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Abstract—This work proposes that metallic, nonmetallic, metalloid as a semiconductor can be examined
through doping on the pristine boron nitride nanocell (BsN;,_NC) for ameliorating the adsorption potential

of the nanosurface towards designing the energy storage device. Hydrogen adsorption by using X (X=Al, C,
Si)-doped BsN;,_NC have been investigated using density functional theory. The partial density of states can
evaluate a determined charge assembly between hydrogen molecules and X—B,N;,_NC which indicates the
competition among dominant complexes of metallic (Al), nonmetallic (C), metalloid/semiconductor (Si).
Based on nuclear quadrupole resonance analysis, carbon-doped on BsN,_NC has shown the lowest fluctuation
in electric potential and the highest negative atomic charge on doping atoms including C, Si, and Al including
0.1167, 1.0620, and 1.1541 coulomb in H,@C—B4N,,_NC, H,@Si—B,N,,_NC, and H,@Al-B,N,,_NC, respec-
tively, can be an appropriate option with the highest tendency for electron accepting in the adsorption pro-
cess. Furthermore, the reported results of nuclear magnetic resonance spectroscopy have exhibited that the
yield of electron accepting for doping atoms on the X—B4N;,_NC through H, adsorption can be ordered as:
Si = Al > C that exhibits the strength of covalent bond between aluminum, carbon, silicon, and hydrogen
atoms. In fact, the adsorption of H, molecules can introduce spin polarization on the X—B,N,_NC which
specifies that these surfaces may be employed as magnetic adsorbent surface. Regarding IR spectroscopy,
doped nanocells of H,@Si—B,N;,_NC = H,@Al-B,N,,_NC > H,@C—-B,4N,;,_NC, respectively, have the
most fluctuations and the highest adsorption tendency for hydrogen molecules which can address specific
questions on the individual effect of charge carriers (hydrogen molecule-nanocell), as well as doping atoms
on the overall structure. Based on the results of AG; amounts in this research, the maximum efficiency of Al, C,
Si atoms doping of BsN;,_NC for H, molecules adsorption depends on the covalent bond between hydrogen
atoms and X—B4N,,_NC as a potent sensor for hydrogen storage. Finally, high selectivity of atom-doped on boron
nitride nanocell for H, molecules adsorption has been resulted as: H,@Si—B;N;,_ NC > H,@Al-B4;N,_NC >
H,@C—-B,N,,_NC. Our findings prepare important visions into the potential of employing X (X = Al, C,
Si)—B4N;, nanocells in hydrogen-based energy-storage approaches. The results denote that H,@X—
B4N;o_NC are stable compounds, with the most stable adsorption site being the center of the cage ring.

Keywords: BN-nanocell, energy storage, hydrogen adsorption, atom doping, materials modelling
DOI: 10.1134/S1990793124700131

INTRODUCTION

The aim of the present work is to apply TM doped
on the BsN,, nanocell clusters and to investigate the
structure by theoretical calculation. To understand the
atomic structure models and structural stabilities of
the clusters, total energy calculations were carried out.
The present study will give us a guideline for designing
the BN clusters, which are expected as the future
nanoscale devices. Boron nitride nanomaterials have
been used owing to their unparalleled specifications of
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eco-friendly attributes for pollutant adsorption and
semiconducting property [1—4].

Boron nitride nanometerials usually exhibits semi-
leading behavior, which is considered a proper alter-
native to carbon nanotubes. The properties of boron
and nitrogen atoms which are the first neighbors of
carbon in the periodic table, make boron nitride as an
interesting subject of numerous studies [5—7].

In recent years, different investigations on the
adsorption of chemical contaminants and applying
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various boron nitride nanostructures as adsorbents for
water purification have been studied [8—10].

Various physical shapes of boron nitride (BN)-
based nano adsorbents such as nanoparticles,
fullerenes, nanotubes, nanofibers, nanoribbons,
nanosheets, nanomeshes, nanoflowers, and hollow
spheres have been broadly considered possible adsor-
bents owing to their exceptional characteristics such as
large surface area, structural variability, great chemi-
cal/mechanical strength, abundant structural defects,
high reactive sites, and functional groups [11, 12].

H, gas is mostly preserved either by liquefaction
under high compressing pressure [13—16] or by
adsorption on the surface or interstitial region of mate-
rial cavity [17—19]. In relation to this, the adsorption
of H, on the surface of 2D materials has advantages in
terms of safe functionality and cost-effectiveness. For
the effective utilization of H, in fuel cells, the adsorp-
tion energy and gravimetric weight percentage on the
adsorbent should be sufficiently high [20—24].

The adsorption-desorption kinetics and the strength
of binding energy ought to be intermediate for hydrogen
to bind on the material surfaces with an optimal adsorp-
tion energy range. Owing to the obvious reasons men-
tioned above, we have explored the possibility of using
boron nitride nanocells doped with aluminum, car-
bon, and silicon for H, storage by employing first-princi-
ples calculations. We have analyzed the structural and
electronic properties of X (Al, C, Si)—B,N,, nanocells
using state-of-the-art computational techniques.

