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ABSTRACT: Lightweight two-dimensional materials are being studied for hydrogen storage applications due to their large surface
area. The characteristics of hydrogen adsorption on the h-BN bilayer under the applied electric field were investigated. The overall
storage capacity of the bilayer is 6.7 wt % from our theoretical calculation with E, 4, of 0.223 eV/H,. The desorption temperature to
remove the adsorbed H, molecules from the surface of the h-BN bilayer system in the absence of an external electric field is found to
be ~176 K. With the introduction of an external electric field, the E_4 lies in the range of 0.223—0.846 eV/H, and the desorption
temperature is from 176 to 668 K. Our results show that the external electric field enhances the average adsorption energy as well as

the desorption temperature and thus makes the h-BN bilayer a promising candidate for hydrogen storage.

B INTRODUCTION

Fossil fuels, which dominate the entire world of energy
sources, have major drawbacks due to their high contribution
to environmental pollution and global warming due to the
emission of CO, and other harmful pollutants. Hydrogen can
be an alternative to fossil fuels, as it is abundant in nature, has
high energy density, and does not emit any harmful pollutants
under combustion and hence it is a highly efficient energy
carrier. The quest for lightweight solid-state materials for
hydrogen storage is at its peak, as the conventional storage
techniques have some major drawbacks. For a material to be an
efficient hydrogen storage media, there are certain benchmark
criteria set up by the United States Department of Energy:
gravimetric density should be greater than 6.0 wt % and
average adsorption energy ~0.2—0.8 eV per H,. Two-
dimension materials such as graphene, silicene, borophene,
MoS,, and so forth are lightweight materials advantageous for
offering a high gravimetric density and providing a large surface
area, which is suitable for more number of hydrogen molecule
adsorption.'™” The abovementioned studies also suggested
that hydrogen molecules have low binding affinity on pure
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systems, and thus the possibility of them being promising
hydrogen storage media is reduced. Hussain et al. employed
the density functional theory (DFT) and reported that
graphene under alkali and alkaline metal decoration behaves
as a promising hydrogen storage candidate.”’

Gao et al. successfully synthesized the monolayer, bilayer,
and multilayer h-BN on Pt foils.'® Later, Uchida et al. were also
able to successfully grow a large-area multilayer h-BN for
further utilization in gate-insulating materials and other
practical purposes.'’ The h-BN bilayer has been studied for
its potential application in thermoelectric devices due to its
superior electrical conductivity'” and for nano-electronic and
opto-electronic devices by modulating the energy band gap by
applying an external electric field, strain, doping, and so
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forth.">~"” Extensive research on h-BN monolayer, graphitic
carbon nitride, and boron carbide monolayer’s potential
reversible hydroggen storage system for mobile applications is
in progress.lg_2 Panigrahi et al. reported an innovative co-
adsorption technique for hydrogen storage of lithiated carbon
nitride (C,Ng). They reported that co-mixing of CH,—H, and
carbon nitride (C,Ng) enhances the gravimetric density to 8.1
wt %, which is beyond the criteria set by US-DOE.*® Chettri et
al. reported the most probable H, adsorption site to be a
hollow site and maximum H, uptake capacity of the pristine h-
BN monolayer to be 6.7 wt %, with an average adsorption
energy of 0.13 eV/H,.”” Hu et al. performed a DFT-based
comparative study for hydrogen storage properties of lithium-
decorated h-BN/graphene hybrid domains and reported the
gravimetric density up to 8.7 wt 9%.”° Recently, Banerjee et al.
studied the 5.5—11.1% lithium fictionalized on the hydro-
genated hexagonal boron nitride monolayer using DFT
implemented in VASP. Lithium fictionalization enhances the
gravimetric density (~6 wt %) and the average adsorption
energy favorable for the adsorption/desorption process.
Hussain et al. highlighted the role of strain on the lithium-
fictionalized graphene in enhancing the hydrogen storage
capacity up to 12.12 wt %.” The application of an external
electric field enhances the hydrogen storage ability of calcium-
decorated silicene monolayer and bilayer.” As reported earlier,
the external electric field tunes the adsorption of the CO,
molecules on h-BN nanosheets.”® Also, ZnS monolayer and
bilayer band gap tuning under the applied field has been
successfully reported.”’ As per our knowledge, the influence of
the applied external electric field on hydrogen storage
properties of the pristine h-BN bilayer has not been reported
to date. Motivated by the abovementioned work, we present
our DFT study on the h-BN bilayer for hydrogen storage
applications in a field-free condition and in the presence of an
external electric field incorporating van der Waals (vdW)
potential.

