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Abstract: Covalent Organic Frameworks (COFs) have been considered as promising materials for gas
storage applications due to their highly porous structures and tunable characteristics. In this work,
high-throughput  molecular  simulations  were  performed  to  screen  the  recent  Computation-Ready
Experimental COF Database (CoRE-COF) for H2 storage as a first time in the literature. Predictions for
H2 uptakes were first compared with the experimental data of several COFs. Motivated from the good
agreement between simulations and experiments, we performed Grand Canonical Monte Carlo (GCMC)
simulations to compute volumetric H2 uptakes of 296 COFs at various temperatures and pressures and
identified the best candidates which exhibit superior performance for H2 storage. COFs outperformed
several well-known MOFs such as HKUST-1, NU-125, NU-1000 series, NOTT-112 and UiO-67 at 100
bar/77 K adsorption and 5 bar/160 K desorption conditions. We also examined the effect of Feynman-
Hibbs correction on simulated H2 isotherms and H2 working capacities of COFs to consider quantum
effects at low temperatures. Results showed that the Feynman-Hibbs corrections do not affect the
ranking of materials based on H2 working capacities, but slightly affect the predictions of H2 adsorption
isotherms.  We finally examined the structure-performance relations  and showed that  density  and
porosity are highly correlated with the volumetric H2 working capacities of COFs. Results of this study
will be highly useful in guiding future research and focusing experimental efforts on the best COF
adsorbents identified in this study.
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INTRODUCTION

Developing  energy-efficient  and  safe  hydrogen
(H2)  storage systems has gained importance in
transportation  sector  due  to  non-toxic  and
environmentally friendly products of H2 compared
to  those  of  fossil  fuels.  Additionally,  H2 has
almost triple energy density that of gasoline per

mass  unit.  Many  companies  including  Honda,
Toyota, Hyundai, and General Motors have been
recently  producing  hydrogen-powered  vehicles
(1).  Storing  H2 in  vehicles  is  possible  at  room
temperature and very high pressure (~700 bar).
However,  high  pressure  operating  conditions
bring  safety  issues  to  the  attention  of  the
manufacturers for the critical equipment design.
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As  alternative  to  the  high-pressure  H2  storage
systems, liquefaction at low temperature (77 K)
has  been  also  investigated  for  on-board  H2

storage.  Recently,  cryo-adsorption  processes  in
which H2  molecules are stored at 77 K and 100
bar and desorbed at 160 K and 5 bar using a
porous  material  have  been  considered  for
automotive  industry  (2).  H2  molecules  can  be
adsorbed  at  moderate  temperatures  and
pressures within a porous adsorbent material due
to  the  van  der  Waals  interactions.  Herein,  the
careful  choice  of  an  adsorbent  material  is
important.  A  promising  adsorbent  should  have
high  working  capacity.  Working  capacity  is
defined as the gas amount that can be delivered
when the storage pressure is decreased to a pre-
determined desorption pressure (3).  To have a
high  gas  working  capacity,  adsorbents  should
have the maximum gas uptake at an adsorption
pressure  and  the  minimum  gas  uptake  at  a
desorption pressure.

Many  different  adsorbent  materials  including
activated carbons, (4) zeolites, (5) metal organic
frameworks  (MOFs)  (6)  and  covalent  organic
frameworks (COFs) (7, 8) have been tested for
efficient H2 store systems. To evaluate H2 storage
capacities of these materials, ARPA-E (Advanced
Research Projects Agency-Energy) target set by
the U.S. Department of Energy (DOE) has been
commonly used. The DOE target for on board H2

storage systems was set to 4.5 wt%; 30 g/L for
2020 and 5.5 wt%; 40 g/L for 2025 and 6.5 wt
%; 50 g/L as ultimate target (9). Among these
adsorbent  materials,  MOFs  constructed  from
metal  ions  and  organic  linkers  via  coordination
bonds are potential candidates for H2 storage due
to  their  large  surface  areas  and  high  pore
volumes (10). For example, Gómez-Gualdrón et
al.  (2)  investigated  the  isoreticular  series  of
zirconium MOFs including NU-1101, NU-1102 and
NU-1103  (NU:  Northwestern  University)  and
found that NU-1101 gives the highest measured
volumetric  H2 uptake  as  46.6  g/L  (9.1  wt %),
whereas NU-1103 gives the highest gravimetric
H2 uptake  as  with  12.6  wt% (43.2  g/L)  at  77
K/100 bar adsorption and 160 K/5 bar desorption
conditions  based  on  the  tank  design  criteria
proposed  by  HSECoE,  Hydrogen  Storage
Engineering Center of Excellence (11). Langmi et
al. (12) reviewed H2 uptakes in MOFs at both 77
K and 298 K and showed that MOFs provide total
volumetric H2 uptake in the range of 40-60 g/L
(6-15 wt%) at 77 K whereas it decreases to less
than 15 g/L (0.5-1 wt%) at 298 K. COFs as a sub
class  of  MOFs  have  been  also  considered  as
promising  adsorbents  for  H2 storage.  COFs  are
consisted of light elements including B (boron), C
(carbon),  N  (nitrogen)  and  O  (oxygen)  and
organic  linkers  which  are  covalently  bonded.
COFs  exhibit  large  surface  areas  (711-1590