Adsorption involving charged adsorbates causes a
change in the double layer and the potential at the
outer Helmholtz plane, influencing the adsorption
rates of both anodic and cathodic reactions. The first
three modes are intimately with adsorption and the
double layer involves interaction of the adsorbates and
the intermediate products. These compounds have
been formed during the partial electrochemical reac-
tions and interaction of the adsorbed intermediates
with organic molecules which can either inhibit or
enhance electrode reaction rate [25—31].

The energy of interaction of a molecule close to a
solid surface can be designed as a few terms for the
molecule interacting with unit cells for a periodic lat-
tice. Similar theories and approaches can be applied to
explain the interaction of two molecules at the surface,
or the interaction of the surface with islands or layers
of adsorbed molecules [32—39]. A continuum model
can be used to describe interactions of a molecule with
a surface electric dipole layer formed by the rearrange-
ment of atomic positions and electronic charge at the
surface [40—47].

Particularly, this research work aims to assess the
influences of doping atoms of Al, C, Si on the X—
B,N,,_NC for increasing hydrogen detection through
measurement of some parameters containing charge
transfer, electric potential, electromagnetic and thermo-
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dynamic properties, surface area, functional group and
examine the ability of applying (Al, C, Si)—B,N,, nano-
cells in hydrogen-based energy-storage approaches.

In this article, the data has evaluated the efficiency of
boron nitride nanocell doped with aluminum, carbon,
silicon (X—B,N,,_NC) for hydrogen detection. In fact, it
can be remarked the chemisorptive nature of the bond
among the hydrogen molecules with boron and nitrogen
elements through the equilibrium distribution of doping
atoms, Bs;N,_NC, and a monolayer attribute.

THEORY, COMPUTATIONAL METHOD,
AND MATERIALS

Adsorption of Hydrogen Molecules on X—B,N,; NC

Boron nitride (BN) nanocell clusters of BsN, were
optimized with a bond length of about 1.7 A. The
atoms of Aluminum, Carbon and Silicon have been
doped on the top of the BsN,, through substituting
with boron atom. The aim of this study is to adsorb
hydrogen molecules in the energy storage cell [48, 49]
as an eco-friendly approach by using (Al, C, Si)-
doped B;N,,_NC (Fig. 1).

The structures of the adsorbent (X—B,N,,_NC)
and the adsorbate (H, molecules) were built using
GaussView 6.1 [37]. Then, for all complexes, the
adsorption energies were obtained through the follow-
ing equation: Eads = Ecomplex - (Enanocage + Egas)'

Figure 1 has shown the process adsorption of H,
molecules on the X—B,N,,_ NC surface which towards
formation of complexes containing H—H@AI-—
B,N,, NC, H-H@C—B,N,,_. NC, and H-H@Si—
B,N,,_NC complexes by molecular modeling compu-
tations.

The charge distribution of mentioned complexes is
calculated due to the Bader charge analysis [50]. The
trapping of H, molecules by X—B,N,,_ NC (X=Al, C,
Si) were successfully incorporated due to binding for-
mation consisting of H - Al, H —» C, H — Si (Fig. 1).
An extensive study of adsorption and diffusion of
hydrogen atoms on B,N,_ NC surface doped with Al,
C and Si was performed by means of computational
methods.

Density Functional Theory

Progress of the applied density functional theory
(DFT) technique became remarkable after W. Kohn
and L. J. Sham presented their equations as Kohn—
Sham equations [51—58]. Regarding DFT method
[59—64], the behavioral mechanism of Al, C, Si addi-
tion to promote hydrogen adsorption on the surface of
BsN,,_NC is investigated based on the adsorption
energy, charge transfer and density of states. The
investigated results indicate that H bonding with a
doped atom of Al or C or Si on the BsN,,_ NC surface
Vol. 18
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Fig. 1. Application of pristine BsN |, NC and doped complexes of Al-B4N;y  NC, C—B4N,_NC, and Si—B4N;,_NC, respec-
tively, for adsorption of hydrogen molecules in the energy storage cell towards formation of complexes: (a) H;@BsN;,_NC (b)
H,@Al-B4No_NC, (c) H@C—B4N;,_NC, and (d) H,@Si—B4N;;,_NC, complexes using CAM—B3LYP—-D3/6-311 + G(d, p),

LANL2DZ calculation. (Note: the sign of adsorption is shown with @).

could promote the H, molecule to dissociate into two
H atoms that bond with the doped Al or C or Si atom
on the BsN,;,_ NC surface.

