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Abstract

[Nio(btc)(en).], coordination polymer exhibits a layered two-dimensional structure with weak interaction
between the layers. Correlation of experimental measurements and DFT calculations and molecular
simulations demonstrated that its structural features, primarily the inherent flexibility of the layered
polymeric structure, lead to improved hydrogen storage performance at room temperature, due to
significant enhancement in isosteric heats of hydrogen adsorption. Volumetric measurements of hydrogen
adsorption at room temperature show up to 0.3 wt.% hydrogen absorbed at 303K and 2.63 bar of
hydrogen pressure, with isosteric heats of adsorption of about 12.5 kJ mol™". Predicted performance at
room temperature is 1.8 wt.% at 48 bar and 3.5 wt.% at 100 bar, better than both MOF-5 and NU-100,
with calculated values of isosteric heats for adsorption of hydrogen are in 8-13 kJ mol™’ range at both 77K
and 303K. Grand canonical Monte Carlo calculations show that this material, at 77K, exhibits gravimetric
hydrogen densities of more than 10 wt.% (up to 8.3 wt.% excess) with the corresponding volumetric
density of at least 66 gL_1, which is comparable to MOF-5, but achieved with considerably smaller surface
area of about 2500 ng'1. This study shows that layered two-dimensional MOFs could be a step towards
MOF systems with significantly higher isosteric heats of adsorption, which could provide better room
temperature hydrogen storage capabilities.
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Introduction

Due to high cost and technical requirements,
conventional storage of large amounts of hydrogen in
its molecular form has proven to be difficult [1, 2]. In
recent times, a lot of effort has been expended on
development of new materials to store hydrogen with
sufficient efficiency to allow use in both stationary and
mobile applications [3, 4]. The U. S. Department of
Energy has set performance goals for 2015 for on-
board automobile storage systems to have densities
of 60 mg Ho/g (6 wt.%, gravimetric) and 45 g H/L
(volumetric), with ultimate goals of 80 mg H./g (8
wt.%) and 75 g Ho/L [5, 6]. Given these system goals,
a material for practical application would need to have
higher capacity when the weight of the tank and
associated cooling or regeneration system is
considered, and the size and weight of these
components will vary substantially depending on
whether the material operates by a chemisorption or
physisorption mechanism. In the latter case, one of
the indicators for promising hydrogen storage
materials is the value of physisorption enthalpy for
hydrogen: ideally, it should be in 15-25 kJ mol™" range
[7-9]. A wide variety of materials has been
investigated for their hydrogen storage properties:
different carbon materials and carbon-metal
nanocomposites [10-15], covalent organic frameworks
[16, 17] and porous organic polymers [18, 19].
However, none of them has been able to achieve the
performance  required for on-board vehicle
application, typically providing 5-6 wt.% excess
hydrogen capacity at 77K and 20-50 bar.
Coordination polymers or metal-organic frameworks
(MOFs) have been identified as promising adsorbents
for gas and H, storage where viable volumetric
densities can still be achieved in highly porous
structures [20-25]. In this sense, benzene
polycarboxylates are a very common group of organic
ligands used for synthesis of different MOFs, due to
their ability to build high dimensional coordination
polymers [26-29].

Ab-initio studies of hydrogen binding to metal-organic
frameworks have reported a variety of values for
hydrogen binding energies, most of them in 4-12 kJ
mol™’ range [30-33]. Grand canonical Monte Carlo
(GCMC) simulations have been used to predict, with
some accuracy, the hydrogen storage capacity of
various MOFs at pressures of up to 100 bar [34], and
it has been shown that molecular simulation could be
a suitable method for high-throughput computational

screening of MOFs [35-38]. The combination of
quantum chemical calculations and molecular
simulations offers the most complete information
about hydrogen adsorption in a MOF material, giving
the best chance of predicting hydrogen adsorption
and storage properties of these materials [39-43].