m2/g), high porosities (0.25-0.94) and large pore
sizes  (7.0×27.0 Å)  (13).  Furukawa et  al.  (14)
examined the H2 storage performances of seven
COFs  including  COF-1,  COF-5,  COF-6,  COF-8,
COF-10,  COF-102  and  COF-103  at  77  K.  They
found that saturated H2 uptakes of these COFs
are in the range of 1.5 wt% to 7.2 wt%. Ding
and Wang (15)  summarized  the  H2 uptakes  of
thirteen COFs and reported that COFs with larger
surface areas exhibit higher H2 uptake capacities.
All  these studies  showed that  developing novel
adsorbents which have high storage and working
capacity for H2 at  ambient conditions has been
still a critical issue for practical applications.

Both MOFs and COFs can be synthesized using
the  reticular  design  concept  which  provides
numerous  materials  with  different  chemical
functionalities.  Evaluating the performance of  a
large number of  materials  for  H2 storage using
experimental methods is challenging due to time,
cost,  and  equipment  concerns.  Therefore,
molecular simulations play a very useful role for
providing  reliable  gas  adsorption  data  in  a
reasonable time. Many computational studies on
H2 uptake  in  MOFs  were  performed  in  the
literature  (16).  Bucior  et  al.  (1)  performed  a
large-scale molecular simulation study to identify
promising  candidates  for  H2 storage.  Among
54,776  MOFs,  25  materials  were  reported  to
exceed the DOE 2025 volumetric system target
(40 g/L). In a different study, Ahmed et al. (17)
screened  real  and  hypothetical  MOFs  (totally
500,000 MOFs) for H2 adsorption up to 100 bar
at 77 K. Among these halves million MOFs, NU-
100  (also  known  as  PCN-610,  PCN  for  porous
coordination network) surpassed the DOE’s 2020
system level target (30 g/L) and gave H2 uptake
almost 35 g/L. They also investigated the relation
between structural properties of MOFs and their
performances  and  reported  that  porosity  has
positively correlated with the volumetric working
capacity of MOFs. Six different COFs (COF-1, 5,
102, 103, 105 and 108) have also been tested
for H2 storage by Han et al. (7) due to their large
surface areas (up to ~4000 m2/g) and low crystal
densities (~0.2 g/cm3). Among these COFs, COF-
108 gave the highest H2 gravimetric uptake (~19
wt%)  and  COF-102  gave  the  maximum
volumetric H2 uptake (~40 g/L) at 77 K and 100
bar. In a recent study, Cao et al. (18) performed
simulations  of  four  different  three-dimensional
(3D)  COFs  (COF-102,  103,  105  and  108)  and
their  lithium  (Li)-doped  counterparts  for  H2

storage at 298 K up to 100 bar. Results showed
that H2 gravimetric uptake capacities of Li-doped
COFs  (COF-105  and  COF-108)  nearly  doubled
and  both  reached  ~7  wt%  at  ambient
temperature  due  to  the  favorable  interactions
between  H2 and  Li  atom.  Assfour  et  al.  (19)
performed molecular simulations of eleven COFs
for H2 storage at 77 K and 298 K up to 100 bar.
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Similar  to study of Han et.  al.  (7),  they found
that  COF-108  has  the  highest  gravimetric  H2

uptake as 21 wt% and 4.17 wt% at 77 K and 100
bar  and  at  298  K  and  100  bar,  respectively.
These  results  suggest  that  COFs  can  be
promising  materials  for  H2 storage.  Currently,
309  COFs  were  deposited  in  the  Computation-
Ready  Experimental  COF  Database  (CoRE-COF)
(20)  and  to the best of our knowledge, there is
no  study  in  the  literature  which  evaluates  H2

storage  performances  of  COFs  by  using  high-
throughput  molecular  simulation  techniques.
Therefore,  computational  studies  will  be  highly
useful to identify the potential COF candidates for
H2 capture.