The newly formed H—Al, H—C or H—Si bond con-
stitutes the channel of electron transfer between
hydrogen atom and Al or C or Si and weaken the adja-
cent H—H bonding effect, which are conducive to the
formation of new H—AI, H—C or H—Si bonds. Apply-
ing Gaussian 16 revision C.01 program [65] and
GaussView 6.1 [66], the function of exchange through
B3LYP level of theory and the phrase of density
approximation in mechanic quantum [62—64] have
been accomplished. This research article wants to pro-
vide important viewpoints of hydrogen adsorption on
the boron nitride surface and DFT calculations were
run with the goal of understanding microscopic
adsorption amount of the hydrogen atom on the sur-
face of BsN,,_ NC doped with of Al, C, or Si.

Nuclear Quadrupole Resonance
and Nuclear Magnetic Resonance

The methodology of nuclear quadrupole reso-
nance spectroscopy (NQR) is a technology for analyz-
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ing chemical compounds. NQR transitions of nuclei
are capable of being found in the lack of a magnetic
field. The NQR resonance is mediated by the interac-
tion of the electric field gradient (EFG) with the quad-
rupole moment of the nuclear charge distribution [67, 68].
As the EFG at the spot of a nucleus in a certain mate-
rial is assigned by the valence electrons deal with the
special bond with other close nuclei, the NQR fre-
quency at which transitions occur is unique for a men-
tioned material. A special NQR frequency in a mate-
rial is symmetrical to the outcome of the nuclear
quadrupole moment, an attribute of the nucleus, and
the EFG in the vicinity of the nucleus [69, 70].

The nuclear magnetic resonance (NMR) supplies
an exact perspective of adsorbed hydrogen molecule
that offers immediate feedback for optimizing the pro-
cess status. NMR through chemical shielding tensors
present the Information about defect structures, pore
surfaces, atom doped cages during hydrogen adsorp-
tion process [71]. The NMR data of isotropic (i)
and anisotropic (O,,;,) shielding tensors of hydrogen
molecules trapped in the X—B,N,,_NC towards for-
mation of H,@X—B,N,,_ NC complexes have been

No.3 2024



808

computed by Gaussian 16 revision C.01 program
package [65].

RESULTS AND DISCUSSION
Projected Density of State

The projected density of state (PDOS) of H,@
B;N,,_ NC and H,@(Al, C, Si)—B,N,,_NC through
hydrogen molecules adsorption (Fig. 2). The appear-
ance of the energy states (p-orbital) of Al, C, Si, N
within the gap of (Al, C, Si)—B,N,,_NC induces the
reactivity of the system. It is clear from the figure that
after trapping with hydrogen molecules, there is a sig-
nificant contribution of p-orbital in the unoccupied
level. Therefore, the curve of partial PDOS has
described that the s states of H atoms and B in pristine
BsN,,_NCand Al, C, Si atoms in X—B,N,,_NC over-
come due to the conduction band (Fig. 2). A distin-
guished adsorption trait might be seen in H,@X—
B,N,,_NC because of the potent interaction between
the s states of hydrogen atoms with p states of Al, C, Si
in X—B4N,,_NC complexes.

H,@Bs;N,,_NC, H,@Al-B,N,,_NC, H,@C-—
B,N,,_NC, and H,@Si—-B,N,,_NC complexes
through hydrogen adsorption, respectively, have the
most contribution at the middle of the conduction
band between —5 to —10 eV, while contribution of
boron and nitrogen states are enlarged and similar
together, and adsorbing of H, depicts interfacial elec-
tronic of the B,N,,_NC for selection of hydrogen
molecules. Figure 2a shows the capture of hydrogen
molecules by pristine B,N,, NC. Then, H,@Al—
B,N,_NC has indicated sharp peaks for Al atom close
to H atoms in Fig. 2b. H,@C—B,N,,_NC (Fig. 2c) has
exhibited strong peaks for C atom close to H atoms.
Furthermore, the sharp Si graph near H atoms in H,@
Si—B4N,,_NC (Fig. 2d) has been indicated. There-
fore, the order ability of hydrogen adsorption by dop-
ing atoms of Al, C, Si on X—B,N,;,_NC based on the
PDOS might be shifted as: Si—B,N,,_NC > C—
B4N,,_NC > Al-B,N,,_NC.

Nuclear Quadrupole Resonance Analysis

As the EFG at the citation of the nucleus in H, is
allocated by the valence electrons twisted in the
attachment with close nuclei of X—B,N;,_NC (X =
Al, C, Si) through trapping of hydrogen molecules,
the NQR frequency at which transitions occur is par-
ticular for H,@(Al, C, Si)—B,N,;,_NC complexes
(Fig. 3). In fact, gas molecules of H, can be adsorbed
on the top of the pristine BsN,;,_ NC (Fig. 3a) through
B(13) which has been replaced with Al(13) (Fig. 3b),
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C(13) (Fig. 3c), or Si(13) (Fig. 3d) due to doping tech-
nique.

