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Abstract: Near edge X-ray absorption fine structure (NEXAFS) spectroscopy was performed
 
to study the 

atomic deuterium (hydrogen) adsorption behavior on
 
hexagonal boron nitride (h-BN) epitaxial thin film

 
as 

a model system to BN nanomaterial.
 
In this research work the B and N K-edge NEXAFS spectra were 

analyzed by density functional theory calculations with model clusters in order to support NEXAFS 

experimental results as well as verify the cluster dependence of the calculation. 
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1.
 

Introduction 

There have been large amount of studies related to examine a proper media to store hydrogen especially 

for viable transportation. Carbon nanotubes (CNTs) were suggested as one of the most promising materials 

for storing hydrogen. Chemisorption of atomic hydrogen has already been reported for graphite as a model 

system of CNTs with regard to the degree of hydrogenation and the preferable adsorption structure [1,2]. 

BN nanotubes (BNNTs) also have attracted much research attention as a promising candidate for hydrogen 

storage and it has been reported that BNNTs are superior to CNTs for storing hydrogen. Extensive 

theoretical research works have been dedicated to understanding the adsorption of atomic hydrogen on BN 

materials. Despite the great attention paid to this subject, it is not yet clear how the adsorption mechanism 

works on BN materials. One of the most basic arguments of these theoretical studies is the site dependence 

of atomic hydrogen adsorption. However, there are a number of theoretical reports whose conclusions 

contradict each other [3-10]. Thus, in our previous works we have investigated the site dependence of 

atomic deuterium adsorption on a thin film of BN, using near-edge x-ray absorption fine structure 

(NEXAFS), x-ray photoelectron spectroscopy (XPS), and photon-stimulated ion desorption (PSID) in order 

to verify the theoretical models [11, 12].  

The discrete variational (DV)-Xα method is one of the density functional theory calculation which has 

been used to simulate the electronic structures of surfaces and interfaces [13]. The method has been 

successfully applied for core-hole spectroscopies such as NEXAFS to interpret experimental results [13-16]. 

We have also done analysis using density functional calculation (DV-Xα method with a core-hole effect) to 

interpret the experimental results of NEXAFS and XPS employing model cluster B27N27H18 [11].Since there 
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has been an issue with the cluster size for DV-Xα calculation [13], it is essential to examine reproducibility 

of those results of B27N27H18 cluster. Thus, in this work we used relatively small and large clusters to 

conclude our NEXAFS experimental results and verify the DV-Xα calculation of NEXAFS of our previous 

report.   

2.  Experimental 

The BN system was represented by two cluster models of B12N12H12 and B48N48H24 to compare the results 

from B27N27H18 cluster models which are shown in the Fig. 1 . The boundaries of the clusters are 

terminated by hydrogen atoms. To examine the adsorption behavior of a single H atom on the BN film, an H 

atom is put on the top site of a B or an N atom in the central hexagon of the cluster. A transition-state 

electron configuration, including a core-hole effect, was adopted in the current study. Slater’s transition 

theory was employed by assuming that half of electron remained in an inner shell and the other half were 

excited or ionized. To simulate the adsorption of one H atom on BN film, an H atom was put on the top site 

of a central B or N atom. All model clusters were optimized by the semi-empirical AM1 method with 

WinMOPAC. 

In the NEXAFS calculations, 1s, 2s and 2p orbitals are considered as a minimal basis set for both B and N 

atoms. In the case of hydrogen, 1s orbital is also considered in the minimal basis set. For the calculation of 

the B K-edge NEXAFS, based on the Slater's transition state, we put a half of a core hole at the B 1s state of a 

B atom in the central hexagon of the model cluster and put a half of an electron in the unoccupied states 

supposing that the B atom is excited.  

 
Fig. 1. Model clusters used to examine cluster dependence. Those were optimized by MOPAC with AM1 

method. Green, violet and pink balls stand for B, N, and H atoms, respectively. (a) Top view of B48N48H24 

cluster for a model of h-BN. (b). Top view of B12N12H12 cluster for a model of h-BN. 

 

3. Results and Discussion 

It has been observed though our NEXAFS experiment results as a clear spectral change in between the 

first π* and σ* resonant peaks in the B K-edge region after deuterium treatment [11]. This spectral feature 

modified by deuteration was assigned to out-of-plane transition by polarization dependence NEXAFS 

measurements. After careful analysis the change is assigned due to the formation of B-H bonds [11]. On the 

other hand, N K-edge spectra showed only a slight change. Following DV-Xα calculations were performed in 

order to verify the above mentioned NEXAFS results.  
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In Fig. 2(a), the top shows the partial density of states (PDOS) of B for the B 1s → LUMO transition state 

at the B site without H of the B48N48H24 cluster. The LUMO state is indicated by an arrow in the figure. The 

black and red curves correspond to the PDOS of the B 2s and 2p orbitals, respectively. The black and red 

bars show populations of the B 2s and 2p orbitals at the each of the unoccupied states, respectively. The 

bottom of the figure shows the B PDOS for the B 1s → LUMO transition state at the same B site attached by 

H of the B48N48H24 cluster. The LUMO state is indicated by an arrow in the figure.  

