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Covalent organic frameworks �COFs�, due to their low-density, high-porosity, and high-stability,
have promising applications in gas storage. In this study we have explored the potential of COFs
doped with Li and Ca metal atoms for storing hydrogen under ambient thermodynamic conditions.
Using density functional theory we have performed detailed calculations of the sites Li and Ca
atoms occupy in COF-10 and their interaction with hydrogen molecules. The binding energy of Li
atom on COF-10 substrate is found to be about 1.0 eV and each Li atom can adsorb up to three H2

molecules. However, at high concentration, Li atoms cluster and, consequently, their hydrogen
storage capacity is reduced due to steric hindrance between H2 molecules. On the other hand, due
to charge transfer from Li to the substrate, O sites provide additional enhancement for hydrogen
adsorption. With increasing concentration of doped metal atoms, the COF-10 substrate provides an
additional platform for storing hydrogen. Similar conclusions are reached for Ca doped COF-10.
© 2010 American Institute of Physics. �doi:10.1063/1.3503654�

I. INTRODUCTION

Hydrogen, a clean and “renewable” energy carrier, is
considered to play a critical role in a new, decentralized en-
ergy infrastructure that can provide power to vehicles,
homes, and industries. However, one of the biggest chal-
lenges in a new hydrogen economy is finding hydrogen stor-
age materials that must meet stringent requirements for mo-
bile applications, namely, high gravimetric and volumetric
density, fast kinetics, and favorable thermodynamics. No ma-
terials are available that meet all these requirements simulta-
neously. In light materials hydrogen is either bound weakly
or strongly. In order to have desired kinetics for release, hy-
drogen stored in quasimolecular form is highly desirable,
since the interaction of hydrogen molecule with the substrate
is intermediate between van der Waals and chemical interac-
tion. Since there is not enough space in conventional bulk
materials to accommodate H2 molecules, high surface area
materials like porous materials are hotly pursued. These in-
clude metal organic frameworks �MOFs� and covalent or-
ganic frameworks �COFs�. Due to the large mass of metal
atoms such as Cu and Zn in MOFs, the gravimetric density
for hydrogen storage is quite low. This shortcoming can be
avoided in COFs, where the materials are composed of light
elements �e.g., C, B, and O� linked by strong covalent bonds.
However, the problem is that H2 molecules are only weakly
adsorbed on COFs. Pathways to enhance the adsorption
while keeping high gravimetric density have become a key
issue in materials design for hydrogen storage.

One of the strategies is to dope COFs with light metal
atoms. Among these lithium is of special interest, since it is
the lightest metal in the periodic table and unlike transition

metal atoms it does not cluster on carbon fullerenes and
nanotubes. In addition, an isolated positive Li ion can adsorb
up to six H2 molecules with adsorption energy that lies be-
tween van der Waals and chemical bonding.1–3 When Li at-
oms are deposited on C60 fullerene, charge transfer makes Li
atoms positively charged which then bind hydrogen
quasimolecularly.4 The binding of hydrogen to Li can be
further improved by doping C60 with B.5 These findings have
motivated researchers to extend the idea of metal doping to
MOFs.6–11 It has been found that clustering of transition
metal atoms like Sc and Ti on a substrate is one of the key
factors affecting the storage performance,12 since metal clus-
tering would reduce greatly the amount of stored hydrogen.

COFs belong to a class of porous polymeric materials
with covalent bonds between C–C, C–O, and B–O. They
usually have rigid structure, low densities, and exhibit excep-
tional thermal stabilities �to temperatures up to 600 °C�.
Their specific surface areas surpass those of well-known zeo-
lites and porous silicates.13 Recently, a member of the COF
family, COF-10, which is a two-dimensional �2D� mesopo-
rous material, has been synthesized14 through cocondensa-
tion reactions between 2,3,6,7,10,11-hexahydroxy triph-
enylene �HHTP� and 4,4�-biphenyldiboronic acid �BPDA�.
Under appropriate low-pressure regions of the isotherms, it
has a surface area of 2080 m2 g−1, pore volume of
1.44 cm3 g−1, and one dimensional pore diameter of 34 Å.
Furukawa and Yaghi carried out an extensive experimental
study of storage of hydrogen, methane, and carbon dioxide in
the COF materials and found that three-dimensional �3D�
COFs �such as COF-102 and COF-103� outperform 2D
COFs �COF-1, COF-5, COF-6, COF-8, and COF-10� in their
uptake capacities for hydrogen.15 More recently, they found
that COF-10 shows an exceptional capacity for ammonia.16