In this research work, the electric potential as the
quantity of work energy through carrying over the
electric charge from one position to another position
in the essence of electric field has been evaluated for
H,@Bs;N,,_NC, H,@Al(13)—B,N,,_NC,
H,@C(13)-B,N,,_NC, and H,@Si(13)—B,N,,_NC
complexes (Table 1 and Fig. 3).

In Table 1, the Bader charge and electronic poten-
tial properties of B(13) in BsN,,_NC and Al(13),
C(13), Si(13) in X—B,N,,_NC through adsorption of
hydrogen molecules on atom—doped boron nitride
nanocell have been investigated. The amounts indi-
cate that with increasing the negative charge of differ-
ent atoms, the electric potential resulted from NQR
calculations increase. Moreover, the doping atoms of
Al(13), C(13), Si(13) on the B,N,;,_NC have shown
the most potential for accepting the electron from
electron donor of H(16) and H(17) in H, adsorbed on
the B4;N,,_NC (Table 1).

Furthermore, in Fig. 4, it has been sketched the
electric potential of nuclear quadrupole resonance for
some atoms of Al, C, Si/B, N in X—B,;N,,_NCand H
atoms of H, molecule trapped on atom—doped boron

nitride nanocell which has been calculated by CAM—
B3LYP—-D3/EPR-3, LANL2DZ.

In Fig. 4a, it was observed the behavior of H,
adsorption on the pristine B;sN;,_ NC with high sensi-
tivity based on relation coefficient of R? = 0.9947,
Al(13)—B,N,,_NC with high fluctuation and R? =
0.9276 (Fig. 4b). Adsorption of H, on the C(13)—
B,N,,_NC in Fig. 4c has illustrated the higher sensing
than Al(13)—B,N,, NC with R>=0.9769. In addition,
Fig. 4d has resulted that Si—B,N,, NC has a good
detecting for H, adsorption in the battery cell based on
the relation coefficient of R? = 0.9689.

It’s vivid that the curve of pristine BsN;,_NC is
waved through doping of some atoms for capturing the
H, molecules. The fluctuated peaks for electric poten-
tial have been shown around H, trapping on the X—
B,N,,_NC which demonstrates the electron accepting
specifications of hydrogen versus the aluminum, car-
bon and silicon doped on the BsN,_ NC (Figs. 4b, 4c, 4d).
Besides, it can be considered that carbon (Fig. 4c) and
silicon (Fig. 4d) as the semiconductor elements in the
functionalized B,N;,_NC might have more impres-
sive sensitivity for accepting the electrons from H
atoms in the process of adsorption mechanism. Elec-
tric potential and capacitance have a breadth of appli-
cations within power generation and energy storage.
Properly understanding the electric potential in a sys-
Vol. 18
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Fig. 2. The projected density of state of H, adsorbed on pristine and X(X = Al, C, Si)-doped BsN;,_NC including
(a) H@Bs;N,_NC, (b) H,@Al-B4N,;_NC, (c) H,@C—B4N;,_NC, and (d) H,@Si—B4N;;_NC complexes by CAM—

B3LYP-D3/6—311+G(d, p), LANL2DZ.

tem can create materials in novel ways. However, alu-
minum-doped on B;sN,,_NC (adsorbent) has shown
the lowest fluctuation (R?> = 0.9276) between Bader
charge versus electric potential extracted from NQR

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

parameters and the lowest negative atomic charge
including 1.1541 coulomb in H,@Al-B,;N,, NC
which can be an appropriate option for H, molecules
(adsorbate) after C—B,N,,_ NC with 0.1167 coulomb

No.3 2024
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on C atom and Si —B,N,,_NC with 1.0620 coulomb In fact, the uptake of H, molecules has been known
on Si atom, the highest tendency for electron accept- to be associated with X—B,N,,_NC, indicating that
ing in the adsorption current (Table 1). the adsorbed hydrogen molecules in the X—doped
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Fig. 3. Optimized structures of H, adsorption on the surface of (a) pristine B;N;,_NC and X—B4N;,_NC (X = Al, C, Si) toward
forming of (b) Hy@AI(13)—B4N,_NC, (c) H,@C(13)—B4No_NC and (d) H,@Si(13)—B4N,_NC.

nanocell can be internalized through a different path-
way from pristine nanocell.

Analysis of Nuclear Magnetic Resonance Spectra

Nuclear magnetic resonance spectra of X (X = Al,
C, Si)—B,N,,_ NC complexes as the potent sensor for
adsorbing H, molecules can unravel the efficiency of
X—B,N,,_NC forsaving clean energy as an ecofriendly
approach in battery cells. The NMR data of isotropic
(0,,) and anisotropic shielding tensors (G,pis,) Of
hydrogen molecules trapped in the pristine
BsN,,_NCand X (X = Al,C,Si)—B,N,,_NC towards
formation of H,@B;N,,_NC, H,@Al(13)—
B,N,, NC, H,@C(13)—B,N,,_NC, and H,@Si(13)—
B,N,,_NC complexes, respectively, (Fig. 3) have been
reported in Table 2.

