonstrate that in addition to increas-
ing the adsorption capacity, doping of MOF-5 with Co
(), can considerably improve the structural stability
of MOF-5 with respect to humidity but also exhibits
solvatochromic behavior to detect small solvent mol-
ecules. The substitution of the Zinc atoms of MOF-74
by Cobalt atoms also offered good performances in gas
adsorption, Botas et al., [38] Show that the isosteric heat
increased with the concentration of cobalt. Montes et al.
[4] shows that the cobalt-based URJC-3 molecule has
hydrogen storage performance not only better than
activated carbon and purified single-walled carbon
nanotubes but also exceeds absorption gravimetric of
hydrogen reached by most MOFs, despite their moder-
ate surfaces due to small pores [4].

Motivated by the fact that MOF-5 is an excellent rep-
resentative of porous materials and by ability of the
known Co (ll) ion to improve the stability and adsorp-
tion properties of materials, we examine in this paper
the ability of MOF-5 doped with Co(ll) ion to adsorb
hydrogen at a temperature of 298 K by varying the pres-
sure from 1 to 100 bar.
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2 Method

Figure 1 shows the four molecules studied. Fig. 1a shows
the molecule MOF-5. Fig. 1b shows the Co8-MOF-5 mol-
ecule which has eight zinc atoms substituted by cobalt
atoms. Fig. 1c shows the Co16-MOF-5 molecule in which
sixteen zinc atoms are substituted by cobalt atoms. Fig. 1d
shows the CoMOF-5 molecule in which all the zinc atoms
of the MOF-5 molecule are substituted with cobalt atoms.
The substituents are not located in the same position peri-
odically but are randomly located with the same rate of
substitution.

The Grand Canonical Monte Carlo method consists
in generating series of representative configurations of
the system, linked together by arbitrarily chosen move-
ments executed in a stochastic manner [39]. To ensure that
each system is sampled in an equilibrium state, a total of
10,000 cycles are run for each simulation. The first half for
equilibrium and the last half for production, which is suf-
ficient to obtain consistent results [40]. Each cycle consists
of N Monte Carlo motions, where N is the greatest num-
ber between 20 and the number of hydrogen molecules
adsorbed in the elementary cell at the beginning of each
point in the simulation. The three types of MC motions
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Fig. 1 Representative structures for each cobalt substitution rate,
where Co, Zn, C, O, and H are shown in green, violet, grey, red, and
white, respectively. All atoms are drawn by a stick model except Co
and Zn, which are drawn with a ball and stick model for emphasis.
a MOF-5, b Co8-MOF-5, ¢ Co16-MOF-5, d CoOMOF-5.
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used, which are translation, rotation and complete re-
insertion of hydrogen molecules, are considered with a
probability equal to 1. The insertion of a new hydrogen
molecule is done in a random position and orientation [41,
42]. To determine the hydrogen adsorption isotherms at
298 K between 1 and 100 bar in the proposed structures,
hydrogen adsorption was calculated for seven pressure
points, 1, 10, 20, 40, 60, 80 and 100 bar.

Having a periodically symmetrical structure, hydrogen
adsorption can be simulated on a finite part as on the link
or on the MOF-5 cluster. However, Mueller and Ceder show
that such an approach can give misleading results [43].
Furthermore, since cobalt ions are randomly substituted
in MOF-5, we simulate hydrogen uptake over the entire
elementary cell.

In the simulation, the adsorbate and adsorbent mol-
ecules are considered rigid. In this case, the only interac-
tions to be considered are intermolecular interactions
between unbound atoms, Van der Waals interactions and
electrostatic interactions [42]. These interactions are mod-
elled by the Lennard-Jones (LJ) + Coulomb potentials as
represented by equation (1).

_ Oij 12 O q:4;
Ur = Zf<,45i/'[(7) - (% + 2 are, (1)

ij ij

Where € is the depth of the potential well, o is the finite
distance at which the interparticle potential is zero, r is the
distance between the particles. g, and g, Are the positive
or negative magnitudes of the charges.

The hydrogen molecules have been modeled according
to the Darkrim-Levesque model [44]. The LJ parameters for
the MOF atoms were assigned according to the Universal
Force Field (UFF) [45] and Dreiding [46]. A limit value of
12 A was used for all LJ interactions, and Ewald summa-
tions were used to calculate Coulomb interactions. The
Lorentz—Berthelot [47] mixing rules used to determine
the LJ parameters for the interactions between atoms. The
charges of the atoms were determined using load balanc-
ing with RASPA code.

