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Abstract  

Hydrogen is a highly appealing renewable energy resource, while the hydrogen 
generation and storage for practical applications remain a great challenge at present. Herein, a 
porous monolayer boron nitride, named p-BN, is proposed based on first-principles 
calculations. Compared with the perfect p-BN, the band gap of p-BN is decreased by about 
0.7 eV. Interestingly, the band gap of p-BN can be easily modulated, and the C-doped p-BN 
possesses a moderate 1.8 eV, which can exhibit strong adsorption in the visible light region. 
Additionally, p-BN exhibits the higher ability in hydrogen storage than h-BN, due to the large 
specific surface area. The adsorption energy of hydrogen on p-BN can be further improved 
by Li decoration. The hydrogen storage on one side of the Li-decorated p-BN reaches a 
maximum 7.5 wt%, with an adsorption energy of 160 meV. Consequently, the p-BN has the 
great potential to be utilized in both hydrogen generation and storage for practical 
applications. 

Keywords:  boron nitride, nanostructures, hydrogen storage 
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1. Introduction 

To overcome energy shortage and environment pollution, it is crucial to develop 
renewable energy resources instead of fossil fuels. The abundance and environmental 
friendliness of hydrogen make it a highly appealing energy carrier for renewable energy. 
However, the existing key technical barriers in hydrogen production and storage hinder the 
practice application of hydrogen. Since the water-splitting for hydrogen production on the 
TiO2 electrode first reported by Fujishima and Honda,1 the development of the water-splitting 
with a clean, economical and environment friendly approach has become promising.2,3 
Another serious bottleneck for the full usage of hydrogen is the lack of appropriate storage 
materials. So far, an efficient, economical, and safe on-board hydrogen storage approach 
remains a long-standing challenge.  

Besides traditional bulk materials, the layered materials have received tremendous 
attentions owing to unusual physical properties from their three-dimension (bulk) 
counterparts.4 Two-dimensional (2D) graphene has unusual Dirac fermions due to quantum 
confinement5,6, and 1D graphene nanoribbons exhibits strong width-dependent carrier 
mobility7,8 Besides carbon-based materials, other 2D nanomaterials, such as h-BN 9-12 and 
layered metal dichalcogenides13,14 have many intrinsic advantages over their bulk structures, 
such as large surface area and high chemical activity, which is desired for the hydrogen 
production and storage. 15 Many promising features, such as tunable band gaps and visible 
light response, have been reported for graphene nanocomposites and its analogues, such as h-
BN, C3N4, and MoS2. 

16-18 MoS2-TiO2 heterostructures19 show enhanced photocatalytic 
efficiency and give the hydrogen production rate of 1.6 mol h-1g-1. 

The III-V compounds, especially XN (X = B, Al and Ga), are basic semiconductors for 
optoelectronics.20 Here we focused on BN because it has a lighter weight than others, and 
also monolayer graphene-like BN, denoted as h-BN, has been fabricated experimentally21,22. 
Nevertheless, the intrinsic h-BN is not a good photocatalyst due to the large band gap 
(experimental ~6.07 eV) and no UV light adsorption15,22. Therefore, the band gap of h-BN 
needs to be greatly modulated for photocatalytic hydrogen production. On the other hand, the 
ionic B-N bonds in 2D BN may induce an extra dipole moment, increasing the adsorption 
energy of hydrogen. Both experimental 23 and theoretical studies24 have shown that BN 
nanostructures exhibit high H2 uptake capacity due to the strong interaction between H2 and 
heteropolar B−N bonds. For example, density functional theory (DFT) calculations shows 
that the adsorption energy of H2 on the BN sheet is about 90 meV, which is obviously higher 
than that on graphite (~60 meV)25. However, the adsorption is still too weak, far away from 
the physisorption energy of ~0.2-0.3eV for reversible operation at or near ambient 
temperature. It is vital to increase the adsorption energy of 2D BN for actual applications.  