It has been accepted that hydrogen storage capacity
of MOFs is chiefly governed by two factors: structure
(adsorbent surface area and free volume) and
hydrogen binding energy [7-9, 44]. In most MOFs
their high surface area is offset by relatively small
values of hydrogen binding energy. So far, most of
the effort has been directed at creating materials with
very high surface areas, like NU-100 and MOF-210,
with surface areas of 6150 and 6230 m? g'1 and total
hydrogen capacities of 16.4 wt.% at 77K (9.9 wt.%
excess) and 70 bar and 17.6 wt.% at 77K and 80 bar,
respectively, while large scale screening of MOFs has
revealed a number of promising candidates with
potential hydrogen storage capacities in 14-20 wt.%
range [45]. However, as with all of 3-dimensional rigid
MOFs, these can be expected to require low, or even
cryogenic, temperatures to achieve high hydrogen
uptake, mainly due to relatively low hydrogen binding
energies. MOFs typically exhibit hydrogen storage
capacities of less than 2 wt.% at room temperature
and high pressure (50-100 bar) [46, 47]. Two-
dimensional MOF systems have typically exhibited
inferior hydrogen storage properties due to relatively
low surface area of 200-1600 m? g [48-50], where
hydrogen is stored in the pores of the two-
dimensional structure, while the inter-layer space
remains inaccessible.

Herein we report hydrogen adsorption performance of
flexible coordination polymer [Nix(btc)(en).]n [51] at
room temperature and normal pressure
complemented with molecular simulation of hydrogen
adsorption. It is shown that its structural features: two-
dimensional layers with weak inter-layer interactions,
provide tremendous adaptability to the introduction of
hydrogen into the lattice and allow hydrogen
adsorption performance comparable and, in some
aspects, superior to that of 3-dimensional MOFs with
significantly higher surface area. This structure
provides access to the inter-layer space, unlike typical
two-dimensional MOFs, allowing it to achieve higher
available surface for adsorption. Its room temperature
performance is 0.3 wt.% at 2.6 bar with isosteric heat
of adsorption of 12-13 kJ mol™", and predicted to be
about 1.8 wt.% at 48 bar and 3.5 wt.% at 100 bar with



isosteric heat of around 8.5 kJ mol™". While its low
pressure performance is inferior to some other room
temperature hydrogen storage materials (0.3-0.7 wt.%
at 1 atm and 298K) [10-12], its high pressure
predicted performance is superior or comparable to
even the best of the available systems, like graphene
foam decorated with Pt nanoparticles (3.19 wt.% at
100 bar) [52]. Its predicted high pressure performance
at room temperature is also superior to well known
MOFs like MOF-5 and NU-100 (1.65 wt.% at 48 bar
and 1.19 wt.% at 90 bar, respectively).

Experimental
Materials and Methods

[Niz(btc)(en)2], coordination polymer was synthesized
by dehydration of [Nix(en)2(H20)s(btc)]-4H,O (btc =
tetraion of benzene tetracarboxylic acid; en = ethylene
diamine). [Niz(en)2(H20)s(btc)]-4H20 was synthesized
according to the procedure used in Ref. 563, 54. The
resulting blue powder was then dried at 175°C for 30
min. Dehydration causes a change in colour from light
blue to light green [51]. X-ray powder diffraction
(XRD) patterns were obtained using Philips PW-1710
automated diffractometer, using Cu Ka line, operated
at 40 kV and 30 mA, in Bragg-Brentano geometry.
The instrument was equipped with diffracted beam
curved graphite monochromator and Xe filled
proportional counter. Diffraction data were collected in
26 ranges of 4 — 35°(counting for 5s for routine
identification) and 8 — 80°, (counting for 12.5s for
Rietveld refinement), at 0.02° steps. Fixed 1°
divergence and 0.1 mm receiving slits were used and
silicon powder was used as a standard for calibration
of the diffractometer. XRD measurements were
performed on a sample that was additionally dried at
60°C under reduced pressure of 0.05 bar for 30 min to
remove any residual water.