The geometric area was calculated using a probe with a
diameter of 2.958 A equal to the diameter of the hydrogen
atom. The void fraction, which is the void of a structure
divided by the total volume, is measured using helium,

because helium hardly adsorbs at room temperature. The
pore diameters of the different structures are calculated
from the largest sphere included; which is simply the
greatest distance attributed to the Voronoi nodes [48].
Indeed, the algorithm iterates over all Voronoi nodes in
a periodic unit cell of a structure and finds the node with
the largest distance to a neighboring atom. The isosteric
heat of adsorption is calculated as described in the work
of Vlugt et al. [49]. Using a pressure of 0.5 bar assumed
to be low load [50]. Indeed, at low load, the gas phase is
assumed to be ideal [51], the heat is relatively constant
and reflects the interactions between hydrogen and MOF,
with a small contribution from hydrogen-hydrogen inter-
actions [50].

Calculations of pore volume, largest cavity diameter,
specific surface area, were calculated using Zoe ++[52]
while the helium fractions under vacuum, adsorption
heats and hydrogen adsorption capacities were deter-
mined using RASPA-2.0 (David Dubbeldam et al. [53]).

3 Results

The surfaces of the four materials were determined to eval-
uate the influence of Co(ll) doping on their texture. The
values given in Table 1 show that the gravimetric surfaces
are 3934,2640; 3178; 3898 m2.g~' for MOF-5, Co8-MOF-5,
Co16-MOF-5, and Co-MOF-5 respectively. It is noted that
the surface area first decreases when 8 zinc atoms are sub-
stituted with cobalt, and then increases from 16 substi-
tuted zinc atoms. When we are at 100% of the substituted
atoms, the surface area increases and becomes approxi-
mately equal to that of MOF-5. The decrease in the surface
value of Co8-MOF-5 relative to MOF-5 was first understood
as an effect of the variation in the size of the substituted
metal ion in the cluster. Indeed, according to Botas et al.,
[38] the Co2 +ion is smaller than the Zn2 +ion. However,
the increase in surface area observed for Co16-MOF-5 and
CoMOF-5, rather allows us to understand that the variation
of the gravimetric surfaces of Co8-MOF-5, Co16-MOF-5
and CoMOF-5 could not be influenced only by the size of
the metal ion. Therefore, to better understand, the calcu-
lation of the pore diameters of these MOFs gives values

Table 1 Properties of the MOFs

studi Frameworks  Gravimetric Volumetric sur-  Pore volume Void fraction  Diameter  density
tudies surface (m?2g™") face(m?cm™3) (cm3g™) pores (A)
MOEF-5 3934 2150 1.44 0.810 15.54 0.55
Co8-MOF-5 2640 2099 0.90 0.76 13.33 0.80
Co16-MOF-5 3178 2115 1.19 0.77 14.17 0.67
CoMOF-5 3898 2144 141 0.79 15.31 0.55
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which are 15.54, 13.33; 14.17 and 15.31 A for MOF-5, Co8-
MOF-5, Co16-MOF-5, and CoOMOF-5 respectively.

In Fig. 2, it can be seen that the curves representing
pore diameters and gravimetric surfaces as a function of
the level of Co(ll) doped in MOF-5 give similar appear-
ances. It can therefore be understood that the Co(ll) dop-
ing of MOF-5 has an effect on the length of the ligands. A
result that is similar to that of Choi et al, who also showed
that elementary cell lattice parameters varied as a function
of doping. They determined by the DFT method that these
elementary cell lattice parameters were 26.552, 23.430;
24.578 and 26.194 A for MOF-5; Co8-MOF-5, Co16-MOF-5,
and CoMOF-5 respectively [35]. The latter conclude that
this is a combination of the effects of the cobalt ion radius
and p orbital in organic linkers.

The gravimetric and volumetric adsorption capacities
for MOF-5 shown in Table 2 are 1.35 wt% and 9.38 gH..
L~"at a pressure of 100 bar and a temperature of 298 K.
In the recent works of El Kassaoui et al., [54] it has been
shown that the connector consisting of the metal oxide
cluster interconnected by the organic binding molecules
becomes unstable when it stores 12 hydrogen molecules
for the horizontal and inclined orientations and 10 mol-
ecules for the vertical. In the current work, we simulate
adsorption on the whole elementary cell which consists
of several connectors. Our results obtained for MOF-5 are
similar to those obtained by Frost and Snurr [50] which are
close to the results obtained experimentally by [55]. Thus,
the doping of MOF-5 with Cobalt (Il) should not influence

its stability because, according to the work of Choi et al.,
the substitution of Zn by Co was more stable because in
terms of energy this molecule was more exothermic [35].
Yang et al. [37] also demonstrated that doping MOF-5
with Co (Il) dramatically improves the structural stability
of MOF-5 with respect to humidity. So, as the difference
between the adsorption capacities of doped MOFs and
MOF-5 is not very high in the pressure range of this study,
the adsorption of hydrogen in the MOF molecules doped
with cobalt (Il) should not affect their stability.