B COMPUTATIONAL DETAIL

All the calculations were performed using DFT implemented
in the QuantumWise VNL-ATK code.** We have employed a
DFT-1/2*** method with generalized gradient approximation
(GGA)-1/2 incorporating Grimme’s DFT-D3 dispersion vdW
correction to accurately describe the electron interaction
energies in deriving the physical properties whereas GGA
(LDA) fails.” ™ *® GGA-1/2 is considered superior in
predicting the energy band gap. In the DFT-1/2 methods,
the electron—hole self-interaction energy is overcome by
introducing atomic self-energy potential. The inclusion of the
atomic self-energy potential to the DFT Hamiltonian helps to
correctly predict the energy band gap of the semiconductor
and the insulators.”>***' A 3 X 3 supercell of BN nanosheet is
constructed with 18 (9 boron and 9 nitrogen) atoms in each
layer, maintaining a boron—nitrogen ratio of 1:1. A vacuum of
25 A is imposed along the Z-axis to avoid the interaction
between the bilayers [see Figure lab]. The PseudoDojo
pseudopotential of boron, nitrogen, and hydrogen with a
medium basis set is similar to the double { golarized basis set
with a density mesh cut of 80 hartree.** The conditions
maintained for geometry optimization using the LBFGS
algorithm™ are (i) maximum force component less than 0.01
eV/A on individual atoms, (ii) stress error tolerance of the
order 107™* eV/A% and (iii) the total energy changes below
1073 V. For all electronic calculations, we have used K-mesh
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Figure 1. (a) Side view and (b) top view of the optimized structure of
the hydrogen-adsorbed h-BN bilayer system and (c) H, h-BN bilayer
under an external electric field (Eg) [direction of the applied field is
given by Ep. (+ve) and Eg (—ve)]. The brown color represents boron,
blue represents nitrogen, and yellow represents hydrogen. The light
blue box at the top and bottom are the electrodes.

of 24 X 24 X 1 within the Monkhorst package.** We have
considered two perpendicular directions normal to the h-BN
bilayer system for applications of external electric field (i)
along the +Z axis (positive field) and (ii) along the —Z axis
(negative field) in the range +2 V/A with an increment of 0.4
V/A [see Figure 1c].

To understand the adsorption of H, molecules on the h-BN
bilayer, the quantitative value of binding energy (Egg) is
obtained using*

Egp = Egy + nEy, — Eyy 4y (1)

Average adsorption energy (E,4 eV/H,) of adsorbed H,
molecules on the h-BN bilayer system*’ is given by,

Egy + nEy, — Ey 4y
n (2)

where Epy, Ey, and Eg gy are the total energies of the

E,4 (eV/H,) =

pristine h-BN bilayer, an isolated H, molecule, and H,
molecules-adsorbed h-BN bilayer, respectively. The average
adsorption energy is calculated in external field-free and
external field conditions.

The hydrogen storage capacity is calculated in terms of
gravimetric density using the following equation””**

nMy;
H, (wt %) = 2 X 100
("MH2 + Mpy1:) (3)

where My, is the atomic mass of Hy, My is the atomic mass of

the h-BN bilayer, and #n denotes the number of adsorbed H,
molecules.

