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Abstract 
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      Project Title: Computational Studies of electronic, optical and hydrogen adsorption 

properties of high-surface area materials 

     Investigator: Asst. Prof. Pornjuk Srepusharawoot 

 E-mail Address: spornj@kku.ac.th 

  Project Period: July 2012 – July 2014 
 

 This Project deals with the computational studies of electronic, optical and hydrogen 

adsorption properties of three types of high-surface area materials by means of the density 

functional theory.  For Covalent Triazine based Framework-1 (CTF-1), we modified the CTF-1 

structure by replacing all N atoms with P, As and Sb. Our results shown that energy gaps are 

ranged from 0.0 to 2.02 eV. Moreover, we also varied the concentrations of P and As in the CTF-

1 structure and found that non-linear drop of energy gap is observed.  In this report, we also 

proposed two methods for enhancing the hydrogen physisorption energy by (1) functionalizing 

hydrogen attracting metal, Li into the Covalent Organic Framework-366 (COF-366) and (2) 

opening metal nitride cluster of Zeolitic Imidazolate Framework-23 (ZIF-23). According to the 

results of Li decorated COF-366, we found that the hydrogen adsorption energies are ranged 

from 0.03 to 0.22 eV/H2. In addition, the hydrogen capacity was also determined and found that 

it is 2.06 1.58 and 1.05 H2 wt% for 77, 150 and 298 K and ambient pressure, respectively. For 

ZIF-23 structure, our results revealed that hydrogen molecule does not bind with 4-

Azabenzimidazolate linker. For H2 adsorption sites near metal nitride cluster, we found that the 

corresponding hydrogen adsorption energies are directly proportional to the atomic radius of 

metal in metal nitride cluster. 

 

 Keywords: Energy gap, Hydrogen adsorption energy, Covalent Triazine based Framework-1, 

Covalent Organic Framework-366, Zeolitic Imidazolate Framework-23 
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CHAPTER I 

Introduction 

 It is a well known problem that the energy demand is increasing due to the enormous 

growing of industries in the world, whereas the current energy resources such as fossil fuel 

based resources start to be depleted. Moreover, by-products of most fossil fuels produce 

pollution affecting directly not only our health but also the environment leading to many 

severe effects e.g. global warming. Owing to these serious disadvantages, we need to find 

alternative energy resources which are abundant and environmental friendly. 

 One promising solution for this problem is to get energy from sunlight, so called “Solar 
Energy”. Solar energy is one energy resource which is clean and abundant. We can get electricity 
from sunlight via the device, called Solar cells or photovoltaic devices. The principle of 
photovoltaic devices is that incident light is absorbed by materials such as crystalline and 
amorphous Si [1], GaAs [2], copper indium gallium diselenide (CIGS) [3]. Consequently, electrons 
are excited from their valence bands to their conduction bands. The excited electrons flow 
through the external load leading to current generation. In the photon spectra, the maximum 
photon intensity is in the range from 400 to 600 nm [4]. This wavelength region corresponds to 
an energy gap (Eg ) of about 1.4–3.0 eV. Hence, a suitable Eg for any light absorber should also 
be in this range in order to maximize solar cell energy conversion efficiency. However, most of 
materials in nature do not have an Eg in this range. As a result, tuning the energy gap of 
materials into this desirable range is an essential technique which can be applied to 
photovoltaic devices and other optically related applications such as sensors [5] and light 
emitting diodes (LED) [6]. 

  Another promising candidate for the future energy resources is energy from hydrogen. 

Hydrogen economy is presumed to be a promising candidate resource for replacing the 

currently used energy resources because hydrogen can be split from water which is very 

abundant in the world. In addition, non-toxic product, water, is formed from the reaction 

between protons and oxygen in the fuel cell. Various literatures [7-9] have shown that hydrogen 

possesses higher gravimetric energy density than the current energy resources such as methane 

and gasoline for about three times. In other words, one kilogram of hydrogen can produce the 

same amount of energy as 3 kg of gasoline as shown in Figure 1.1. However, one major serious  
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Obstacle to use hydrogen as an alternative energy resource is that the volumetric density of 

hydrogen gas is indeed low, namely 0.09 kg/m3. Consequently, it requires a large amount of 

space for storing hydrogen and hence the so-called hydrogen storage problem arises. Currently, 

there are three different methods to trap hydrogen in the medium, namely gaseous, liquid and 

solid-state storages. For gaseous storage, it is very conventional method to trap gaseous 

hydrogen in the storage tank. However, the well-known problem for this method is that 

hydrogen gas has very low volumetric density, 0.09 kg/m3 at 1 bar of pressure. As a result, the 

storage tank requires tremendous space to store hydrogen inside. From an industrial point of 

view, a hybrid car needs 4 kg of hydrogen for driving 400 km [7]. This amount of stored hydrogen 

corresponds to 45 m3 of occupied volume at ambient condition.  Hence, the storage tank must 

be extremely large and then it is unable to fit into the conventional storage tank. To improve 

the volumetric density, the most traditional way can be done by compressing hydrogen gas in 

the tank leading to gain hydrogen volumemetric density. However, the main problem when H2 

gas is pressurized in the tank is that the walls of the storage tank need to be well shielded for 

protecting the leakage of hydrogen gas. As a consequence, the tank is rather heavy in 

Figure 1.1 Mass energy density of various energy resources [10]. 
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comparison to the currently used hydrocarbon tanks resulting in inefficiency for mobile 

applications. In addition, safety issue, cost of pressurization, hydrogen embrittlement of 

hydrogen tank and sudden drop of pressure during use are other drawbacks of this storage 

method. Based on several drawbacks of gaseous storage as previously mentioned, liquid 

hydrogen or slush hydrogen has received attention because it possesses higher volumetric 

density than the gaseous state i.e 70.8  kg/m3 for liquid hydrogen in comparison to 0.09 kg/m3 

for H2 gas [11, 12]. Hence, the same amount of liquid hydrogen occupies smaller space than H2 

gas. However, the major disadvantage of this storage method is that liquid hydrogen exists only 

in a very low and narrow range of temperature, namely 21-32 K [11]. Moreover, an enormous 

amount of energy is needed for cooling down H2 to reach the liquid state. In addition, the 

designed vessels need to be well insulated in order to prevent boil-off of H2 coming from the 

hydrogen evaporation (about few percent per day at room temperature [11, 13]). 

 As clearly shown in Figure 1.2, sizes of the gaseous and liquid hydrogen tanks are 

explicitly seen to be bigger than those of storage media made from LaNiH6 and Mg2NiH4. 

Consequently, keeping hydrogen in the suitable materials, so called “solid-state storage” is 

expected to be a promising approach of hydrogen storage materials. At ambient condition, 

molecular hydrogen or H2 is a stable configuration. Once it approaches the host material surface, 

there is an induced dipole-induced dipole interaction or van der Waals interaction between non-

dissociated hydrogen and host. This is so called the physisorption mechanism. Physisorption or 

Figure 1.2  Various hydrogen storage media containing 4 kilogram of hydrogen [7].  
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physical adsorption is a process in which the hydrogen molecule adheres to the host material's 

surface by weak dispersive interaction. Usually, this interaction strength is very weak, less than 

10 kJ/mol. Hydrogen physisorption mechanism usually occurs in high-surface area materials such 

as carbon based materials [12, 14-17], metal organic frameworks (MOFs) [18-25], covalent organic 

frameworks (COFs) [26-30], zeolite [31,32], zeolitic imidazolate frameworks [33,34] and so on.  

The big advantage of this mechanism is straightforward H2 adsorption/desorption at ambient 

condition leading to fast kinetic. On the downside, too weak interaction between trapped H2 

molecules and host framework results in requiring cryogenic temperature/high pressure to hold 

molecular hydrogen within the host material. In order to improve the hydrogen capacity in the 

physisorbed systems at room temperature, the hydrogen adsorption energy must be enhanced.  

Practically, the hydrogen storage media have to release hydrogen easily and trap hydrogen 

strongly. Hence the interaction between hydrogen molecules and host should not be too low or 

too high. The ideal hydrogen adsorption energy for hydrogen storage material should be about 

40 kJ/mol for practical applications [35]. 

 Based on theoretical and experimental studies, they have shown that high-surface area 

materials can be acted as gas storage media e.g. CO2 [36, 37], CH4 [38, 39], N2 [40], Ar [41]. 

Moreover, they can also be applied in catalyst, sensors [42], and solar cell applications. For 

solar cell applications, especially in dye-sensitized solar cell (DSSC), electrons can be created by 

excitation process from valence band to conduction band of dye molecules and the excited 

electrons are injected to suitable materials such as ZnO or TiO2 [43].  This leads to the fact that 

the more excited electrons from dye molecules, the more electricity generated from the DSSC. 

To obtain excited electrons as much as possible, the materials should contain numerous places 

for dye absorptions. Hence, the high-surface area materials shown an important role as 

promising materials used in the DSSC applications. Another important factor related to number 

of electrons transferred from the dye to the material is the energy levels between the material 

and dye. For good material in DSSC applications, usually, the lowest unoccupied energy level 

(LUMO) of dye molecules is slightly higher than the conduction band of materials. To maximize 

the DSSC efficiency, the band gap of materials has to be tunable. In the present work, the high-

surface area materials, namely Covalent Triazine based Framework-1 (CTF-1 or CTF-N) [44-46] 

was chosen to investigate the electronic and optical properties. We also believed that it can be 
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applied as counter electrode in dye sensitized solar cell (detail of this part was discussed in 

Section 3.1 and Paper I). Another application of the high-surface area materials used as 

hydrogen storage medium is explained. Various types of high-surface area materials, for 

example, carbonaceous materials [12], metal organic frameworks (MOFs) [18-25], covalent 

organic frameworks (COFs) [26-30], zeolite [31], zeolitic imidazolate frameworks (ZIFs) [33, 34] 

and so on can be used as promising hydrogen storage materials.  According to both theoretical 

and experimental studies of hydrogen storage in carbonaceous materials, activated carbon can 

store hydrogen up to 0.85 wt% at 100 bars of pressure and room temperature [47]. In addition, 

experimental results revealed that hydrogen capacities of single-walled carbon nanotubes can 

exceed 8 wt% at 80 K and 80-100 bar of pressure [48].  Recently, COFs and ZIFs have shown as 

the promising hydrogen storage because their crystal structures can be flexibly adjustment. At 

the same time, they also contains numerous number of hydrogen adsorption sites.  To get high 

hydrogen uptake, an importance parameter related to this property is that mass of the high 

surface area material should be as low as possible. To satisfy this requirement, the materials 

must be synthesized from light elements such as B, C, O and H and we called these materials 

as the covalent organic frameworks or COFs. COFs can be used in various applications, for 

instance, hydrogen storage [27, 49,50], methane storage [51], CO2 storage [52] and ammonia 

storage [53]. In addition, it can also be adopted in photoelectric and catalyst applications [54, 

55].  For hydrogen storage application, COF-1 consisting of B3O3 ring covalently bonded with 

C6H4 rings. Its hydrogen capacity is 1.28 wt% at temperature of 77 K and ambient pressure [56].   

Moreover, the hydrogen uptakes of other COFs at this condition are 3.58, 2.26, 3.50, 7.24 wt% 

for COF-5, COF-6, COF-8 and COF-102, respectively [52]. The increment of hydrogen uptake 

directly relates to the surface area of the host material. For CO2 storage, COF-1 can adsorb CO2 

about 230 mg/g at room temperature and 55 bar of pressure [52]. This value is improved for 

other types of COFs. For example, COF-5 and COF-103 can bind CO2 of 870 and 1190 mg/g, 

respectively [52]. For zeolitic imidazolate frameworks  or ZIFs, they were successfully 

synthesized by Yaghi ’s research group [57].  They can also be used as gas storage media [57, 

58] such as H2, Ar, N2, CO2 and CH4. Based on neutron diffraction experiments [59], ZIF-8 can 

trap 28 hydrogen molecules at 30 K and ambient pressure  corresponding to 4.2 H2 wt%. By 

increasing the temperature to 77 K and 80 bar of pressure, the hydrogen capacity is slightly 

decreased to 3.1 wt% [60]. For another type of ZIFs, namely ZIF-23, there is no report in the 
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literature about the hydrogen adsorption mechanism in this material. This motivates us to focus 

on the ZIF-23 system.  

 However, both experimental and theoretical studies reveal that the interaction between 
hydrogen molecules and the high-surface area materials is indeed weak. To obtain higher 
hydrogen uptake in high-surface area materials, the interaction energy of these systems must be 
improved to the ideal hydrogen adsorption energy, about 40 kJ/mol [35].  Currently, there are 
several methods to improve the hydrogen adsorption energy.  In this report, two promising 
approaches are discussed. The first method is to decorate hydrogen attracting metal e.g. Li [21, 
61,62], Na [62], K[62], Ca [63,64], Ti [65,66] and so on into host materials ’s surface resulting in 
charge transferred from metal to the host structure. Consequently, the metal is no longer to be 
neutral but it changes to metal ion. When hydrogen interacts to the metal ion, the interaction 
between hydrogen molecule and metal ion is electrostatic interaction leading to enhance the 
hydrogen adsorption energy. In Paper II, we improved the hydrogen adsorption energy by 
functionalizing Li on the Covalent Organic Framework-366 (COF-366). The hydrogen binding 
energy between Li and COF-366 structure at various adsorption sites were calculated. Moreover, 
the interaction energy between hydrogen molecule and Li was determined as well. Lastly, the 
hydrogen capacity of the Li functionalized COF-366 was evaluated. Detail description of this 
project was explained in Section 3.2 and Paper II in the appendix.  