Fig. 3 shows the hydrogen adsorption isotherms of
MOF-5, Co8-MOF-5, Co16-MOF-5, and CoMOF-5 over a
pressure range of 1-100 bar at a temperature of 298 K. It
is first observed that the gravimetric capacities of all the
materials studied evolve as the pressure increases. How-
ever, it should be noted that the maximum capacities
reached in our simulation range at 100 bar vary according
to the Co (Il) doping rate. In Table 2, we can see that these
values are 1.35, 1, 1.13 and 1.4 wt% for MOF-5, Co8-MOF-5,
Co16-MOF-5 and CoMOF-5 respectively.

In the literature, it has been established that hydrogen
adsorption capacity is proportional to the heat of adsorp-
tion and the gravimetric surface area [56, 50]. Fig. 4 shows
the evolution of the gravimetric surface, pore volume, heat
of adsorption, and the gravimetric adsorption capacity
from H, at 100 bar with the number of substituted Co(ll)
atoms in MOF-5. The heat of adsorption and the gravi-
metric surfaces evolve in opposition during doping, and
the adsorption capacity is proportional to the gravimetric

Fig.2 the curves representing 4500 15.5
the diameters of the pores and B 1000
the gravimetric surfaces as a ~ 4 A 15
function of the level of Co (Il) £ 3500
doped in the MOF-5 e ~ 1us
5 3000 <
8 2500 x 14 8
€ o
3 2000 135 &
=] -
‘S 1500 1]
= 13 £
£ 1000 -g
> #— Gravimetric surface area Diameter pores
© 12.5
S 500
(C)
0 12
MOF-5 Co8-MOF-5 Co16-MOF-5 CoMOF-5
Frameworks
Table 2 Isosteric heat and MOF5  Co8-MOF-5  Col6-MOF-5  COMOF-5
hydrogen storage capacity of
d?PEd 'iV‘OZS ata temper?ture Isosteric heat of adsorption (KJ.mol™) 491 5.86 5.34 4.95
?O(Z)Qbirsan apressureo Total gravimetric H, uptake [wt%)] 1.35 1 1.13 1.4
Total volumetric H, uptake (GH,.L™) 9.38 11.11 10.09 9.93
Excess H, uptake [wt%] 0.2 0.24 0.22 0.21
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surface and the pore volume. Fig. 5 shows that the curves
representing the variation of the H, adsorption capacity
and the gravimetric surface merge from the doping of
MOF-5 with 16 ions of Co(ll) to total substitution. It can
therefore be said that in the present case, the gravimetric
hydrogen adsorption capacity of the Co(ll)-doped MOF-5
is mainly influenced by the variation of the gravimetric
surface.

Figure 6 shows the volumetric hydrogen adsorption
isotherms at 298 K for a pressure range from 1 to 100 bar.
It can be seen that like gravimetric adsorption capacities,
volumetric adsorption capacities vary as a function of
pressure. The maximum capacities obtained at a pressure
of 100 bars for the different MOFs are 9.38, 11.11; 10.09
and 9.93 gH2L™! respectively for MOF-5, Co8-MOF-5,
Co16-MOF-5, and CoMOF-5. Thus, Co8-MOF-5 which had
the smallest gravimetric capacity shows the largest volu-
metric capacity and CoOMOF-5 has the smallest capacity.
We understand that the factors influencing the gravimetric
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Fig.6 Absolute volumetric hydrogen adsorption in MOF-5, Co8-
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and volumetric adsorption capacities of our cobalt-doped
materials are different. To better analyze these factors that
influence the volumetric adsorption capacity, we have
plotted in Fig. 7 a variation of the different parameters as
a function of the doping rate.

Figure 7 shows the curves of the variations in volu-
metric adsorption capacity, isosteric heat of adsorption,
density and gravimetric surface area with the number of
doped Co(ll) ions in the MOF-5 molecule. It can be seen
that the gravimetric surface area varies in opposition to
the volumetric adsorption capacity. But that the volumet-
ric adsorption capacity of the doped MOFs is proportional
to the isosteric heat of adsorption and to the density of
these MOFs because they have curves that give similar
aspects.