For the hydrogen storage system, the reversibility of H,
adsorption = desorption is crucial. Therefore, the estimation
of the desorption temperature is important to release the
hydrogen molecules fully from the host materials. The
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desorption temperature Tp (K) of the H, molecules is
computed using the following equation

E -1
T, (K) = KL‘S(% —In P)

B

(4)

where E4, R = 8.31 J K™  mol™, K = 1.38 x 1072 J K™}, AS
=75.44 ] K' mol™!, and P indicate average adsorption energy,
gas constant, Boltzmann constant, and change in the H,
entropy from gas to the liquid phase at the equilibrium
pressure P = 1 atm, respectively.

The recovery rate is calculated using the following equation

©)

where v, is the attempted frequency (10> s™') and E,4, is the
adsorption energy. We have calculated the recovery rate
considering temperature (T) = 300 K.

7= Do—l o Eus/ KT

B RESULT AND DISCUSSION

In this section, the structural parameters and electronic
properties of the pristine hexagonal boron nitride bilayer
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Figure 2. Phonon band structure and phonon DOS for the h-BN

bilayer system. The positive phonon bands starting from 0 meV
resembles the thermodynamical stability of the h-BN bilayer.
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Figure 3. Band structures of the pristine and hydrogen-adsorbed h-
BN bilayer in the absence of electric field calculated from (a) GGA-
PBE, (b) DFT-1/2, and (c) HSE06 (black solid line denotes h-BN
without H, and the red dotted line represents h-BN with H,). The
Fermi level is denoted by a dotted horizontal line at 0 eV.

stacked in AB configuration have been discussed. The
optimized interlayer distance is 3.34 A. The bond length
between B—N is found to be 1.45 A. The thermodynamic
stability of the bilayer h-BN is tested by calculating the phonon
dispersion [Figure 2]. The positive phonon bands (phonon
frequencies) validate the thermodynamic stability of the h-BN

bilayer. The application of vdW potential plays a major role in
maintaining the stability of bilayer systems. Zhang et al
reported the enhanced stability of GaSe/CN and Ga,SSe/CN
heterostructures by considering vdW interaction.” Li et al.
have also reported that the carbon nanomaterial acts as an
effective anchor in Li—S$ ions batteries employing vdW."” He et
al. have reported that HSE is an effective tool in opening the
electronic band gap of bilayer In,SeS/g-C;N, heterojunction
and metal organic framework materials.">*’ As the previously
reported band gap of the h-BN system lies within a range of
4.0-5.8 eV,'#'>% these data can be used for future references
and comparison. The calculated band structures of pristine and
H, adsorbed h-BN bilayer within field-free condition from
GGA, DFT-1/2, and HSE06 is presented in Figure 3a—c. In
our band structure calculation from GGA—PBE,51 DFT-1/
2,*** and HSE06°> approaches, we have found that the h-BN
bilayer is a large band gap semiconductor with energy band gap
values of 4.11, 5.40, and 5.39 eV, respectively. The band gap
energy of the h-BN bilayer predicted using hybrid functional
and DFT-1/2 method is of the same order. Moreover, the
advantage of using DFT-1/2 is that it falls within the semilocal
approach; hence, the calculation converge in feasible time,
saving all the computational expenses. Observation of band
structure diagram and density of states (DOS) plot revealed
that the B 2p states populated the conduction band and N 2p
states populated the valence band, respectively.