In this work, we screened the recent CoRE-COF
database (20) for H2 storage as a first time in the
literature. We first compared our predictions with
the available experimental data in the literature
for  H2 uptake.  We  examined  the  effect  of
Feynman-Hibbs  corrections  on  simulated  H2

isotherms  in  COFs.  In  many  computational
studies on H2 storage, H2 molecules are treated
as  classical  molecules.  However,  at  sufficiently
low  temperatures,  quantum  effects  should  be
considered in simulations due to the low mass of
H2.  We then performed  Grand Canonical Monte
Carlo (GCMC) simulations to compute volumetric
H2 uptakes  of  296  COFs  at  three  different
operating conditions: (i) at 100 bar/77 K 2 bar/
77 K, (ii) at 100 bar/77 K 5 bar/77 K, and (iii)
at  100  bar/77  K   5  bar/160  K.  Reporting
volumetric  H2 adsorption  is  crucial  because  it
directly relates to the required volume of an on-
board tank. We also investigated the effect of the
Feynman-Hibbs  correction  on  simulated  H2

working capacities of COFs and the ranking of the
best  materials.  The  best  performing  materials
were  then  compared  with  the  top  performing
MOFs  which  were  previously  identified  in  the
literature.  We  finally  examined  the  relations
between  structural  properties  of  COFs  such  as
pore  sizes,  densities,  porosities  and  their  H2

working  capacities  to  provide  structure-
performance relationships.

MATERIALS AND METHODS

Computational details
To validate our computational  methodology, we
first compared our predictions with the available
experimental  data  of  Furukawa  et  al.  (14)  for
single-component  H2 adsorption.  Adsorption
isotherms of  H2  in  four  different  COFs  (COF-5,
COF-6, COF-8 and COF-10) were computed at 77
K up to 80 bar to be consistent with the study of
Furukawa  et  al.  (14).  We  also  computed
saturated H2 uptakes in several COFs reported in
the  literature  by  Li  et  al.  (21)  (ACOF-1),
Stegbauer et al. (22) (ATFG-COF), Furukawa et

al. (14) (COF-1, COF-5, COF-6, COF-8, COF-10,
COF-102,  and  COF-103),  Li  et  al.  (23)  (COF-
JLU2),  Ge  et  al.  (24)  (COF-TpAzo),  Neti  et  al.
(25)  (CoPc-PorDBA),  Kaleeswaran  et  al.  (26)
(iPrTAPB-TFP,  iPrTAPB-TFPB,  TAPB-TFP,  and
TAPB-TFPB), Kang et al. (27) (NUS-3), Bhunia et
al. (28) (PCTF-n, n=1-2), and Kahveci et al. (29)
(TD-COF-5).  All  the  crystal  structures  of  COFs
were  taken  from  CoRE-COF  database.(20)  To
compare our simulation results and experimental
values, the absolute adsorbed gas amount (nabs),
which  could  not  be  directly  measured,  was
converted to the excess adsorption (nex).(3) The
excess  adsorption  can  be  explained  by  the
difference between the amount of  the absolute
adsorption,  and  also  bulk  gas  in  the  adsorbed
region and calculated from Equation 1:

nex=nabs−V p⋅ρ bulk (P ,T )  (Eq. 1)

Herein, nex is the excess adsorption, nabs is the
absolute  adsorbed  gas  amount,  Vp is  the  pore
volume (cm3/g) and ρbulk represents the density
of the gas in the bulk phase calculated with the
Peng-Robinson equation of state at temperature
(T) and pressure (P), respectively.

The crystal  structures  of  309 COFs were taken
from the solvent-free CoRE-COF database (20).
The largest cavity diameter (LCD), pore-limiting
diameter (PLD), surface area (SA), density, pore
volume (PV) and porosity () were calculated by
Zeo++  software  (30).  SA  calculations  were
performed  using  nitrogen  kinetic  diameter  as
1.86 Å and the trial number was set to 2000. For
PV calculations,  zero probe size was used,  and
the number of trials was set to 50,000. Among
309 COFs, 13 COFs have almost zero accessible
SAs and these frameworks were excluded from
further H2 adsorption analysis.

Grand Canonical Monte Carlo (GCMC) simulations
were performed to compute single-component H2

adsorption in 296 COFs at various temperatures
(77 K and 160 K) and pressures (2 bar, 5 bar and
100  bar)  as  implemented  in  RASPA  software
(31).  Three  different  types  of  moves  including
translation, reinsertion, and swap of the molecule
were  considered in  GCMC simulations.  Rotation
move was also applied in GCMC simulations for
the three-site model of H2. The Lorentz-Berthelot
mixing rules were employed to calculate pair wise
interactions. The Peng-Robinson equation of state
was  used  to  convert  the  pressure  to  the
corresponding fugacity. Simulations were carried
out for a total of 104 cycles with 3000 cycles for
the  equilibration.  Lennard-Jones  (LJ)  12-6  and
Coulombic  potentials  were  used  to  model
repulsion-dispersion  forces,  and  electrostatic
interactions,  respectively  using  Equation  2  as
follows:
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U ij (r)=4ϵ ij((σ ij

r )
12

−(σ ij

r )
6)+ qiq j
4π ϵ0 r

(Eq. 2)

