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Covalent organic frameworks (COFs), a class of carbon-based polymeric materials have the
potential to be used as hydrogen adsorbent. Three dimensional (3D) COFs, due to their low
density and high surface area, although have higher hydrogen adsorption, they have less
stability than two dimensional (2D) COFs. Here we studied porphyrin group containing 2D
COF, namely H,,P-COF for hydrogen storage using density functional theory (DFT) and
grand canonical Monte Carlo (GCMC) simulations and the results were compared with the
most common 2D COFs, COF-1 and COF-5. Cylindrical shaped 2D COFs where isolated unit
blocks are stacked in multiple layers due to van der Waals interactions between individual
layers, increase the effective surface area for hydrogen storage. A further modification has
been done by bridging the inter-layer gap by pyridine molecules. Insertion of pyridine in-
creases the separation distance of layers of 2D COFs as well as the free volume. Feasibility
of the structure formation and stability of all the structures were checked using DFT study.
To ensure the structural stability of bridged COFs after hydrogen loading, alternating layers
of COF were bridged. Single, bi, tri and tetra -pyridine molecules were chemically bonded
with the existing carbon ring present in between two C,0,B rings to form pyridine bridged
H,,P-COFs. Our GCMC results show a significant increase in storage capacity which is
mainly due to an increase in the free volume of the material. The highest capacity of ~
5.1 wt% and 20 g H,/L at 298 K and 100 bar, above the gravimetric DOE goal, has been found
at room temperature for tetra-pyridine doped porphyrin COF structure.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

mainly available as hydrocarbons or other hydro-compounds.
Thus, molecular hydrogen needs to be derived from various
sources. The commercial technique of hydrogen production,

The increased rate of our energy consumption and extreme
environment pollution forced us to be focused on the
replacement of fossil fuels by alternative energy. The alter-
native source of energy should be abundant, renewable, cheap
and definitely be clean. Considering all the facts, hydrogen has
the potential to be a perfect alternative to fossil fuels.
Although hydrogen is a widely available source of energy, is
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burning of fossil fuels is being replaced by biomass gasifica-
tions, solar electrolysis and wind electrolysis [1]. Wide
commercialization of hydrogen-based fuel cell where
hydrogen burns in presence of oxygen and produces non-
polluting water vapour, is undeployed mainly due to lack of
effective storage of this low density gas at ambient conditions.
Compared to all the convenient storage processes, storage in
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terms of adsorbed molecular hydrogen in a solid adsorbent
e.g.,, carbonaceous materials, polymeric materials, metal
organic frameworks, zeolites, is a safe and energy efficient
process. This storage is mainly driven by weak van der Waals
interactions between the hydrogen molecules and the adsor-
bent. Thus, to achieve a high storage value, large surface area
of the adsorbent, high accessible pore volume and a strong
van der Waals interactions towards H, are desired. The min-
imum criterion of storage is such that the vehicle driven by
hydrogen needs 3.1 kg of hydrogen for 500 km of driving. The
U.S. Department of Energy (DOE) has defined a standard
technique to quantify the storage amount based on gravi-
metric density and volumetric density with a storage target of
4.5 wt% and 30 g/L, to be reached by the year 2020 at a tem-
perature range of 233—333 K [2,3]. Adsorption of hydrogen gas
molecules in light-weight carbonaceous materials is found to
be promising to reach the DOE storage target. Carbon-based
nanomaterials have gained substantial attention [4], as the
structures are entirely or mainly formed from lightweight
aromatic carbon rings, possesses high thermal stability (up to
~ 5000 K), have wide tunable structure properties and resis-
tance towards humidity, hence are useful in domestic and
mobile application. Although the carbonaceous materials like
carbon nanotubes, nanoscrolls, graphene etc. were found to
be promising at low temperature (~ 77 K), at room tempera-
ture the efficiency is still very low. The previous study of
beryllium and titanium -doped defective carbon nanotube,
shows that the storage capacity above the storage goal can be
reached at room temperature and a high pressure of ~
245-350 atm [5,6]. However, metal organic frameworks
(MOFs) have excellent storage capacity near ambient condi-
tions due to their high density of free volume, high active
surface area and high tunability but are challenging to
commercialize in large scale as most of the MOFs don't have
resistance in humid environment. In this regards, carbon-
based materials are proven to be easily commercialized, but
an appropriate carbon-based adsorbent for hydrogen storage
is yet way off to be commercialized. In recent years, Yaghi and
co-workers synthesized a new generation of carbon-based
crystalline porous structure, named as covalent organic
frameworks (COFs) which could be capable of ambient
hydrogen storage. The strong covalent bonds of COF make it
stable, and the light-weight elements (such as C, B, N, O, H, Si)
of COFs make it appropriate for the mobile application by not
increasing the weight of the material. Like other carbonaceous
structures, they are porous, thermally stable (upto ~ 800K [7]),
tunable and ordered, and hence, is easy to commercialize. The
COFs can mainly be categorized as two dimensional (2D) and
three dimensional (3D) COF. In 2005, two dimensional (2D)
COFs were first formed by Coté et al. [7] through a condensa-
tion reaction of boronic acid at ~ 358—393 K. After two years,
consequently 3D COFs were formed by the same group [8].
Theoretically and experimentally COF structures have been
used to study hydrogen adsorption in the past. The reported
excess storage capacity of COF-1at77 K and 1 atm is 1.28 wt%
and at room temperature and 100 bar is 0.26 wt% [9]. 3D COFs
have higher capacity to store hydrogen [10,11] compared to 2D
COFs due to the larger pore volume of 3D COFs. Among the 3D
COFs, COF-108 has the highest gravimetric capacity of 18.9 wt
% and COF-105 has the highest volumetric capacity of 40 gH,/L