The simulation of H2 uptake behavior in COF-1 �Ref. 17�a�Electronic mail: qwang@vcu.edu.
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and 3D COFs, including COF-102, CoF-103, COF-105, and
COF-108, has been performed by several groups.18–21 It has
been predicted that some COFs can store greater amounts of
H2 than MOFs and Li or Mg doping can enhance hydrogen
adsorption. More interesting, Cao et al.19 predicted that Li-
doped 3D COFs are the most promising candidates for hy-
drogen storage to date based on first-principles calculations.
However, the theoretical study on pure or metal-decorated
COF-10 for hydrogen storage is still lacking. One wonders if
this 2D COF material has the potential for hydrogen storage
through Li doping and if clustering of the metal atoms is also
energetically unfavorable, as is the case in carbon
fullerenes4,22 and nanotubes.23

In this paper, we focused on studying the effect of Li
doping in COF-10 on hydrogen adsorption to search for high
capacity COF-based hydrogen storage materials. To this end,
some key questions need to be addressed. For example, what
sites Li atoms like to occupy? Do they prefer to cluster?
Does the metal doping affect the structure and electronic
properties of the substrate itself? The answers to these ques-
tions are important to better understand and design COFs for
hydrogen storage. We note that Ca also has the capability of
enhancing hydrogen adsorption24–27 and has a weak tendency
of clustering.28 Therefore, we have also explored the effect
of Ca doping on the hydrogen storage properties of COF-10.

II. COMPUTATIONAL PROCEDURE

The calculations were carried out by using density func-
tional theory �DFT� and generalized gradient approximation
�GGA� for exchange-correlation energy. We used the
Perdew–Wang 91 form29 for GGA and a plane-wave basis set
within the projector-augmented-wave �PAW� method origi-
nally developed by Blöchl30 and adapted by Kresse and
Joubert31 in the Vienna ab initio simulation package. The
particular advantage of the PAW method over the ultrasoft
pseudopotentials is that the pseudization of the augmentation
charge can be avoided. Though many methods are available
for this study, previous benchmark calculations32,33 showed
that the results using PW91 functional are close to those
obtained from MP2 level of theory for describing the nonco-
valent intermolecular interactions. Some studies34–36 have
also demonstrated that PW91 is reliable for evaluating the
hydrogen adsorption. The structure optimization was sym-
metry unrestricted and was carried out using conjugate-
gradient algorithm. The convergence for the energy and the

force were set to 0.0005 and 0.01 eV/Å, respectively. The
energy cutoff was set to 400 eV based on our previous
study.12 We used a supercell approach where the clusters
under investigation were surrounded by 15 Å of vacuum
space along the x, y, and z directions. Due to the large su-
percell, the � point was used to represent the Brillouin zone.

To reduce the computational demand, we have used a
fragment of the COF-10, triboronate ester �C36H21B3O6�, as
shown in Fig. 1. This is labeled as TBE, which is a repeat
unit saturated with a hydrogen atom on each end. The struc-
ture consists of one HHTP molecule and three five-
membered boronate ester rings �C2O2B� connecting three
benzene rings. This can be viewed as half of the BPDA
molecule with D3h symmetry. The optimized geometry is
shown in Fig. 1�a�, where we numbered the seven benzene
rings for the following discussions. The highest occupied
molecular orbital �HOMO� is mainly contributed by the cen-
tral part in TBE �Fig. 1�b��, while the lowest unoccupied
molecular orbital �LUMO� is almost homogeneously distrib-
uted over the whole TBE �Fig. 1�c��.

