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Abstract—This article wants to investigate the hydrogen storage increase through doping of the first and the
second row of transition metals including Cr, Ni, Zn, Mo, Pd, Cd on the boron nitride nanocage (BNNc)
has been investigated using density functional theory. The partial density of states (PDOS) can evaluate a
determined charge assembly between hydrogen molecules and (Cr, Ni, Zn, Mo, Pd, Cd) — BNNc which
indicates the competition among dominant complexes of transitions metals. Based on NQR analysis, nickel,
and palladium with atomic charges of 0.2658 and 0.3266 coulomb on the complexes of Ni—BNNc and Pd—
BNNCc, respectively, have shown much more tendency for H, adsorption than other complexes. Furthermore,
the reported results of NMR spectroscopy have exhibited that the yield of electron accepting for doping atoms on
the (Cr, Ni, Zn, Mo, Pd, Cd)—BNNCc through H, adsorption can be ordered as: Ni > Pd > Cr > Mo = Zn > Cd.
Regarding thermodynamic properties, it has been indicated that for a given number of hydrogen donor sites
in H, molecules, the stabilities of complexes owing to doping atoms of Cr, Ni, Zn, Mo, Pd, Cd can be con-
sidered as: Ni—BNNc¢ > PdA—BNNc¢ > Cr—BNNc¢ > Mo—BNNc¢ = Zn—BNNc > Cd—BNNc complexes. Our
findings prepare important visions into the potential of employing (Cr, Ni, Zn, Mo, Pd, Cd)—BNNc nano-
cages in hydrogen-based energy-storage approaches. Thus, the transition metal doped BNNc¢ can be used for

designing novel materials for H, adsorption and sensing applications.
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INTRODUCTION

Boron nitride nanomaterials have been used owing
to their unparalleled specifications of eco-friendly
attributes for pollutant adsorption and semiconduct-
ing property [1—4]. Boron nitride nanometerials usu-
ally exhibit semi-leading behavior, which is considered
a proper alternative to carbon nanotubes. The proper-
ties of boron and nitrogen atoms which are the first
neighbors of carbon in the periodic table, make boron
nitride an interesting subject of numerous studies [5—
7]. In recent years, different investigations on the
adsorption of chemical contaminants and applying
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 material 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 adsorption energy and
gravimetric weight percentage on the adsorbent should
be sufficiently high [20—23]. The adsorption-desorp-
tion kinetics and the strength of binding energy ought to
be intermediate for hydrogen to bind on the material
surfaces with an optimal adsorption energy range.

Recently, doping of transition metals containing
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn in boron nitride
nanocages has been investigated as a new method to
augment the NLO response and electronic properties
[24—27]. Moreover, the adsorption and sensing of H,
and CH,0O molecules on the pristine and transition
metal consisting of V, Cr, Mn, Nb, Mo, Tc, Ta, W, or
Re doping on B or N site of boron nitride nanosheets.
The achieved results exhibit that the pristine BNNS
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Fig. 1. Application of (Cr, Ni, Zn, Mo, Pd, Cd)—BNNc for adsorption of hydrogen molecules in the energy storage accompany-
ing formation of complexes: H, - Cr—BNNc, H, - Ni-BNNc, H, - Zn—BNNc, H, - Mo—BNNc, H, - Pd—BNNc, and
H, — Cd—BNNc complexes using CAM—B3LYP—-D3/6-311+G(d, p), LANL2DZ calculation.

indicates fragile interaction with the H, and CH,O
molecules. The H, and CH,0 molecules might be
strongly adsorption on the transition metal doped
BNNSs with appreciable adsorption energy through
the geometrical deformation on the transition metal
doping zone [28—31]. Boron nitride doped with the
transition metal presents strong material candidature
for flexible magnetic memory chips that are functional
even under fire. Besides, spin-polarized density func-
tional theory band structure calculations can approve
clear spin asymmetry due to doping [32—39].

Owing to the obvious reasons mentioned above, we
have explored the possibility of using boron nitride
nanocages doped with chromium, nickel, zinc,
molybdenum, palladium, and cadmium for H, storage
by employing first-principles calculations. We have
analyzed the structural and electronic properties of
(Cr, Ni, Zn, Mo, Pd, Cd)-BNNc nanocages using
state-of-the-art computational techniques. Particu-
larly, this research work aims to assess the influences
of doping atoms of Cr, Ni, Zn, Mo, Pd, Cd on the
BNNc for increasing hydrogen detection through
measurement of some parameters containing charge
transfer, electric potential, electromagnetic and ther-
modynamic properties, surface area, functional group
and examine the ability of applying (Cr, Ni, Zn, Mo,
Pd, Cd)-BNNc nanocages in hydrogen-based
energy-storage approaches.