at cryogenic temperature of 77 K. Assfour and Seifert in 2010
[12] reported that 3D COFs, COF-105 and COF-108 although
have the highest hydrogen storage capacities, have the lowest
stability with bulk module value of 3.33 GPa and 0.05 GPa,
respectively. On the other hand, 2D COF, COF-1 has highest
heat of adsorption [10], hence have a potential for ambient
hydrogen storage. Although 3D COFs have exceptional storage
capacities at low temperature of 77 K, storage of hydrogen
near ambient conditions is more desirable concerning the
practical application. Doping of COFs provides an additional
binding states for hydrogen molecules [13]. Substitutional
doping can increase the binding energy where doping by
joining bonds with existing atoms can also increase the
available surface area. 3D COFs, COF-105 doped with lithium
alkoxide groups [14], COF-108 doped with Mg,N [15] and COF-
301 doped with PdCl,[16] reached the storage capacity of 6 wt
%, 2.73 wt% and 4.2 wt%, respectively at 298 K. A high acces-
sible surface area is the major limiting factor for COF struc-
tures to increase the gravimetric storage. As the surface area
reduces, accessing all the binding states due to steric repul-
sion will become difficult, leading to decrease in the gravi-
metric capacity. Boron atom present in COF-1 can behave like
Lewis acid to react with pyridine base and insertion of pyri-
dine in COF-1increases the hydrogen uptake by increasing the
accessible surface area [17]. Palladium metal has a strong
attraction towards hydrogen molecule [18], thus doping of
PdCl, on COF-301 increases hydrogen uptake and at room
temperature and it reaches the volumetric DOE storage target
[16] but on the other hand, failed to reach the gravimetric
target which might be due to the heavy atomic mass of Pd
atom. A recent study showed that one Sc atoms doped on
(CsH3)2(B2C4Ha)3Scg COF increases the binding energy upto ~
3.4 eV and able to bind 24 H, molecules [19]. The predicted
gravimetric storage capacity of (C¢Hs) (B2C4H4)3Scg COF is ~
7.0 wt%. A newly designed porphyrin covalent organic poly-
hedra also showed promising storage capacity at 77 K [20].
All the above studies state that modification of COFs can
enhance the storage capacity at room temperature. Here, we
chose 2D COFs for further modification due to their more
stability and ease of formation compared to 3D COFs. COF-1,
COF-5 from the study of Coté et al. [7] are used as base
structures to compare our new study. Porphyrin group
included H,P-COF [21] is used for the first time to check
hydrogen storage capacity. Nitrogen-containing COFs are
more chemically stable upon exposure to moisture thus
porphyrin group present in COF increases the stability due to
the more stable C-N bond [22,23]. 2D COFs have graphene like
structures, and they can be further stacked to form a cylin-
drical tube like structures [24,25]. COF-1 consists of hexagonal
boroxine (B3H;03) ring and hexagonal benzene rings can be
stacked in multiple layers with a separation distance of 3.46 A
[7]. COF-5, where the building block is triboronate ester was
also formed in the same way as COF-1, by self-condensation
reaction of boronic acid and hexahydroxy triphenylene
(HHTP) at a temperature of ~358 K. The main difference in
COF-1 and COF-5 is that COF-1 consists of hexagonal B;0O3
rings and COF-5 consists of pentagonal C,0,B rings along with
hexagonal carbon rings. In this work, we have investigated the
hydrogen storage in COF structures using molecular simula-
tion. In particular, we have used isolated 2D COFs in x and y
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directions and found that the isolated one unit of 2D COFs,
stacked in multiple layers in z direction by forming cylindrical
shape has higher hydrogen storage capacity compared to the
planar structure. In order to further increase the effective
surface area, we increase the interlayer spacing by bridging of
pyridine molecule. B, N, S present in COFs can act as a Lewis
acid to attach with Lewis base like pyridine which also in-
creases the stability of COFs [26]. The pyridine ring can also be
possible to attach with carbon atoms present in COF (Tilford
et al. [26] suggested the possible functionalized position in
COFs). As the pyridine molecule shows polymerization char-
acteristic [27,28] and bi-pyridine molecule also does exist, we
doped the COF with bi-pyridine, tri-pyridine, tetra-pyridine
molecules in between two adjacent layers which increases
the interlayer spacing. Bridging pyridine molecules in 2D COFs
shows significant improvement in hydrogen storage capacity.

The rest of the paper is organized as follows: In models and
methods section we describe the construction of the pyridine
bridged COF and the simulation details including density
functional theory (DFT) and grand canonical Monte Carlo
(GCMC) simulations. Next, in the result section, we first
describe the structural properties obtained from DFT calcu-
lations and Voronoi tessellation, followed by GCMC results. In
GCMC results we mainly describe the hydrogen adsorption in
tubular shape COFs. A small comparison of tubular COFs with
planar COFs are available in Supplementary Information [A].
Finally, we conclude the paper with a brief overview.