Figure 8 shows the variation in volumetric and gravi-
metric hydrogen adsorption capacities at 100 bar and

298 K with the number of doped Co (Il) ions in the MOF-5
molecule. It can be stated that these two capacities vary
in opposition to the number of cobalt ions doped in the
MOF-5.The volumetric capacity is proportional to the isos-
teric heat of adsorption and to the density of the doped
materials while the gravimetric capacity is proportional to
the gravimetric surface

The excess adsorption capacity represents the capacity
of the hydrogen that is bound to the surface of the mate-
rial due to Van der Waals and Coulomb forces. Indeed, it
is given by the ratio of the mass of hydrogen molecules
that binds to materials by the sum of the masses of these
hydrogen molecules and the mass of the materials. This
capacity is the one that should best orient us on the
forces of interactions during an adsorption process. From
the isotherms shown in Fig. 9, we can easily see that Co8-
MOF-5 binds more hydrogen molecules to its surface,
unlike MOF-5 which has the smallest capacity. According
to the work of Frost and Snurr, the adsorption capacity
of excess hydrogen at high loads (high pressures) and at
room temperature is well correlated with the surface and
therefore the free volume [50], because, the Van der Waals
interactions are very weak, the adsorption of hydrogen
would be monolayer. However, it should be noted that it
is the material with the smallest surface area that has the
largest excess capacity. Co8-MOF-5 has small pores, which
also have strong interactions with the hydrogen molecule.
For this reason, Co8-MOF-5 has the highest isosteric heat
of adsorption. We can therefore conclude that for cobalt-
doped MOFs, the excess adsorption at high charge is well
correlated with the isosteric heat of adsorption. Therefore,
if the heat of adsorption is high, it can have on the sur-
face of MOFs a multilayer hydrogen adsorption at room
temperature.

In these last three figures, we represent the isosteric
heat of hydrogen adsorption at 298 K as a function of the
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MOF-5 et le COMOF-5 materials at 298 K.

different hydrogen adsorption capacities of the four MOFs
studied, obtained over a pressure range of 1-100 bars. We
can observe that doping MOF-5 with cobalt increases the
isosteric heat of hydrogen absorption for Co8-MOF-5 and
Co16-MOF-5. However, Fig. 10a reveals that this increase
in isosteric heat does not influence the absolute gravimet-
ric capacity of hydrogen adsorption of these two MOFs.
But for COMOF-5 which has characteristics such as pore
volume, pore diameter and a surface similar to MOF-5, we
notice that it has a slightly higher absorption capacity. It
can be concluded that at room temperature, hydrogen
adsorption is monolayer and therefore more bound to the
gravimetric surface. For this reason, the increase of isos-
teric heat does not influence the gravimetric adsorption
capacities of Co8-MOF-5 and CO16-MOF-5.

Figure 10b shows that the volumetric hydrogen adsorp-
tion capacity at room temperature is higher for the MOF

having the greatest isosteric heat. It can, therefore, be said
that doping MOF-5 with cobalt improves the volumetric
adsorption capacity of this MOF.

The excess hydrogen absorption capacity, as shown
in Fig. 10¢, depends on the isosteric heat of absorption.
Other previous work had shown that this capacity could
be influenced by the surface available to fix the hydro-
gen molecules and the interactions. It is observed here
that the MOFs which have weak surfaces are those which
fix the most hydrogen. This reveals that the interactions
produced during doping with cobalt are more important.

The differences between the adsorbed quantities of the
various materials are relatively small. However, the meth-
odology used in this work gives good numerical accuracy.
Indeed, the method used here was also used in our recent
work [57], and had provided results that are in line with
the results found in the literature and closed to experi-
mental results [50, 55]. As the error bars observed on the
pressures of the simulation boxes are quite important in
molecular simulation [53], we have determined them, and
it should be noted that in Figs. 3, 6, and 9, these results are
accurate because the error bars do not impinge on the
differences between the adsorption capacities of the four
MOFs studied. So there is indeed a variation in the adsorp-
tion capacities during doping. In the same way, we can see
in the last three Fig 10a, b, c that there is also a variation in
the isosteric heat of adsorption during doping.

4 Conclusion

At the end of this work in which we studied the adsorption
of hydrogen at room temperature in MOF-5 doped with
cobalt (Il) by the Grand Canonical Monte Carlo method, we
demonstrated that the doping increases for Co8-MOF-5
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and Co16-MOF-5 the isosteric heat of adsorption and
the density of these MOFs, but decreases the gravimet-
ric surface area of these MOFs. The reduction of the sur-
face area of these two materials during doping reduces
their gravimetric hydrogen adsorption capacity. For these
cobalt-doped MOFs, it can be seen that the gravimetric
and volumetric hydrogen adsorption capacities are closely
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Excess H2 Uptake [wt.%)]

related to the gravimetric surface area and isosteric heat
of adsorption respectively. It should also be noted that
between CoMOF-5 and MOF-5 which have approximately
the same surface area and isosteric heat, the cobalt dop-
ing improves the gravimetric and volumetric hydrogen
adsorption capacities very slightly by 0.05 wt% and
0.55 gH,.L™'at 298 k and 100 bar respectively. It can be
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concluded that partial doping of MOFs with cobalt can
effectively improve the adsorption of hydrogen at room
temperature if the doped molecules retain their surface.
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