Adsorption of H, on the Pristine h-BN Bilayer in an
External Field-Free Condition (E; = 0.0 V/A). This section
is dedicated to the discussion about the adsorption of H,
molecules on the pristine hexagonal boron nitride bilayer
system. As observed from the optimized atomic structure, H,
molecules tend to reside on the hollow hexagonal site of the h-
BN bilayer. Similar observation about the hollow hexagonal
site being the probable site for hydrogen adsorption has been
reported for graphene, h-BN nanosheet, and so forth.”” We
have not followed a fabrication process to build the reservoir of
H, molecules into the h-BN bilayer, as there is no risk of
clusterization of H, molecules at the surface or migration on
the surface of host materials in the absence of decoration or
doping with other atoms. Initially, all H, molecules were
oriented parallel to the plane of the h-BN bilayer, and under
optimization, some of the H, molecules tilted due to H,—H,
self-interaction. With the introduction of hydrogen molecules,
interlayer spacing increased to 3.67 A. The optimized average
vertical distance of the H, molecules on the top and bottom
layer is between 2.78 and 3.1 A. The free H, molecule has a
bond length of 0.74 A. Under adsorption, H—H bond length
varies between 0.74 and 0.75 A and remains in molecular
form.>> The effect of hydrogen molecule adsorption on the
electronic band structure of the h-BN bilayer under the field Ey.
= 0.0 V/A has been presented in Figure 3a—c. The calculated
energy band gap values of the H,-adsorbed h-BN bilayer in the
field-free condition are found to be 4.08 eV (GGA-PBE), 5.38
eV (DFT-1/2), and 5.33 eV (HSE06), which are lower than
the band gap values of the pristine system. The partial density
of states (PDOS) of the hydrogen molecule-adsorbed h-BN
bilayer in terms of B 2p,, N 2p,, and H 1s orbital contribution
denoted by red, green, and blue stacked color state is presented
in Figure 4a. As evident from the DOS plot, the valence and
conduction band is dominated by the N 2p, and B 2p, orbital,
respectively (see Figure 4a). H 1s orbital contribution is
observed beyond the +2.5 eV energy range (see Figure 4a).
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Figure 4. PDOS of the hydrogen-adsorbed h-BN bilayer in the (a) absence and under the (b—d) application of external electric field. The Fermi

level is denoted by a dotted vertical line at 0 eV.
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Figure S. Band structures of the hydrogen-adsorbed h-BN bilayer
applying the electric field in the positive direction within DFT-1/2:
(a) Eg=0.4V/A, (b) Ex = 0.8 V/A, and (c) E; = 1.2 V/A. The Fermi
level is denoted by a dotted horizontal line at 0 eV.

Table 1. Calculated Energy Band gap (E,) from the DFT-1/
2 Method, Average Adsorption Energies (E,4,), the Percent
Change of the Average Adsorption Energy (A, 4 %) Induced
by External Electric Field, Desorption Temperature (Tp),
and Recovery Rate (7) of the Hydrogen-Adsorbed
Hexagonal Boron Nitride Bilayer System under the
Influence of External Electric Field (Eg) Incorporating the
Grimme’s DFT-D3 Dispersion Correction

Eg E E,q A recovery rate
VA (V) (VH) ) wt% Ty (K) (@) (5)
-2.0 0.00 0.846 279.3 6.7 668.98 179.66 s
-1.6 0.00 0.672 201.3 6.7 531.38 0.210 s
—-1.2 0.00 0.560 151.1 6.7 442.44 0.002 s
-0.8 1.450 0.499 123.7 6.7 394.49 0.0002 s
-0.4 3.750 0.465 108.5 6.7 367.59 68.03 us
0.0 5.382 0.223 6.7 176.76 5.80 ns
0.4 3.756 0.465 108.5 6.7 367.86 68.92 us
0.8 1.457 0.500 124.2 6.7 395.06 0.0002 s
1.2 0.00 0.560 151.1 6.7 442.65 0.002 s
1.6 0.00 0.671 200.8 6.7 530.40 0.200 s
2.0 0.00 0.845 278.9 6.7 667.97 171.00 s

Furthermore, there is no overlapping of electron distribution
between the h-BN bilayer and H, molecules, thus validating
the holding mechanism of H, molecules via weak vdW

22377

interactions. Total energies of the h-BN bilayer and H,
molecule-adsorbed bilayer are calculated in a field-free
condition. In an external field-free condition, the calculated
weight percentage of H, molecules and average adsorption
energy of H, molecules on the h-BN bilayer are 6.7 wt % and
0.223 eV/H,, respectively. The calculated desorption temper-
ature, in this case, is ~176 K. The hydrogen storage capacity
and average adsorption energy lie within the benchmark set by
US-DOE, " whereas the desorption temperature is slightly
less than the room temperature. The desorption temperature
can be further increased by the introduction of an external
electric field (Eg).