Models and methods

We arranged unit blocks of two dimensional COFs in AA
stacking (without any translation in x and y directions be-
tween individual layers) at their respective equilibrium
spacing (in z direction) to give a tubular shape as inspired by
Pachfule et al. and Karak et al. [24,25]. If it is possible to isolate
a unit block of COF as shown in Table 1, tubular COF can be
formed (as shown in Fig. 1b) which slightly increases the
storage capacity. COF-1, COF-5, H,,P-COF were studied as
tubular COF and also compared with planar structures in
Supplementary Information [Appendix A]. In planar COF
structures, the structure will be spanned in x, y direction
instead of one block to form a sheet like structure, as shown in
Fig. 1a. Pyridine doped porphyrin COF structures were formed
by adding pyridine molecules to C-atom present in COF. To
build one pyridine bridged H,,P-COF (1-P), one pyridine
molecule was attached to the carbon ring which is present in
between two C,0,B rings. H,,P-COF has four pairs of C,0,B
ring, as shown in Table 1. Thus in 1-P, H,,P-COF, total four
pyridine molecules are present in between two adjacent
layers. Alternative layer bridged COF (a-bridged) was formed
by adding pyridine molecules between 1% and 2"¢ layer and
then between 3™ and 4™ layer by leaving 2" and 3 layers as
un-doped at the equilibrium spacing. Subsequently, 2-P, 3-P
and 4-P, H,,P-COFs were formed by increasing the number of
pyridine molecule attached to each carbon ring from one to
two, three and four, respectively. Multiple layers of COF were
taken to stack them and to form ~ 40 A long tube, as shown in
Fig. 2. In Fig. 2, one pyridine molecule and four pyridine mol-
ecules -doped COFs are shown and all the other COF

structures are shown in Supplementary Information [Appen-
dix A] (see Fig. S1 and Fig. S2).

DFT study

In order to efficiently design pyridine bridged porphyrin COF
structures, we performed density functional theory (DFT)
calculations. To check the energetic stability and feasibility of
the predicted structures we optimized all the COF structures
using DFT calculation as implemented in Quantum-Espresso
which is based on plane-wave basis set [29]. Second-order
Moller—Plesset level of theory (MP2) [14] and Perdew-Wang
91 (PW-91) DFT level with generalized gradient approxima-
tion (GGA) [13,15,23] are widely used for COFs. In our calcu-
lation, we optimized two layers of COF-1in two different ways
by using GGA DFT of PW-91 exchange-correlation functional
and local density approximation (LDA) DFT of Perdew-Zunger
(PZ) exchange-correlation functional. GGA DFT with PW-91
exchange-correlation functional predicts that the interlayer
spacing of COF-1 is 3.46 A, which is comparable with the
experimentally reported value [7]. Afterwards, we used GGA of
PW-91 to perform all the DFT calculations. Ultra-soft pseudo-
potential, taken from the Quantum-Espresso library for all the
atoms, was used to solve the Kohn-Sham equation. The sys-
tem was periodic in x, y, z directions with minimum vacuum
distance of ~ 10 A. After optimizing two layers of 2D COFs and
calculating inter-layer spacing, only one periodic building
block as shown in Fig. 3 was considered for modification of
COFs and for further calculations. Kinetic energy cut-off of ~
816 eV (60 Ry) and charge density cut-off of 4082 eV (300 Ry)
were used. Due to the large system size, only gamma points
were considered. Broyden-Fletcher-Goldfarb-Shanno (BFGS), a
quasi-Newton algorithm was used for structure relaxation
and the forces acting on each atom were computed by
Hellmann-Feynman theorem. All the structures were fully
optimized until the forces acting on each ion became less than
0.003 eV/atom, the change in total energy between two
consecutive steps became less than 0.0001 eV.

GCMC simulations

Grand canonical Monte Carlo (GCMC) simulations were used
to study theoretical hydrogen uptake of COFs using LAMMPS
package [30]. Atomistic (all-atom) model was used to describe
both hydrogen molecules and COF structures. COF structures
were placed in the center of a periodic box (x = y = 100 A) as
rigid such that the center of mass of the COF always remains
at the center of the box. GCMC simulations were carried out
with the following moves with equal probability:

e insertion of new H, molecules inside the system,
e deletion of existing H, molecules,
e translation and rotation of existing H, molecules.

Thus, we select an empty structure, and eventually, for a
given chemical potential a mean number of hydrogen mole-
cules is populated. Periodic boundary conditions were applied
in all the three directions. In the case of isolated tubular COF
structures (see Fig. 1b) where the tube is infinitely periodic in z
direction, outside surface adsorption is also possible. The van
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Table 1 — Single unit of 2D COFs used in this study.

Name D (A) ¢ d(A)°® unit block ¢

COF-1 15 3.46

COEF-5 27 4.52

H,P-COF 25 3.9

# D is the diameter of COF.
b d is the equilibrium inter-layer spacing between two adjacent COF layers.
¢ Carbon, oxygen, boron, nitrogen, and hydrogen atoms are shown in grey, red, pink, blue, and white colours, respectively.
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a) b)

Fig. 1 — a) Planar COF structure where it is spanned in x, y and z directions to form a sheet like structure and b) Tubular COF
structures where the COF is finite in x and y direction and spanned in z direction to form isolated tube like structure. Carbon,
oxygen, boron, nitrogen, and hydrogen atoms are shown in grey, red, pink, blue, and white colours, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2 — Tubular pyridine doped porphyrin COF structures: a) single pyridine molecule consecutive doped COF [1-P, H,,P-
COF], b) single pyridine molecule alternative doped COF 1-P [H,,P-COF (a-bridged)], c) tetra pyridine molecule consecutive
doped COF [4-P, H,,P-COF] and d) tetra pyridine molecule alternative doped COF [4-P, H,,P-COF (a-bridged)]. Carbon, oxygen,
boron, nitrogen, and hydrogen atoms are shown in grey, red, pink, blue, and white colours, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3 — DFT optimized structures of pyridine bridged H,P-COF, where a) 1-P, H,-PCOF, b) 2-P, H,-PCOF, c) 3-P, H,-PCOF and d)
4-P, H,-PCOF. Carbon, oxygen, boron and nitrogen atoms are shown in grey, red, pink, and blue colours, respectively.
Hydrogen atoms are not shown for clarity. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