In this paper, the porous BN is systematically explored by the first-principles calculations. 
The results suggest that the porous BN exhibits excellent structural and electronic properties 
in both hydrogen generation and storage. The p-BN exhibits a band gap of 3.98 eV, which is 
about 0.7 eV smaller than pristine h-BN. The band gap of p-BN can be further decreased by 
dopants of carbon atoms, which can become 1.8 eV with the 50 % doping into the p-BN. The 
C-doped p-BN possesses a moderate band gap for strong adsorption of visible light. The p-
BN possesses a remarkably enhanced surface area compared to generic h-BN. Additionally, 
the doping of Li atom on the porous BN can further improve the hydrogen storage with an 
adsorption energy of 260 meV per H2, which is about four times that of perfect h-BN. The 
maximum of hydrogen storage capacity on one side of the Li-decorated porous BN is 7.5 
wt%, with an adsorption energy of 160 meV, indicating that the hydrogen storage compound 
could be reversible at modest H2 (T, P) conditions. Due to the high storage capacity and good 
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recyclable property at ambient condition, the present Li-decorated porous BN is a potential 
hydrogen storage material for practical applications. 

 

2. Computational details  

In this work, all calculations were performed based on density functional theory with the 
Vienna Ab Initio Simulation Package (VASP)26,27. Projector-augmented-wave (PAW) 
potentials28 were used to account electron-ion interactions. The generalized gradient 
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional29 was used to treat 
the electron exchange correlation functional. The van der Waals (vdW) interactions were 
corrected by using the DFT-D2 approach30.  

The energy cutoff (600 eV) and 9×9×1 K-meshes with the Monkhorst-Pack scheme31 in 
Brillouin zone (BZ) were set to make sure the total energy converge to within 5 meV/atom. 
The equilibrium geometries were fully optimized with both the lattice vectors and atom 
coordinates relaxed with the tolerance of less than 0.01 eV/A on each atom. To remove 
spurious interactions between periodic images in the supercell model, a vacuum thickness 
larger than 10 Å was used. The phonon calculations were performed by using the direct 
approach implemented in Phonopy package32. The real-space force constants were calculated 
from the Hellmann-Feynman forces by introducing displacements to supercells based on 
finite displacement method33. Then the dynamical matrices, phonon frequencies were 
obtained via the force constants.  

The hydrogen adsorption energy at BN was defined as: 

 
ads 2 2[ (X H ) (X) (H )] /E E n E nE n= − + − −  (1) 

where E(X+nH2) and E(X) represent the total energy of the cell with and without H2 adsorbed, 
n is the number of the H2 molecules, and E(H2) is the total energy of an isolated H2 molecule.  

 

3. Results and discussions 

3.1 The atomic structure of porous BN 

 

Fig. 1 The geometries of (a) original and (b) optimized porous BN (p-BN), respectively. The 
primitive cell is depicted by dotted lines. The gray, green, and black balls represent N, B, and 
vacancy atoms, respectively.  

 

The calculated lattice parameter of the perfect h-BN is 2.50 Å, and the B-N bond length 
is 1.44 Å, in good agreement with the previous experimental and theoretical results.30 A 
(3×3×1) supercell of monolayer h-BN is used to construct a potential porous BN (p-BN) by 
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introducing vacancies, which are represented as black balls in Fig. 1(a). Interestingly, the h-
BN with vacancies undergoes a large reconstruction after optimization. As shown in Fig. 
1(b), the initial six-ring structure is nearly fully destroyed and the new structure contains a 
giant central porous ring with a 12-atom. The calculated lattice parameter of this new 
structure is 6.83 Å.  