In Table 2, NMR data has reported the notable
amounts for H, molecules which were adsorbed on the
pristine BsN;,_ NC and X (X = Al, C, Si)—B,N,,_NC
as the selective sensor for saving energy. The observed
increase in the chemical shift anisotropy spans for H

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

atoms adsorption on the pristine Bs;N;,,_NC are
around N(7), N(8), N(9), N(10), N(11), N(12),
N(14), N(15) and also for X—B,N,,_NC are near
N(9), N(10), N(11), N(12), N(14) and N(15). The
observed weak signal intensity near the parallel edge of
the nanocell pattern may be due to boron binding
induced non-spherical distribution of these complexes.

It is remarkable that doping of Al(13), C(13), Si(13)
on BsN,,_ NC might promote the stability of nanocell
that results in enhanced magnetic alignment of com-
plexes. Interestingly, the reported results show that
Al(13), C(13), Si(13) elements can be optimized to
achieve optimal alignment of nanocell in the presence
of an applied magnetic field. In fact, the adsorption of
H, can introduce spin polarization on the X—
B,N,,_ NC which indicates that these surfaces might
be applied as magnetic scavenging surface as the
hydrogen detector. Isotropic and anisotropic shielding
fluctuate with the occupancy in the electron accepting
hydrogen molecules trapped in the atom-doped on the
boron nitride nanocell.

Figure 5 exhibited a considerable deviation from
BsN,,_NC after doping atoms of Al(13), C(13) and

No.3 2024
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Table 1. The electric potential (£,/a.u.) and Bader charge (Q/coulomb) through NQR calculation for H,@BsN,_NC,
H,@Al(13)-B4;N,;_ NC, H,@C(13)—B4N;,_NC, and H,@Si(13)—B,4N,,_NC complexes using CAM—B3LYP—D3/EPR-3,

LANL2DZ calculation
H,@Bs;N,,_NC H,@Al-B,N,,_NC H,@C—B4N,,_NC H,@Si—B4N,,_NC

atom Q E, atom Q E, atom Q E, atom Q E,
B(1) 0.2814 | —11.2438 |B(1) 0.2839 | —11.3117 |B(1) 0.2931 [—11.2693 | B(1) 0.3270 | —11.2771
N(2) |—0.1366 |—18.302 |N(2) |—0.1792 [—18.1494 |N(2) —0.1510 {—18.0901 |N(2) |—0.1660 |—18.1268
N@3) |—0.1180 |—18.3034 |N(3) |—0.1159 [—18.1259 |N(3) —0.1379 [—18.0761 |N(3) |-—0.1618 |—18.1185
B(4) 0.2588 | —11.2466 |B(4) 0.2876 | —11.312 | B(4) 0.2948 | —11.2666 |B(4) 0.3184 | —11.2819
B(5) 0.2807 | —11.2455 | B(5) 0.3006 | —11.3062 | B(5) 0.2904 | —11.2772 |B(5) 0.3185 | —11.2810
B(6) 0.2752 | —11.2442 | B(6) 0.3117 |—11.2944 | B(6) 0.2924 | —11.2764 | B(6) 0.3300 | —11.2784
N(7) |—0.1376 [—18.3078 |N(7) |—0.1707 |—18.1464 |N(7) —0.1528 [—18.0921 |N(7) |—0.1615 |—18.1283
N(8) |—0.1379 [—18.3025 |N(8) | —0.1542 |—18.1437 |N(8) —0.1350 [—18.0832 |N(8) |—0.1527 |—18.1068
N@©) |[-0.1623|—18.3101 |[N(9) |—0.3639 |—18.2117 |N(9) —0.1062 |—18.0879 |N(9) |—0.3435|—18.1860
N(10) | —0.1742 |—18.3121 |N(10) |—0.3709 [—18.2134 |N(10) |—0.1072 |—18.0907 [N(10) |—0.3518 |—18.1849
N(11) | —0.1477 |—18.2944 |N(11) |—0.3338 |—18.1898 |N(11) |—0.0962|—18.0852 |[N(11) |—0.3312 |—18.1767
N(12) | —0.1642|—18.2995 |N(12) |—0.3666 |—18.1923 |N(12) |—0.1076 |—18.0697 [N(12) |—0.3391 |—18.1699
B (13) | 0.2247|—11.2175 |A1 (13)| 1.1541 |-43.6855 |C (13) 0.1167 |—14.5183 |Si(13) | 1.0620 (—48.3278
N(14) | —0.1300 (—18.285 |N(14) | —0.1615 |—18.1255 |N(14) |—0.1466 |—18.0835 |[N(14) | —0.1892 |—18.1337
N(15) | —0.1482|—18.2932 |N(15) |—0.1751 |—18.1393 |N(15) |—0.1410 |—18.0794 [N(15) |—0.1797 |—18.1293
H(16) 0.0170 | —0.99642| H(16) |—0.0373 | —1.0583 | H(16) 0.0199 | —1.16911 | H(16) |—0.0226 | —1.0145
H(®17) 0.1190 | —0.96945| H(17) | 0.0913 | —1.0270 |H(17) |-0.0256| —1.20803|H(17) 0.0444| —1.1055