Effect of External Electric Field on H, Adsorption on
the h-BN Bilayer. In this section, we will discuss the
hydrogen storage ability of the h-BN bilayer system in the
presence of the external electric field. The external electric field
is introduced normal to the hydrogen molecule-adsorbed h-BN
bilayer in the range [—2.0, 2.0 V/A] with an increment of 0.4
V/A in two directions, that is, bottom to the top layer
(positive) and top to the bottom layer (negative) of the h-BN
bilayer (see Figure 1c). The calculated band structure of the
hydrogen molecule-adsorbed h-BN bilayer system under the
applied electric field (0.4 to 1.2 eV/A) is presented in Figure
Sa—c. We first investigated the effect of different external field
intensities on the bond lengths of adsorbed H, molecules,
interlayer h-BN bilayer distance, and the adsorbed H, molecule
distance from the h-BN top and bottom layer plane. The
hydrogen molecules aligned perpendicular to the plane of the
h-BN bilayer when optimized under the external field at
different field strength values. We observed an elongation in
the bond length up to 0.78 A compared to the free H,
molecule bond length of 0.74 A. The h-BN bilayer distance
was increased by ~0.33 A with the increase in the applied
electric field strength. Because the effect of negative and the
positive electric field on the hydrogen-adsorbed h-BN bilayer
was symmetric; we have presented the data for the positive
field only. The PDOS and band structure have been presented
in Figures 4b—d and Sa—c, respectively, to elucidate the
electronic properties of the H, molecule-adsorbed h-BN
bilayer in the presence of the external electric field. The
quantitative analysis of variation of the energy band gap
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electric field.
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Figure 8. MD plots for the hydrogen-adsorbed h-BN bilayer system with and without the application of positive [E; (+ve)] external electric field at
temperature (T) = 300 K. (a) Ez = 0.0 V/A, (b) Ez = 0.4 V/A, (c) Ez = 0.8 V/A, and (d) E = 1.2 V/A. (The hydrogen-adsorbed structure after the

MD simulation is shown in the inset.)

obtained from GGA-PBE with Grimme’s DFT-D3 and DFT-
1/2 method versus positive and negative external fields is
summarized in Table 1.

The effect of different electric field intensities on the
electronic properties of the hydrogen-adsorbed h-BN bilayer
system can be analyzed from Figures 4 and S. A substantial
change in the band gap has been observed with the variation of
the applied electric field (see Figure 6a). In the absence of the
external field, the H 1s orbital contribution is least dominant
around the valence and the conduction band, whereas upon
substantial increment in the strength of the external electric
field, the H 1s orbital contribution becomes dominant in the
valence and conduction band region, as evident from Figure
4a—d. The system becomes fully metallic beyond the electric
field strength of +1.2 V/A. The effect of the negative external
electric field on the electronic properties is also symmetric with
the positive external field. The variation in the energy band gap
of H,-adsorbed h-BN bilayer system under an applied external
electric field at the same intensity but in the opposite direction
is less than 0.006—0.007 eV.

We have calculated the desorption temperature (Tp,) for H,
molecules presented in Table 1. From eq 4, it is evident that
desorption temperature is dependent on the average
adsorption energy. In our study, the external electric field
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enhances the average adsorption energy and thus increases the
desorption temperature (Tp,) (see Table 1). The desorption
temperature under different external electric fields lies in the
range 176—668 K with average adsorption energy in the range
0.223—0.846 eV/H,. Therefore, the external electric field can
effectively stabilize the h-BN bilayer structure with an average
adsorption energy of 0.223—0.846 eV/H, and desorption at
temperature 176—668 K, which is near ambient temperatures.
The external positive and negative electric fields have a similar
effect on the energy band gap (Eg) and the average adsorption
energy (E,q,) (see Table 1). The average adsorption energy has
been significantly increased upon the introduction of electric
field (see Figure 6b). The percent change in average
adsorption energy (A,4) with respect to the applied external
electric field is shown in Table 1. With the increase in electric
field strength, the adsorption energy also increases. Also, the
electronic property of the host material has been tuned by the
application of an external electric field. With the increase in
external field strength, bands are shifted near the Fermi level,
and thus, it reduces the energy band gap.