 Another approach for enhancing the hydrogen adsorption energy in the high-surface area 
materials is to replace metal in the host with larger metal. The increasing in size of metal leads 
to a more-opening structure, allowing the H2 molecules to approach closer and thus interact 
more strongly. Moreover, the opening in crystal structure results in a higher polarization and 
since the polarization is proportional to the van der Waals interaction which is the major 
interaction between hydrogen molecules and high-surface area materials. Hence the hydrogen 
adsorption energy is improved. Srepusharawoot et al. [67] showed that the hydrogen binding 
energies are increased for 15% when metal oxide cluster of MOF-5 is more-opening. In this 
report, we improved the hydrogen adsorption energy of ZIF-23 system based on the method 
previously discussed. For ZIF-23, it consists of metal nitride cluster and Imidazolate linker. We 
enhanced the hydrogen adsorption energy of three different structures, namely Be-ZIF-23, Zn-
ZIF23 and Cd-ZIF23. Detail description of these structures can be found in Section 3.3 or Paper III 
in the appendix. Next, the hydrogen adsorption energy at all possible adsorption sites were 
investigated. Last, the hydrogen adsorption energy near the metal nitride cluster of M-ZIF23 (M= 
Be, Zn and Cd) were determined. Results of our investigation were discussed in Section 3.3. 
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CHAPTER II 

Research Methodology 

 In this chapter, we classified the research methodology into three parts. In section 2.1, 

the many-electron system will be introduced. The density functional theory or DFT and Born-

Oppenheimer Molecular Dynamics are explained in section 2.2 and 2.3, respectively. 

2.1 Many-electron System  

  In reality, we always deal with the systems containing large number of atoms (about 

1023 atoms) and hence we cannot escape from the many body problems. For many body 

problems, we focus only on solid containing of 1023 atoms. In solid, it contains many electrons 

and nuclei and the behavior of these particles must be obeyed the time-independent 

Schrödinger equation 

 ˆ ( , ) ( , ) ,H r R E r RΨ = Ψ
 

    (1) 

  where Ĥ  , E   and Ψ   are the Hamiltonian, energy eigenvalue and wave function of solid 
which is related to the probability to find an electron at position r  and nucleus at position R



, 
respectively. In this case, we assume that solid consists of Ne electrons and Nnuc nuclei and the 
Hamiltonian of solid can be written as 

 
222 2 2

2 2

1 1 ,0 0 0

1 1ˆ  .
2 2 2 24 4 4

nucNNe
I JI

i I
i I i j i I I Ji j i I I J

Z Z eZ eeH
m M r r r R R Rπε πε πε= = ≠ ≠

− −
= ∇ + ∇ + − +

− − −
∑ ∑ ∑ ∑ ∑ 

  

 


  

The first two terms are the kinetic energy of electrons and nuclei, respectively, and the last 

three terms refer to the electron-electron, electron-nucleus and nucleus-nucleus interactions. 

2
h
π

=  , m and M are the reduced Planck's constant, electron and nucleus mass, respectively. 

IZ  is the atomic number of the Ith nucleus, e is the electron charge and ir
   and iR



  are 

symbolized as the positions of the ith electron and Ith nucleus. However, it is practically 

impossible to solve Eq. (1) for real solid which contains enormous number of electrons and 

nuclei. This problem however, can be simplified by using the Born-Oppenheimer approximation. 

In this approximation, the nuclei are treated as stationary and the electrons move around the 

nuclei. This is because electrons move faster than nuclei for about two orders of magnitude and 
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hence the kinetic energy of nuclei can be negligible. Moreover, mass of the nuclei is much 

heavier than that of electron. Consequently, the last term in the Eq. (1) can be set to be 

constant. The Hamiltonian of solid is reduced to 

 
222 2

2

1 ,0 0 0

1 1ˆ  .
2 2 24 4 4

Ne
I JI

i
i i j i I I Ji j i I I J

Z Z eZ eeH
m r r r R R Rπε πε πε= ≠ ≠

−
= ∇ + − +

− − −
∑ ∑ ∑ ∑

  

 


  

 According to the Born-Oppenheimer approximation, we can explicitly separate the 

electron and nucleus motion. Hence, the solid wave function can be divided independently into 

an electron part, ( , )e r RΨ


  and a nucleus part, ( )N RΨ


, as 

 ( , ) ( , ) ( ).e Nr R r R RΨ = Ψ Ψ
  

    

The effect from nuclei in electronic problem can be omitted because electron behavior plays 

an important role in this problem. However, nucleus wave function is able to be added later if 

our observable properties are related to nuclei. For electrons, the Schrödinger equation can be 

written as 

 ˆ ( , ) ( , ),e e e eH r R E r RΨ = Ψ
 

    (2) 

where  

 
22 2

2

1 ,0 0

1ˆ .
2 2 4 4

Ne
I

e i
i i j i Ii j i I

Z eeH
m r r r Rπε πε= ≠

−
= ∇ + −

− −
∑ ∑ ∑



 


  

( , )e r RΨ


 and eE  are the electron wave function and energy eigenvalue, respectively. 

 To solve many-electron problem, single electron wave function was initially used for 

solving Eq. (2). In Hartree theory, many-electron wave function can be obtained from a product 

of single-electron wave functions. However, this theory fails to understand electronic properties 

due to violating the antisymmetric property of the wave functions. An improvement from the 

Hartree theory is the Hartree-Fock (HF) theory. In the HF theory, the HF wave function was 

proposed as a determinant of single electron wave functions called “Slater determinant”, 

explicitly including the antisymmetric property of the wave function. Moreover, the exchange 

interaction is automatically included in the electron Hamiltonian. Although, this theory has 

various drawbacks, for example, it excludes correlation effects such as screening effects and so 

on. In addition, this method is not suitable for using with the system containing a large number 
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of electrons due to consumption of large memory resources and computational expensive as 

well.  From all of these drawbacks, density functional theory (DFT) is presented as an 

appropriate tool for solving the many-electron problem. The basic idea of DFT is discussed in 

the next section.  

2.2 Density functional Theory 

 Density functional theory (DFT) has been shown to be a popular method for solving 

many-electron problems. In principle, this method is an exact method but, in practical, it uses 

some approximations for exchange-correlation functional. The starting point of this theory 

comes from the Hohenberg-Kohn theorem [68] consisting of two theorems. 

Theorem 1 For any system of interacting particles in an external potential, Vext( r ), there is a 

one to one correspondence between the external potential and ground state density (n0( r )). 

Moreover, the ground state expectation value of any observable quantity A is a unique function, 

 0
ˆ| A | A[ ( )].n rΨ Ψ =

   

 This theorem implies that the density parameter is the main variable for the DFT instead 

of the wave function for the HF theory.  

Theorem 2 For any external potential applied to an interacting particle system, it is possible to 

define a universal total energy functional of the particle density, which is written as 

[ ( )] [ ( )] ( ) ( ) ,HK extE n r E n r V r n r dr= + ∫
     

where [ ( )]HKE n r  is the universal constant which does not relate to any information of the type 

of nuclei or their positions. This means that it is represented as an arbitrarily universal constant 

for the interacting system. However, this constant is still unknown. If knowing this constant, we 

can determine the ground state energy by minimizing total energy with respect to density by 

using the variational principle, 

 
0

[ ( )] 0
n n

E n r
n

δ
δ =

=

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The exact ground state energy (E0) corresponding to the ground state density (n0( r )) is given by  

 0 0[ ( )]E E n r=
  

 According to the above theorems, the density is used as a primary quantity for 

calculating all observable quantities. Kohn and Sham [69] proposed a new Schrödinger-like 

equation, called “Kohn-Sham equation”, as a function of the density in 1965. Moreover, this 

equation maps an interacting system to a fictitious non-interacting system in which the particles 

moving in an effective field (Veff). The energy functional in the DFT can be written as 

                           
/

/
0 /

1 ( ) ( )[ ( )] [ ( )] ( ) [ ( )].
2 ext xc

n r n rE n r T n r drdr V n r dr E n r
r r

= + + +
−∫∫ ∫
 

   

 

  (3) 

The first, second, third and fourth terms of Eq. (3) are the non-interacting kinetic energy 

functional 0( [ ( )])T n r , the electron-electron interaction energy or Hatree energy, the external 

potential energy due to nuclei and exchange-correlation energy, respectively. By minimizing of 

Eq. (3) with respect to the density, the Kohn-Sham equation (in atomic unit) can be obtained as  

 
2

( ) ( ) ( )
2

i
eff i i iV r r E r

 ∇
− + Ψ = Ψ 
 

     (4) 

where the effective potential is given by 

 /
/

( )( ) ( ) [ ( )]eff ext xc
n rV r V r dr V n r

r r
= + +

−∫


   

 

  (5) 

with [ ( )] xc
xc

EV n r
n

δ
δ

=
 . Ψi(r) is the Kohn-Sham orbital which is not the wave function of the 

system but the density obtained from the Kohn-Sham orbitals is the exact density as the true 

system.  To solve the Kohn-Sham equation, algorithm for solving the self-consistent Kohn-Sham 

equation is well described in Figure 2.1. First, the density is initially guessed and then the 

effective potential functional (Eq. (5)) is calculated from the guessed density. Next, the Kohn-

Sham equation is solved in order to get the total energies and the Kohn-Sham orbitals. After 

that the new density can be obtained from the calculated Kohn-Sham orbitals and is used as 

the initial density for the next step. This process runs self-consistently until the convergence of 

density is reached. Finally, the output quantities are calculated via the converged density. 
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 According to Eq.(5), the first two terms of the effective potential can be exactly 

evaluated where the last term (VXC[n(r)]) is still unknown. The VXC[n(r)] contains all unknown 

terms  i.e. many body effect of kinetic energy, correlation effects, etc. Based on the 

conventional exchange-correlation functional, two types of Exc, namely the Local Density 

Approximation (LDA) and Generalized Gradient Approximation (GGA) are considered. The 

exchange-correlation functional can be expressed as 

 [ ( )] [ ( )] ( ) ,xc xcE n r n r n r drε= ∫
     

where [ ( )]xc n rε   is exchange-correlation density corresponding to the density n(r). In the LDA 

scheme, the exchange-correlation functional is derived from the homogeneous interacting 

Figure 2.1 schematic methods for solving self-consistent Kohn-Sham equation [70]. 
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electron gas. It works very well for slow varying density system, for instance, free electron-like 

system. Moreover, it can well describe for some other systems i.e. semiconductors and 

insulators. In metal organic framework-5 and covalent organic framework-1, they can be 

surprisingly reproduced the correct trends of the hydrogen adsorption energies obtained from 

experiment and Møller-Plesset perturbation theory, whereas other exchange-correlation 

functionals fail to predict the correct trend of hydrogen physisorption energies [27, 67]. However, 

the electron density in real systems is no longer homogeneous and hence the LDA scheme will 

be not well described in many cases.  There are however, many attempts to improve the LDA 

by including higher-order terms of the exchange-correlation energy. In the GGA, the exchange-

correlation energy contains information from both density and gradient of density (∇n). By using 

this idea, many types of GGA functional have been created such as Perdew-Wang 91 and 

Perdew-Burke-Ernzerhof. In principle, the GGA potential should give a better result compared to 

LDA because it contains more information of the electron density. However, in practice, it is not 

always true that the GGA gives a better result than the LDA. Currently, there is no exchange 

correlation functional which is suitable for all systems. Hence we need to carefully check which 

functional gives the reasonable results compared to experimental data (or high accuracy 

methods) before performing the calculations.    

• Binding Energy 

 In order to know how strong interaction between adsorbent and absorber, the binding 

energy needs to be determined.  For the arbitrary system consisting of adsorbent trapped on 

the surface of host material, the binding energy ( E∆  ) between the former and the latter are 

calculated by 

 (host) (Ads) (host:Ads),E E E E∆ = + −   

Where (host),E  (Ads),E  and (host:Ads)E  stand for total energy of host material, adsorbent 

and adsorbent trapped on the surface of host material, respectively.  Usually, the total energy 

can be obtained from the DFT calculation. By applying this idea to evaluate the metal M 

adsorbed in the host material. The metal binding energy ( ME∆ ) is given by 

(host) ( ) (host:M),ME E E M E∆ = + −  
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Similarly, for the hydrogen adsorption energy or H2E∆  , it is calculated by the following 

equation, 

H2 2 2(host) ( ) (host: ).E E E H E H∆ = + −  

2( )E H  is the total energy of isolated H2 molecule. 