III. RESULTS AND DISCUSSION

We began with one Li atom doped in TBE. To determine
the preferred site of Li, we have chosen five nonequivalent
sites for Li to occupy, thus generating five configurations of
Li-TBE. Configurations I1, I2, and I3 correspond to introduc-
ing Li atom on top of the hollow site of no. 1 benzene ring,
B–C bridge site and B on top site next to the ring in Fig.
1�a�, respectively. In configurations I4, Li atom is introduced
at top of the hollow site of the five-membered ring of B–O–
C–C–O between nos. 1 and 2 benzene rings. In configura-
tions I5, the Li atom is on the top of the hollow site of no. 2
benzene ring. Optimizations show that the first three initial
configurations lead to a stable state, as shown in Fig. 2�a��1�,
where the Li atom is on the top hollow site of no. 1 benzene
ring. We name it as site-1 which has a binding energy of 1.05
eV. Li–C bond length is found to be 2.20 Å. The latter two
initial configurations lead to the metastable state. We name
the site where Li atom is on the top hollow site of no. 2
benzene ring as site-2. This site lies 0.2 eV higher in energy
than site-1. It is interesting to note that Li doping has little
effect on the HOMO �Fig. 2�b��1��, but it changes the LUMO
substantially �Fig. 2�c��1��. The LUMO is highly inhomoge-
neous and is concentrated on the ring having Li. The
HOMO-LUMO gap is calculated to be 0.43 eV.

FIG. 1. �a� Geometry, �b� HOMO, and �c� LUMO of TBE molecule. The sites 1 ,2 ,¯ indicate where metal atoms are introduced to study their preferred
structure.
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We next introduced two lithium atoms to the TBE. There
are again many possible sites for two Li atoms to occupy. We
have considered six different initial configurations and only
introduced Li atoms on the top hollow sites of the benzene
rings based on our finding as discussed above. The six con-

figurations are labeled as �1,2�, �1,3�, �1,5�, �1, 2̄�, �2,3�, and

�2, 3̄�. Here the numbers stand for the benzene rings as
shown in Fig. 1�a� and the negative sign denotes Li atoms
occupying the opposite side of the ring. For example, site
�1,2� indicates that Li atoms occupy the hollow sites above

the rings marked 1 and 2 in Fig. 1, while site �1, 2̄� indicates
that one Li atom is above benzene ring 1 while the other is
below benzene ring 2. We found that the lowest energy con-
figuration is �2,3�. Here the two Li atoms form a dimer with
the Li–Li bond length of 2.43 Å. They reside on the top of

no. 2 benzene ring, as shown in Fig. 2�a��2�. The binding
energy for each Li atom is 1.11 eV and the average Li–C
bond length is 2.18 Å. In Table I we give the relative energy
for all the configurations considered. The Li dimer caused a
local distortion in geometry and the structure was bent out-
ward. The HOMO is mainly on Li dimer �Fig. 2�b��2��, while
the LUMO is on other rings �Fig. 2�c��2��.

To find the preferred configuration when three Li atoms
are introduced, we considered five configurations labeled
�1,2,3�, �1,3,5�, �1,5,7�, �2,3,4�, and �2,4,6�. The configura-
tion of �2,4,6� gave the lowest energy, approximately 0.21
�0.44 eV lower in energy than the others �Table I�. In the
lowest energy configuration, the three Li atoms move to-
gether forming an isosceles triangle with Li–Li bond lengths
of 2.77, 2.77, and 3.21 Å, as shown in Fig. 2�a��3�. This

FIG. 2. �a� Geometry, �b� HOMO, and �c� LUMO orbitals for Li-TBE, 2Li-TBE, 3Li-TBE, and 4Li-TBE, respectively. The isosurface value is 0.04 a.u.
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geometry can be considered as adding one more Li atom to
the 2Li-TBE structure, but unlike the 2Li-TBE, the introduc-
tion of three Li atoms does not cause much distortion in
geometry. And in this case, the HOMO and LUMO are on
the Li3 cluster �see Fig. 2�b��3� and Fig. 2�c��3��.

To find the equilibrium structure of four Li atoms, we
studied six initial configurations. The first four are labeled

�1,3,5,7�, �1, 3̄ ,5 ,7�, �2,3,4,6�, and �2, 3̄ ,4 ,6�. The fifth and
the sixth configurations are based on the 3Li-TBE by adding
one more Li either forming a rhombus or a tetrahedron, re-
spectively. The structure optimizations indicate that the
rhombus configuration has the lowest energy while the tetra-
hedron is only 0.04 eV higher in energy. The remaining four
configurations are much higher in energy with the energy
difference lying in the range of 0.51–0.66 eV. The HOMO is
mainly on Li atoms, while the LUMO is mainly on C sites
next to the Li4 cluster. This is different from other cases we
discussed above. It is clear that Li atoms prefer to cluster,
which has been further confirmed by adding more Li atom to
the TBE. For instance, the clustering configuration of seven
Li on the TBE with compact C3V structure is found to be
0.78 eV lower in energy than the one with one Li on each top
hollow site of the seven numbered benzene rings in Fig. 1�a�.