TG measurements of gravimetric argon adsorption
were conducted on TA SDT 2960 instrument using
99.999% argon gas additionally purified using
molecular sieves. Cycle 1 represents the
measurement of the sample dried at 60°C under
reduced pressure of 0.05 bar for 30 min, while Cycle
2 represents the repeated subsequent measurement
of the sample loaded with argon during Cycle 1,
without removal from the instrument and argon
atmosphere. Heating rate was constant at 5 K min~"
on heating and 2 K min~" on cooling. Volumetric
hydrogen storage capacity measurements were
conducted in a sealed chamber with a volume of

120.53 ml. Sample with a mass of 0.3341 mg was
dried and placed in the chamber, which was then
purged with hydrogen and sealed. The sample was
then kept at 1.01 bar (1atm) of hydrogen pressure for
18 hours. Measurements at different pressures (1.01-
2.63 bar; 1-2.6 atm) were performed on the same
sample, consecutively by gradually increasing the
hydrogen pressure in the chamber, without removing
the sample or decreasing pressure. Each
measurement was performed at a constant volume,
by heating the chamber from 30 to 180°C at a
constant heating rate of 6°C min™", and then cooling
the chamber to 30°C at a rate of 2°C. Changes in
pressure during both heating and cooling were
recorded at 5°C intervals. Hydrogen storage capacity
at each pressure was calculated from desorption
curve, using the difference in observed pressure in
the chamber at 180°C with and without the sample
(baseline). The pressure difference was recalculated
to mass using the Van der Waals equation of state.

Computational Details

Since Ni in [Nix(btc)(en)z]n coordination polymer can
exhibit two types of coordination: octahedral and
square-planar, each of which would result in a
somewhat different layered  structure, DFT
calculations were performed on model systems of
[Niz(btc)(en)z]n coordination polymer representing
each of these structures to determine the average
binding energy per hydrogen molecule, as well as
whether the changes in coordination sphere of Ni
would have a significant effect on hydrogen
adsorption of [Nix(btc)(en)z]n coordination polymer.
The calculations were performed using Gaussian [55]
and ORCA software packages [56]. Gaussian
package was used for structure optimization and
frequency analysis, using the hybrid HF/DFT method
using a combination of the three-parameter Becke
[57] exchange functional with the Lee-Yang-Parr
(B3LYP) [58] non-local correlation functional. Orca
calculations used the hybrid HF/DFT method with a
combination of the three-parameter Becke exchange
functional combined with Perdew’s [59] (BP86) non-
local correlation functional. The basis set used was
split valence with polarization functions (SV(P)),
except for Ni atoms and the adsorbed hydrogen
molecules, where triple-zeta valence basis set with
polarization functions (TZVP) was applied [60]. Each
model system consists of four interconnected
Ni(btc)(en) units, creating a single layer, with the
second Ni(en) group omitted from each unit.

Molecular simulations were performed using GULP
v4.3 [61, 62] and Grand Canonical Monte Carlo
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(GCMC) calculations were performed using Music
[63] software packages, both utilizing Universal Force
Field [64]. Supercells of [Nix(btc)(en)n with
dimensions of 4x4x4 were used for the calculations at
77K and 8x8x8 for the calculations at 303K. For
calculations with MOF-5, supercells with dimensions
of 2x2x2 and 4x4x4 were used, which provided similar
system volume to the supercells of [Nix(btc)(en)z]n.
GCMC calculations were performed on a rigid cell
with 5:10° iterations and 0.4 probability for insertion
and deletion and 0.1 probability for rotation and
translation of a hydrogen molecule, respectively.

Results and discussion
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Figure 1. XRD diffraction pattern of [Niy(pyr)(en).], coordination
polymer, with structure shown as inset.

Figure 1 shows XRD pattern of [Nix(btc)(en)z]n
coordination polymer sample that was prepared from
[Niz(en)2(H20)e(btc)]'4H,O  complex by thermal
treatment in flowing nitrogen gas at 450K for 30 min.
Its structure can be best described as two-
dimensional laminar structure with weak hydrogen-
bond connectivity between the individual layers. The
basic two-dimensional framework consists of Ni
atoms with chelately coordinated 1,2,4,5—
benzenetetracarboxylic acid (BTCA) anions, where
each Ni atom is connected to two BTCA molecules,
while each BTCA is connected to four Ni atoms.
Ethylene diamine is coordinated to Ni in a plane
roughly perpendicular to the plane of the basic
framework, providing hydrogen bonding in the third
dimension and completing the octahedral coordination
sphere around Ni. Calculated density of the
coordination polymer is 1.7 gcm'a. BET measurement
of Ni coordination polymer indicates negligible
accessible surface area (1.6-2 m? g™') for nitrogen

adsorption at 77K (Figure S1, Supplement) and zero
effective porosity.
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Figure 2. Argon adsorption in TG for [Niy(pyr)(en).]. coordination
polymer sample during two heating cycles.