To have a better understanding of the charge transfer
mechanism between the h-BN layer and the hydrogen
molecules, electron density difference and planar average
electron difference are plotted in Figure 7. The electron

https://doi.org/10.1021/acsomega.1c03154
ACS Omega 2021, 6, 22374—22382


https://pubs.acs.org/doi/10.1021/acsomega.1c03154?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03154?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03154?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03154?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

density difference distribution plot indicates the ionic—
covalent type bonding characteristics between B (brown)—N
(blue) in a h-BN bilayer system, as the charges are mostly
localized on N-atom, and feeble distribution between the B—N
bond is shown in Figure 7a—d. As observed from the electron
density difference plot, most of the electrons are localized
around the nitrogen atom (blue). Also, the charge transfer
between the h-BN layer is absent. The light blue and yellow
lobes around the respective atoms resemble the electron
depletion and accumulation, respectively.***>*® From the
planar average electron density difference plots under the
application of different external electric fields, a charge
distribution between B and N atoms in the respective h-BN
layers is observed, as shown in Figure 7a—d. The nitrogen
atoms became more negative (covered with yellow lobe), and
boron atoms (covered with light blue lobe) become more
positive (see Figure 7). Similarly, charge distribution in the
hydrogen molecules can be seen from the three-dimensional
(3D) plots as well as the average planar plots. The peaks and
valleys between the S—10 and 16—20 A resemble the electron
accumulation and depletion between the respective h-BN
surface and the H, molecules.

We have performed an ab initio molecular dynamics (MD)
simulation using the Nose—Hoover algorithm®” to test the
dynamic and structural stability of the H, molecule-adsorbed
h-BN bilayer system under the external electric field in positive
directions at room temperature. The total energy versus time
steps plot at a finite temperature of 300 K is shown in Figure
8b—d, which is under the influence of the external electric field
in positive directions. We have performed the MD simulation
of the hydrogen-adsorbed h-BN bilayer system for S000 fs with
a 1 fs time step. The final structure of the hydrogen-adsorbed
system after 5000 fs is shown in the respective figures. A
buckling in the h-BN bilayer is observed after the 5000
dynamic simulation, and 5 H, molecules moved away in the
case of 0.8 V/A and 1 H, in the case of 1.2 V/A. In contrast,
other hydrogen molecules remain in the vicinity of the h-BN
bilayer. As the h-BN system maintains its signature even after
5000 fs, it can be utilized for the reversible hydrogen molecule
storage.

B CONCLUSIONS

In this study, DFT calculations have been performed to study
the effect of the external electric field on the hydrogen storage
properties of the h-BN bilayer. The thermodynamic stability of
the H,-adsorbed h-BN bilayer system was studied using ab
initio MD using the Nose—Hoover algorithm, as programed in
QuantumWise VNL-ATK. The electronic properties of the
hydrogen molecule-adsorbed h-BN bilayer system is modified
by the application of the external electric field. The energy
band gap has been tuned from 5.382 eV (Eg = 0.0 V/A) to 0.0
eV (Ep = 1.2 V/A). Beyond the applied electric field of 1.2
(—1.2) V/A, the H, adsorbed system exhibits metallic behavior
with a diminished energy band gap. In the external field-free
condition (Ez = 0.0 V/A), the h-BN bilayer with 16 H,-
adsorbed molecules have a gravimetric density of 6.7 wt % and
an average adsorption energy of 0.223 eV/H,. The
corresponding desorption temperature is ~176 K. On the
other hand, the application of the external electric field (—2.0
to 2.0) V/A enhances the overall hydrogen adsorption ability
of the h-BN bilayer. Average adsorption energy ranges between
0.223 and 0.846 eV/H,, and the desorption temperature
ranges from 176 to 668 K. Our study revealed that the binding

strength and the desorption temperature of the H, molecules
are increased under the application of external electric fields
due to the high value of adsorption energy. Thus h-BN bilayer
system can be a potential H, storage material under applied
electric field.
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