THEORY, MATERIALS AND METHOD

The aim of this study is to adsorb hydrogen mole-
cules by using (Cr, Ni, Zn, Mo, Pd, Cd)-doped BNNc¢
(Fig. 1). Boron nitride nanocage was modeled in the
presence of doping atoms of chromium, nickel, zinc,
molybdenum, palladium, and cadmium which can
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increase the hydrogen sensing potential of BN-nano-
cage. In our research, the calculations have been done
by CAM—B3LYP—-D3 /JEPR-3, LANL2DZ level of
theory.

Figure 1 has shown the process adsorption of H, mol-
ecules on the (Cr, Ni, Zn, Mo, Pd, Cd)—BNNc surface
which towards formation of complexes containing

H—H — Cr—BNNc¢, H-H — Ni—BNNgc,
H—H — Zn—BNNc, H-H — Mo—BNN(C,
H—H — Pd—BNNc, and H-H — Cd—BNNc,

complexes by molecular modeling computations. The
charge distribution of mentioned complexes is calcu-
lated due to the Bader charge analysis [40]. The trap-
ping of H, molecules by (Cr, Ni, Zn, Mo, Pd, Cd)—
BNNCc were successfully incorporated due to binding
formation consisting of

H—H — Cr—BNNc, H-H — Ni—BNNc,
H—-H — Zn—BNNc, H-H — Mo—BNN(Cc,
H—H — Pd—BNNc,

and
H—H — Cd—BNNc,
complexes (Fig. 1).

In this article, the rigid potential energy surface
(PES) using DFT [41—54] calculations have been
computed applying Gaussian 16 revision C.01 soft-
ware [55]. The input Z-matrix for adsorption of H,
molecules by the (Cr, Ni, Zn, Mo, Pd, Cd)—BNNc
has been designed with GaussView 6.1 [56] using
6-311+G(d, p), EPR—3, LANL2DZ basis set. In this
study, the interaction between H, molecules and (Cr,
Ni, Zn, Mo, Pd, Cd)—BNNc was modeled and ana-
lyzed. As revealed by DFT-based analysis, the potency
Vol. 19
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of (Cr, Ni, Zn, Mo, Pd, Cd)—BNNc for grabbing H,
molecules was determined mainly by the electronega-
tivity of the functional groups, as well as the interac-
tion between the (Cr, Ni, Zn, Mo, Pd, Cd)—-BNNc
and the H, molecules. In our previous works, it has
been accomplished application of DFT calculations
through materials modelling [57—60].

RESULTS AND DISCUSSION

In this article, the data has evaluated the efficiency
of boron nitride nanocage doped with chromium,
nickel, zinc, molybdenum, palladium, and cadmium
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, BNNc,
and a monolayer attribute.

PDOS and Electronic Evaluating

The electronic structures of hydrogen adsorption
on the (Cr, Ni, Zn,Mo, Pd, Cd)-doped BNNCc have
been illustrated using CAM-—-B3LYP-D3/6-
311+G(d, p), LANL2DZ level of theory. Figure 2
shows the projected density of state (PDOS) of H, —
(Cr, Ni, Zn, Mo, Pd, Cd)-—BNNc through hydrogen
molecules adsorption. The appearance of the energy
states (d-orbital) of Cr, Ni, Zn, Mo, Pd, Cd within the
gap of (Cr, Ni, Zn, Mo, Pd, Cd)—BNNc 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-orbitals of N and B in the
unoccupied level of BNNc. Therefore, the curve of
partial PDOS has described the s states of H atoms and
d-orbitals of Cr, Ni, Zn, Mo, Pd, Cd atoms in (Cr, Ni,
Zn, Mo, Pd, Cd)-BNNc overcome due to the con-
duction band. A distinguished adsorption trait might
be seen in H, — (Cr, Ni, Zn, Mo, Pd, Cd)-BNNc
because of the potent interaction between the s states
of hydrogen atoms with d states of Cr, Ni, Zn, Mo, Pd,
Cd in TM—BNNc complexes. It has been shown that