where  Uij represents  the  potential  energy
between  atoms  i  and  j,  r  is  the  separation
distance from the center of  one particle  to the
center of the other particle, εij the well depth and
σij is  the  molecular  length  scale  based  on  the
particle  diameter.  In  Equation  2  εo,  qi  and  qj
show the electric constant, partial atomic charges
of  i  and  j,  respectively.  The  cut-off  radius  for
truncation was set to 12.8 Å. The simulation cell
lengths were increased to at least 25.6 Å along

each  dimension.  To  compute  electrostatic
interactions  between  gas  molecules  and  the
frameworks’ atoms, the partial atomic charges of
materials  were  estimated  using  the  charge
equilibration  method as  implemented  in  RASPA
(31). Ewald’s summation (32) was used for the
long-range  electrostatic  calculations.  H2

molecules  were  modeled  using  two  different
models  including  a  single-site  model  (33),  and
three-site linear molecule with two sites located
at  two  atoms and the  third  one  located  at  its
center  of  mass  (COM)  (34).  The  interaction
parameters of H2 used in molecular simulations
were given in Table 1.

Table 1: The interaction parameters and partial charges used for H2 molecules.

Molecule Site ε/kB (K) σ (Å) q(e)

H2 Center of Mass (COM) 36.700 2.958 -0.936

H 0.000 0.000 0.468

H2 Single-site 34.200 2.960 0.000

The  Feynman-Hibbs  correction  (35)  given  in
Equation 3 was applied to include quantum ef-
fects at 77 K.

U FH (r )=U IJ (r )+U coul (r )+
ℏ2

24μ KT
∇2U IJ (r )

(Eq. 3)

In Equation 3, UFH(r) the potential energy calcu-
lated with the Feynman-Hibbs correction, ULJ(r) is
the Lennard-Jones (LJ) R-X potential and Ucoul(r) is
the Coulobic potential shown is Equation (2). ℏ is
the Planck constant divided by 2π,  μ is the re-
duced mass, K is the Boltzman constant and T is
the absolute temperature.

The  potential  parameters  of  COFs  were  taken
from the Universal  Force Field (UFF) (36). This
force  field  was chosen based on the results  of
previous gas uptake predictions that gave a good
agreement with experiments.(37)

H2 working capacities  ( WCH2
)  were  calculated

for 296 COFs, which have SAs > 0 m2/g, using
the following equation:

(Eq. 4)

where,  WCH2 is  the  H2 working  capacity  (g/L),
Nads is the adsorbed gas amount calculated at the
adsorption pressure  and Ndes is the adsorbed gas
amount (g/L) calculated at the desorption pres-
sure.

RESULTS AND DISCUSSION

Comparisons of experiments with simula-
tions:
Figure 1 shows the comparison of our predictions
with the experimental  measurements of  COF-5,
COF-6, COF-8 and COF-10 for single-component
H2 adsorption  at  77  K.  Simulations  were  per-
formed by considering three different scenarios:
all electrostatic interactions are on, H2-H2 electro-
static interactions are on and all electrostatic in-
teractions are off. For the first case (all electro-
static interactions are on), H2-H2 electrostatic in-
teractions using the Darkrim and Levesque po-
tential  and  H2-framework  electrostatic  interac-
tions  were  computed  during  GCMC  simulations
and  the  Feynman–Hibbs  correction  was  added
into  the  potential  energy.  For  the  second case
(H2-H2 electrostatic interactions are on), only H2-
H2 electrostatic interactions were considered us-
ing the Darkrim and Levesque potential (34) and
the Feynman–Hibbs correction was applied during
simulations. For the last case (all electrostatic in-
teractions are off), a simple single-site LJ poten-
tial for H2 was used and the Feynman–Hibbs cor-
rection was not applied in simulations. As shown
in Figure  1,  simulations  performed using Feyn-
man–Hibbs corrections agreed well with the ex-
periments. Simulations performed using the sin-
gle-site H2 model overestimated H2 uptake in all
these COFs. For example, Furukawa et al. (14)
measured 35.1 mg H2/g COF-5 at 80 bar and 77
K, we predicted H2 uptake in COF-5 using the sin-
gle-site model as 41.2 mg/g under the same con-
ditions.  Results  obtained  from simulations  with
the Feynman–Hibbs corrections were found to be
similar. The predicted H2 uptakes in COF-5 ob-
tained 
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Figure 1: Comparison of our simulations with the experiments (14) for single-component H2 adsorption
in (a) COF-5, (b) COF-6, (c) COF-8 and (d) COF-10 at 77K. Open, half-closed and closed red spheres rep-
resent our predictions obtained from all electrostatic interactions were on, only H2-H2 electrostatic inter-
actions were on, and all electrostatic interactions were off, respectively. Black spheres represent the ex-

perimental data measured by Furukawa et al. (14)

from  the  simulations  with  the  Feynman–Hibbs
corrections were found as 37.0 mg/g H2-H2 elec-
trostatic interactions are on) and 38.0 mg/g (all
electrostatic  interactions  are  on)  at  the  same
conditions.  Results  showed  that  instead  of  as-
signing  partial  charges  of  COFs  which  requires
high  computation  cost,  only  H2-H2 electrostatic
interactions  may  be  considered  to  compute  H2

adsorption in COFs at cryogenic conditions in a
reasonable time. Similar results were also found
by  Assfour  et  al.  (19)  who  emphasized  that
coulombic interactions between H2-H2 molecules
and COFs do not affect the H2  uptake capacities
of several COFs at both 77 K and 298 K. 