2.3 Born-Oppenheimer Molecular Dynamics 

 In condensed matter physics, molecular dynamics simulation (MD) is a very important 

tool to understand the dynamical properties of materials at a particular temperature. It can be 

used for calculating the time-dependent quantities of materials such as mean square 

displacement, radial distribution function, etc. Molecular dynamics simulation is a method to 

solve time evolution of particles or nuclei in the solid or liquid (or even gaseous) phase by 

numerically solving an equation of motion, Newton’s equation of motion in this case. In classical 

MD (CMD), classical forces acting on each nucleus can be determined from an empirical 

potential, e.g. Finnis-Sinclair [71], Lennard-Jones or 6-12 and Tersoff [72]. For large systems, the 

speed of the CMD simulations is very fast but the accuracy of these simulations is still 

problematic due to inability to study the breaking and forming of chemical bonds. However, this 

problem can be solved by using quantum molecular dynamics (QMD). In this section, we only 

considered Born-Oppenheimer Molecular Dynamics (BOMD). For the BOMD, the electronic force 

acting on each nuclei is obtained from first-principles calculations such as density functional 

theory calculations. The nucleus motions must obey the second law of Newton’s equation of 

motion when time is evolved.  

 
2

2
i

i i i
d rF E m
dt

= −∇ =


 

  

where iF


 and iE  stand for the forces acting on the ith nucleus and energy functional obtained 

from the ab initio calculations, respectively. mi is mass of the ith nuclei and ir
  is the position of 

the ith nucleus. However, the BOMD calculations are computationally expensive and limited to 

small systems, usually containing less than a few hundreds of atoms.  To determine the amount 

of ion trapped around one reference atom, the radial distribution function needs to be 

calculated. Detail description of the radial distribution function is discussed below. 
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• Radial distribution function 

The radial distribution function (RDF or g(r)) can be obtained from molecular dynamics 

simulations, X-ray and neutron scattering experiments. It is used for probing the local 

configuration of the system of interest and defined by  

 2

( )( ) .
4

iN rg r
r drπρ

=   

( )iN r  and ρ  stand for total number of atoms inside spherical shell with radius larger than r 

and smaller than r+dr and the average density of the system, respectively. In addition, it will 

converge to 1 when r approaches infinity. The coordination number or number of nearest 

neighbors (N) around the reference atom can be given by 

 ( ) .N g r dr= ∫   

. 
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CHAPTER III 

Results and Discussion 

  In this chapter, we divided all results related to this project into three sections as 

discussed below. 

3.1 Covalent Triazine based Framework -1 
A new material called Covalent Triazine-based Framework-1 (CTF-N) was successfully 

synthesized [44-46]. CTF-N is thermally stable up to about 600 oC [44]. Its surface area, 

measured using nitrogen sorption experiments, is 791 m2/g. The crystal structure of the CTF-N 

possesses space group P6/mmm. The lattice parameters of this structure are a = b = 14.574 Å 

and c = 3.4 Å [44]. The crystal structure of the CTF-N consists of a triazine ring (C3N3) covalently 

bonded with phenyl rings forming a periodic framework. The unit cell of the CTF-N contains 42 

atoms consisting of 24 C atoms, 6 N atoms and 12 H atoms. The crystal structure of CTF-N is 

shown in Figure 3.1.   

 

 

 

 

 

 

 

 

 

 

 

 

 According to calculated results from Zhu and Meunier [74], they carried out the 

electronic structure of CTF-N system by using density functional theory (DFT) with a Perdew–

Burke–Ernzerhof exchange correlation functional [74]. It was found that CTF-N is a wide band 

Figure 3.1 Crystal structure of the CTF-N. Nitrogen, carbon, and hydrogen atoms are shown as 

blue, black, and white spheres, respectively.  Black dots represent the unit cell of the CTF-N. 
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gap semiconductor with a 2.65 eV energy gap. Moreover, they also investigated addition of 2–4 

phenyl rings between the triazine rings. Their results showed that the energy gaps decreased 

when the number of inserted phenyl rings was increased. Kuhn et al. [44] investigated the pore 

size distribution evaluated using a nonlocal DFT (NLDFT) technique. They found that the pore 

size of CTF-N was 1.2 nm.  

 In this work, the energy gap of the CTF-N was determined by means of density 

functional theory. We also studied replacement of all N atoms in the triazine ring with either P, 

As or Sb. These structures are referred to as CTF-P, CTF-As and CTF-Sb, respectively. The optical 

band gaps of the CTF-NM (NM = N, P, As and Sb) were determined. Finally, the relationship 

between the energy gaps and various concentrations of P and As in CTF-N was investigated. 

Structural parameters of CTF-N were determined by optimization with no symmetry 

constraint. Moreover, other structures were relaxed, e.g., CTF-P, CTF-As and CTF-Sb. P, As and Sb 

atoms were chosen as replacements for N in CTF-N because they have identical charge states 

with different atomic sizes, i.e., 0.65, 1.00, 1.15 and 1.45 Å for N, P, As and Sb, respectively [75]. 

The structural parameters of CTF-NM (NM = N, P, As and Sb) systems are presented in Figure 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

As clearly seen in Figure 3.2, the structural parameters of the CTF-N obtained are in 

excellent agreement with reported experimental values [44]. For the CTF-P, CTF-As and CTF-Sb 

systems, the C2–C3 and C3–H distances in Figure 3.2 are unchanged, whereas the NM–C1 

distances and the NM–C1–NM bond angles of the CTF-P, CTFAs and CTF-Sb are seen to be 

CTF-NM NM-C1-NM NM-C1 C2-C3 C3-H 
 (o) (Å) (Å) (Å) 

CTF-N 124.872  1.345 1.405 1.087 
CTF-P 130.391  1.750 1.404 1.089 
CTF-As 131.150  1.882 1.405 1.089 
CTF-Sb 131.188  2.122 1.415 1.090 
CTF-N 

(exp)[44] 
124.385 1.350 1.396 1.085 

 
Figure 3.2 Optimized structural parameters of CTF-NM (NM = N, P, As and Sb). Positions of the 

NM, C1–C3 and H atoms are presented in the image on the left of the table. 
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significantly altered from those of CTF-N. Replacement of N with nonmetal atoms such as P, As 

and Sb in CTF-N changes only the molecular structure of the NM3C3 ring without affecting of the 

phenyl rings during substitution of N with larger atoms in the CTF-N. Next, electronic density of 

states of CTF-NM (NM = N, P, As and Sb) were determined. The corresponding density of states 

is shown in Figure 3.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

According to Figure 3.3, it can also be seen that the energy gaps (Eg) are 2.02, 0.69, 0.22 

and 0 eV for CTF-N, CTF-P, CTF-As, and CTF-Sb, respectively. The Eg found are in good 

agreement to those determined by Zhu and Meunier [74]. The trend of optical band gaps in 

these considered structures was found to decrease as the covalent radius was increased. As 

seen in Figure 3.3, the lowest unoccupied states (lowest energy states of the conduction band) 

approach to the Fermi level when we replace N in the CTF-N with larger atoms. This resulted in 

reducing the optical band gap. To understand the reduction of the optical band gap when 

larger metals are replaced with N, the partial density of states of the CTF-N states was 

determined as shown in Figure 3.4.  

Figure 3.3 Electronic density of states of the CTF-N, CTF-P, CTF-As and CTF-Sb. The dotted 

vertical line represents the Fermi level. 



MRG5580055 

18 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

According to the partial density of states data, the first peak above the Fermi level 

primarily comes from the p states of N atoms of the triazine ring. This clearly shows that p 

states of nonmetal atoms e.g., P, As and Sb, lead to lower the energy gap seen in Figure. 3.3. 

Another reason for the reduction of optical band gaps is that replacing N with larger nonmetals 

in the triazine ring (see Figure. 3.3) might be from slight distortion of the NM3C3 ring. As a 

consequence, the electronic structures of the CTF-P, CTF-As and CTF-Sb were slightly changed 

from the intrinsic CTF-N. As shown in Figure 3.3, the band gap can be altered by substituting all 

N atoms in the triazine ring with either P, As or Sb. Based on this result, changing concentrations 

of N in the CTF-N with the atoms having equal valence electrons but different atomic sizes can 

change the optical band gap. In the current work, the concentrations of P and As in the CTF-N 

were changed by partially replacing N atoms with either P or As. The relationship between the 

optical band gap and concentrations of P and As in the CTF-N is shown in Figure 3.5. Our results 

reveal that the energy gap exhibited a non-linear drop when P and As concentrations were 

increased. Moreover, varying Sb concentrations in the CTF-N was considered.  

Figure 3.4 Total density of states and the partial density of states of N, C1, C2, C3, and H 

atoms in the CTF-N. The positions of N, C1–C3 and H atoms are presented in Figure 3.2. 
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Unfortunately, metallic behavior was observed when Sb replaced N in the CTF-N. This is likely 

caused by the existence of Sb p states near the Fermi level causing the optical band gap to 

vanish. The relationship between the optical band gap and concentrations of both P and As was 

fitted with a third-order polynomial form as presented below.  

 6 3 4 2
, 3.09 10 6.71 10 0.05 2.02g P P P PE c c c− −= − × + × − +  

 6 3 3 2
, 8.91 10 1.67 10 0.10 2.02g As As As AsE c c c− −= − × + × − +  

where ,g PE  and ,g AsE  stand for the optical band gap of the CTF-N with various P and As 

concentrations, respectively. Concentrations of P and As are symbolized as Pc and Asc , 

respectively. Based on these results, it is possible to tune the optical band gap by changing the 

electronic structure of the materials. In addition, increasing concentrations of P and As in the 

CTF-N yields nonlinear behavior of the optical band gap. Finally, these findings can stimulate 

both theorists and experimentalists to apply this method to tune the optical band gap of 

appropriate materials for their use in other optical applications. 

3.2 Covalent Organic Framework-366 
A new class of porphyrin based material, named covalent organic framework-366 (COF-

366), was successfully synthesized [76]. The unit cell of COF-366 possesses a P4/m space group 

Figure 3.5 Non-linear relationships between energy gap and various concentrations of P and 

As in CTF-N. 
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with lattice parameters of a = b = 25.696 Å and c = 12.541 Å [76]. Its unit cell contains 212 

atoms consisting of 120 C atoms, 16 N atoms and 76 H atoms. Moreover, the crystal density and 

BET surface area of COF-366 are 0.36 g/cm3 and 735 m2/g, respectively [76]. The COF-366 crystal 

structure forms an AA stacking sequence. It has a pore size of 20 Å and an AA interlayer distance 

of 6.27 Å [76]. Each layer contains tetra(p-amino-phenyl) porphyrin (TAPP) bonded with a 

terephthaldehyde chain to form the periodic framework as shown in Figure 3.6 
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In the present work, we theoretically studied the hydrogen adsorption properties of Li 

decorated COF-366. In addition, the hydrogen capacities of Li functionalized COF-366 at three 

different temperatures, 77 K, 150 K and 300 K, were evaluated.  

First, geometry optimization with no symmetry constraints was applied to COF-366. We 

found that our structural parameters after optimization differ from experimental data by less 

than 3%. It was found that a = 25.493 Å, b= 25.488 Å and c = 12.144 Å from our calculation. 

Experimentally determined values were a = b = 25.696 Å and c = 12.541 Å [76]. Hence, our 

computations and experimental results are in excellent agreement.  

Figure 3.6 The primitive cell of COF-366. Blue, black and white spheres are symbolized by N, 

C and H, respectively. Black line is the unit cell of the COF-366. 
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Then, Li atoms were placed at all possible adsorption sites on COF-366. According to 

COF-366 crystal geometry, Li atoms can be trapped on both the TAPP and terephthaldehyde 

chain. On the TAPP, Li atoms can be placed at several locations. These include the center of 

the pentagon, C-C bridge, onC, onN, N-C bridge of the pentagon ring and at the center of the 

TAPP. These appear as sites 1-6 in Figure 3.7, respectively. Additionally, the positions of Li 

adsorption sites on the terephthaldehyde chain are the onN, N-C bridge, onC, C-C bridge and 

hollow sites as shown by sites 7-11 in Figure 3.7. To evaluate the strength of Li interactions to 

COF-366, Li binding energy ( LiE∆ ) was determined. It was calculated by  

 (COF-366) (Li) (COF-366:Li),LiE E E E∆ = + −  

where (COF-366:Li)E , (COF-366)E  are the total energies of COF- 366 with and without Li 

decorations. The total energy of isolated Li atom is represented as (Li)E . Based on our Li 

binding energy calculations, we found that the center site (site 6 in Figure. 3.7) is the most 

preferable Li adsorption site for Li binding on the TAPP ring. On the terephthaldehyde chain, the 

onN site (site 7 in Figure 3.7) is the most stable adsorption site for Li. The Li binding energies of 

these two sites were found to be 2.97 eV for the center site and 2.34 eV for the onN site.  