The phonon dispersion spectrum is an effective way to check whether the new p-BN is 
stable in the real situation.34 The structure is stable only when all calculated frequencies are 
positive; otherwise, if there is any imaginary frequency, the structure should be unstable. In 
the phonon calculations, 6×6×1 supercell of h-BN and 3×3×1 supercell of p-BN were 
employed, respectively. The calculated phonon dispersions of h-BN and p-BN along the 
high-symmetry directions in the first Brillouin zone are shown in Fig. 2(a) and (b), 
respectively. There is no any imaginary frequency in the phonon dispersions for both 
structures, implying that both h-BN and p-BN are thermodynamically stable. Considering 
that the monolayer h-BN has been successfully fabricated in experiments34, we may expect 
the fabrication of monolayer p-BN through generating the defect on h-BN in the future.  

 

Fig. 2 The phonon dispersions of (a) h-BN and (b) p-BN, along with the electronic band 
structures of (c) h-BN and (d) p-BN, respectively.  

 

3.2 Light adsorption 

In order to fully utilize the solar energy, a high-performance photocatalytic material 
should have a band gap around 2 eV and wide adsorption range of solar energy. The 
electronic band structures of h-BN and p-BN are shown in Fig. 2(c) and (d). We see that the 
monolayer h-BN has a large direct band gap of 4.69 eV, and p-BN exhibits a relative small 
direct band gap of 3.98 eV.  Although the band gap of p-BN is decreased but still too large 
for practical applications, which needs to narrow further for photocatalytic applications. 
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Fig. 3 The atomic configurations and electronic structures of (a) p-graphene and doped p-BN 
where 1/6 and 1/2 B and N atoms are replaced by C atoms in (b) and (c), respectively. The 
gray, green, and brown balls represent N, B, and C atoms, respectively. The middle and 
lower panels show the band structures calculated with PBE and HSE06, respectively. 

Considering the structure similarity of graphene and h-BN, we first studied the 

electronic structure of C-based analogue of p-BN, which is called as p-graphene. As shown in 

Fig. 3(a), p-graphene has no band gap, which is exactly the same with graphene.35 Therefore, 

we may expect a small band gap for the C-doped p-BN, which has been previously revealed 

that the band gap of p-BN can be further reduced by C-dopants.36,37 Figs. 3(b) and (c) show 

the optimized geometries of two C-doped p-BN, (denoted as p-CBN) where 1/6 (17 at%) and 

1/2 (50 at%) of total B and N atoms are replaced by C atoms, respectively. The band 

structures in Fig. 3 show that the band gap is dramatically decreased to 2.8 eV for 17 at% p-

CBN, and is 1.8 eV at 50 at% p-CBN. Obviously, the band gap of p-BN is tuneable through 

doping C atoms,  in order to make it suitable for photocatalytic application. 

It is well-known that DFT usually underestimates the band gap of semiconductor. The 
hybrid Heyd-Scuseria-Ernzerhof (HSE) functional and quasiparticle GW approximation can 
give more accurate band gap than the standard DFT.38,39 In the following, the typical 
electronic structure is further checked with the HSE06 functional. The band gap of the 
monolayer h-BN with HSE06 functional becomes 5.65 eV (see Fig. S1), which is much more 
reasonable than standard PBE (present 4.69 eV as shown in Fig. 2(c) and 4.56 eV in Ref40), 
compared to the experimental value (6.07 eV in Ref22). We further check the electronic 
structure of the pure and doped p-BN. Interestingly, the pure p-BN becomes a semiconductor 
with a band gap of 0.36 eV with HSE06. As for the doped p-BN, the band gaps become about 
1 eV larger than the ones with PBE. Although the values of band gap usually change with 
different exchange-correlation functionals, the results arrive the same trend.  
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Fig. 4 Calculated optical absorption spectrum of original and C-doped p-BN with different 
constitute percentages. 

 

One may wonder if the generic and C-doped p-BNs have a wide adsorption range of 

solar energy for photocatalytic applications. The optical absorption coefficients directly 

reflect the absorption range of the spectrum and are critical in solar energy conversion realm. 