der Waals interactions between H, and COFs were defined in
this study using Morse force-field (FF) as the theoretical uptake
simulated by the potential are in good agreement with exper-
imental hydrogen adsorption in COF structures [10,11,16,31].
The bulk density of hydrogen gas molecules calculated using
the particular FF is close to the experimental data (shown in
Fig. S3) and also comparable with OPLS-AA [32] force-field
(shown in Table S1). Interaction energy (Vj*(r)) for Morse
potential are calculated using Eq. (1) and the parameters are
tabulated in Table 2. Here, the total potential energy is the only
contribution of non-bonded van der Waals energy as it is
proven to dominate the hydrogen adsorption [33]. The potential
was switched off smoothly at a distance of 15 A.

V;;lovse(r) — Do {e—Za(ri}‘—rO) _ 2e—a(vij—ro):| (1)

where, Dy is the energy well-depth, 1, is the equilibrium dis-
tance between two species and « is the force constant.
Temperature (T) was fixed at 298 K and hydrogen iso-
therms were calculated by varying the pressure (P) from 1 bar
to 100 bar. The system was equilibrated for 100000 GCMC steps
and 500000 consecutive steps were run to collect the data for
analysis. In GCMC simulations, the chemical potential () of
hydrogen gas was fixed according to reservoir pressure (P).

Table 2 — Non-bonded forcefield parameters of hydrogen
and COFs.

Morse force field

Species ¢ Dy (kcal/mol) a(1/ A) Io (A)
H-C 0.10082 1.92 3.12
H-B 0.04825 1.51 3.49
H-0 0.02515 1.81 3.22
H-H1 0.00087 1.85 3.25
H-N 0.02940 1.55 3.25
H-H 0.01815 1.50 3.57

@ His the hydrogen atom of hydrogen molecule, H1 is the hydrogen
atom which is attached with COFs and all the other symbols has
it’s usual meaning.

The pressure was corrected by the fugacity coefficient (¢) and
¢ is calculated using Eq. (2a—d) from the study of Luo et al. [34].

Ing = ¢1P — ¢,P? + c3[exp(—P/300) — 1] (2a)
¢, = exp( — 3.8402T" /8 + 0.5410) (2b)
¢, = exp(—0.1263T* /2 — 15.980) (20)
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¢3 = 300exp(—0.11901T — 5.941) (2d)

Chemical potential is then calculated using Eq. (3)

B $PA3
w=kTln= o ?3)

where, k is the Boltzman's constant, T is the temperature and
A is the thermal de-Broglie wavelength used as a dimensional
consistency constant, set to 1.

Results and discussion

All the structures, used in this study were optimized by DFT
calculations. Optimized building blocks of pyridine doped
porphyrin COFs are shown in Fig. 3. Addition of pyridine
molecules increases the inter-layer spacing from the equilib-
rium value of 3.9 A up to ~ 18.37 A.

Formation energies (Eprm) were calculated to check the
feasibility of the formation of pyridine doped COF structures
using Eq. (4).

En_pcor — Ecor — Np X pip
4
0 @

Efovm =

where, E,_pcor is the energy of the pyridine-doped COF with
n =1, 2, 3 and 4, Ecor is the energy of the two layers of COF
placed at equilibrium inter-layer spacing, uy is the chemical
potential of the pyridine molecule, N; is the number of pyri-
dine molecule doped in COF, and N is the total number of
atoms. up is calculated from the Open Quantum Materials
Database (OQMD) where the chemical potentials of the ele-
ments are fitted to experimental values in order to accurately
predict the formation energy [35,36]. The values are tabulated
in Table 3. The negative values indicate thermodynamic
favourability of the structures to be formed. We note as the
absolute values of Efm are increasing with increasing the
number of pyridine molecules, the process of increment in the
number (n) is spontaneous. Cohesive energy which defines
how the atoms are bonded to a particular structure was
calculated using Eq. (5). It was calculated from DFT energies
and also from experimentally fitted chemical potentials of the
elements (see Table 3).

Table 3 — Properties of Pyridine Bridged P-COF Calculated
from DFT calculations.

COF g (A) a  Eud B Efom  Element pu (eV) €
@)’ V" V)"’

0-P 3.90 -5.681 -8710 — H —3.394

1-P 5.63 —-5.763 -8.791 -6.026 B —6.678

2-P 10.05 —-5.763 8773 —-11.458 C -9.217

3-P 14.18 —-5.754 -8.756 -16.354 N —-8.122

4-p 18.37 —-5.765 -8.741 —-20.825 (6] —4.485

2 d is the interlayer spacing.

® Econ Eform are cohesive and formation energy, respectively.

¢ The chemical potential (x) of the elements used in this study was
taken from experiment.

Table 4 — Theoretically calculated properties of COFs used
in this study.