Next, various hydrogen loadings ranging from 1 to 3H2 molecules were placed on Li 

atoms which were trapped at these adsorption sites. The hydrogen adsorption energy can be 

calculated by the following:  

 

Figure 3.7 Locations of Li adsorption sites in the COF-366. For the adsorption sites on the TAPP, 

Li can be trapped at center of pentagon ring, C--C bridge, onC, onN, N-C bridge and center site 

denoted by site numbers 1-6. Numbers 7-11 are the onN, N-C bridge, onC, C-C bridge and 

hollow sites for the adsorption sites on the terephthaldehyde chain, respectively. 
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2 2 2(COF-366:Li) ( ) (COF-366:Li+nH ),HE E E H E∆ = + −  

where 2(COF-366:Li+nH )E  and 2( )E H  are the total energies of nH2 molecules adsorbed on 

Li decorated COF-366 and the total energy of a free H2 molecule, respectively. For a Li atom 

trapped at the center site, we found that the hydrogen binding energies per H2 for 1-3 H2 

molecules were 0.13, 0.08 and 0.06 eV, respectively. In addition, the hydrogen adsorption 

energies per H2 were 0.22, 0.12 and 0.03 eV when 1-3 H2 molecules were trapped on Li 

adsorbed at the onN site. To understand the interaction between Li atoms and adsorbed 

hydrogen molecules, Bader charge analysis [77] was done for the above cases. Our results 

showed that 0.9e from a Li atom were transferred to COF-366. Hence, the interaction between 

H2 molecules and Li atom is governed primarily by charge-quadruple interaction. These results 

are excellent agreement with previous works [21, 78]. Next, several Li atoms were 

simultaneously placed at the center and onN sites of COF-366. However, it was necessary to 

determine if Li atoms prefer either trapping on the COF-366’s surface (Figure 3.8 A) or form as a 

Li cluster at center of the COF- 366 pore (Figure 3.8 B). This leads us to perform total energy 

calculations for these two cases. In Figure 3.8 A, we placed 10 Li per unit cell, namely 8 Li at 

the onN site and 2 Li at the center site. Description of these adsorption sites is shown  

 

Figure 3.8 Optimized crystal structures of (A) 10 Li atoms trapped on the COF-366 surface,     

(B) 10 Li atoms formed as a cluster at center of the COF-366 pore. Li, C, N and H are 

represented as green, black, blue and white spheres, respectively.  
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graphically in Figure 3.7. It was found that total energy of Li decorations on the COF-366 surface 

was lower than that of Li clustered at the center of the COF-366 pore by approximately 1.1 

eV/Li atom. In other words, 10 Li atoms are unlikely to form as a cluster at the center of the 

COF-366 pore. These results are in good agreement with those of both Blomqvist et al. [21] and 

Sun et al. [79]. To investigate hydrogen uptake of the Li functionalized COF-366 system, a total 

of 30H2 molecules (3 H2 molecules on each Li atom) were placed on Li decorated COF- 366 as 

an initial configuration. We then preformed ab initio molecular dynamics simulations at ambient 

pressure and temperatures of 77, 150, and 298 K. The 2 fs time step was used in all molecular 

dynamics calculations. For each temperature, the pair distribution function (PDF) between Li 

and hydrogen atom was determined. In the present work, the PDFs were averaged over 10 ps at 

thermodynamic equilibrium for all considered temperatures as shown in Figure 3.9. According to 

this Figure, the number of hydrogen atoms adsorbed by Li at each temperature can be 

obtained by integrating the PDF over the first peak. At 77 K, we found that 3.50 H atoms and 

4.01 H atoms are trapped on Li when Li was decorated at the center and onN sites, 

respectively. By increasing the temperature to 150 K, 2.37 H and 3.14 H can bind with Li atom 

adsorbed at center and onN sites, respectively. At room temperature, only 1.72 H was able to 

Figure 3.9 The averaged pair distribution functions and distance between Li and hydrogen 

atoms (R) for the cases of (A) Li trapped at center site and (B) Li adsorbed at the onN. 
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bind on Li atom trapped at center site. For Li adsorbed at the onN site, it was found that 2.03 H 

could be trapped on a Li atom. Based on these results, the hydrogen capacities could be 

calculated. The results showed that hydrogen uptakes at ambient pressure and temperatures of 

77, 150, and 298 K were 2.06, 1.58, and 1.05 wt%, respectively. In comparison to experimental 

data of Yaghi [80], it is clearly shown that the hydrogen capacity of Li doped COF-366 is about 2 

times higher than that of pristine COF-366. Hence, it can be seen that enhancement of 

hydrogen capacity came from Li doping. Usually, hydrogen uptake by various high surface area 

materials at 77 K and ambient pressure is less than 2.0 wt%. For example, it is below 1.5 wt% 

for most of covalent organic frameworks [81, 82] and 2.0 wt% for Isoreticular metal-organic 

frameworks [22, 24]. However, the hydrogen capacity reported by us is still lower than some 

other systems, e.g., UTSA-20 [83] and Li functionalized Phthalocyanine Covalent Organic 

Frameworks [84]. Based upon the amount of hydrogen adsorbed on Li decorated COF-366, the 

volumetric hydrogen uptake can also be calculated. We found that they are 8.90, 6.80 and 4.48 

g/L for 77, 150 and 298 K, respectively. The volumetric density of Li decorated COF-366 is 

indeed low owing to rather large unit cell volume. To make the hydrogen capacity of these 

materials as high as possible, the host material should be as light as possible. At the same time, 

it needs to bind a great number of hydrogen molecules. For metal decoration on high surface 

area materials, Li is a good candidate as a decorating metal for hydrogen storage purposes. This 

is due to its light weight and rather high interaction energy between hydrogen molecules and 

host material. Lastly, we propose that functionalization of Li atoms onto a suitable host might 

be a good strategy to reach the DOE target. 

3.3 Zeolitic Imidazolate Framework-23 
Zeolitic imidazolate frameworks (ZIFs) are new classes of high-surface area materials, 

successfully synthesized by Yaghi’s research group [57, 85]. As shown by Banerjee et al. [85] 

both pore size and surface area of these materials can be tuned by adjustment the metal 

nitride (MN4) unit (M=Zn, Co, Cu) and imidazole ligands. Consequently, the ZIFs can be used in 

various applications such as catalyst [86], biosensor [87], gas storage media e.g. N2 [88], CO2 [88, 

89] and CH4 [88]. Based on both theoretical and experimental studies [59, 90], ZIFs show great 

promise of hydrogen storage materials. According to neutron diffraction experiments at 30 K and 

ambient pressure [59], ZIF-8 can trap 28 hydrogen molecules corresponding to 4.2 H2 wt%. By 

increasing the temperature to 77 K and 1 bar of pressure, the hydrogen capacity is dramatically 
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decreased to 1.3 wt% [91]. Based on the grand canonical Monte Carlo simulations, ZIF-11 can 

uptake hydrogen about 3.96 wt% at 77 K and 100 bar. When the pressure is reduced to 1 bar, 

the hydrogen uptake is slightly dropped to 2.39 wt% [90]. For Zeolitic imidazolate framework-23 

(ZIF-23), there is no report in the literature related to the hydrogen adsorption. Thus this 

motivates us to investigate the hydrogen adsorption properties of this system. For ZIF-23 or Zn-

ZIF23 system, it consists of tetrahedral cluster of ZnN4 covalently bonded to the 4-

Azabenzimidazolate as an organic linker. Its unit cell contains 108 atoms consisting of 4 Zn 

atoms, 24 N atoms, 48 C atoms and 32 H atoms. The crystal structure of the ZIF-23 is an 

orthorhombic crystal system with space group P212121. The lattice constants are a = 9.5477 Å, 

b = 10.1461 Å and c = 12.4459 Å. Its crystal density is 1.662 g/cm3 [57]. In the present work, we 

investigated the structural parameters and the hydrogen adsorption energies of Be-, Zn- and Cd- 

based ZIF23 structures, referred to in the following as Be-ZIF23, Zn-ZIF23 and Cd-ZIF23. The 

crystal structure of the M-ZIF23 (M= Be, Zn, and Cd) are shown in Figure 3.10 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 3.10 Crystal structure of the M-ZIF23 (M = Be, Zn and Cd). M, N, C and H atoms are 

denoted by blue, green, black and white spheres, respectively. The solid line represents the 

unit cell of the M-ZIF23. 



MRG5580055 

26 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.1 Structural Parameters of the Be-, Zn- and Cd-ZIF23  

First, the Be-, Zn- and Cd-ZIF23 were fully relaxed by discarding the symmetry 

constraint. The structural parameters after optimization are listed in Figure 3.11. According to 

Figure 3.11, it is clearly seen that the structural parameters of the Zn-ZIF23 are in excellent 

agreement with the experimental data [57]. Hence, our calculation results are rather accurate. 

By considering ionic radius of Be, Zn and Cd, the atomic size of Cd is the largest followed by Zn 

and Be. The ionic radii of Be, Zn and Cd are 0.59, 0.88 and 1.09 Å respectively. As shown in 

Figure 3.11, our results revealed that the N–C1, C2–C3 and C3–C4 distances are unchanged, 

whereas M–N distances of these structures are increased when atomic size of M atoms is 

gained. This leads to the fact that there is no any effect to the imidazole ring due to the 

different in size of M atoms at the tetrahedral cluster. Moreover, we found that the M–N 

distances are increased resulting in improvement of the electric dipole moment when size of M 

in metal nitride cluster is gained. Based on these results, the electric dipole moment of Cd-

ZIF23 is the highest followed by Zn-ZIF23 and Be-ZIF23.  

3.3.2 Hydrogen Adsorption of the Be-, Zn- and Cd-ZIF23  

In this section, we placed single hydrogen molecule at various adsorption sites of M-
ZIF23 structures and then investigated the hydrogen adsorption energies of these structures. We 
firstly considered the adsorption sites of Zn-ZIF23. Based on the crystal geometry of the Zn-
ZIF23, we can divide the adsorption sites into two different parts, namely the adsorption sites  

M-ZIF23 M-N N-M-N N-C1 C2-C3 C3-C4 
 (Å) (o) (Å) (Å) (Å) 

Be-ZIF23 1.79 109.49 1.36 1.42 1.40 
Zn-ZIF23 2.05 109.45 1.35 1.42 1.40 
Cd-ZIF23 2.25 109.20 1.35 1.42 1.40 
Zn-ZIF23 
(exp)[57] 

2.01 109.00 1.34 - 1.39 

 

Figure 3.11 Structural parameters of M-ZIF23 (M = Be, Zn and Cd) after performing structural 

optimization. Positions of M, N, C1–C4 are presented at picture on the left hand side. 
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near tetrahedral ZnN4 cluster and on the 4-Azabenzimidazolate ligand. The adsorption sites 
near the ZnN4 cluster consists of two locations, namely ZnN3 and ZnN2 as labeled by sites 
number 1  and 2 in Figure 3.12. Moreover, there are 10 different hydrogen adsorption sites on 
the organic ligand considered in the present work. For the pentagon ring of carbon in the 
organic ligand, hydrogen molecule can trap at center of the pentagon rings (number 3), top of N 
(number 4), top of C (number 5), C–C bridge (number 6), top of C connected to hexagon ring 
(number 7). In addition, there are 5 different adsorption sites on the hexagon ring of the organic 
ligand represented by the sites number 8–12 in Figure 3.12. 

To investigate the interaction between hydrogen molecule and the Zn-ZIF23, the 
hydrogen binding energy at a particular adsorption site is determined. It can be given by 

 
2 2 2(Zn-ZIF23) (H ) (Zn-ZIF23:H ),HE E E E∆ = + −  

where (Zn-ZIF23)E and 2(H )E stand for total energy of isolated Zn-ZIF23 and H2 molecule, 

respectively. 2(Zn-ZIF23:H )E is total energy of single hydrogen molecule adsorbed on the Zn-

ZIF23 structure. According to above equation, the positive 
2HE∆  implies that hydrogen 

molecule can adsorb on the Zn-ZIF23 host. In contrast, the hydrogen molecule is unable to  

Figure 3.12 Hydrogen adsorption sites of the M-ZIF23 (M = Be, Zn and Cd). Blue, green, black 

and white spheres are represented as M, N, C and H, respectively 



MRG5580055 

28 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

trap on the Zn-ZIF23 host leading to the negative value of
2HE∆ . The calculated hydrogen 

adsorption energies of the Zn-ZIF23 at 12 different sites are displayed in Figure 3.13. 

As clearly seen in Figure 3.13, the hydrogen binding energies at ZnN2 and ZnN3 
adsorption sites are -131.16 and -42.59 meV, respectively. By considering the adsorption sites on 
the 4-Azabenzimidazolate ligand, the hydrogen adsorption energies at these corresponding sites 
are ranged from -72.16 meV to -1.33 meV. However, we would like to note that the hydrogen 
binding energies at all considered adsorption sites are negative values and this can be 
understood that hydrogen molecule does not bind with the Zn-ZIF23 host. It is well known that 
the interaction between hydrogen molecule and the high-surface area materials is the Van der 
Waals interaction. In order to improve this interaction, the electric dipole moment of host 
materials must be enhanced. For Zeolitic Imidazolate Framework-23, we modified the ZnN4 
cluster by replacing Zn with either Be or Cd and, again these structures are defined as Be-ZIF23 
and Cd-ZIF23, respectively. As clearly shown in Figure 3.11, the organic ligand is the same for 

Figure 3.13 Hydrogen adsorption energies of the Zn-ZIF23 at 12 different adsorption sites. 
The numbers of adsorption sites shown here are referred to the number of adsorption sites 
in Figure 3.12. We would like to note that hydrogen can bind to the Zn-ZIF23 leads to 
positive value of 

2HE∆ . On the other hand, hydrogen molecule does not bind with the Zn-

ZIF23 host when 
2HE∆ is negative value. For the unstable adsorption sites, the hydrogen 

adsorption energy is set to be zero. 
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these three structures but only the metal nitride cluster part is different. Hence the hydrogen 
adsorption energies at the adsorption sites on the organic linker of the Be-, Zn- and Cd- ZIF23 
are identical. Owing to this reason, only MN2 and MN3 adsorption sites of the M-ZIF23 (M= Be, 
Zn and Cd) were considered. The hydrogen adsorption energy corresponding to these 
adsorption sites of the M-ZIF23 are displayed in Figure 3.14. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

According to Figure 3.14, our results revealed that the hydrogen binding energy of the 
Be-, Zn- and Cd-ZIF23 are -167.43, -42.59 and + 60.05 meV for MN3 sites (site number 1 in Figure 
3.12), respectively. For MN2 adsorption site (site number 2 in Figure 3.12), we found that the 
hydrogen binding energies are -214.34, -131.16 and +134.06 meV for Be-, Zn and Cd-ZIF23, 
respectively. It is clearly seen from these results that Cd-ZIF23 is able to trap hydrogen 
molecule at both adsorption sites because it gives positive hydrogen adsorption energy, 
whereas the Be-ZIF23 and Zn-ZIF23 cannot bind hydrogen on their surface. Moreover, trend of 
hydrogen adsorption energies at these adsorption sites is increased when atomic size of M in 
metal nitride cluster is gained. It is well known that the interaction between hydrogen and high-
surface area materials is the induced dipole-induced dipole interaction or Van der Waals 
interaction. For Be-, and Zn-ZIF23, the M–N distance (as shown Figure 3.11) is rather short 
leading to lower electric dipole moment. On the other hand, the electric dipole moment of the 
Cd-ZIF23 is the largest in comparison to Be- and Zn-ZIF23 due to the longest Cd–N distance. 