H, - Cr—BNN¢, H, — Ni—BNNc,
H, - Zn—BNNc¢, H, - Mo—BNNc,
H, - Pd—BNNc,
and

H, — Cd—BNNc,

complexes through hydrogen adsorption, respectively,
have the most contribution at the middle of the con-
duction band between —5 to —10 eV, while contribu-
tion of boron and nitrogen states are enlarged and sim-
ilar together, and adsorbing of H, depicts interfacial
electronic of the BN Nc for selection of hydrogen mol-
ecules. H, = Cr—BNNCc has indicated sharp peaks for
Cr atom close to H atoms in Fig. 2a. H, = Ni— BNNc
(Fig. 2b) has exhibited strong peaks for Ni atom close
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to H atoms. Furthermore, the sharp Zn graph near H
atoms in H, - Zn—BNNc (Fig. 2¢) has been indi-
cated. H, - Mo—BNNCc has indicated sharp peaks for
Cr atom close to H atoms in Fig. 2d. H, - PdA—BNNc
(Fig. 2e) has exhibited strong peaks for Ni atom close
to H atoms. Furthermore, the sharp Zn graph near H
atoms in H, - Cd—BNNc (Fig. 2f) has been indi-
cated. Therefore, the order ability of hydrogen adsorp-
tion by doping atoms of Cr, Ni, Zn, Mo, Pd, Cd on
BNNc based on the PDOS might be shifted as:

Ni—BNNc > Pd—BNNc > Cr—BNNc
> Mo—BNNc = Zn—BNNc > Cd—BNNec.

Insight to Nuclear Quadrupole Resonance

As the electric field gradient (EFG) at the citation
of the nucleus in H, is allocated by the valence elec-
trons twisted in the attachment with close nuclei of
(Cr, Ni, Zn, Mo, Pd, Cd)—BNNCc through trapping of
hydrogen molecules, the nuclear quadrupole reso-
nance (NQR) frequency at which transitions occur is
particular for H, — (Cr, Ni, Zn, Mo, Pd, Cd)—BNNc
complexes (Table 1) [61—64]. 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, - Cr—BNNc, H, - Ni—BNNc,
H, - Zn—BNNc, H, - Mo—BNN(c,
H, - Pd—BNNc,

and

H, — Cd—BNNc,

complexes (Table 1).

In Table 1, the Bader charge and electronic poten-
tial properties of (Cr, Ni, Zn, Mo, Pd, Cd)—B, N and
hydrogen molecules absorbed on atom—doped boron
nitride nanocage have been investigated. The amounts
indicate that with increasing the negative charge of
different atoms, the electric potential resulted from
NQR calculations increase. Moreover, the doping
atoms of Crl13, Nil3, Znl13, Mo13, Pd13, Cd13 on the
BNNc have shown the most potential for accepting
the electron from electron donor of H (16) and H (17)
in H, adsorbed on the BNNc (Table 1). Furthermore,
in Fig. 3, it has been sketched the electric potential of
nuclear quadrupole resonance for some atoms of (Cr,
Ni, Zn, Mo, Pd, Cd)/B, N and H atoms of H, mole-
cule trapped on atom-doped boron nitride nanocage
which has been calculated by CAM-—B3LYP—
D3/EPR-3, LANL2DZ.

In Fig. 3a, it was observed the behavior of H,
adsorption on the Cr—BNNc with high sensitivity

based on relation coefficient of R? = 0.9875. Adsorp-
tion of H, on the Ni—BNNc and in Fig. 3b has illustrated

No.1 2025
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Fig. 2. PDOS of H, adsorbed on (Cr, Ni, Zn, Mo, Pd, Cd)—BNNc toward formation of (a) H, - Cr—BNN(c, (b) H, = Ni-BNNc,
(c) Hy > Zn—BNNc, (d) H, - Mo—BNNCc, (e) H, = Pd—BNNc, and (f) H, - Cd—BNNc complexes by CAM—B3LYP—D3/6—
311+G(d, p), LANL2DZ.
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Table 1. The electric potential (E,/a.u.) and Bader charge (Q/coulomb) through NQR calculation for H, — Cr—BNNc,
H, - Ni—-BNNc, H, - Zn—BNNc, H, - Mo—BNNc, H, - Pd—BNNc, and H, - Cd—BNNc complexes using CAM—
B3LYP—-D3/6-311+G(d, p), LANL2DZ calculation