We also compared our predictions with the ex-
periments for the saturated H2 uptake capacities
of  20 COFs in  Figure  2.  COFs’  names together
with the calculated and measured H2 uptakes at
the  various  temperatures  and  pressures  were

given in Table 2. Among these COFs, only COF-
102 and COF-103 are 3D and the remaining COFs
are all 2D. Simulated H2 uptakes were obtained
from the GCMC simulations with the Feynman–
Hibbs  corrections  using  the  Darkrim  and
Levesque  potential  for  H2 (only  H2-H2 electro-
static interactions are on). The good agreement
between simulations  and experiments  for  satu-
rated H2 uptakes in these COFs was found. The
large discrepancy was observed  between simu-
lated H2 uptake and experimental measurements
for only 3D COFs, COF-102 and COF-103. Simu-
lations dramatically  overestimated H2 uptake in
COF-102 and COF-103 which may be attributed
to the remaining solvent molecules and defects
inside  these materials.  Overall,  motivated  from
the good agreement between our simulations and
the  experimental  measurements,  we  further
computed H2 working capacities  of  296 experi-
mental COFs and discussed below.
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Table 2: Data for comparison of simulations with the experiments for the saturated H2 uptake capacities 
of 20 COFs.

COF Name P (bar) T (K) Our data
(mg/g)

Literature Data
(mg/g)

Reference

ACOF-1[1] 1 77 16.89 9.89 (21)

ATFG-COF[2] 30 308 2.14 8.12 (22)

COF-1 90 77 20.24 14.68 (14)

COF-5 90 77 35.30 34.19 (14)

COF-6 90 77 18.97 20.04 (14)

COF-8 80 77 31.23 33.85 (14)

COF-10 80 77 39.91 37.58 (14)

COF-102 90 77 85.41 67.07 (14)

COF-103 90 77 95.79 65.05 (14)

COF-JLU2[3] 1 77 12.48 15.86 (23)

COF-TpAzo[4] 1 77 13.61 10.29 (24)

CoPc-PorDBA[5] 1 77 41.43 41.24 (25)

iPrTAPB-TFP[6] 1 77 7.09 11.42 (26)

iPrTAPB-TFPB[7] 1 77 8.15 4.18 (26)

TAPB-TFP 1 77 14.90 10.82 (26)

TAPB-TFPB 1 77 9.63 6.26 (26)

NUS-3[8] 1 273 0.14 0.24 (27)

PCTF-1[9] 0.25 77 5.31 9.75 (28)

PCTF-2 0.5 77 8.67 6.86 (28)

TD-COF-5[10] 1 77 27.88 15.89 (29)
[1]ACOF: azine-based COF; [2]ATFG: 1,3,5-triformylphloroglucinol; [3]JLU: Jilin University; [4]TpAzo: 
triformylphloroglucinol 4,4′-azodianiline; [5]CoPc-PorDBA: cobalt-based phthalocyanine- porphyrin 
dehydrobenzoannulenes; [6]iPrTAPB-TFP: 1,3,5-tris(4- aminophenyl)benzene - 1,3,5-
triformylphluroglucinol; [7] TFPB: 1,3,5-tris(4′-formylphenyl)benzene; [8]NUS: : National University of 
Singapore; [9]PCTF: porous covalent triazine-based organic frameworks [10]TD: triptycene-derived.

Figure 2: Comparison of experiments and our
simulations for the saturated H2 uptakes in

different 20 COFs.

Effect of Feynman-Hibbs correction on simu-
lated H2 working capacities of COFs

Working capacity is a useful  metric to evaluate
adsorbents for gas separation applications. Clas-
sical LJ potential and a simple spherical H2 model
are commonly used in simulations to compute H2

working capacities of adsorbents at 77 K in the
literature.  However,  at  low temperatures  quan-
tum effects can be important for small molecules.
Therefore, the Feynman-Hibbs correction can be
used to account quantum effects at low tempera-
tures in simulations. In Figure 3, we compared H2