Figure 3.14 Hydrogen binding energies of the M-ZIF23 at MN3 (site 1 in figure 3.12) and MN2 
(site 2 in figure 3.12) adsorption sites. M stands for Be, Zn and Cd. 
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Based on this result, trend of electric dipole moment of these structures are followed: Cd-ZIF23 
> Zn-ZIF23 > Be-ZIF23. This corresponding trend is in excellent agreement with the trend of 
hydrogen adsorption energy at both MN2 and MN3 adsorption sites, namely 

2
(Cd-ZIF23)HE∆ > 

2
(Zn-ZIF23)HE∆ > 

2
(Be-ZIF23)HE∆ . This leads us to conclude that the increasing in hydrogen 

binding energy of Cd-ZIF23 comes from the improvement electric dipole moment. Lastly, we 
believed that this finding can convince both theorist and experimentalist to investigate the 
practical hydrogen storage medium. 
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CHAPTER IV 

Conclusions 

The conclusions are separated into three different parts as discussed in section 4.1-4.3 

4.1 Covalent Triazine based Framework -1 

Electronic and optical properties of the Covalent Triazine-based Framework-1 were 

investigated using density functional theory. In the present work, we investigated the optical 

band gap of four different systems, i.e., CTF-N, CTF-P, CTF-As and CTF-Sb. Our results revealed 

that the energy gap decreases when the atomic radius of the substituted nonmetals in the 

triazine ring is increased. In addition, we also varied the concentrations of P and As in CTF-N, 

which results in partial replacement of N atoms with either P or As atoms. Our results showed 

that the energy gaps decreased in a non-linearly manner when P and As concentrations were 

increased in the CTF-N system. 

4.2 Covalent Organic Framework-366 

Hydrogen adsorption energies of Li decorated Covalent Organic Framework-366 were 

investigated by means of first-principles calculations. Our results revealed that the center site of 

the Tetra(p-amino-phenyl) porpyrine and the onN site of the terephthaldehyde chain are the 

most preferable Li adsorption sites with 2.97 and 2.34 eV of Li binding energies, respectively. In 

addition, the hydrogen adsorption energies of Li functionalized Covalent Organic Framework-366 

range from 0.03 to 0.22 eV for 1-3 H2 loadings. Ab initio molecular dynamics simulations at 

ambient pressure showed that hydrogen uptakes of Li functionalized Covalent Organic 

Framework-366 at temperatures of 77, 150 and 298 K are 2.06, 1.58, and 1.05 wt%, respectively. 

4.3 Zeolitic Imidazolate Framework-23 

The Van der Waals density functional theory is employed to study both electronic and 

hydrogen adsorption properties of the Be-, Zn- and Cd-ZIF23. According to electronic structure 

calculations of these systems, our results revealed that only the tetrahedral cluster of metal 

nitride is altered whereas no change of the 4-Azabenzimidazolate ligand is observed. From the 
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hydrogen adsorption energy calculations, we found that Be- and Zn-ZIF23 are unable to trap 

hydrogen molecule on their surface at all considered adsorption sites. In contrast, Cd-ZIF23 is 

found to be able to bind hydrogen molecule at CdN2 and CdN3 sites due to stronger electric 

dipole moment in comparison to both Be- and Zn-ZIF23. 
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Electronic and optical properties of the Covalent Triazine-based Framework-1 (CTF-N) are determined
using density functional theory implemented in the Quantum ESPRESSO program. In the present work,
CTF-N was modified by replacing all N atoms with either P, As or Sb atoms, symbolized as CTF-P, CTF-
As, and CTF-Sb, respectively. The energy gaps of the corresponding systems were evaluated. Our results
revealed that the energy gap trend decreased as atomic radius was increased. These values were 2.02,
0.69, 0.22, and 0 eV for CTF-N, CTF-P, CTF-As and CTF-Sb, respectively. By changing the concentration
of either P or As in CTF-N, a non-linear relationship between energy gap and concentrations of P and
As was found.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The energy crisis is an important issue that needs to be solved in
the near future. The world’s remaining fossil fuel energy resources
are rapidly being depleted. Concurrently, annual energy consump-
tion is significantly increasing. This is due to both growth of indus-
tries and technologies. Moreover, toxic emissions, especially from
automobiles lead to environmental problems. A promising solution
to solve these serious issues is the use of renewable energy re-
sources. Use of wind, geothermal, tidal, and hydrogen energy offer
some solutions. Solar energy is a promising renewable energy,
which is currently receiving much attention. This is because energy
obtained from the sun is very abundant. Solar cells or photovoltaic
devices are able to generate electrical energy from the sun. The
principle of photovoltaic devices is that incident light is used by
absorption materials such as crystalline and amorphous Si [1],
GaAs [2], copper indium gallium diselenide (CIGS) [3]. Conse-
quently, electrons are excited from their valence bands to their
conduction bands. The excited electrons flow through the external
load resulting in current generation. In the photon spectra, the
maximum photon intensity is in the range from 400 to 600 nm
[4]. This wavelength region corresponds to an energy gap (Eg) of
about 1.4–3.0 eV. Hence, a suitable Eg for any light absorber should
also be in this range in order to maximize solar cell energy conver-
sion efficiency. However, most of materials in nature do not have
ll rights reserved.

aculty of Science, Khon Kaen
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an Eg in this range. As a result, tuning the energy gap of materials
into this desirable range is an essential technique which can be
applied to photovoltaic devices and other optically related
applications such as sensors [5] and light emitting diodes (LED) [6].

A new material called Covalent Triazine-based Framework-1
(CTF-N) was successfully synthesized [7–9]. CTF-N is thermally
stable up to about 600 �C [7]. Its surface area, measured using
nitrogen sorption experiments, is 791 m2/g. The crystal structure
of the CTF-N possesses space group P6/mmm. The lattice parame-
ters of this structure are a = b = 14.574 Å and c = 3.4 Å [7]. The crys-
tal structure of the CTF-N consists of a triazine ring (C3N3)
covalently bonded with phenyl rings forming a periodic frame-
work. The unit cell of the CTF-N contains 42 atoms consisting of
24 C atoms, 6 N atoms and 12 H atoms. The crystal structure of
CTF-N is shown in Fig. 1.

Electronic structure calculations of Zhu and Meunier [10] were
done for the CTF-N system using density functional theory (DFT)
with a Perdew–Burke–Ernzerhof exchange correlation functional
[11]. It was found that CTF-N is a wide band gap semiconductor
with a 2.65 eV energy gap. Moreover, they also investigated addi-
tion of 2–4 phenyl rings between the triazine rings. Their results
showed that the energy gaps decreased when the number of in-
serted phenyl rings was increased. Kuhn et al. [7] investigated
the pore size distribution evaluated using a nonlocal DFT (NLDFT)
technique. They found that the pore size of CTF-N was 1.2 nm.

In the present work, the energy gap of the CTF-N was deter-
mined by means of density functional theory. We also studied
replacement of all N atoms in the triazine ring with either P, As
or Sb. These structures are referred to as CTF-P, CTF-As and

http://dx.doi.org/10.1016/j.mee.2013.01.037
mailto:spornj@kku.ac.th
http://dx.doi.org/10.1016/j.mee.2013.01.037
http://www.sciencedirect.com/science/journal/01679317
http://www.elsevier.com/locate/mee


Fig. 1. Crystal structure of the CTF-N. Nitrogen, carbon, and hydrogen atoms are
shown as blue, black, and white spheres, respectively. The unit cell of the CTF-N is
drawn in black. (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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CTF-Sb, respectively. The optical band gaps of the CTF-NM (NM = N,
P, As and Sb) were determined. Finally, the relationship between
the energy gaps and various concentrations of P and As in CTF-N
was investigated.

2. Computational details

Electronic and optical properties of all structures under study,
i.e., CTF-N, CTF-P, CTF-As and CTF-Sb were computed using the
density functional theory implemented in the Quantum ESPRESSO
package [12]. For an exchange–correlation functional, the general-
ized gradient approximation with a Perdew–Wang 91 [13] param-
eter was chosen. In the current work, the 40 Rydberg plane wave
energy cutoff was tested for total energy convergence. Under the
Monkhorst–Pack scheme [14], the 2� 2� 9 and 4� 4� 18 k-point
samplings of the reciprocal lattice space were used for relaxed and
static calculations, respectively. Lastly, the Broyden–Ftetcher–
Goldfrab–Shanno (BFGS) algorithm [15–17] was employed for
structural optimization.

3. Results and discussion

Structural parameters of CTF-N were determined by optimiza-
tion with no symmetry constraint. Moreover, other structures were
relaxed, e.g., CTF-P, CTF-As and CTF-Sb. P, As and Sb atoms were
chosen as replacements for N in CTF-N because they have identical
CTF-NM NM–C1–NM (�) NM–C1 (Å) C2–C3 (Å) C3–H (Å)

CTF-N 124.872 1.345 1.405 1.087
CTF-P 130.391 1.750 1.404 1.089
CTF-As 131.150 1.882 1.405 1.089
CTF-Sb 131.188 2.122 1.415 1.090

CTF-N (exp) [7] 124.385 1.350 1.396 1.085

Table 1: Optimized structural parameters of CTF-NM (NM = N, P, As and Sb). Posi-
tions of the NM, C1–C3 and H atoms are presented in the image above the table.
charge states with different atomic sizes, i.e., 0.65, 1.00, 1.15 and
1.45 Å for N, P, As and Sb, respectively [18]. The structural param-
eters of CTF-NM (NM = N, P, As and Sb) systems are presented in
Table 1.

As seen in Table 1, the structural parameters of the CTF-N
obtained are in excellent agreement with reported experimental
values [7]. For the CTF-P, CTF-As and CTF-Sb systems, the C2–C3
and C3–H distances in Table 1 are unchanged, whereas the NM–
C1 distances and the NM–C1–NM bond angles of the CTF-P, CTF-
As and CTF-Sb are significantly altered from those of CTF-N.
Replacement of N with nonmetal atoms such as P, As and Sb in
CTF-N changes only the molecular structure of the NM3C3 ring
without affecting of the phenyl rings during substitution of N with
larger atoms in the CTF-N.

Next, electronic density of states of CTF-NM (NM = N, P, As and
Sb) were determined. The corresponding density of states is shown
in Fig. 2. It can also be seen that the energy gaps are 2.02, 0.69, 0.22
and 0 eV for CTF-N, CTF-P, CTF-As, and CTF-Sb, respectively. The Eg

found are in good agreement to those determined by Zhu and Meu-
nier [10]. The trend of optical band gaps in these considered struc-
tures was found to decrease as the covalent radius was increased.

As seen in Fig. 2, the lowest unoccupied states (lowest energy
states of the conduction band) lie closer to the Fermi level when
we replace N in the CTF-N with larger atoms. This resulted in
reducing the optical band gap. To understand the reduction of
the optical band gap when larger metals are replaced with N, the
partial density of states of the CTF-N states was determined as
shown in Fig. 3. According to the partial density of states data,
the first peak above the Fermi level primarily comes from the p
states of N atoms of the triazine ring. This clearly shows that p
states of nonmetal atoms e.g., P, As and Sb, lead to lower the energy
gap seen in Fig. 2. Another reason for the reduction of optical band
gaps that replacing N with larger nonmetals in the triazine ring
(see Fig. 2) might be from slight distortion of the NM3C3 ring. As
a consequence, the electronic structures of the CTF-P, CTF-As and
CTF-Sb were slightly changed from the intrinsic CTF-N.

As shown in Fig. 2, the band gap can be altered by substituting
all N atoms in the triazine ring with either P, As or Sb. Based on this
result, changing concentrations of N in the CTF-N with the atoms
having equal valence electrons but different atomic sizes can
change the optical band gap. In the present work, the concentra-
tions of P and As in the CTF-N were changed by partially replacing
N atoms with either P or As. The relationship between the optical
band gap and concentrations of P and As in the CTF-N is shown
in Fig. 4. Our results reveal that the energy gap exhibited a
Fig. 2. Electronic density of states of the CTF-N, CTF-P, CTF-As and CTF-Sb. The
dotted vertical line represents the Fermi level.