Gas adsorption of the coordination polymer was
tested using TG measurements of adsorption of argon
(Figure 2). Coordination polymer exhibits relatively
high reversible adsorption of argon gas in 300-470 K
temperature region of around 4 wt. %, corresponding
to around 26 cm?’g_1 or 0.5 molecules of argon
adsorbed per monomer unit of the coordination
polymer. By simply taking into account the molar
mass difference between Ar and H. (about 20:1), it
could be expected that the coordination polymer
sample exhibits around 0.2 wt.% hydrogen adsorption
at 1.01 bar (1atm) and room temperature. This
suggests that the lattice at room temperature likely
exhibits larger volume compared to the lattice at 77K,
allowing argon to enter and be absorbed in the interior
of the crystal grains. Volumetric hydrogen desorption
measurements (Figure 3) of the sample loaded under
1.01 bar (1atm) of hydrogen pressure shows that, in a
dynamic experiment, on heating to 454 K, the sample
releases about 0.1 wt.% hydrogen. Hydrogen
desorption measurement at 2.63 bar (2.6atm)
pressure shows that the sample releases about 0.3
wt.% of hydrogen on heating to 453K. On cooling, the
sample takes the hydrogen back in, showing that
desorption of 0.3 wt.% of hydrogen is fully reversible.



Table 1. Hydrogen capacity on desorption at 303K and different

initial hydrogen pressures

Pressure (bar)

Hydrogen Capacity (wt. %)

1.01 0.103
1.82 0.234
2.23 0.268
2.63 0.297
Table 1 shows hydrogen capacity at different

pressures calculated from adsorption/desorption
experiments shown in the Supplement. Significantly
lower hydrogen capacity at 1.01 bar (1atm) and the
shape of the adsorption curve on cooling indicate that
the sample was not fully loaded before hydrogen
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dependence of hydrogen capacity, expected in this
region of temperature and pressure, and using the
other three points, approximate capacity at 1.01 bar
(1atm) would be 0.17 wt.%, and the rate of increase
of capacity with pressure 0.079 wt.% per bar. Using
Clausius-Clapeyron equation, isosteric heats of
hydrogen adsorption and desorption were calculated
for different initial pressures (Supplement). The
average values were: 1312 kJmol™ for desorption and
1242 kJmol™" for adsorption, measured on heating
and cooling cycles, respectively. This is on the high
end of isosteric heats achieved in MOF materials and
about double the typical room temperature isosteric
heats observed in most well known MOFs [8, 9].
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Figure 3. Hydrogen adsorption and desorption during cooling/heating of [Ni,(pyr)(en),], coordination polymer at different initial hydrogen

pressures.

When the coordination polymer sample was heated to
388K at 2.63 bar (2.6 atm) initial hydrogen pressure,
and then equilibrated at that temperature for 30 min at
a constant hydrogen pressure of around 3.14 bar (3.1
atm), it showed increased hydrogen uptake on cooling
(Figure 4) of around 0.09 wt.%. Since hydrogen
pressure in the chamber showed no anomalous
behavior during the experiment (that would indicate a
leak), this suggests that the observed hydrogen
uptake comes from the expansion of the crystal lattice

of the coordination polymer. This is also in line with
the detected crystal lattice contraction at 77K during
BET measurement, which showed no appreciable
free surface area or volume, highlighting the flexible
nature of the coordination polymer’s layered structure.
Multiple experiments have been performed on the
same sample, which was then analyzed again, and it
can be reported that there was no observable loss in
crystallinity or hydrogen storage performance after 30
cycles.
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Figure 4. Hydrogen desorption and subsequent adsorption after equilibration at 388K for 30min