working  capacities  of  296  COFs  calculated  at
three different operating conditions (a) from 100
bar/77 K to 2 bar/77 K, (b) from 100 bar/77 K to
5 bar/77 K, and (c) from 100 bar/77 K to 5 bar/
160 K based on their potential energies. Figure 3
shows that simulation results obtained from the
simulations using the Feynman-Hibbs corrections
were found to be almost similar with the results
obtained from the simulations using the single-
site H2 model at three different operating condi-
tions.
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There are  obvious linear relationships between
the results obtained from only LJ potential and
the results obtained from LJ potential with Feyn-
man-Hibbs corrections.  We then examined the
ranking of COFs based on H2 working capacities
calculated from only LJ potential and LJ potential
with  the  Feynman-Hibbs  corrections  and  esti-
mated  the  Spearman’s  rank  correlation  coeffi-
cient  (SRCC)  (-1≤SRCC≤1).  When SRCC is  1,
there is a perfect correlation between two rank-
ings. Table 3 shows the comparison of ranking of
COFs based on volumetric H2  working capacities
calculated from GCMC simulations using different
potentials. As shown in Table 3, the ranking of
COFs  is  highly  correlated,  and  the  Feynman-
Hibbs correction and adsorbate-adsorbent elec-
trostatic  interactions do not actually affect the
ranking of materials. Therefore, we can conclude
that predictions using only LJ potential with the
single-site H2 model can give quick and reliable
information about the volumetric H2 working ca-
pacities of COFs.

Figure 3: Comparison of H2 WCs of 296 COFs
calculated with the Lennard-Jones potential only
(x-axis) and the Feynman-Hibbs corrections (y-
axis). Red (blue) points represent our predic-

tions obtained from all electrostatic interactions
were on (only H2-H2 electrostatic interactions

were on).

Table 3: Comparison of the ranking of COFs based on their volumetric H2 working capacities. 
Adsorption/desorption conditions LJ vs LJ with the FH*

(all electrostatic interac-
tions)

LJ vs LJ with the FH
(only H2-H2 electrostatic inter-

actions)
100 bar/77 K2 bar/77 K 0.96 0.97
100 bar/77 K5 bar/77 K 0.96 0.99
100 bar/77 K5 bar/160 K 0.99 0.98
*: Feynman-Hibbs correction

Evaluating the performance of COFs for H2 
storage:
We  identified  the  top  performing  COFs  for  H2

storage  and  ranked  them based  on  their  WCs
computed from single-component GCMC simula-
tions at 100 bar/77 K adsorption and 5 bar/77 K/
160 K desorption conditions. Table 4 shows the
top performing 10 COFs which exhibit the highest
volumetric H2 WCs (38.9-42.9 g/L) at 100 bar/77
K adsorption and 5 bar/77 K desorption condi-
tions. The WCs here were obtained from the re-
sults  of  GCMC  simulations  with  the  Feynman–

Hibbs correction using the Darkrim and Levesque
potential for H2 (only H2-H2 electrostatic interac-
tions are on).
The  densities  (porosities)  of  the  top  10  COFs
range  from  0.16  g/cm3  to  0.24  g/cm3 (0.87-
0.92). The top materials have all 3D structures
except  IISERP-COF3  which  has  2D  structure.
COF-DL-229-3-fold has the highest H2 WC (42.9
g/L) among 296 COFs which can be attributed to
its  high porosity  (0.87)  and large surface  area
(8462.g m2/g).

Table 4: Top performing 10 COFs ranked based on their H2 WCs calculated at 100 bar/77 K adsorption 
and 5 bar/77 K desorption conditions.
COF LCD-PLD (Å) ρ (g/cm3) ϕ WC (g/L)
COF-DL[1]229-3-fold 10.72-10.15 0.24 0.87 42.92
PI[2]-COF-5-2P[3] 13.35-10.52 0.26 0.88 41.14
COF-DL229-2-fold 17.57-14.36 0.16 0.92 40.78
DL-COF-1-ctn 16.21-14.26 0.19 0.90 40.67
DL-COF-2-ctn 16.19-14.24 0.21 0.90 40.47
COF-105 18.80-16.12 0.18 0.91 39.63
DL-COF-1-bor 22.72-16.03 0.17 0.91 39.41
IISERP[4]-COF3 22.16-19.77 0.22 0.90 39.15
Ni-DBA[5]-3D-COF-ctn 20.96-17.60 0.17 0.92 39.04
DL-COF-2-bor 25.15-15.94 0.19 0.91 38.87

[1] DL: dual linkage; [2] PI: polyimide; [3] 2P: biphenyl-4,4′-dicarboxaldehyde; [4] IISERP:In-
dian Institute of Science Education and Research Pune; [5] DBA: dehydrobenzoannulenes. 
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It is also important to note that COF-DL-229-3-
fold  has  smaller  pore  sizes  (10.72×10.15  Å)
compared  to  the  remaining  9  COFs  which  en-
hance H2-COF interactions. Bucior et al. (1) also
discussed that large-pored materials exhibit weak
H2-adsorbent interactions to bind H2 molecules.