(a) Unmodified COFs

Name c Sacca (mz/g) Vaccb (CmS/g) VfC pCOFd(gcm3)
(unmodified)
COF-1 1801.23 0.334 0.266 0.795
COF-5 2654.16 1.047 0.5096 0.486
H,P-COF 1275.94 0.291 0.258 1.581
(b) Modified COFs

d
H,P-COF  Suee(m?g) Vo (€m®g) Vi peop’(g/em?)
(bridged)
1-P 4373.06 0.940 0.4604 0.490
2-P 4838.47 1.510 0.5596 0.370
3-P 4594.23 1.973 0.635 0.321
4-p 4866.91 2.457 0.6846 0.278
H,P-COF Sacem¥g) Ve (cm®g) V¢ poor’(g/em?®)
(a-bridged)®
1-P 3418.31 0.876 0.4632 0.528
2-P 3999.70 1.170 0.513 0.438
3-P 3975.07 1.682 0.609 0.377
4-p 4270.47 2.116 0.6592 0.311

2 S, is the accessible surface area.

® V.. is the accessible pore volume for H, with probe radius of
1.36 A.

¢ Vyis the fraction of free volume for H,.

4 pcor is the accessible void density of COF for H,.

‘a-bridged’ COFs are alternate pyridine bridged COFs.

€ Sace Vace & V of unmodified tubular COFs and pyridine bridged
modified COFs are calculated.

o _ Erot = D oxcp Nubix

Ecuh - N (53‘)
E otal — — Nx
L, = total Z;{c& Mx (Sb)

where, Eiqq is the total energy of pyridine doped COF, Ny, Ex and
uy are the numbers, energy and chemical potential of atom x,
respectively with x = carbon, boron, nitrogen, oxygen,
hydrogen. Higher absolute values indicate higher chemical
stability since more energy is required to detach atoms from the
structure. Very negligible difference in the E,;, values represents
almost equal chemically stable structures are formed. Binding
energies (Ep) for H, molecule were calculated using Eq. (6).

Ey = Ecorsn, — Ecor — En, (6)

where, Ecor;n, is the total energy of H, placed COF structures,
Ecor is the energy of COF structure without H, molecule and
Ey, is the energy of the H, molecule. Optimum adsorption site
for one H, molecule was calculated by placing the molecule on
top of one carbon ring, one boron containing ring, one pyri-
dine molecule and on top of one porphyrin group. The
adsorption sites and the respective binding energies are
shown in Fig. 4. The highest value of E, is when the hydrogen
is placed on top of C,0,B ring. Thus the pentagonal boron
containing ring is favoring the hydrogen adsorption. The
porphyrin group has the second most hydrogen adsorption
favorability. Although the pyridine molecule has the least
adsorption energy compared to others, the molecules are
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» = -0.0201 eV

Fig. 4 — Hydrogen adsorption sites and the binding energies (E;) of H, molecule, when the molecule is placed on a) top of one
carbon ring, b) top of one boron ring, c) top of porphyrin group and d) top of pyridine molecule. Carbon, oxygen, boron,
nitrogen, and hydrogen atoms are shown in grey, red, pink, blue, and white colours, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

mainly responsible for increasing the interlayer spacing, and
hence the accessible volumes for bulk hydrogen adsorption.

Accessible surface area (Sqc) and accessible volume (Vgc) of
COFs for hydrogen molecules were calculated using radical
Voronoi tessellation [37,38] as implemented in Zeo++ package
[39,40] where a hydrogen gas molecule was rolled over the COF
surfaces. Radical Voronoi tessellation is mainly a Monte Carlo
sampling approach to calculate probe-accessible surface area
and probe-accessible volume by fitting the largest sphere
where the Voronoi cell boundaries are defined by the radius.
In this method, a radical Voronoi tessellation is performed for
a set of spheres centered on each atom (for i = 1 to total
number of atoms), where the it sphere has a radius of (Tatom, +
Tprobe). Here, for hydrogen molecule, probe diameter of 2.72 A
was used. The calculated pore volumes values are in good
agreement with experimental values [9,11,31,41]. The inser-
tion of pyridine molecules significantly increases the acces-
sible volume compared to unmodified COFs. The available
volumes for hydrogen adsorption are slightly higher when the
pyridine molecules are inserted in each consecutive layer
compared to a-bridged doped structures. The calculated
properties are tabulated in Table 4.

Radial density profiles of hydrogen molecules from the
center of COF were calculated using Eq. (7).

N
p(r) = m )

where, N is the total number of H, molecules present in the
cylindrical bin, ér is the bin width, r is the distance from the
center of COF and | is the length of cylindrical COF. As a finite
length (~ 40 A) of COFs were used, the whole system was
truncated upto I to overcome the system size effect and to

consider infinite long COF. In Fig. 5, the zero value of r repre-
sents the center of the COF. The density profiles show the
preferential adsorption at surface indicated by a pronounced
peak. Fig. 5a represents the density profiles for COF-1. The
density peak upto r<~ 7 A s for the hydrogen molecules which
are present inside COF. Afterwards, the density of hydrogen is
becoming zero as it is inaccessible due to the presence of COF
structure. The isolated tubular arrangement allows outside
adsorption and the corresponding layers are formed above
r>~9 A. COF-5, shown in Fig. 5b, has higher inside adsorption
compared to COF-1because of higher diameter value. A strong
second outer layer is present for COF-1. Due to the small
diameter of COF-1, the inner and outer surface of the tubular
COF become more curved which slightly increases the overall
interaction energy towards the H,, compared to large diam-
eter COFs. The small diameter also reduces the inside volume-
adsorption, on the other hand, outside surface-adsorption
increases. In Fig. 5c, the extended porphyrin group present
in H,,P-COF is responsible for the second outer layers. Inser-
tion of pyridine molecules increases the separation distance
of each layer. Thus the increased gaps between individual
layers become accessible for hydrogen molecules and a non-
zero density value is present at ~ 12 A > r<~ 15 A in Fig. 5d.
The hydrogen molecules were counted by integrating the
density profile from r = 0 to a certain r value where bulk
density reaches, to calculate the absolute number of H, mol-
ecules adsorbed by the COF (Ngs). Excess number of adsorbed
hydrogen molecules (N.,) were calculated using Eq. (8).