The optical adsorption spectrum are obtained by calculating the imaginary part of the 

complex dielectric function41. Traditional photocatalysts, such as TiO2, are mostly active only 

under ultraviolet irradiation.2,3 Fig. 4 clearly shows that in the visible light range (390-760 nm, 

1.64-3.19 eV), the pure p-BN shows a negligible adsorption but the doped p-BNs have 

tremendous adsorption of solar energy. This indicates that the efficiency of solar energy 

utilization of p-BN could be largely improved by C-dopants. The optical adsorption spectrum 

calculated from HSE06 is shown in Fig. S2, which shows a blue-shifted light adsorption 

range due to larger band gap from HSE06 than from standard PBE, but also indicates that 

higher C-dopants lead to larger adsorption exactly the same as PBE case. Our results also 

stimulate the investigations on plenty of hybrid monolayers with BN structures that might 

possess novel electronic structures for wide applications.  

 

3.3 Hydrogen storage 

After checking the geometric stability and electronic structure of the perfect h-BN and 
porous p-BN, the H2 adsorption ability was further examined. For a single H2 adsorbed on 
one side of h-BN (0.8 wt%), the H2 molecule sits ~3 Å above the h-BN layer, and the 
calculated adsorption energy (Eads) is only 65 meV (see Fig. 5(a)). The large adsorption 
distance and small adsorption energy suggest the weak physisorption via vdW interactions.42 
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With the increasing number of adsorbed H2, Eads slightly increases with two or three H2 
adsorption, but rapidly decreases to 50 meV for 6 H2 adsorption (5.2 wt%) due to the 
repulsion between neighboring H2 (see Fig. 5(b)) Thus the maximum H2 storage is about 2.6 
wt % side of BN.  

For the sole H2 molecule adsorption on porous p-BN (1.3 wt%), its adsorption energy is 
77 meV, about 18% larger than that of h-BN. The H2 adsorption energy on p-BN decreases 
slightly as the number of adsorbed H2 increases and remains around 70 meV with four H2 
molecules at p-BN (5.1 wt %, see Fig. 5(c)). The calculation results suggest that the hydrogen 
adsorption on h-BN should be less than 2.6 wt %, but that on p-BN can arrive at maximum 
5.1 wt %. 

The h-BN has a large specific surface area of 2628 m2/g, and it can adsorb maximum 2.6 
wt % hydrogen. The p-BN possesses a remarkably 24% higher specific surface area (3260 
m2/g) than h-BN. Thus, the hydrogen storage capacity (5.1 wt%) of p-BN is enlarged by 
about 100% compared with perfect h-BN (2.6 wt%). Nevertheless the adsorption energy at 
maximum hydrogen storage of these nanostructures, 65-70 meV, is too small for practical 
application. For the polarizable BN substrates, the H2 storage can be enhanced by applied 
electric field as reported in the previous DFT calculations.43 Consequently, we also expect 
electric field can also enhance H2 storage capacity of present p-BN. The other approach to 
increase the adsorption energy is doping the nanostructures with light elements, such as 
calcium coating in carbon fullerenes44 and Li-decorated porous graphene45, both causing high 
capacity hydrogen storage. 

 

 

Fig. 5 (a) The adsorption energies of various structures. (b) and (c) represent the top view of 
geometries with maximum hydrogen adsorbed at (b) perfect BN and (c) porous BN. The gray, 
green, and red balls represent N, B, and H atoms, respectively.  

 

3.4 Hydrogen storage of porous BN with Li doping 

Next, we investigated whether the lithium-decoration can affect the hydrogen storage of 
the porous p-BN. The different configurations for the Li-decorated p-BN are considered. The 
adsorption energy and the optimized atomic configuration with maximum hydrogen storage 
are shown in Fig.6. The most stable configuration of Li-decorated p-BN is a planar structure 
with a lithium atom in the center of the B-N ring. H2 tends to adsorb on Li atom, and the 
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adsorption energy of single H2 is about 410 meV, which is about six times larger than that of 
h-BN or p-BN. One Li atom can adsorb maximum three three H2 and adsorption energy 
reduces to about 260 meV. The initially adsorbed Li atom lies at the center of B6N6 ring, but 
gradually approaches toward one side of BN atoms as the H2 storage increases (see Fig. S3), 
which is caused by the vdW interaction between H2 and BN atoms. 