DFT Calculations

In order to investigate hydrogen adsorption properties
of [Nix(btc)(en)z]n in more detail, DFT calculations
were used to determine the binding energy of
hydrogen molecules to the structure of the
coordination polymer. Since Ni atom exhibits two
possible spin states: quintuplet and singlet, both of
these were examined regarding hydrogen binding
(Figure 5), with the more stable quintuplet system [51]
exhibits much more favorable hydrogen binding
properties. A truncated tetramer model system was
constructed to investigate its hydrogen binding
properties in more detail, and hydrogen molecules
were sequentially added to one surface of the system,
which was then optimized (Supplement). A
combination of BP86 and MP2 calculations using
ORCA software package show an average binding
energy of around 9 kJmol ™ (Table S1 in Supplement),
for interaction with a single layer, corresponding to a
double hydrogen layer in the real system. B3LYP
calculations performed using Gaussian 09 software
yielded slightly higher values: an average binding
energy of 12.1 kJ mol ™", corresponding to a hydrogen
capacity of about 4.5 wt.%. The values of binding
energies in these calculations correspond to the
physical system where each layer of the coordination
polymer is saturated with hydrogen molecules, i.e.
there is a double hydrogen layer between two
neighboring coordination polymer layers. At lower
hydrogen content, it is possible to have a single layer
of hydrogen molecules interacting simultaneously with
both neighboring coordination polymer layers, with
potentially higher values of binding energy.
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Figure 5. Optimized model tetramer structures in different
electronic states, with six adsorbed hydrogen molecules (structural
hydrogen atoms are omitted for clarity)

Molecular simulations

In order to investigate in more depth the effect of the
flexible structure of the coordination polymer on
hydrogen adsorption properties, molecular simulation
was used to simulate lattice expansion on hydrogen
uptake and the dependence of hydrogen adsorption
on lattice expansion. Therefore, simulated annealing
and geometry optimization was used to obtain
structures with different relative lattice volumes, while
GCMC calculations were used to calculate hydrogen
adsorption isotherms and adsorption energy
distributions at both 77 and 303K for each of these
individual structures (Figure 6).



Figure 6. A perspective view of three polymer lattices with
different relative lattice volumes (a: 160%; b: 195%; c: 235%)
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Molecular simulations show that the structure of the
coordination polymer in a-b plane is quite rigid, with
minimal changes in bond lengths and angles
(Supplement). However, since there are no covalent
of coordination bonds along c-axis, the coordination
polymer is able to adapt completely to hydrogen
addition to the system by expanding along this axis.
The consequence is that the two-dimensional polymer
layers gradually separate depending on the amount of
hydrogen in the system, which leads to an increase in
solvent accessible surface area (SA) and free volume
(FV). The experimental crystal structure from XRD
measurements, which was obtained after drying
under reduced pressure, exhibits both zero surface
area and zero free volume, just like the coordination
polymer at 77K in BET measurement. However,
lattice expansion due to introduction of gas molecules
into the lattice increases both SA and FV, allowing
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Figure 7. Change in solvent accessible surface area and free volume for hydrogen on lattice expansion (the volume of the experimentally

obtained structure is taken as 100%).

gas adsorption. Figure 7 shows that both SA and FV
for hydrogen increase rapidly after lattice expands by
around 30%. SA reaches a plateau at relative lattice
volume of around 175%, and an inter-planar distance
of around 9 A, the point where the structure is able to
accommodate a double hydrogen layer, with a value
of around 2500 m? g~'. Naturally, further lattice
expansion only contributes to the increase of FV.