Nex = Nabs - pbvacc (8)

where, p, is the bulk density of hydrogen gas at the same
operating conditions and V. is the accessible pore volume of
adsorbent. Thus N, defines how much excess hydrogen


https://doi.org/10.1016/j.ijhydene.2018.11.066
https://doi.org/10.1016/j.ijhydene.2018.11.066

1790

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 1782—1796

a {bar — |
0.005 ) 20 bar —
40 bar —
0.004 60 bar —
80 bar —
< 0.003 100 bar — |
(=%
0.002
0.001
0 i s
0 5 10 15 20 25 30 35
r(A)
1 bar —
0.004 20 bar —
40 bar —
60 bar —
0.003
< 0.002

0.001

{ bar —
0.004 20 bar —
40 bar —
60 bar —
0.003 80 bar — 1
= 100 bar —
< 0.002 ;
0.001
0
25 30 35
1 bar —
0.004 20 bar —
40 bar —
60 bar —
80 bar —
= 100 bar
Q

0 5 10 15 20 25 30 35
r(A)

Fig. 5 — Radial density profiles of H, from center of COF for a) COF-1, b) COF-5, c) 0-P, H,-PCOF and d) 1-P, H,-PCOF at
P = 1 bar—100 bar. For rest of the COFs, plots are qualitatively same.

molecules are adsorbed compared to the ideal. Excess ad-
sorptions were calculated in order to have a direct comparison
with experimental values. Gravimetric uptake (G) of absolute
and excess adsorbed hydrogen molecules were then calcu-
lated using Eq. (9). The comparison of excess and absolute
adsorption are reported in Supplementary Information [Ap-
pendix A].

G(wt%) = Wi,

=———2 %100 9
Wy, + Weor ©)

where, Wy, is the total weight of adsorbed hydrogen mole-
cules and Wcor is the total weight of COF.

Fig. 6 shows the snapshot of the system containing P-COFs
and adsorbed hydrogen as purple spheres at different pres-
sure ranges from 1 bar 100 bar. The separation distance of
two consecutive layers of COF increases with increase in the
number of pyridine moiety in the ascending order of 1-P, 2-P,
3-P and 4-P. Higher inter-layer spacing increases the acces-
sible volume of COFs for hydrogen molecules and allows
them to access most of the binding states. As the pressure
increases from 1 bar to 100 bar, the number of adsorbed
hydrogen also increases for all the four types of P-COFs, 1-P,
2-P, 3-P and 4-P. Simulated absolute hydrogen adsorption
isotherms were calculated at 298 K and plotted in Fig. 7.
Fig. 7a shows the isotherms of pyridine-doped COF where the
molecules are doped in each layer whereas, Fig. 7b shows
isotherm for alternative layer doped COFs (a-bridged).
Pyridine-doped porphyrin-COF structures were compared
with un-doped porphyrin-COF and also with COF-1 and COF-

5. Pyridine inserted structures always have higher storage
capacities compared to bare COFs. Insertion of pyridine
molecules in between COF's layers increases the interlayer
spacing and hence, the accessible volume for hydrogen
adsorption. At higher pressure, unmodified COFs get satu-
rated where pyridine, P-COFs due to the high available vol-
ume still have the capacity to adsorb more hydrogen
molecules in their void spaces. Four pyridine molecules
doped P-COF (4P, P-COF) has the highest storage capacity and
at 100 bar, it has a gravimetric capacity of ~ 5.1 wt%. In
comparison with 3D COFs, COF-105 and COF-108 have a
hydrogen storage capacity of ~ 4.17 wt% at room temperature
and 100 bar [31]. Although the structures are thermodynam-
ically feasible and stable, there might be an issue of stability
after hydrogen loading. As the pyridine molecules are bonded
to carbon atoms of COF, they are firmly bound as a bridge
between two layers. From that perspective, the structures are
very tough to break even after hydrogen loading. Insertion of
pyridine molecules, on the other hand, increases the inter-
layer spacing, thus two parallel porphyrin groups of two
layers are far away from each other and have extremely weak
van der Waals interactions. The driving force which forms
the tubular COF is the weak van der Waals interaction be-
tween two layers of COF. The deviation from equilibrium
spacing diminishes the non-bonded interactions between
layers. Thus the porphyrin groups have the flexibility to be
folded in any position around it rather being flat. However,
the stability study was not performed due to lack of accurate
interaction parameters of COFs. To have a more stable
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Fig. 6 — The snapshots of hydrogen adsorption in P-COFs at different pressure ranges from 1 to 100 bar, where a) 1-P, H,-
PCOF, b) 2-P, H,-PCOF, c) 3-P, H,-PCOF and d) 4-P, H,-PCOF. Carbon, oxygen, boron and nitrogen atoms are shown in grey,
red, pink, and blue colours, respectively. Hydrogen molecules are shown as purple spheres. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7 — Isotherm at 298 K a) where pyridine molecules are bridged to H,P-COF, b) where pyridine molecules are bridged to

alternate layers of H,P-COF.

structure, next, we inserted the pyridine molecules between
two adjacent layers of COFs followed by leaving one next
adjacent layer undoped to act as a van der Waals surface, as
shown in Fig. 2b and d. Thus, the porphyrin group present in
COF will remain as a flat surface even after loading as two
parallel porphyrin groups are always separated with equi-
librium spacing (~ 3.9 A). We checked the storage capacities
of the a-bridged structures. The free volume slightly de-
creases due to this specific arrangement which also affects
the hydrogen adsorption. The reduced adsorption value is in
the deviation range of 0.1 wt% which can easily be neglected

to have more stable adsorption. The study of mechanical
stability of the pyridine bridged structures after hydrogen
loading can be a further extension of the current study by
developing an accurate force-field for COF. In Fig. 8, we
plotted hydrogen loading in terms of the mole of adsorbed
hydrogen per kg of adsorbent. We evaluated Henry's constant
(Kp) by taking the slope of H, uptake vs P (Fig. 8), at the low-
pressure range (up to 20 bar) where we can assume that the
isotherms follow the relation as stated in Eq. (10) [42].