Fig. 3. Total density of states and the partial density of states of N, C1, C2, C3, and H
in the CTF-N. The positions of N, C1–C3 and H atoms are presented in Table 1.

Fig. 4. Relationship between energy gap and various concentrations of P and As in
CTF-N.
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non-linear drop when P and As concentrations were increased.
Moreover, varying Sb concentrations in the CTF-N was considered.
Unfortunately, metallic behavior was observed when Sb replaced N
in the CTF-N. This is likely caused by the existence of Sb p states
near the Fermi level causing the optical band gap to vanish. The
relationship between the optical band gap and concentrations of
both P and As was fitted with a third-order polynomial form as
presented below.

Eg;P ¼ �3:09� 10�6c3
P þ 6:71� 10�4c2

P � 0:05cP þ 2:02;
Eg;As ¼ �8:91� 10�6c3
As þ 1:67� 10�3c2

As � 0:10cAs þ 2:02:

where Eg;P and Eg;As stand for the optical band gap of the CTF-N with
various P and As concentrations, respectively. Concentrations of P
and As are symbolized as cP and cAs.
Based on these results, it was possible to tune the optical band
gap by changing the electronic structure of the materials. In addi-
tion, increasing concentrations of P and As in the CTF-N yields non-
linear behavior of the optical band gap. Finally, these findings can
stimulate both theorists and experimentalists to apply this method
to tune the optical band gap of appropriate materials for their use
in other optical applications.
4. Conclusions

Electronic and optical properties of the Covalent Triazine-based
Framework-1 were investigated using density functional theory
implemented in the Quantum ESPRESSO package. In the present
work, we investigated the optical band gap of four different sys-
tems, i.e., CTF-N, CTF-P, CTF-As and CTF-Sb. Our results revealed
that the energy gap decreases when the atomic radius of the
substituted nonmetals in the triazine ring is increased. In addition,
we also varied the concentrations of P and As in CTF-N, which
results in partial replacement of N atoms with either P or As atoms.
Our results showed that the energy gaps decreased in a non-line-
arly manner when P and As concentrations were increased in the
CTF-N system.
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This work deals with the investigations of hydrogen adsorption energies of the Li func-

tionalized Covalent Organic Framework-366 (COF-366) by using the density functional

theory method. Based on total energy calculations, it was found that Li atom is preferen-

tially trapped at the center site of the tetra(p-amino-phenyl) porphyrin and the onN site of

a terephthaldehyde chain. Moreover, hydrogen adsorption energies per H2 for 1e3 H2

loadings range from 0.03 to 0.22 eV. According to ab initio molecular dynamics simulations,

our results found that hydrogen capacities of Li functionalized COF-366 at ambient pres-

sure are 2.06, 1.58, and 1.05 wt% for 77, 150 and 298 K, respectively.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction applications must be met. Specifically, they must (i) have high
Depletion of fossil fuel based energy resources is a serious

global issue. Hydrogen is a promising resource due to its

abundance in form of water and its nontoxic combustion

products. However, efficiently storing hydrogen is a challenge

that needs to be addressed before hydrogen energy can be

economically used [1]. The 2015 Department of Energy (DOE)

target specifications for hydrogen storage media in onboard
sics, Faculty of Science,

usharawoot).
2013, Hydrogen Energy P
02
hydrogen capacity (9H2 wt%) (ii) have high hydrogen volu-

metric uptake (81 gH2/L) (iii) be inexpensive (iv) operate over

the temperature range of �40 to 60 �C (v) have long service life

(about 1500 charge/discharge cycles), and, (vi) be environ-

mental friendly [2]. However, no material currently exists that

satisfies all of these requirements. At this time, high surface

area materials, such as Isoreticular MetaleOrganic Frame-

works (IRMOFs) [3e5], Covalent Organic Frameworks (COFs)
Khon Kaen University, 40002 Khon Kaen, Thailand. Tel.: þ66 43

ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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Fig. 1 e The unit cell of COF-366. Blue, black and white

spheres are symbolized by N, C and H, 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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[6e9], Covalent Triazine based Frameworks (CTFs) [10] and

Zeolitic Imidazolate Frameworks (ZIFs) [11] are promising

candidates as hydrogen storage materials. This is due to their

great number of hydrogen adsorption sites, tunable pore sizes

to trap hydrogenmolecules on the host material’s surface and

ease of hydrogen adsorption/desorption from the host mate-

rials. However, hydrogen adsorption energy of thesematerials

is indeed low.Asa result, hydrogen is able to bindwith thehost

material under cryogenic conditions. For example, the

hydrogen uptake of IRMOF-1 at 77 K and ambient pressure is

about 1.32 wt% [12]. Under the same conditions, hydrogen

uptake of pristine COF-366 was found to be 1.0 wt% [13]. This

corresponds to 0.0684 eV of the isosteric heat of adsorption

[13]. With increasing temperature and pressure, the hydrogen

capacity of the IRMOF-1 drops to 0.4 wt% at room temperature

and 100 bar [14]. To improve hydrogen uptake of these mate-

rials, interaction between hydrogen molecules and host ma-

terial needs to be improved. Currently, many theoretical and

experimental studies have shown that decoratingmetals such

as Li [9,15e17], Na [17], K [17], Ca [18], and Ti [19] on the host

material’s surface is a promising choice to enhance the

hydrogen uptake. For instance, at room temperature, the

hydrogen capacity of the Li decorated IRMOF-1 at ambient

pressure is 2.9 wt% [15]. This is compared to 0.4 wt% for pure

IRMOF-1 at 100 bar [14]. Additionally, hydrogen uptake of

IRMOF-9 at 298 K and 100 bar was found to be 4.50 wt% and

0.47 wt% with and without Li doping [20]. In this case,

the primary reason that hydrogen adsorption energy was

enhanced is electrostatic interaction between Li and adsorbed

hydrogen molecules. A method of decorating COF-366 with Li

atoms is based on an experimental method of producing Li

decorated Cu3(BTC)2 and MIL-101(Cr) [21]. First, lithium naph-

thalenide was prepared. Then it was mixed with COF-366 and

stirred for several hours. The resulting mixture was filtered

and rinsedwith tetrahydrofuran (THF). Lastly, themixturewas

immersed in THF for 1 day in order to remove any weakly

adsorbed naphthalenide. It should be noted that the effect of

impurities strongly affects hydrogen capacity. This is because

the impurities block access to metal cations by hydrogen

molecules. This results in lowering the hydrogen adsorption

energy. Hence, hydrogen uptake is reduced. Moreover, a

reduction method can also be used to insert Li to this material

[22]. A post synthetic method is another possible way to

functionalize guestmolecules, e.g., CH2Cl2 [23], PdCl2 [24] to the

host. Another method to improve the hydrogen capacity is to

make the molecular weight of the host material as low as

possible. In other words, host material should be made from

light elements such as B, C, N and O. Covalent Organic

Frameworks are examples of light-weightmaterials consisting

of only light elements e.g., C, N and H atoms. Recently, a new

class of porphyrin basedmaterial, covalent organic framework

366 (COF-366), was successfully synthesized [25]. The unit cell

of COF-366 possesses a P4/m space group with lattice param-

eters of a ¼ b ¼ 25.696 �A and c ¼ 12.541 �A [25]. Its unit cell

contains 212 atoms consisting of 120 C atoms, 16 N atoms and

76H atoms.Moreover, the crystal density and BET surface area

of COF-366 are 0.36 g/cm3 and 735 m2/g, respectively [25]. The

COF-366 crystal structure forms an AA stacking sequence. It

has a pore size of 20 �A and an AA interlayer distance of 6.27 �A

[25]. Each layer contains tetra(p-amino-phenyl) porphyrin
(TAPP) bonded with a terephthaldehyde chain to form the

periodic framework as shown in Fig. 1.

In the present work, we theoretically studied the hydrogen

adsorption properties of Li decorated COF-366. In addition, the

hydrogen capacities of Li functionalized COF-366 at three

different temperatures, 77 K, 150 K and 300 K, were evaluated.
2. Computational details

Density functional theory implemented in the Vienna Ab initio

Simulation Package (VASP) [26] was used to evaluate both Li

binding energies and hydrogen adsorption energies. Moreover,

the hydrogen capacities at 77, 150, and 298 K were determined

by using the BorneOppenheimer Molecular Dynamics simu-

lations embedded in the VASP code. Using the projector

augmentedwave (PAW)approach [27], the generalized gradient

approximation (GGA) functional with the Perdew-Wang 91 ex-

change correlation functional [28] was employed. The valence

stateswere 2s and 2p for bothO andC, 1s forH, and 1s and 2s for

Li. In the present work, the 450 eV of plane wave cutoff energy

was successfully tested and the G-point was used for k-point

sampling in the reciprocal lattice space due to large systemsize

of the COF-366. The conjugate-gradient algorithm was

employed for ionic optimization and forces acting on each ion

were calculated via the HellmanneFeynman theorem.
3. Results and discussion

First, geometry optimization with no symmetry constraints

was applied to COF-366. We found that our structural

http://dx.doi.org/10.1016/j.ijhydene.2013.08.102
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parameters after optimization differ from experimental data

by less than 3%. It was found that a ¼ 25.493 �A, b ¼ 25.488 �A

and c ¼ 12.144 �A from our calculation. Experimentally deter-

mined values were a ¼ b ¼ 25.696 �A and c ¼ 12.541 �A [25]. Our

computations and experimental results are in excellent

agreement.

Then, Li atoms were placed at all possible adsorption sites

on COF-366. According to COF-366 crystal geometry, Li atoms

can be trapped on both the TAPP and terephthaldehyde chain.

On the TAPP, Li atoms can be placed at several locations.

These include the center of the pentagon, CeC bridge, onC,

onN, NeC bridge of the pentagon ring and at the center of the

TAPP. These appear as sites 1e6 in Fig. 2, respectively. Addi-

tionally, the positions of Li adsorption sites on the tereph-

thaldehyde chain are the onN, NeC bridge, onC, CeC bridge

and hollow sites as shown by sites 7e11 in Fig. 2.

To evaluate the strength of Li interactions to COF-366, Li

binding energy (DELi) was determined. It was calculated by:

DELi ¼ EðCOF� 366Þ þ EðLiÞ � EðCOF� 366 : LiÞ:

where E(COF-366:Li), E(COF-366) are the total energies of COF-

366 with and without Li decorations. The total energy of iso-

lated Li atom is represented as E(Li). The Li binding energies of

all considered adsorption sites are given in the Supporting

Information. Based on our Li binding energy calculations, we

found that the center site (site 6 in Fig. 2) is themost preferable

Li adsorption site for Li binding on the TAPP ring. On the ter-

ephthaldehyde chain, the onN site (site 7 in Fig. 2) is the most

stable adsorption site for Li. The Li binding energies of these

two sites were found to be 2.97 eV for the center site and

2.34 eV for the onN site.

Next, various hydrogen loadings ranging from 1 to 3H2

molecules were placed on Li atoms which were trapped at

these adsorption sites. The hydrogen adsorption energy ðDEH2 Þ
can be calculated by the following:

DEH2
¼ EðCOF� 366 : LiÞ þ nEðH2Þ � EðCOF� 366 : Liþ nH2Þ:

where E(COF-366:Li þ nH2) and E(H2) are the total energies of

nH2 molecules adsorbed on Li decorated COF-366 and the total

energy of a free H2 molecule, respectively.

For a Li atom trapped at the center site, we found that the

hydrogen binding energies per H2 for 1e3 H2 molecules were

0.13, 0.08 and 0.06 eV, respectively. In addition, the hydrogen

adsorption energies per H2 were 0.22, 0.12 and 0.03 eV when

1e3 H2 molecules were trapped on Li adsorbed at the onN site.

To understand the interaction between Li atoms and adsorbed

hydrogen molecules, Bader charge analysis [29] was done for
Fig. 2 e Locations of Li adsorption sites in the COF-366. For the

pentagon ring, CeC bridge, onC, onN, NeC bridge and center site

NeC bridge, onC, CeC bridge and hollow sites for the adsorptio
the above cases. Our results showed that 0.9e from a Li atom

were transferred to COF-366. Hence, the interaction between

H2 molecules and Li atom is governed primarily by charge-

quadruple interaction. These results are excellent agreement

with previous works [15,30].

Next, several Li atoms were simultaneously placed at the

center and onN sites of COF-366. However, it was necessary to

determine if Li atoms prefer either trapping on the COF-366’s

surface (Fig. 3A) or form as a Li cluster at center of the COF-

366 pore (Fig. 3B). This leads us to perform total energy cal-

culations for these two cases. In Fig. 3A, we placed 10 Li per

unit cell, namely 8 Li at the onN site and 2 Li at the center site.

Description of these adsorption sites is shown graphically in

Fig. 2. It was found that total energy of Li decorations on the

COF-366 surface was lower than that of Li clustered at the

center of the COF-366 pore by approximately 1.1 eV/Li atom.