H adsorption at 77K

Figure 8. shows adsorption energy distributions for
structures with different lattice expansion and
hydrogen content and the corresponding average
adsorption energy. For lattice expansion of 125% and
hydrogen content of 2.5 wt.%, the average adsorption
energy is around 11 kJmol™", which is consistent with
the results of DFT calculations. However, this
indicates that the strength of the interaction of

hydrogen with the MOF matrix is underestimated by
the molecular simulation, because DFT calculations
correspond to significantly higher hydrogen content
and double hydrogen layer configuration. This can
also be correlated with the previously observed
underestimation of hydrogen adsorption at 303K. The
average adsorption energy then drops to about 9.4 at
4.3 wt.% of hydrogen and 8.4 at 5.9 wt.%, after which
the decline slows down considerably (MOF-5 exhibits
adsorption energies around 8 kJmol™ in the
calculation at 77K). This occurs because, at lower
hydrogen content, hydrogen molecules can interact
with two polymer layers, while at higher hydrogen
content, double hydrogen layer is gradually formed,
where each hydrogen molecule can interact only with
one polymer layer, resulting in lower adsorption
energy. After the formation of the full double layer, at
around 6 wt.% of hydrogen, further addition of
hydrogen only creates local reorganization and
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disruption of the double layer, leading to relatively
slow decline in the value of the average adsorption
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Figure 8. Adsorption energy distribution from GCMC calculations for hydrogen adsorption (left); Dependence of the average adsorption energy

and isosteric heat on hydrogen content (right)

Figure 9. shows calculated adsorption isotherms at
77K for selected structures with different Iattice
volume, while Figure 10. shows excess hydrogen
capacity for selected structures. This shows how
hydrogen capacity changes dramatically with increase
in relative lattice volume: from 2.5 wt.% at 125% to
10.2 wt.% at 295% relative lattice volume. Additional
calculations compared the performance  of
[Niz(btc)(en).]n system at 295% relative lattice volume
to MOF-5 calculated with similar system size
(Supplement). These showed similar performance at
77K, and since MOF-5 exhibits a surface area of
more than 4000 ng'1 [65], compared to about 2500
m?g™" for [Nix(btc)(en)z]n, this indicates considerably
stronger hydrogen sorption in [Nix(btc)(en)z]n.
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H, adsorption at 303 K

Figure 11. shows simulated isotherms for hydrogen
adsorption at 303K and 1-50 bar pressure, for
systems with different relative lattice volumes. The
calculations significantly underestimate performance
of the experimental system, shown in Table 1, of 0.2-
0.3 wt.% in 1-3 bar region of hydrogen pressures. At
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Figure 10. Calculated excess hydrogen capacity at 77K for
structures with different lattice volumes.

the highest relative lattice volume of 295%, the slope
of the line is 0.012 wt.% per bar, while the
experimental system exhibits 0.079 wt.% per bar. The
isotherms for argon adsorption at 303K and 0.1-1 bar
pressure show the impact of the flexibility of the
structure on adsorption (Figure 8). Argon adsorption
increases with lattice expansion and reaches a
maximum at around 150% relative lattice volume,

after which, argon adsorption decreases.
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Figure 11. GCMC simulation isotherms for hydrogen (top) and
argon (bottom) adsorption at 303K for systems with different
relative crystal lattice volume

This is due to creation of an optimal single layer of
argon gas in the interlayer space of the coordination
polymer, where each argon atom interacts with two
layers.Further lattice expansion disrupts argon
interaction with one of the layers, leading to a
significant decrease in binding energy and a
corresponding decrease in argon adsorption
(Supplement). This shows that this coordination
polymer would adapt to the amount of adsorbed gas
through lattice expansion to achieve optimal level of
interaction with the gas. However, it is worth noting
that the maximum simulated argon adsorption is 1.4
wt.%, compared to a reversible adsorption of around
4 wt.% obtained gravimetrically in the experiment.
This means that molecular simulations significantly
underestimate argon adsorption in the coordination
polymer system around room temperature.
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structures with different relative lattice volumes.