H, Uptake = K;P (10)
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Fig. 8 — Total H, uptake in mol/kg at 298 K a) where pyridine molecules are bridged to H,P-COF, b) where pyridine molecules

are bridged to alternate layers of H,P-COF.

The values of Kj, are tabulated in Table 5. By calculating Ky,
we can define the strength of the adsorbent. Modified COFs
have higher strength of adsorption compared to unmodified
COFs. As the number of pyridine molecules (n) used to bridge
the COF's layers increases, Henry's constant also monoto-
nously increases. The enhancement in K reveals that the
pyridine doping increases the strength of the hydrogen
adsorption.

The standard storage goal of a material for hydrogen
adsorption has both the gravimetric and volumetric terms.
Volumetric uptake was calculated using Eq. (11), adapted from
the work of Ardelean et al. [43].

WHZ

WCOF

Veap(9/L) = pcor % +pg Vs (11)

Where, pcor is the accessible void density of COF for H, in g/
L, X,’:’; is g of excess hydrogen/g of COF, p, hydrogen gas den-
sity at 298 K and at the respective pressure in g/L and V;
fraction of free volume for H,. The values of Vf used here are

tabulated in Table 4. The predicted volumetric capacities are

Table 5 — Henry's constant of COFs.

COFs Ky  HyP-COF Kj H,P-COF Ky
(unmodified) (bridged) (a-bridged)
COF-1 0.055 1-P 0.163 1-P 0.171
COEF-5 0.080 2-p 0.165 2-p 0.209
H,P-COF 0.062 3-P 0.186 3-P 0.245
4-P 0.196 4-P 0.265
25 | ‘ ‘ ‘ ; ;
COF-1 -
o0 |, COF5 © |
H,P-COF 3¢
1-P -9
- 2-P m
21 3P @ 1
e 4-P &
810 |
5 4
a)

P (bar)

presented in Fig. 9. The volumetric capacity increases with
pressure (P) but remains unchanged with the number of doped
pyridine moiety (n). Free volume of the material has increased
significantly because of the insertion of pyridine moieties. The
free volume of P-COF monotonously increases with the
number n. All the adsorption sites are also not occupied which
is clear from the adsorption isotherm as the saturation has not
yet reached. Although the amount of adsorbed hydrogen in-
creases with increase in the number of pyridine moiety, it's
almost at the same ration at which the free volume increases.
Thus the volumetric capacity plot where the denominator is
the free volume of the material, shows constant value for all
the P-COFs from 1-P to 4-P. On the other hand, the weight of
the material has not increased significantly with increase in n.
The material is highly porous and light weight due to which it
is possible to reach the gravimetric storage target whereas all
of the pores are not filled with hydrogen gas hence has not yet
fulfilled the volumetric storage target at this pressure. From
the gravimetric and volumetric analysis, we note that the
pyridine bridged porphyrin COFs have highest reported up-
take at room temperature and 100 bar among all 2D COFs
regarding both gravimetric and volumetric capacity (see Table
6). We report a highest hydrogen storage capacity of ~ 5.1 wt%
and ~ 20 g Hy/L for tetra-pyridine doped COF which is able to
cross the gravimetric DOE target. We compare the perfor-
mance of the pyridine bridged H,,P-COF at room temperature
(298 K) with some commonly used hydrogen adsorbents in
Table 6. Widely studied metal organic frameworks (MOFs)
have <1 wt% storage capacity at room temperature. Although

25 ‘ ; ; ; ;
COF-1 -
COF-5 %~
20 | H,P-COF 3k 1
1-P ¥
— 2-P &
15t -
S 3P @
5 4P &
8ol 1
5 L 4
b)

P (bar)

Fig. 9 — Volumetric Capacity of COFs at 298 K a) where pyridine molecules are bridged to H,P-COF, b) where pyridine

molecules are bridged to alternate layers of H,P-COF.
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Table 6 — Reported adsorption capacities of COF-1, COF-5,

and some other hydrogen adsorbents.

Material Operating Geap  Veqp Reff
conditions (wWt%) (g/L)

COF-1 77 K and 1 atm 128 — [9]
COF-1 77Kand35bar 148 — [11]
COF-1 77 K and 100 bar 3.8 35.8 [10]
COF-5 77 K and 100 bar 5.5 20.5 [10]
COF-1 298 K and 100 bar  0.26 = [9]
COF-1 298 K and 35bar  0.04 — [11]
MOF-5 298 K and 20 bar 1.0 - [47]
Li—MOF-5 298 K and 1 bar 2.0 — [45]
Li—MOF-C30 298 K and 100 bar 5.0 - [44]
Boron nitride nanotubes 298 K and 100 bar 2.6 = [48]
TiO, nanotube 298 K and 60 bar 2.0 = [49]
Ti-SWCNT 298 K and 140 bar 2.84 7295 [5]
Be-SWCNT 298 K and 140 bar ~3.5 ~70.0 [6]

lithium ion decorated MOFs show promising storage capacity
at room temperature [44,45], still the performance is not better
than the newly designed H,P-COF. Boron nitride nano-
structures are capable to store <3 wt% at ambient conditions
[46]. Titanium and beryllium modified defective single-walled
carbon nanotubes (SWCNT) have an ambient storage capacity
of <3.5 wt% [5,6]. In comparison with 2D COFs and other
similar reported adsorbents (tabulated in Table 6), pyridine
doped porphyrin-COFs are the most promising adsorbent for
ambient hydrogen storage.