H—H — Cr—BNNc H—H — Ni—BNNc¢ H—H — Zn—BNNc¢

atom 0 E, atom 0 E, atom 0 E,

B1 0.13 —11.28 B1 0.15 —11.29 B1 0.11 —11.29
N2 —0.06 —18.29 N2 —0.06 —18.28 N2 —0.04 —18.29
N3 —0.11 —18.30 N3 —0.06 —18.26 N3 —0.07 —18.26
B4 0.13 —11.28 B4 0.15 —11.29 B4 0.11 —11.29
B5 0.13 —11.29 B5 0.14 —11.29 B5 0.11 —11.29
B6 0.13 —11.29 B6 0.14 —11.29 B6 0.11 —11.29
N7 —0.04 —18.27 N7 —0.08 —18.29 N7 —0.06 —18.28
N8 —0.11 —18.30 N8 —0.06 —18.26 N8 —0.07 —18.26
N9 —0.19 —18.28 N9 —0.13 —18.27 N9 —0.26 —18.29
N10 —0.19 —18.28 N10 —0.13 —18.27 N10 —0.26 —18.29
NI11 —0.19 —18.28 NIl —0.13 —18.27 NIl —0.26 —18.29
NI2 -0.19 —18.28 NI12 —0.13 —18.27 NI12 —0.26 —18.29
Crl3 0.61 —14.44 Nil3 0.26 —23.55 Znl13 0.86 —16.16
N14 —0.04 —18.27 N14 —0.08 —18.30 N14 —0.06 —18.28
N15 —0.06 —18.29 NI15 —0.06 —18.28 NI15 —0.04 —18.29
H16 —0.15 —1.00 H16 —0.07 —1.03 H16 —0.13 —0.99
H17 0.22 —0.97 H17 0.16 —1.01 H17 0.22 -0.95

H—H —-Mo—BNNCc H—H — Pd—BNNc H—H — Cd—BNNc

atom 0 E; atom Q E, atom Q E,

Bl 0.13 —11.30 B1 0.14 —11.29 B1 0.12 —11.30
N2 —0.09 —18.31 N2 —0.07 —18.29 N2 —0.05 —18.30
N3 —0.05 —18.30 N3 —0.07 —18.27 N3 —0.07 —18.26
B4 0.13 —11.30 B4 0.14 —11.29 B4 0.12 —11.30
B5 0.13 —11.30 B3 0.14 —11.29 B3 0.12 —11.30
B6 0.13 —11.30 B6 0.14 —11.29 B6 0.11 —11.30
N7 —0.10 —18.32 N7 —0.07 —18.29 N7 —0.06 —18.29
N8 —0.05 —18.30 N8 —0.07 —18.27 N8 —0.07 —18.26
N9 —0.27 —18.30 N9 —0.13 —18.27 N9 —0.19 —18.30
N10 —0.28 —18.30 N10 —0.13 —18.27 N10 —0.19 —18.30
N1l —0.28 —18.29 N1 —0.13 —18.27 N11 —0.19 —18.30
N12 —0.27 —18.29 NI12 —0.13 —18.27 NI12 —0.19 —18.30
Mol3 1.04 —10.59 Pd13 0.32 —16.16 Cd13 0.61 —10.04
N14 —0.10 —18.32 N14 —0.08 —18.29 N14 —0.06 —18.29
N15 —0.09 —18.31 N15 —0.07 —18.29 N15 —0.05 —18.30
H16 —0.27 —0.95 Hle6 —0.07 —1.02 H16 —0.10 —0.99
H17 0.30 —0.91 H17 0.16 —1.01 H17 0.19 —0.96

the highest sensing of R = 1. In addition, Fig. 3c has  adsorption on the Mo—BNNc with high sensitivity based
resulted that Zn—BNNc has a good detecting for H,  on relation coefficient of R? = 0.9781. Adsorption of H,
adsorption based on the relation coefficient of R2 = onthe Pd—BNNc and in Fig. 3e has illustrated the high-
0.975. In Fig. 3d, it was observed the behavior of H, est sensing of R> = 0.9709. In addition, Fig. 3f has
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Fig. 3. Electric potential (a.u.) versus Bader charge (coulomb) through NQR calculation for (a) Hy - Cr—BNNc, (b) H, — Ni—
BNNc, (c) H - Zn—BNNc, (d) H, - Mo—BNNc, (¢) H, - Pd—BNNc, and (f) H, - Cd—BNNc complexes by CAM—

B3LYP-D3/EPR-3, LANL2DZ.

resulted that Cd— BNNc has a good detecting for H,

adsorption based on the relation coefficient of R? =
0.9932.