Figure 12. shows the results of NVT molecular
simulations at 303K for different hydrogen contents, in
systems with different relative lattice volumes. These
show that the adsorption enthalpy decreases from
around 13 to around 8.5 kJ mol™" with increase in
relative lattice volume from 116 to 175%, while
maximum hydrogen content (estimated from the point
of sharp decrease in adsorption enthalpy) increases
from around 2 to around 7 wt.%. At 175% lattice
expansion, the system achieved maximum surface
area. The corresponding isosteric heats for hydrogen
adsorption (from GCMC calculations) are in 8-12 kJ
mol™’ range. In comparison, MOF-5 system exhibits
isosteric heats of around 5 kJ mol™ [45]. This
demonstrates the main advantage of a layered two-
dimensional coordination polymer over the rigid three-
dimensional structure: flexibility of the layered
structure results in significantly higher isosteric heats
for hydrogen adsorption at room temperature,
allowing the system to find the optimal balance of
heat of adsorption and surface area.

Since all of the simulated systems and, generally,
other MOF systems in the literature, exhibit linear
increase in hydrogen adsorption with pressure in 1-50
bar region [44-47], depending mainly on the value of
the isosteric heat of adsorption and surface area.
Using the equation of Firlej et al. [7], we can estimate
the performance of [Nix(btc)(en)]» coordination
polymer to be around 3.5 wt.% at 100 bar and 298K
(with surface area of 2520 m?g™" and isosteric heat of
adsorption of 8.5 kJ mol'1). This compares favorably
to 0.5 wt.% at 10 bar and 1.65 wt.% at 48 bar for
MOF-5 or 1.19 wt.% at 90 bar for SNU-77H [44, 45].
Using the volumetric density data in Figure 9. as a

guide, we could estimate that the corresponding
volumetric density would probably be 25 gL'1. This
suggests that this type of coordination polymer could
exhibit superior hydrogen storage properties at
temperatures near the room temperature, where its
flexible structure could enhance its performance and
remedy one of the main flaws of rigid MOFs: low heat
of adsorption.

Conclusions

[Niz(btc)(en)2]n coordination polymer exhibits relatively
good hydrogen adsorption capability of 0.3 wt.% at
room temperature and pressure of 2.63 bar (2.6 atm).
Its structure compares favorably to typical two-
dimensional MOFs [48-50], because it provides
access to the inter-layer space, significantly
increasing the available surface area for adsorption.
In addition, flexible structure that expands on
adsorption and contracts on desorption would reduce
the amount of unused hydrogen during
charge/discharge cycle. Using molecular simulation
and experimental results at low pressures of 1.01-
2.63 bar (1-2.6 atm) and room temperature for a
projection of behavior at high pressures, suggests
that the projected hydrogen storage capacity at room
temperature and 100 bar is around 3.5 wt.% and 25
gL_1. Its projected performance at room temperature
is significantly better than that of MOF-5 and NU-100
(1.65 wt.% at 48 bar and 1.19 wt.% at 90 bar,
respectively) [44, 45] and comparable to graphene
foam decorated with Pt nanoparticles (3.19 wt.% at
100 bar) [52]. This can be attributed to significantly
higher values of isosteric heats (8-12 kJ mol ™
compared to 5-6 kJ mol™" in MOF-5 and NU-100), due
to the flexibility of the system, which provides stronger
lattice-hydrogen interactions. The calculated total
hydrogen capacity of around 10.2 wt.% at 77K and 53
bar, and maximum calculated excess hydrogen
capacity of around 8.3 wt.% at 77K and 14 bar,
compare well to the excess hydrogen adsorption of
NU-100 of around 9.9 wt.% [45], even though
[Niz(btc)(en)2]n exhibits considerably lower surface
area (around 2500 compared to >6100 ng'1).
Molecular simulations and DFT calculations suggest
that the isosteric heats for hydrogen adsorption are in
region of 8-13 kJ mol™" for a wide range of hydrogen
content (up to around 8 wt.%) at 77K, comparable or
superior to most MOFs. The main focus of
development of MOF materials in the past decade
has been an increase in available surface area for
adsorption, with relatively little progress being made
in increasing the isosteric heats for hydrogen
adsorption. This study of [Nix(btc)(en)z]» shows that a
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new approach, using flexible layered 2-dimensional
instead of rigid 3-dimensional structures, could
provide a step towards producing systems with
significantly higher isosteric heats of adsorption, while
achieving relatively high surface area. This would be
a significant step forward in achieving MOF materials
capable of significant room temperature hydrogen
storage capacities.
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