Si(13) on the nanocell through interaction with H(16)
of H, molecules. Adsorption of H, molecules on the
pristine BsN,,_ NC (Fig. 5a), and complexes of
Al(13)—B,N,,_NC (Fig. 5b), C(13)—B,N,,_NC
(Fig. 5¢), and Si(13)—B4N,,_NC (Fig. 5d) denote the
fluctuation in the chemical shielding during ion trap-
ping. Figures 5b, 5¢, 5d shows the gap chemical shield-
ing between aluminum, carbon, silicon doping of X—
B4N,,_NC complexes and hydrogen molecules. The
yield of electron accepting for doping atoms on the X—
B,N,,_NC complexes through hydrogen molecules
adsorption can be ordered as: Al > Si > C that approves
the possibility of covalent bond between aluminum, car-
bon, silicon, and hydrogen atoms in H, molecules
towards energy storage in battery technology.

In the NMR spectroscopy, it has been observed the
remarkable peaks around interaction of H, molecules
through adsorbing on the X—B,N,_ NC during mole-
cule detection; however, there are some fluctuations
in the chemical shielding behaviors of isotropic and
anisotropy attributes. Therefore, the authors believe
that the extracted results would be useful in the design
of X—B,N,,_NC based doped nanomaterials for
increasing the adsorption of hydrogen molecules in
addition to the structural studies using solid-state and
solution NMR technique.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

Thermodynamic Parameters Extracted
from Infrared Spectra

The infrared (IR) computations have been attained
for adsorption of H, molecules by pristine BsN,,_ NC
and X—B,N,,_NC during hydrogen sensing. There-
fore, it has been simulated the several clusters contain-
ing H,@ B;N,, NC (Fig. 6a), H,@ Al-B,N,,_ NC
(Fig. 6b), H,@ C—B,N,,_NC (Fig. 6¢c), and H,@ Si—
B4N,,_NC (Fig. 6d) using CAM—B3LYP-D3/6-
311+G (d, p), LANL2DZ.

The pristine BsN,;,_ NC has shown the graph in the
frequency range between 200—1800 c¢cm~' for H,@
BsN,,_NC with a sharp peak around 1667.11 ¢cm™!
(Fig. 6a). Thus, our investigation can provide benchmark
theoretical results to find the experimental IR phonon
modes of homogeneous boron nitride nanocages.

The graph of Fig. 6b has been observed in the fre-
quency range between 100—2000 cm™! for H,@Al—
B,N,,_NC with several sharp peaks around 177.92,
483.81,910.24, and 1645.95 cm~". Figure 6¢ has shown
the frequency range between 200—2000 cm~! for
H,@C—B,N,, NC with a sharp peak around
1729.19 cm™'. Fig. 6d has indicated the fluctuation of
frequency between 1000—2500 cm~! for H,@Si—
B,N,,_NC with a sharp peak around 1531.05 cm~'.
Vol. 18
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Fig. 4. Electric potential (a.u.) versus Bader charge (coulomb) through NQR calculation for (a) H-H@BsN,,_NC, (b) H—
H@AI(13)—B4N,(,_NC, (¢) H-H@C(13)—B4N,(_NC, (d) H-H@Si(13)—B4N;;_NC complexes by CAM—B3LYP—-D3/EPR—

3, LANL2DZ.

The IR spectra of H, adsorption with X—
B4N,,_NC has demonstrated that the structure of the
dominant complex correlates with the electron

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

No.3 2024

potency of doped X (Al, C, Si) on the BsN,,_NC. The
doped nanocell of AI-B,N,,_ NC (Fig. 6b) has shown
the most fluctuations and the highest tendency for
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Table 2. Data of NMR shielding tensors for selected atoms of H,@Bs;N;,_NC, H,@AI(13)-B4;N;,_NC, H,@C(13)—
B4N;(_NC and H,@Si(13)—B,N,,_NC complexes using CAM—B3LYP—D3/6-311+G(d, p), LANL2DZ calculation