In other words, 10 Li atoms are unlikely to form as a cluster at

the center of the COF-366 pore. These results are in good

agreement with those of both Blomqvist et al. [15] and Sun

et al. [31]. To investigate hydrogen uptake of the Li func-

tionalized COF-366 system, a total of 30 H2 molecules (3 H2

molecules on each Li atom) were placed on Li decorated COF-

366 as an initial configuration. We then preformed ab initio

molecular dynamics simulations at ambient pressure and

temperatures of 77, 150, and 298 K. The 2 fs time step was

used in all molecular dynamics calculations. For each tem-

perature, the pair distribution function (PDF) between Li and

hydrogen atom was determined. In the present work, the

PDFs were averaged over 10 ps at thermodynamic equilib-

rium for all considered temperatures as shown in Fig. 4. In

this Figure, the number of hydrogen atoms adsorbed by Li at

each temperature can be obtained by integrating the PDF over

the first peak. At 77 K, we found that 3.50 H atoms and 4.01 H

atoms are trapped on Li when Li was decorated at the center

and onN sites, respectively. By increasing the temperature to

150 K, 2.37 H and 3.14 H can bind with Li atom adsorbed at

center and onN sites, respectively. At room temperature, only

1.72 Hwas able to bind on Li atom trapped at center site. For Li

adsorbed at the onN site, it was found that 2.03 H could be

trapped on a Li atom. Based on these results, the hydrogen

capacities could be calculated. The results showed that

hydrogen uptakes at ambient pressure and temperatures of

77, 150, and 298 K were 2.06, 1.58, and 1.05 wt%, respectively.

In comparison to experimental data of Yaghi [13], it is clearly

shown that the hydrogen capacity of Li doped COF-366 is

about 2 times higher than that of pristine COF-366. Hence, it

can be seen that enhancement of hydrogen capacity came
adsorption sites on the TAPP, Li can be trapped at center of

denoted by site numbers 1e6. Numbers 7e11 are the onN,

n sites on the terephthaldehyde chain, respectively.
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Fig. 3 e Optimized crystal structures of (A) 10 Li atoms trapped on the COF-366 surface, (B) 10 Li atoms formed as a cluster at

center of the COF-366 pore. Li, C, N and H are represented as green, black, blue and white spheres, 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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from Li doping. Usually, hydrogen uptake by various high

surface area materials at 77 K and ambient pressure is less

than 2.0 wt%. For example, it is below 1.5 wt% for most of

covalent organic frameworks [32,33] and 2.0 wt% for iso-

reticular metaleorganic frameworks [12,34]. However, the

hydrogen capacity reported by us is still lower than some

other systems, e.g., UTSA-20 [35] and Li functionalized

Phthalocyanine Covalent Organic Frameworks [9]. Usually,

the hydrogen capacity is gained when the pressure is

increased. Hence, it is worth investigating the hydrogen

adsorption isotherm. However, our computing resources are

limited. Investigation of the hydrogen loading curve as a

function of pressure would be extremely time-consuming

calculations. This led other independent works to resort to

Kinetic Monte Carlo (KMC) [9] and Grand Canonical Monte

Carlo (GCMC) [6,36] techniques. These are however beyond

the scope of the present work.
0 2 4 6

A
ve

ra
ge

d 
PD

F 
of

 L
i-

H

0 2 4 6

77 K
150 K
298 K

R (Å) R (Å)

(A) (B)

Fig. 4 e The averaged pair distribution functions and

distance between Li and hydrogen atoms (R) for the cases

of (A) Li trapped at center site and (B) Li adsorbed at the

onN.
BasedupontheamountofhydrogenadsorbedonLidecorated

COF-366, the volumetrichydrogenuptake canalso be calculated.

We found that they are 8.90, 6.80 and 4.48 g/L for 77, 150 and

298 K, respectively. The volumetric density of Li decorated COF-

366 is indeed low owing to rather large unit cell volume.

Tomake thehydrogen capacity of thesematerials as high as

possible, the hostmaterial should be as light as possible. At the

same time, it needs to bind a great number of hydrogen mole-

cules. Formetal decoration on high surface areamaterials, Li is

a good candidate as a decorating metal for hydrogen storage

purposes. This is due to its light weight and rather high inter-

action energy between hydrogen molecules and host material.

Lastly, we propose that functionalization of Li atoms onto a

suitable host might be a good strategy to reach the DOE target.
4. Conclusions

Hydrogen adsorption energies of Li decorated Covalent Organic

Framework-366 were investigated by means of first-principles

calculations. Our results revealed that the center site of the

Tetra(p-amino-phenyl) porpyrine and the onN site of the ter-

ephthaldehyde chain are the most preferable Li adsorption

siteswith2.97and2.34eVofLi bindingenergies, respectively. In

addition, the hydrogen adsorption energies of Li functionalized

Covalent Organic Framework-366 range from 0.03 to 0.22 eV for

1e3 H2 loadings. Ab initio molecular dynamics simulations at

ambient pressure showed that hydrogen uptakes of Li func-

tionalizedCovalentOrganic Framework-366 at temperatures of

77, 150 and 298 K are 2.06, 1.58, and 1.05 wt%, respectively.
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[27] Blöchl PE. Projector augmented-wave method. Phys Rev B
1994;50:17953e79.

[28] Perdew JP, Wang Y. Accurate and simple analytic
representation of the electron-gas correlation energy. Phys
Rev B 1992;45:13244e9.

[29] Henkelman G, Arnaldsson A, Jónsson H. A fast and robust
algorithm for Bader decomposition of charge density.
Comput Mater Sci 2006;36:354e60.

[30] Kolmann SJ, Chan B, Jordan MJT. Modelling the interaction of
molecular hydrogen with lithium-doped hydrogen storage
materials. Chem Phys Lett 2008;467:126e30.

[31] Sun Q, Jena P, Wang Q, Marquez M. First-principles study of
hydrogen storage on Li12C60. J Am Chem Soc
2006;128:9741e5.

[32] Tilford RW, Mugavero III SJ, Pellechia PJ, Lavigne JJ. Tailoring
microporosity in covalent organic frameworks. Adv Mater
2008;20:2741e6.

[33] Yu J-T, Chen Z, Sun J, Huang Z-T, Zheng Q-Y.
Cyclotricatechylene based porous crystalline material:
synthesis and applications in gas storage. J Mater Chem
2012;22:5369e73.

[34] Rowsell JLC, Yaghi OM. Effects of functionalization,
catenation, and variation of the metal oxide and organic
linking units on the low-pressure hydrogen adsorption
properties of metal-organic frameworks. J Am Chem Soc
2006;128:1304e15.

[35] Guo Z, Wu H, Srinivas G, Zhou Y, Xiang S, Chen Z, et al. A
metal-organic framework with optimized open metal sites
and pore spaces for high methane storage at room
temperature. Angew Chem Int Ed 2011;50:3178e81.

[36] Guo J-H, Zhang H, Gong M, Cheng X-L. Ca2þ- and Mg2þ-doped
covalent organic frameworks exhibiting high hydrogen and
acetylene storage. Struct Chem 2013;24:691e703.

http://dx.doi.org/10.1016/j.ijhydene.2013.08.102
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref1
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref1
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref1
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref1
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref2
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref2
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref2
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref2
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref2
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref3
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref3
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref3
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref3
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref4
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref4
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref4
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref4
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref4
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref5
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref5
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref5
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref5
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref6
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref6
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref6
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref6
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref7
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref7
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref7
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref7
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref7
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref8
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref8
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref8
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref8
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref9
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref9
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref9
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref9
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref9
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref10
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref10
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref10
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref10
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref10
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref10
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref11
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref11
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref11
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref11
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref12
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref12
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref12
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref12
http://www.hydrogen.energy.gov/pdfs/progress10/iv_f_1_yaghi.pdf
http://www.hydrogen.energy.gov/pdfs/progress10/iv_f_1_yaghi.pdf
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref14
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref14
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref14
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref15
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref15
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref15
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref15
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref15
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref16
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref16
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref16
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref16
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref16
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref17
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref17
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref17
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref17
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref17
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref18
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref18
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref18
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref19
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref19
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref19
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref20
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref20
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref20
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref20
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref20
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref21
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref21
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref21
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref21
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref21
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref22
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref22
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref22
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref22
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref23
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref23
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref23
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref23
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref24
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref24
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref24
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref25
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref25
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref25
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref25
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref26
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref26
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref26
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref26
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref27
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref27
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref27
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref28
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref28
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref28
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref28
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref29
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref29
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref29
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref29
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref30
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref30
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref30
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref30
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref31
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref31
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref31
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref31
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref31
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref31
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref32
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref32
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref32
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref32
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref33
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref33
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref33
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref33
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref33
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref34
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref34
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref34
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref34
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref34
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref34
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref35
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref35
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref35
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref35
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref35
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref36
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref36
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref36
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref36
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref36
http://refhub.elsevier.com/S0360-3199(13)02112-5/sref36
http://dx.doi.org/10.1016/j.ijhydene.2013.08.102
http://dx.doi.org/10.1016/j.ijhydene.2013.08.102


Supporting Information
Pornjuk Srepusharawoota,b,c,e, Ekaphan Swatsitanga,b,c, Vittaya Amornkitbamrunga,b,c,e , Udomsilp Pinsookd,e, Rajeev 
Ahujaf,g

aDepartment of Physics, Faculty of Science, Khon Kaen University, 40002, Khon Kaen, Thailand.
bIntegrated Nanotechnology Research center, Khon Kaen University, 40002, Khon Kaen, Thailand.
cNanotec-KKU Center of Excellence on Advanced Nanomaterials for Energy Production and Storage, 40002, Khon Kaen, Thailand.
dDepartment of Physics, Faculty of Science, Chulalongkorn University, 10330, Bangkok, Thailand.
eThEP, Commission on Higher Education, 328 Si-Ayutthaya road, 10400, Bangkok, Thailand.
fCondensed Matter Theory Group, Department of Physics and Astronomy, Uppsala University, Box 516, SE-751 20 Uppsala, Sweden
gApplied Materials Physics, Department of Materials and Engineering, Royal Institute of Technology (KTH), SE-100 44 Stockholm, Sweden

S1. Li binding energies of the COF-366

Figure S1 shows the results of Li binding energies at all considered adsorption sites graphically 
displayed in Figure 2 in the manuscript.  It was clearly seen that Li atom preferably traps at the center 
site (site 6) of the TAPP ring.  For the terephthaldehyde chain, the onN site (site 7) was found to 
be the most stable adsorption site of Li.
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 Figure S1. Li adsorption energies at various adsorption sites. The position of sites 1-7 are 
graphically shown in Figure 2 of the manuscript.  For unstable adsorption sites, Li binding 
energy is set to be zero. 
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Hydrogen adsorption energies of Be-, Zn-, and Cd- Zeolitic Imidazolate Framework-23 were investigated by

using Van der Waals density functional theory implemented in Quantum ESPRESSO program. According

to the structural parameters of these systems, we found that the imidazole ligand is unchanged and only

the tetrahedrally metal nitride cluster is varied. Moreover, our results revealed that the Cd-Zeolitic Imida-

zolate Framework-23 has the highest electric dipole moment followed by Zn- and Be- Zeolitic Imidazolate

Framework-23. Based on hydrogen adsorption energy calculations, we found that hydrogen molecule can not

bind with both Be- and Zn- Zeolitic Imidazolate Framework-23 at all considered adsorption sites, whereas

hydrogen molecule can trap on the Cd-Zeolitic Imidazolate Framework-23 with the hydrogen binding ener-

gies ranged from 60 to 130 meV. This result suggested that replacing Zn in the metal nitride cluster with

larger metal size can enhance the hydrogen adsorption energy of Zeolitic Imidazolate Framework-23.

1. Introduction

It has long been known that energy crisis and global warming issues are expected to be

very serious issues in the near future. Hydrogen energy is a solution of these problems

due to its abundance and clean product. However, it is very difficult to store hydro-

gen gas into the hydrogen storage medium because its density is indeed low, namely

0.088 kg/m3.1) As a result, size of storage medium is very big. Therefore, one challenge

task of many researchers is to investigate the suitable hydrogen storage medium for

practical applications. Based on the 2015 DOE requirements,2) the hydrogen storage

medium must (i) have high hydrogen capacity (9 H2 wt %) and high hydrogen volu-

∗E-mail address: spornj@kku.ac.th
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metric uptake (81 gH2/L) (ii) be cheap (iii) operate over the temperature range of -40

to 60 oC (iv) have long service life (about 1500 charge/discharge cycles), and (v) be

environmental friendly. Currently, storing hydrogen in high-surface area materials such

as Metal Organic Frameworks (MOFs),3–6) Covalent Organic frameworks (COFs),7–10)

Carbonaceous materials,11–13) Zeolite,14,15) Zeolitic imidazolate Frameworks (ZIFs)16,17)

have been shown to be promising hydrogen storage materials because they contain nu-

merous number of hydrogen adsorption sites, easy to trap/release hydrogen and tunable

pore size. Besides the surface area and pore size of the host material, another impor-

tant parameter related to the hydrogen capacity is the hydrogen adsorption energy.