Isosetric heat of adsorption (Qs) is another property which
defines the capability of adsorption of the adsorbent and also
important to assess the regeneration ability of the adsorbent.
It can be calculated using Eq. (12) by measuring how the in-
ternal energy (U) is fluctuating due to the fluctuation of the
total number of H, molecules inside the system.

<UN> — <U>.<N>

Qs =RT - <N?2> — <N>?

12)

where, R and T are the gas constant and temperature,
respectively. Here the symbol < > is used to define configu-
ration average. Average value of Q is plotted with pressure in
Fig. 10. The Qg values are not significantly changing with
pressure. COF-1 and COF-5 have the highest heat of adsorp-
tion which implies they have higher adsorption at low pres-
sure. Although an increasing trend of Qg is observable for
modified COF, the change in Q. is very negligible. The

Qg (KJ/mol)
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Fig. 11 — Hydrogen loading in terms of gravimetric capacity
as a function of free volume of the material.

increasing trend is due to the increase in adsorbate-adsorbate
interactions as the hydrogen loading increases. The Qg value
is quite low and is also comparable with other hydrogen ad-
sorbents where the value typically varies from 4 to 6 kj/mol
[50,51]. The low value of the heat of adsorption indicates a
smooth desorption as less amount of energy is required to
regenerate the material. Therefore, Qs is not playing any major
role to increase the adsorption which is also in agreement
with the findings of Wang et al. [52] However, our free volume
calculations indicate that as the free volume is increasing, the
hydrogen adsorption is increasing continuously, as shown in
Fig. 11. At the same free volume values, porphyrin COF always
has more adsorption. Insertion of pyridine molecules in-
creases the accessible volume of the adsorbent such that the
COF structures became a promising material for ambient
hydrogen adsorption. Pyridine doping leads to enhance the
hydrogen adsorption without much affecting the heat of
adsorption and thus, makes it as a promising material for
ambient hydrogen adsorption.

Fuel cells are generally operated between 1 and 3 bar of
pressure [53]. Adsorbed hydrogen needs to be desorbed at the
operating pressure. Thus the hydrogen molecules adsorbed at
100 bar are desorbed at the delivery pressure. To know the
amount of accessible hydrogen, desorption pressure of ~5 bar
[54] may be used. Here, in order to know the amount of
recovered hydrogen, we assumed that the fuel cell is operated
at 5 bar and calculated the % recovery by assessing usable
hydrogen at 5 bar using the equation below.
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Fig. 10 — Isosetric heat of adsorption (Qs;) of COFs at 298 K with pressure a) where pyridine molecules are bridged to H,P-
COF, b) where pyridine molecules are bridged to alternate layers of H,P-COF.
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Fig. 12 — Percentage of H, recovery adsorbed at 100 bar.

H, Usable (wt%) = G100 bar — Gs bar (13a)
H, Usable
H, Recovery (%) = ————— x 100 (13b)
GlOO bar

where, G stands for the gravimetric capacity and Gigo per and
Gs par are the capacities at 100 bar and 5 bar, respectively. The
% of recovered hydrogen is plotted in Fig. 12. The estimation
shows that more than 90% of adsorbed hydrogen molecules
are recovered.

Conclusions

A thorough study using DFT and GCMC was carried out for
hydrogen adsorption in 2D COFs namely, COF-1, COF-5 and
H,,P-COF. COF-5 has the highest hydrogen adsorption due to
its high free volume (2.45 cm®/g) and high binding energy of
C,0,B ring. Besides, in H,,P-COF, the porphyrin group in-
creases the adsorption and can easily be further functional-
ized by transition metals. The 2-D COFs are possible to stack in
multiple layers in z direction at equilibrium spacing. In addi-
tion, the pyridine molecules, when inserted between two
layers of 2-D COFs increases the interlayers spacing and
accessible volume for hydrogen adsorption. Consideration of
one unit to be stacked in layers gives a cylindrical shape.
Formation of tubular COF, increases the effective surface area,
and hence the amount of adsorption. A comparison of tubular
COFs with the respective planar structures shows a slight
variation in adsorption. The tubular arrangement is advan-
tageous where outer surface adsorption is more significant
compared to inside volume adsorption. Feasibility of forma-
tion and molecular stability of pyridine bridged COF structures
were checked by DFT study. To form a more stable structure in
the standpoint of physical stability of COFs after hydrogen
loading, alternating layers of COF were doped with pyridine
molecules. The storage capacity of a-bridged structure is
slightly lesser than continuous layer doped structures. Our
findings show that tetra pyridine molecule bridged H,,P-COF
has the highest storage capacity among all 2-D COFs. It
reached the gravimetric and volumetric uptake of ~ 5 wt% and
20 gH,/L, above 2020 gravimetric DOE target and close to the
volumetric target (4.5 wt% and 30 g/L), at 298 K and 100 bar.
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