H,@BsN,, NC H,@Al-B,N,_NC H,@C—B,N,;,_NC H,@Si—B,N,, NC

Atom Giso Ganiso atom Giso Ganiso atom Giso Ganiso atom Giso Ganiso

B(1) | 74.0140 | 73.6296 |B(1) | 97.5342| 83.4065|B(1) |104.4465 | 91.6792 |B(1) | 75.3800 | 57.4893
N(2) |686.3846 | 645.9651 |N(2) [256.1209]636.6725 [N(2) |122.3461 |619.5041 |N(2) | 33.5650 |576.4161
N@3) [229.0012 | 250.5861 |N(3) | 62.4289 79.1904 [N(3) [1555.4302 [2736.9396 |N(3) [1098.1924 [2362.5034
B(4) | 88.0316 | 75.4231 |B(4) [105.7341| 72.8788 |B(4) |100.0820 |126.1374 |B(4) |104.4862 | 42.5119
B(5) | 65.8065| 90.7506 |B(5) | 95.4999| 55.8852 B(5) |126.1374 | 40.3731 |B(5) | 60.9480 | 54.5121
B(6) | 75.1814 | 73.5828 |B(6) | 78.0999| 73.1263 |B(6) | 110.9670 | 62.8131 |[B(6) | 56.0680 | 69.7371
N(7) |639.8711 | 485.0100 |N(7) |173.5651|565.3693 |N(7) [248.3122 |[382.1473 [N(7) | 49.5610 [1405.1233
N(8) |728.8636 | 908.0240 |N(8) | 78.6518|254.4183 |N(8) |516.6918 [1188.9826 |N(8) |1110.1238 [1984.6541
N(9) |723.6043 | 689.0534 |N(9) |472.6234| 831.2210 [N(9) [593.2418 [1206.1623 |N(9) | 18.2632 [5065.2153
N(10) | 759.0698 | 812.3451 |N(10) [569.4159|703.5432 |N(10) | 871.5872 |1747.4894 |N(10) |528.9146 [2567.9010
N(11) | 596.0904 | 902.9599 |N(11) |508.1483|940.5764 [ N(11) [1075.3603 [1808.5469 |N(11) [446.9468 |4452.6584
N(12) | 588.3767 | 925.3864 |N(12) [275.1350|706.0008 | N(12) | 601.1167 [1086.0253 |N(12) | 146.3612 |1615.6490
B(13) | 80.3281 | 95.8087 |Al(13)522.1327| 157.5390 | C (13)| 106.4980 | 79.7876 |Si (13)[722.9049 | 178.4777
N(14) | 319.3553 [1073.7091 |N(14) | 26.4101|596.7615 [N(14) | 0.5312 |1401.6259 |N(14) [253.7520 |706.9400
N(15) [295.0201 [1045.0049 |N(15) | 18.6650| 593.7138 | N(15) [268.2439 [1157.8911 |N(I5) | 46.2129 |1894.7646
H(16) | 23.9160 | 2.8335 |H(16) | 23.4528| 2.7576 |H(16)| 24.2942 | 6.7582 |H(16) | 16.5391 | 32.8420
H(17) | 21.5253 | 1.8654 |H(17) | 21.2929| 2.8108 [H(17) | 26.5494 | 3.3605 |H(17) | 22.6766 | 25.8481

Table 3. The thermodynamic characters of H,@BsN,,_ NC, H,@Al-B,N,,_NC, H,@C—-B,N,,_NC, and H,@Si—
B4N;;_NC complexes using CAM—B3LYP—D3/6-311+G (d,p), LANL2DZ calculation

Compound A Ee?ds x 1073, A Haods x 1073, AG;ds x 1073, Ssds’ Dipole moment,

keal/mol keal/mol keal/mol cal/K mol Debye
BsN;,_NC —420.550 —420.549 —420.579 100.650 0.2020
Al—B4N;,_NC —406.553 —406.553 —406.584 105.620 3.9464
C—B,N,, NC _428.953 —428.952 —428.982 99.184 1.7591
Si—B,N,_NC —407.701 —407.700 —407.730 102.387 1.2666
H,@B;N,,_NC —421.456 —421.455 —421.488 108.874 1.7938
H,@AI-B,N,, NC |  —551.051 —551.050 —551.081 104.003 4.4034
H,@C—B,N,;, NC _424.231 —424.231 —424.260 99.710 1.4722
H,@Si—B,;N,, NC |  —580.207 —580.206 ~580.235 95.419 2.8124

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B Vol. 18 No.3 2024
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Fig. 5. The NMR spectra for (a) H;@BsN,_NC, (b) H,@Al (13)—B4N;;_NC, (c) H,@C (13)—B4N,_NC, and (d) H,@Si
(13)—B4N;(_NC complexes using CAM—B3LYP—-D3/6—-311+G(d, p), LANL2DZ.

adsorption of H, molecules than C—B,N,,_ NC and
Si—B,N,,_NC complexes, respectively, (Figs. 6¢ and 6d).
Therefore, it can be found that IR spectroscopy of H,-
adsorbed AlI-B,N,,_NC is now well-placed to address
specific questions on the individual effect of charge
carriers (hydrogen molecule- nanocell), as well as
doping atoms on the overall structure.