We also ranked 296 COFs based on their volu-
metric  H2 WCs calculated at  100 bar/77  K ad-
sorption and 5 bar/160 K desorption conditions
and  listed  in  Table  5.  Since  adsorption  is  an
exothermic  process,  when  the  desorption  tem-
perature increased from 77 K to 160 K, H2  up-
takes in COFs decreased as expected. Since H2

WCs  were  calculated  using  the  difference  be-
tween H2 uptake amounts at adsorption and des-

orption pressures, volumetric H2 WCs (52.7-58.0
g/L) were increased as shown in Table 5. COF-
103 exhibited the highest volumetric  H2  WC as
58.0 g/L at 100 bar/77K adsorption and 5 bar/
160 K desorption conditions. The top performing
materials listed in Table 5 have higher densities
(0.24-0.47  g/cm3)  compared  to  the  top  candi-
dates listed in Table 4 whereas they have nar-
rower pore  sizes  and lower  porosities  than the
latter.  These materials  also have 3D structures
except ILCOF-1-AB. Among these 20 materials,
COF-DL229-3fold  is  the  common  COF  that  ex-
hibits high performance for H2 capture at two dif-
ferent  adsorption/desorption  conditions. Results
showed that different operating conditions should
be considered in order to identify the best per-
forming COFs for H2 storage.

Table 5: Top performing 10 COFs ranked based on their H2 WCs calculated at 100bar/77K adsorption 
and 5bar/160K desorption conditions
COF LCD-PLD (Å) ρ (g/cm3) ϕ WC (g/L)
COF-103 9.68-8.50 0.39 0.80 58.04
ILCOF[1]-1-AB 11.09-9.41 0.34 0.82 56.71
COF-102 9.04-7.99 0.42 0.78 56.52
3D-Py[2]-COF-2P 13.47-12.29 0.28 0.85 56.06
BF[3]-COF-1 13.26-8.62 0.40 0.79 54.63
COF-DL229-3fold 10.72-10.15 0.24 0.87 54.13
BF-COF-2 13.28-7.58 0.47 0.78 53.87
3D-CuPor-COF 16.46-13.64 0.33 0.84 53.47
3D-Por[4]-COF 16.31-13.66 0.31 0.84 53.26
COF-DL229-5fold 11.25-11.20 0.37 0.80 52.73

[1] ILCOF: imine-linked; [2] Py: pyrene-based; [3] BF: base-functionalized; [4] Por: porphyrin.

Figure 4: Comparison of volumetric H2 WCs of
the top performing 10 COFs (closed spheres)
with those of the promising MOFs (open sym-

bols) identified in the literature. (9)

Figure 4 shows the comparison of volumetric H2

WCs of the top performing 10 COFs (listed in Ta-
ble 5) studied under different temperature and
pressure conditions with those of the best-per-
forming MOFs at the same conditions. All porous
materials surpassed the DOE target for 2025 at
100 bar/77 K adsorption and 5 bar/160K desorp-
tion conditions. Among 10 COFs, only ILCOF-1-

AB has 2D structure, the remaining COFs are all
3D.  As  shown in  Figure  4,  COFs  also  outper-
formed the  top  performing  10  MOFs  including
HKUST-1 (also known as Cu-BTC, BTC: benzene-
1,3,5-tricarboxylate),  NU-125,  NU-1000,  NU-
1101, NU-1102, 

NU-1103, NOTT-112 (NOTT: University of  Not-
tingham), UiO-68-Ant (UiO: University of Oslo;
Ant: anthracene), UiO-67 and CYCU-3-Al (CYCU:
Chung-Yuan Christian University; Al: aluminum)
at  100  bar/77  K  adsorption  and  5  bar/160  K
desorption  conditions.  Among  10  COFs,  COF-
DL229-3-fold  exhibited  promising  performance
for H2 storage at two different operating condi-
tions,  exceeding the DOE 2020 and 2025 tar-
gets. This can be attributed to optimal pore sizes
(10.72 Å × 10.15 Å) of  COF-DL229-3-fold,  its
adequate porosity  (0.87) and density  (0.24 g/
cm3). Bobbitt et al. (37) also discussed that the
materials,  which  have  optimal  porosity  (~0.9)
and pore sizes (~12 Å), tend to strongly bind
with H2 molecules, resulting in high H2 uptake
capacity.

As shown in Figure 4, NU-1103 (32.5 g/L) out-
performed BF-COF-1, BF-COF-2, COF-102, COF-
103, and COF-DL229-5-fold at 100 bar/77 K ad-
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sorption and 5 bar/77 K desorption conditions.
This might be explained that NU-1103 has lower
density (0.29 g/cm3) and higher porosity (0.88)
than these 5 COFs, whose densities were around
0.4 g/cm3 and porosities ~0.80. Moreover, NU-
1000,  NU-1101  and  NU-1102  have  slightly
higher  porosities  (~0.80)  than  BF-COF-1,  BF-
COF-2,  and  COF-102  (0.78),  and  these  MOFs
(~30.5  g/L)  also  outperformed 3  COFs  at  the
same operating conditions. At 100 bar/77 K ad-
sorption and 5 bar/77 K desorption conditions,
BF-COF-2 gave almost similar H2 WC with CYCU-
3-Al  due  to  their  similar  densities  (~0.45  g/
cm3). The other 4 COFs, namely as ILCOF-1-AB,
3D-Py-COF-2P, 3D-CuPor-COF, and 3D-Por-COF
gave higher H2 WCs than MOFs at two operating
conditions.  Overall,  COFs can  exceed the DOE
2020 and 2025 targets for on board H2 storage.