 

 

Fig. 2. NEXAFS B K-edge calculation using B48N48H24 cluster. B and H PDOS for B 1s  LUMO transition 

states. Excited states are indicated by arrows. Black, red, and blue curves correspond to PDOS of B 2s, B 2p, 

and H 1s orbitals, respectively. 

 

The black, red, and blue curves correspond to the PDOS of the B 2s, 2p, and H 1s orbitals, respectively. The 

black, red, and blue bars show populations of the B 2s, 2p, and H 1s orbitals at the each of the unoccupied 

states, respectively. These results show that new components appeared in the PDOS of B site attached by H 

of the B48N48H24 cluster, which are located in between the main π* and σ*peaks of the B48N48H24 cluster 

without H.  

Fig. 3. NEXAFS N K-edge calculation using B48N48H24 cluster. B and H PDOS for B 1s  LUMO transition 

states. Excited states are indicated by arrows. Black, red, and blue curves correspond to PDOS of N 2s, N 2p, 

and H 1s orbitals, respectively. 

 

It is found that H 1s contributes to the new components. This means that the new components originate 

from the formation of B-H bonds. This result is consistent with the NEXAFS experimental results of B 

K-edge of deuterated BN thin film.  
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In Fig. 3, the top shows the N PDOS for the N 1s → LUMO transition state at the N site without H of the 

B48N48H24 cluster. The LUMO state is indicated by an arrow in the figure. The black and red curves 

correspond to the PDOS of the N 2s and 2p orbitals, respectively. The black and red bars show populations 

of the N 2s and 2p orbitals at the each of the unoccupied states, respectively. The bottom of the figure shows  

the N PDOS for the N 1s → LUMO transition state at the same N site attached by H of the B48N48H24 cluster. 

The LUMO state is indicated by an arrow in the figure. The black, red, and blue curves correspond to the 

PDOS of the N 2s, 2p, and H 1s orbitals, respectively. The black, red, and blue bars show populations of the N 

2s, 2p, and H 1s orbitals at the each of the unoccupied states, respectively. This is inconsistent with the 

NEXAFS Kedge experimental results of deuterated BN film where N K-edge spectra showed only slight 

change after deuterium adsorption.  

We performed same calculation for cluster B12N12H12 and results are shown in Figure 4(a) and Figure 4 

(b). In Fig. 4 (a), the top shows the B PDOS for the B 1s → LUMO transition state at the B site without H of 

the B12N12H12 cluster. The LUMO state is indicated by an arrow in the figure.  

 

Fig. 4. NEXAFS calculation using B12N12H12 cluster. (a) B and H PDOS for B 1s  LUMO transition states. (b) 

N and H PDOS for N 1s  LUMO transition states. Excited states are indicated by arrows. Black, red, and 

blue curves correspond to PDOS of 2s, B 2p, and H 1s orbitals, respectively. Black, red, and blue bars show 

populations of 2s, B 2p, and H 1s at each of the states, respectively 

 

The black and red curves correspond to the PDOS of the B 2s and 2p orbitals, respectively. The black and 

red bars show populations of the B 2s and 2p orbitals at the each of the unoccupied states, respectively. The 

bottom of the figure shows the B PDOS for the B 1s → LUMO transition state at the same B site attached by 

H of the B12N12H12 cluster. The LUMO state is indicated by an arrow in the figure. The black, red, and blue 

curves correspond to the PDOS of the B 2s, 2p, and H 1s orbitals, respectively. The black, red, and blue bars 
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show populations of the B 2s, 2p, and H 1s orbitals at the each of the unoccupied states, respectively.  

In Figure 4(b), the top shows the N PDOS for the N 1s → LUMO transition state at the N site without H of the 

B12N12H12 cluster. The LUMO state is indicated by an arrow in the figure. The black and red curves 

correspond to the PDOS of the N 2s and 2p orbitals, respectively. The black and red bars show populations 

of the N 2s and 2p orbitals at the each of the unoccupied states, respectively. The bottom of the figure shows 

the N PDOS for the N 1s → LUMO transition state at the same N site attached by H of the B12N12H12 cluster. 

The LUMO state is indicated by an arrow in the figure. The black, red, and blue curves correspond to the 

PDOS of the N 2s, 2p, and H 1s orbitals, respectively. The black, red, and blue bars show populations of the N 

2s, 2p, and H 1s orbitals at the each of the unoccupied states, respectively. These NEXAFS calculation results 

of B and N sites for model cluster B12N12H12 are also almost identical to that of the B48N48H24 cluster as 

shown in Fig. 2 and 3. 

4. Summary 

In this research work, cluster dependence NEXAFS DV-Xα calculations are performed and the results of 

NEXAFS are supported the selective adsorption model of deuterium (hydrogen) on h-BN thin film though 

the NEXAFS, XPS and PSID experimental results. Thus, it can be concluded from the experimental and 

theoretical results that atomic deuterium (hydrogen) are preferentially adsorbed on the B sites rather than 

the N sites of the BN film.  
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