For practical application, the ideal hydrogen adsorption energy should be about 40

kJ/mol.18) Although, for most of high-surface area materials, the hydrogen adsorption

energy is very low because the interaction between adsorbed hydrogen molecules and

the materials is governed by weak dispersive interaction. Currently there are several

approaches19–22) to improve the hydrogen adsorption energy of the high-surface area

materials. One successful route shown by Srepusharawoot et al.23) is to open the metal

oxide cluster of the MOF-5 by replacing Zn with Cd. They found that the hydrogen

adsorption energy is improved for 15 % for the adsorption sites near metal oxide cluster.

Zeolitic imidazolate frameworks (ZIFs) are new classes of high-surface area materi-

als, successfully synthesized by Yaghi ’s research group.24,25) As shown by Banerjee et

al.,25) both pore size and surface area of these materials can be tuned by adjustment

the metal nitride (MN4) unit (M=Zn, Co, Cu) and imidazole ligands. Consequently,

the ZIFs can be used in various applications such as catalyst,26) biosensor,27) gas stor-

age media e.g. N2,
28) CO2

28,29) and CH4.
28) Based on both theoretical and experimen-

tal studies,16,30) ZIFs show great promise of hydrogen storage materials. According to

neutron diffraction experiments at 30 K and ambient pressure,16) ZIF-8 can trap 28

hydrogen molecules corresponding to 4.2 H2 wt%. By increasing the temperature to 77

K and 1 bar of pressure, the hydrogen capacity is dramatically decreased to 1.3 wt%.31)

Based on the grand canonical Monte Carlo simulations, ZIF-11 can uptake hydrogen

about 3.96 wt% at 77 K and 100 bar. When the pressure is reduced to 1 bar, the hydro-

gen uptake is slightly dropped to 2.39 wt%.32) For Zeolitic imidazolate framework-23

(ZIF-23), there is no report in the literature related to the hydrogen adsorption. Thus

this motivates us to investigate the hydrogen adsorption properties of this system.

For ZIF-23 or Zn-ZIF23 system, it consists of tetrahedral cluster of ZnN4 covalently

bonded to the 4-Azabenzimidazolate as an organic linker. Its unit cell contains 108
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atoms consisting of 4 Zn atoms, 24 N atoms, 48 C atoms and 32 H atoms. The crystal

structure of the ZIF-23 is an orthorhombic crystal system with space group P212121.

The lattice constants are a = 9.5477 Å b = 10.1461 Å and c = 12.4459 Å. Its crystal

density is 1.662 g/cm3.24) In the present work, we investigated the structural parameters

and the hydrogen adsorption energies of Be-, Zn- and Cd- based ZIF23 structures,

referred to in the following as Be-ZIF23, Zn-ZIF23 and Cd-ZIF23. The crystal structure

of the M-ZIF23 (M= Be, Zn, and Cd) are shown in Figure 1.

2. Computational Details

Electronic and hydrogen adsorption properties of the M-ZIF23 (M= Be, Zn and Cd)

were investigated by using the Van der Waals density functional theory (vdw-DF)33,34)

implemented in Quantum ESPRESSO code.35) The 60 Rydberg of plane wave energy

cutoff was tested for total energy convergence and the 3×3×1 k-point samplings with

the Monkhorst-Pack scheme36) was chosen in the present work. Finally, the Broyden-

Fletcher-Goldfrab-Shanno (BFGS) algorithm37,38) was employed for structural opti-

mization.

3. Results and Discussion

3.1 Structural Parameters of the Be-, Zn- and Cd-ZIF23

First, the Be-, Zn- and Cd-ZIF23 were fully relaxed by discarding the symmetry con-

straint. The structural parameters after optimization are listed in Figure 2.

According to Figure 2, it is clearly seen that the structural parameters of the Zn-

ZIF23 are in excellent agreement with the experimental data.24) Hence, our calculation

results are rather accurate. By considering ionic radius of Be, Zn and Cd, the atomic

size of Cd is the largest followed by Zn and Be. The ionic radii of Be, Zn and Cd are

0.59, 0.88 and 1.09 Å respectively. As shown in Figure 2, our results revealed that the

N–C1, C2–C3 and C3–C4 distances are unchanged, whereas M–N distances of these

structures are increased when atomic size of M atoms is gained. This leads to the fact

that there is no any effect to the imidazole ring due to the different in size of M atoms

at the tetrahedral cluster. Moreover, we found that the M–N distances are increased

resulting in improvement of the electric dipole moment when size of M in metal nitride

cluster is gained. Based on these results, the electric dipole moment of Cd-ZIF23 is the

highest followed by Zn-ZIF23 and Be-ZIF23.
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3.2 Hydrogen Adsorption of the Be-, Zn- and Cd-ZIF23

In this section, we place single hydrogen molecule at various adsorption sites of M-ZIF23

structures and then investigated the hydrogen adsorption energies of these structures.

We firstly considered the adsorption sites of Zn-ZIF23. Based on the crystal geometry

of the Zn-ZIF23, we can divide the adsorption sites into two different parts, namely the

adsorption sites near tetrahedral ZnN4 cluster and on the 4-Azabenzimidazolate ligand.

The adsorption sites near the ZnN4 cluster consists of two locations, namely ZnN3 and

ZnN2 as labeled by sites number 1 and 2 in Figure 3. Moreover, there are 10 different

hydrogen adsorption sites on the organic ligand considered in the present work. For the

pentagon ring of carbon in the organic ligand, hydrogen molecule can trap at center of

the pentagon rings (number 3), top of N (number 4), top of C (number 5), C–C bridge

(number 6), top of C connected to hexagon ring (number 7). In addition, there are 5

different adsorption sites on the hexagon ring of the organic ligand represented by the

sites number 8–12 in Figure 3.

To investigate the interaction between hydrogen molecule and the Zn-ZIF23, the

hydrogen binding energy at a particular adsorption site is determined. It can be given

by

∆EH2
= E(Zn-ZIF23) + E(H2) − E(Zn-ZIF23:H2),

where E(Zn-ZIF23) and E(H2) stand for total energy of isolated Zn-ZIF23 and H2

molecule, respectively. E(Zn-ZIF23:H2) is total energy of single hydrogen molecule ad-

sorbed on the Zn-ZIF23 structure. According to above equation, the positive ∆EH2

implies that hydrogen molecule can adsorb on the Zn-ZIF23 host. In contrast, the hy-

drogen molecule is unable to trap on the Zn-ZIF23 host leading to the negative value

of ∆EH2
. The calculated hydrogen adsorption energies of the Zn-ZIF23 at 12 different

sites are displayed in Figure 4.

As clearly seen in Figure 4, the hydrogen binding energies at ZnN2 and ZnN3 ad-

sorption sites are -131.16 and -42.59 meV, respectively. By considering the adsorption

sites on the 4-Azabenzimidazolate ligand, the hydrogen adsorption energies at these

corresponding sites are ranged from -72.16 meV to -1.33 meV. However, we would like

to note that the hydrogen binding energies at all considered adsorption sites are nega-

tive values and this can be understood that hydrogen molecule does not bind with the

Zn-ZIF23 host. It is well known that the interaction between hydrogen molecule and

the high-surface area materials is the Van der Waals interaction. In order to improve
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this interaction, the electric dipole moment of host materials must be enhanced. For

Zeolitic Imidazolate Framework-23, we modified the ZnN4 cluster by replacing Zn with

either Be or Cd and, again these structures are defined as Be-ZIF23 and Cd-ZIF23,

respectively. As clearly shown in Figure 2, the organic ligand is the same for these

three structures but only the metal nitride cluster part is different. Hence the hydrogen

adsorption energies at the adsorption sites on the organic linker of the Be-, Zn- and

Cd- ZIF23 are identical. Owing to this reason, only MN2 and MN3 adsorption sites of

the M-ZIF23 (M= Be, Zn and Cd) were considered. The hydrogen adsorption energy

corresponding to these adsorption sites of the M-ZIF23 are displayed in Figure 5.

According to Figure 5, our results revealed that the hydrogen binding energy of the

Be-, Zn- and Cd-ZIF23 are -167.43, -42.59 and + 60.05 meV for MN3 sites (site number 1

in Figure 3), respectively. For MN2 adsorption site (site number 2 in Figure 3), we found

that the hydrogen binding energies are -214.34, -131.16 and +134.06 meV for Be-, Zn-

and Cd-ZIF23, respectively. It is clearly seen from these results that Cd-ZIF23 is able

to trap hydrogen molecule at both adsorption sites because it gives positive hydrogen

adsorption energy, whereas the Be-ZIF23 and Zn-ZIF23 can not bind hydrogen on their

surface. Moreover, trend of hydrogen adsorption energies at these adsorption sites is

increased when atomic size of M in metal nitride cluster is gained. It is well known

that the interaction between hydrogen and high-surface area materials is the induced

dipole-induced dipole interaction or Van der Waals interaction. For Be- and Zn-ZIF23.

the M–N distance as shown Figure 2 is rather short leading to lower electric dipole

moment. On the other hand, the electric dipole moment of the Cd-ZIF23 is the largest

in comparison to Be- and Zn-ZIF23 due to the longest Cd–N distance. Based on this

result, trend of electric dipole moment of these structures are followed: Cd-ZIF23 > Zn-

ZIF23 > Be-ZIF23. This corresponding trend is in excellent agreement with the trend of

hydrogen adsorption energy at both MN2 and MN3 adsorption sites, namely ∆EH2
(Cd-

ZIF23) > ∆EH2
(Zn-ZIF23) > ∆EH2

(Be-ZIF23). This leads us to conclude that the

increasing in hydrogen binding energy of Cd-ZIF23 comes from the improvement electric

dipole moment. Lastly, we believed that this finding can convince both theorist and

experimentalist to investigate the practical hydrogen storage medium.

4. Conclusions

The Van der Waals density functional theory is employed to study both electronic and

hydrogen adsorption properties of the Be-, Zn- and Cd-ZIF23. According to electronic
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structure calculations of these systems, our results revealed that only the tetrahedral

cluster of metal nitride is altered whereas no change of the 4-Azabenzimidazolate lig-

and is observed. From the hydrogen adsorption energy calculations, we found that Be-

and Zn-ZIF23 are unable to trap hydrogen molecule on their surface at all considered

adsorption sites. In contrast, Cd-ZIF23 is found to be able to bind hydrogen molecule

at CdN2 and CdN3 sites due to stronger electric dipole moment in comparison to both

Be- and Zn-ZIF23.

Acknowledgments

We express our appreciation to the Integrated Nanotechnology Research Center, Khon

Kaen University and the Nanotechnology Center (NANOTEC), NSTDA, Ministry of

Science and Technology, Thailand, through its program of Center of Excellence Network

for their financial supports. P.S. would like to thank the Thailand Research Fund (TRF)

and Commission on Higher Education (CHE) under contract number MRG5580055 for

their research grant.

6/12



Jpn. J. Appl. Phys. REGULAR PAPER

References

1) C. Kittel: Introduction to Solid State Physics(Wiley, New Jersey, 2005) 8th ed., p.

21.

2) S. Satyapal, J. Petrovic, C. Read, G. Thomas, and G. Ordaz: Catal. Today 120

(2007) 246.

3) N. L. Rosi, J. Eckert, M. Eddaoudi, D. T. Vodak, J. Kim, M. O’Keeffe, and O. M.

Yaghi: Science 300 (2003) 1127.

4) P. Srepusharawoot, A. Blomqvist, C. M. Araújo , R. H. Scheicher, and R. Ahuja:
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Figure captions

Fig.1 Crystal structure of the M-ZIF23 (M = Be, Zn and Cd). M, N, C and H

atoms are denoted by blue, green, black and white spheres, respectively. The solid line

represents the unit cell of the M-ZIF23.

Fig.2 Structural parameters of M-ZIF23 (M = Be, Zn and Cd) after performing

structural optimization. Positions of M, N, C1–C4 are presented at picture above.

Fig. 3 Hydrogen adsorption sites of the M-ZIF23 (M = Be, Zn and Cd). Blue, green,

black and white spheres are represented as M, N, C and H, respectively.

Fig. 4 Hydrogen adsorption energies of the Zn-ZIF23 at 12 different adsorption sites.

The numbers of adsorption sites shown here are referred to the number of adsorption

sites in Figure 3. We would like to note that hydrogen can bind to the Zn-ZIF23 leads

to positive value of ∆EH2
. On the other hand, hydrogen molecule does not bind with

the Zn-ZIF23 host when ∆EH2
is negative value. For the unstable adsorption sites, the

hydrogen adsorption energy is set to be zero.

Fig. 5 Hydrogen binding energies of the M-ZIF23 at MN2 and MN3 (M = Be, Zn

and Cd) adsorption sites.
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Fig. 1.

M

M

N

C1

C2

C3

C4

M-ZIF23 M–N N–M–N N–C1 C2–C3 C3–C4

(Å) (◦) (Å) (Å) (Å)

Be-ZIF23 1.79 109.49 1.36 1.42 1.40

Zn-ZIF23 2.05 109.45 1.35 1.42 1.40

Cd-ZIF23 2.25 109.20 1.35 1.42 1.40

Zn-ZIF23 (Exp)24) 2.01 109.00 1.34 - 1.39

Fig. 2.
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