Developing  relationships  between  structural
characteristics  of  materials  and  their  perfor-
mance for gas adsorption is important to better
understand the behavior of materials and to syn-
thesize promising candidates for desired applica-
tions. For this reason, we finally examined the
structure-performance  relationships  for  296
COFs studied in this work. We investigated the
relations  between  volumetric  H2 WCs  of  COFs
and their structural properties including the LCD,
PLD, SA, density (ρ), UV (Unit cell volume), PV,
and porosity (ϕ) in Figure 5. 

Figure 5: (a) R2 values showing the relations
between WC of H2 (g/L) and several physical pa-
rameters. Relations between (b) density and H2

working capacity (g/L), (c) porosity and H2

working capacity (g/L).

As shown in Figure 5 (a), correlation coefficients
(R2) were found to be higher than 0.8 for the re-
lations between volumetric WCs and ρ, and ϕ of
COFs for two operating conditions: at 100 bar/
77 K for adsorption and at 2 bar/77 K (also 5
bar/77  K)  for  desorption.  For  the  third  case
(from 100 bar/77 K to 5 bar/160 K), we did not
observe a strong correlation (R2 = 0.5) between

volumetric H2 WCs and ρ, and ϕ of COFs. Weak
correlations between volumetric H2 WCs of COFs
and their LCDs, PLDs, SAs, UVs, PVs were ob-
served for each three operational conditions as
shown in Figure 5 (a).

Figure 5(b) shows the relationships between vol-
umetric  H2 WCs  of  COFs  and  their  densities
(ranged from 0.05 to 1.25 g/cm3) at three oper-
ating conditions. H2 WCs of COFs are negatively
correlated with the density, especially ρ>0.3 g/
cm3,  at  these  conditions.  The  materials  which
have densities in the range of 0.12 g/cm3 and
0.26  g/cm3 exhibited  generally  high  H2 WCs
(32.4-54.1 g/L). For example, COF-DL229-3fold
were found to have the highest H2 WCs as 49.62
g/L (42.92 g/L) at 100 bar/77 K 2 bar/77 K (at
100 bar/77K 5  bar/77  K)  due to its  optimal
density (0.24 g/cm3) and high porosity (0.87).
In Figure 5(c), the linear relationships between
H2 WCs  of  COFs  and  their  porosities  (ranged
from 0.44 to 0.96) can be seen. The materials
which have high porosities (≥0.8) and quite low
densities (0.2-0.4 g/cm3) generally exhibit high
volumetric H2 WCs.

For  example,  COF-103,  which  gave  the  maxi-
mum H2 WC at 100 bar/77 K  5 bar/160K, has
high porosity (0.80) and quite low density (0.4
g/cm3).  On  the  other  hand,  COF-DL229-0-fold
has the highest porosity (0.96), however exhib-
ited an average performance for H2 (~35 g/L) at
three operating conditions due to its extremely
low density  (0.08  g/cm3)  and very  large  pore
sizes  (24.6×31.9  Å).  Results  emphasized  that
volumetric H2 storage in COFs can be negatively
(positively) correlated with the densities (porosi-
ties) of COFs, like MOFs. It is also important to
note that among 296 COFs, 257 COFs have 2D
structures,  and  the  remaining  39  COFs  which
commonly show high performance for H2 storage
are 3D.

CONCLUSIONS

In  this  work,  H2 storage  performance  of  296
COFs was assessed at various temperatures and
pressures. Top 10 COFs, which gave the highest
volumetric  H2 WCs  were  identified  in  different
operating conditions. Effects of electrostatic in-
teractions and the Feynman-Hibbs correction on
the ranking of the top materials were examined
and results showed that coulombic interactions
and the Feynman-Hibbs correction do not actual-
ly affect the ranking of COFs based on their H2

WCs.  Among  296  COFs,  COF-DL229-3fold
outper-formed the ultimate DOE 2020 and DOE
2025 technical targets for on board H2 storage.
The COFs which have high porosities (≥0.8) and
ade-quate densities (0.2-0.4 g/cm3) exhibited a
promising performance in terms of volumetric H2
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storage. Results of this study will be helpful for
future  experimental  and  computational  studies
to  design  and  synthesize  novel  COFs  for  H2

capture.
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