Table 3 through the thermodynamic specifications
concluded that X (X = Al, C, Si)—B,N,,_NC due to
adsorption of H, might be more efficient sensors for
detecting and absorbing the hydrogen molecules
towards the energy storage in battery cells and its
implication for clean energy technology. The small
size of X (X = Al, C, Si)—B,N,_NC and the large sur-
face area make them proper sample for different applica-
tions. Moreover, the optical attributes are also important
at that size, which further enhance the significance of
these compounds in photocatalytic applications.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

Thermodynamic parameters of H, molecules
adsorption on the X—B,N,,_ NC complexes have been
determined using DFT theoretical technique. It has
been shown that for a given number of hydrogen donor
sites in H, molecules, the stabilities of complexes
owing to doping atoms of Al, C, Si can be considered
as: H,@Si—-B,N,, NC > H,@Al-B,N,, NC >
H,@C—B,N,,_NC complexes (Table 3). The changes
of Gibbs free energy versus dipole moment in could
detect the maximum efficiency of Al, C, Si atoms dop-
ing of B;N,,_ NC for H, molecules adsorption through

AGZ which depends on the covalent bond between H,
molecules and X—B,N,,_NC as a potent sensor for air

pollution removal (Table 3). The adsorption process of
H, molecules on the X—B,N,,_NC is affirmed by the

AG; quantities:

G, = MGy, ax b — (AGH, +AGS (),

X—B4Njone

No.3 2024
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Fig. 5. (Contd.)
and gen storage at room temperature [72]. Owing to the
X = Al C, Si. characteristics of nanoparticles, they are appropriate

Figure 6 has shown the key role of doped atoms
containing Al, C, Si during interaction between the
adsorbate of H, molecules as the electron donors and
the adsorbent of Al-B,N,, NC, C—B,N,,_ NC, and
Si—B,N,,. NC complexes as electron acceptors.
Therefore, the selectivity of atom-doped on boron
nitride nanocell (hydrogen sensor) for H, adsorption
can be resulted as: Si > Al > C (Table 3).

Many experimental discoveries have been gained
on the related electrical characteristics, optical attri-
butes, and thermal conductivities of boron nitride
materials. Some experimental studies have given fun-
damental data support for achieving reversible hydro-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

samples for different commercial and domestic appli-
cations, which contain catalysis, some energy storage
research, and eco-friendly applications [73].

However, the consequences appear a gap remark-
ing to the positive predictions and an inconsistence
between each other. It denotes that the innovative
boron nitride structures call for the progress of synthe-
sis process. After that research accompanying practical
basis with theoretical computations require to design
the unique hydrogen storage mechanism, further sup-
plying possible modification tactics to ameliorate their
accomplishment in outcome [74].

Vol. 18 No.3 2024
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Fig. 6. The frequency (cm_l) changes through the IR spectra for (a) H,@ BsN;,_NC, (b) H,@Al-B4N,_NC, (c) H,@C—
B4N;y_NC, and (d) H,@Si—B4N;;_NC complexes using CAM—B3LYP—D3/6-311 + G (d, p), LANL2DZ [Note: € (M7l cm 1) isthe

absorbance unit and D (1074 esu?

(centimeter-gram-second system)].

CONCLUSIONS

This investigation has discovered doping of X (X =
Al, C, Si) elements on the boron nitride nanocell
(BsN,,_NC) for enhancing H, sensing applying in the
hydrogen-based energy storage technology. There-
fore, H, molecules adsorption involving the X—
B,N,,_NC has been experimented based on electro-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

cm2) is the dipole strength via the esu or electrostatic unit, which is a unit of charge in the cgs

static interactions between the H, molecules and X—
B,N,,_NC complexes.

The electromagnetic and thermodynamic proper-
ties of X—B4N,,_NC complexes were computed using
density functional theory. The results have illustrated
that chosen hydrogen molecules adsorbed on the X—
B,N,,_NC are rather stable with the most stable

No.3 2024



818 MOLLAAMIN

e, Mlcm™! © D, 10~* esu? cm?
500 - - 400
450 - 11350
400
- 300
350 +
300 L h 250
250 + - 200
200 - - 150
150 -
-+ 100
100 +
50 J t 150
_ﬁ_/}\/\__A/MA/\.‘_I\
0 C1 | | | | | | | | | kl_ 0
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency, cm™!
d
e, M 'em™! (d D, 10~* esu? cm?
3500 —2500
3000
2000
2500 +
1500 |- - 1000
1000
=500
500 - J
0 1 1 A_Jll | | L 1] 0
0 500 1000 1500 2000 2500

Frequency, cm™!

Fig. 6. (Contd.)

adsorption site being in the center of X—B,N,,_ NC
system. The selectivity of atom-doped on boron
nitride nanocell (hydrogen sensor) for H, molecules
adsorption can be resulted as: H,@Si—B,N,,_ NC >
H,@Al-B,N,, NC> H,@C—-B,N,,_ NC complexes,
respectively. As revealed by DFT-based analysis, the
potency of X—B,N,,_NC for grabbing H, molecules
was determined mainly by the electronegativity of the
functional groups, as well as the interaction between
the X—B,N,,_NC and the H, molecules.
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