Next we discuss hydrogen adsorption. One of the quan-
tities we used to measure the thermodynamics is adsorption
energy �AE�, which is defined as the energy difference be-
tween the complex and its fragments,

AE�H2� = − �E�TBE + mLi + nH2� − E�TBE + mLi�

− E�nH2��/n .

Here m is the number of Li atoms and n is the number of
hydrogen molecules. For Li-TBE, when one H2 molecule is
introduced to Li site, the equilibrium distance H2 and Li site
is 2.13 Å, and the bond length of H2 is elongated to 0.76 Å.
The adsorption energy is found to be 0.12 eV. When two and
three H2 molecules are trapped, the distance to Li changes to
2.18 and 2.23 Å, and the adsorption energy is slightly re-
duced to 0.11 eV. In 4Li-TBE, four Li atoms form a rhom-
bus, with each Li site trapping one H2 molecule �Fig. 3�a��;
the average adsorption energy is 0.14 eV /H2. When two H2

molecules are initially introduced to each Li site, the struc-
ture optimization shows that only six of them can be trapped
due to the steric hindrance �Fig. 3�b��. The average adsorp-
tion energy is found to be 0.15 eV /H2, which is larger than

that for 4Li-TBE-4H2. The distance to Li also increases to
2.33 Å �Table II�. These changes cannot be understood based
just on the polarizing interactions of Li ions. In fact in this
case, some H2 molecules are closer to the charged O sites
and the added interaction with O sites increases the adsorp-
tion energy. Thus, we see that metal doping, due to charge
transfer to the substrate, cannot only make it become the trap
site but also additional adsorption induced on the substrate
itself can enhance adsorption energy. Therefore, as the dop-
ing concentration increases the geometry and the interactions
become complicated. There are two competing factors asso-
ciated with high doping concentration; clustering of Li atoms
reduces the available Li site for hydrogen adsorption while
additional adsorption induced by the substrate can bind hy-

TABLE I. The relative energy ��E� �in eV� and the binding energy per Li atom �BE/Li� �in eV� for doping two, three, and four Li atoms at different sites on
TBE. The numbering of sites for initial configurations �Config.� is explained in the text. For example, �1,2� configuration indicates that two Li atoms were
introduced at sites 1 and 2 in Fig. 1.

Config.

1Li-TBE

Config.

2Li-TBE

Config.

3Li-TBE

Config.

4Li-TBE

�E BE/Li �E BE/Li �E BE/Li �E BE/Li

�Site-1� 0.00 1.05 �1,2� 0.05 1.09 �1,2,3� 0.38 1.02 �1,3,5,7� 0.66 1.06

�Site-2� 0.20 0.85 �1,3� 0.30 0.96 �1,3,5� 0.21 1.08 �1, 3̄ ,5 ,7� 0.64 1.07
�1,5� 0.15 1.04 �1,5,7� 0.32 1.04 �2,3,4,6� 0.65 1.06

�1, 2̄� 0.29 0.97 �2,3,4� 0.44 1.00 �2, 3̄ ,4 ,6� 0.51 1.10
�2,3� 0.00 1.11 �2,4,6� 0.00 1.15 �Rhomb� 0.00 1.23

�2, 3̄� 0.26 0.98 �Tetrahedron� 0.04 1.22

FIG. 3. Optimized geometry of �a� 4Li-TBE-4H2 and �b� 4Li-TBE-6H2.
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drogen on the substrate. In our calculations we have not in-
cluded zero-point energies �ZPEs� or thermal corrections.
Previous studies have found that the ZPE of H2 in porous
materials lies in the range of 0.01–0.02 eV /H2.37–39 Based
on these results, we feel that ZPE corrections will not have
significant effect on our calculated adsorption energy. Ther-
mal energy corrections at room temperature are of the order
of meV and the adsorption energy would lie in the range of
0.08–0.12 eV, which is close to the energy window of
0.1–0.2 eV /H2 required for applications under ambient
thermodynamic conditions.40