Fig. 6 The adsorption energy of hydrogen on Li-decorated p-BN and optimized geometry with 
maximum hydrogen storage capacity. Li atoms are represented as red balls. The charge 
accumulation (yellow) and depletion (blue) between Li-decorated p-BN and H2 are also 
depicted with the isosurfaces  of 0.04 e/Å3. 

 

The primitive cell of Li-decorated p-BN can maximally adsorb six H2 (7.5 wt%). Three 
of the six H2 molecules are adsorbed on Li atom, along with dramatic charge transfer that 
accounts for the high adsorption energy. The other three H2 molecules are adsorbed far away 
from Li atom, exactly like the case of Li exclusion. The averaged adsorption energy of 
maximum capacity of p-BN is 160 meV, indicating a feasible usage in hydrogen storage at 
ambient pressure and temperature. As discussed above, we mainly check the hydrogen 
storage on one side of the Li-decorated p-BN. We also check the hydrogen storage on both 
sides of the Li-decorated p-BN. As shown in Fig. S4, the maximum capacity can arrive at 14 
wt% with the adsorption energy of 160 meV, which is almost equal with that of one side case. 

To check the consistence of different exchange correlation functional, the LDA 
calculations are also performed. For hydrogen adsorption on perfect h-BN, the adsorption 
energy is calculated to be 140 meV at 0.8 wt%, as much as twice than 65 meV of GGA value. 
The similar trend has been previously obtained by Jhi et al.25 In the case of Li-decorated p-
BN, the adsorption energy is 770 meV at 1.3 wt%, and 500 meV at 3.9 wt%. Therefore, by 
using different exchange-correlation functional, the values of the adsorption energies will be 
different, but the trend predicted here should not be changed. 

In order to clarify the origin of adsorption energy, the additional calculations with pure 
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PBE have been performed for comparison with PBE-D case. For Li-decorated p-BN with 3 
H2 (3.9 wt%) and 6 H2 (7.5 wt%), the adsorption energy is 80 meV and 14 meV, respectively, 
which is dramatically smaller than the one with PBE-D (260 meV and 160 meV)  due to 
exclusion of dispersion interactions. Such a result suggests a physisorption due to vdW 
interaction. Additionally, in order to consider the hydrogen storage at finite temperate, we 
carried out ab initio molecular-dynamics calculations at T=150 K on Li-decorated p-BN with 
maximum 6 H2 storage. After 500fs, three of H2 remain adsorbed on Li atom but others leave 
the surface. Such results suggest that the Li atoms on the p-BN has better H2 adsorption 
ability than the p-BN flake itself. Finally, we also calculated hydrogen adsorption on the two 
sides of Li-decorated p-BN.  

 

4. Conclusions  

The porous p-BN has been proposed from defective h-BN based on first-principles 
calculations. The p-BN not only shows thermodynamic stability, but also exhibits excellent 
properties in both hydrogen generation and storage. The p-BN exhibits a band gap of 3.98 eV, 
which is about 0.7 eV smaller than pristine h-BN. The band gap of p-BN can be further 
decreased by doping of C, which becomes 1.8 eV with the 50 % C-doping into the p-BN. The 
doped p-BN possesses a moderate band gap for strong adsorption in the visible light region. 
On the other hand, p-BN has larger specific surface area, which suggests higher hydrogen 
storage capacity than h-BN. The hydrogen storage of perfect h-BN can not exceed 2.6 wt%, 
but that of porous p-BN arrived at maximum 5.1 wt%. The Li doping p-BN adsorbs 
maximum 7.5 wt% hydrogen, and the averaged adsorption energy is 160 meV. In summary, 
the novel porous p-BN has not only an easily tuned band gap for light adsorption in the 
visible light region, but also higher hydrogen storage capacity.  
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