We note that the Li-doped 2D COF-10 is unlike the 3D
COFs18,19 due to their spatial structures and chemical consti-
tutions. Although the average binding energies per Li in both
systems are comparable �namely, 1.05, 1.11, 1.15, and 1.23
eV/Li for one to four Li atoms on the TBE of COF-10 versus
1.08 eV/Li for eight Li atoms on the TBPM of 3D COFs�,19

the hydrogen adsorption energy of the Li-doped COF-10 is
smaller than that of the Li-doped 3D COFs. For instance, the
adsorption energy of the Li ion-doped 3D COFs was found
to be 0.28 eV /H2,18 while that for the Li-doped COF-10 is
in the range of 0.11–0.15 eV. We recall from the case of
Li12C60 �Ref. 4� that due to the special geometry of the
fullerene, 12 Li atoms are separately capped on 12 pentagons
of C60 and each Li site has enough space to trap hydrogen
molecules. However, Li atoms on COF-10 tend to cluster.
We also recall that C60 uniformly coated with a layer of Ca
has been shown to be an effective trap of hydrogen.23 There-
fore, we explored the possibility of Ca doping to enhance the
capacity of hydrogen storage in COF-10

Following similar procedure described above, we have
further studied Ca doping. We found that Ca atoms also have
the tendency to cluster in COF-10. For this study we intro-
duced four Ca onto the TBE substrate. Four different initial
configurations with Ca atoms occupying �1,3,5,7� and

�1, 3̄ ,5 ,7� sites in Fig. 1 and forming both planar rhombus
and tetrahedral geometries were considered. Analogous to
the case of 4Li-TBE structure, the lowest energy configura-
tion in the Ca doped case is the one where four Ca atoms
form a rhombus cluster. This is about 0.80 eV lower in en-
ergy than that of �1,3,5,7� site. The relaxed structure and the
HOMO and LUMO orbitals for the lowest energy configura-
tion are plotted in Fig. 4. They show that most of the frontier
orbitals for both the HOMO and LUMO are mainly focused
on Ca atoms, while the LUMO of 4Li-TBE is mainly located
on C sites near to the Li4 cluster. Compared with Li, more
charge is transferred to the substrate due to the higher va-
lency of Ca. Therefore, Ca atoms carry larger positive charge
than Li. This results in a stronger local electric field, larger
polarization of the H2 molecules, and higher binding energy
of H2. The adsorption energy is 0.21 and 0.16 eV /H2 for
Ca-TBE-H2 and 4Ca-TBE-4H2 respectively. Therefore, Ca
doping provides a better platform for enhancing hydrogen
adsorption thermodynamics in COF-10.

IV. CONCLUSIONS

In summary, we have studied the potential of metal-
doped COF-10 as hydrogen storage materials. We doped
COF-10 with up to four Li and Ca atoms. We then studied
the interaction of these doped metal atoms with up to three
hydrogen molecules. Charge transfer from the metal atoms to
COF-10 leaves the metal atoms in a positively charged state
and hydrogen atoms are bound to these sites in quasimolecu-
lar form through the polarization mechanism.1 However, un-
like in the case of Li and Ca doped C60, these metal atoms
were found to cluster on the COF-10 substrate, the clustering
of metal atoms in COF-10 not only slightly distorts the sub-
strate outwardly but also reduces the available sites for hy-
drogen to be adsorbed. On the other hand, the charge induced

TABLE II. The adsorption energy per H2 �AE /H2� �in eV�, the average bond lengths for C–Li, Li–H, and H–H
bonds �in angstrom�, and the energy gaps �in eV� of TBE doped with one Li and four Li atoms, respectively.

Clusters AE /H2 C–Li Li–H H–H Gap

Li-TBE+1H2 0.12 2.21 2.13 0.76 0.37
Li-TBE+2H2 0.11 2.23 2.18 0.76 0.39
Li-TBE+3H2 0.11 2.26 2.23 0.76 0.46
4Li-TBE+4H2 0.13 2.22 1.98 0.76 0.64
4Li-TBE+6H2 0.15 2.33 1.97 0.77 0.76

FIG. 4. �a� Geometry, �b� HOMO, and �c� LUMO orbitals for 4Ca-TBE.
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on the COF-10 substrate helps to increase the adsorption
energy. The frontier orbitals of COF-10 can be tuned by
changing the doping concentration. As concentration of
metal atoms increases, the COF-10 substrate becomes a more
effective trap of hydrogen. These two competing factors
show that metal-doped COF-10 could be a potential candi-
date for hydrogen adsorption.
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