It’s vivid that the curve of (Cr, Ni, Zn, Mo, Pd,
Cd)—BNNCc is waved by these H, molecules. The
fluctuated peaks for electric potential have been
shown around H, trapping on the (Cr, Ni, Zn, Mo,
Pd, Cd)—BNNc which demonstrates the electron
accepting specifications of hydrogen versus the chro-
mium, nickel, zinc, molybdenum, palladium, and
cadmium doped on the BN Nc. Besides, it can be con-
sidered that nickel (Fig. 3b) and cadmium (Fig. 3f) as
the first and second row of transitions metals in the
periodic table, respectively, in the functionalized

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 19

BNNc might have more impressive sensitivity for
accepting the electrons from H atoms in the process of
adsorption mechanism. However, molybdenum-
doped on BNNc¢ (adsorbent) has shown the lowest
fluctuation (R?> = 0.9781) between Bader charge versus
electric potential extracted from NQR parameters and
the lowest negative atomic charge including 1.0432
coulomb on the Mo— BNNc complex which has the
lowest tendency for H, adsorption after Zn with
0.8620 coulomb on the Zn—BNNc complex and Cr or
Cd with 0.6093 coulomb on the Cr—BNNc or Cd—
BNNc complexes (Table 1). Nickel and palladium
with atomic charges of 0.2658 and 0.3266 coulomb on
the complexes of Ni—-BNNc and PdA—BNNc, respec-

No.1 2025
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tively, have shown much more tendency for H,
adsorption than other complexes. In fact, the uptake
of H, molecules has been known to be associated with
(Cr, Ni, Zn, Mo, Pd, Cd)—BNNc, indicating that the
adsorbed hydrogen molecules in the (Cr, Ni, Zn, Mo,
Pd, Cd)-doped nanocage can be internalized through
a different pathway from pristine nanocage.

Analysis of Nuclear Magnetic Resonance Spectra

Based on the resulted amounts, nuclear magnetic
resonance (NMR) spectrums of (Cr, Ni, Zn, Mo, Pd,
Cd)—BNNc complexes as the potential molecules for
H, storage can unravel the efficiency of (Cr, Ni, Zn,
Mo, Pd, Cd)-BNNc for saving clean energy. From
the DFT calculations, it has been attained the chemi-
cal shielding (CS) tensors in the principal axes system
to estimate the isotropic chemical-shielding (CSI) and
anisotropic chemical-shielding (CSA) [65—71]. The
NMR data of isotropic (G;,,) and anisotropic shielding
tensors (O,,;s0) Of hydrogen molecules trapped in the (Cr,
Ni, Zn, Mo, Pd, Cd)—BNNCc towards formation of

H, - Cr—BNNc, H, — Ni—BNNc,
H, - Zn—BNNc, H, - Mo—BNN(c,
H, - Pd—BNNc,

and
H, - Cd—BNNc,

complexes have been computed by Gaussian 16 revi-
sion C.01 program package [55] and been shown in
Table 2.

In Table 2, NMR data has reported the notable
amounts for H, molecules which were adsorbed on the
(Cr, Ni, Zn, Mo, Pd, Cd)-—BNNc. The observed
increase in the chemical shift anisotropy spans for H
atoms adsorption on the (Cr, Ni, Zn, Mo, Pd, Cd)—
BNNCc are near N2, N3, N7, N8, N14 and N15. The
observed weak signal intensity near the parallel edge of
the nanocage pattern may be due to boron binding
induced non-spherical distribution of these com-
plexes. It is remarkable that doping of Cr, Ni, Zn, Mo,
Pd, Cd on BNNc might promote the stability of nano-
cage that results in enhanced magnetic alignment of
complexes. Interestingly, the reported results show
that Cr, Ni, Zn, Mo, Pd, Cd elements can be opti-
mized to achieve optimal alignment of nanocage in the
presence of an applied magnetic field. Figure 4 exhib-
ited the same tendency of shielding for boron and
nitrogen; however, a considerable deviation exists
from doping atoms of Cr13, Nil3, Zn13, Mo13, Pd13,
Cd13 through interaction with H16 and H17 of H,
molecules during adsorbing on the BNNCc pristine. H,
molecules in the complexes of H, — Cr—BNNc
(Fig. 4a), H, > Ni—BNNc (Fig. 4b), H, —» Zn—
BNNc (Fig. 4c), H, - Mo—BNNCc (Fig. 4d), H, —
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Pd—BNNCc (Fig. 4e), and H, — Cd—BNNCc (Fig. 4f)
denote the fluctuation in the chemical shielding
during ion trapping. Figure 4 shows the gap chemical
shielding between chromium, nickel, zinc, molybde-
num, palladium, and cadmium doping of (Cr, Ni, Zn,
Mo, Pd, Cd)-BNNc complexes and hydrogen mole-
cules. The yield of electron accepting for doping atoms
on the (Cr, Ni, Zn, Mo, Pd, Cd)-~BNNc complexes
through hydrogen molecules adsorption can be
ordered as:

Ni > Pd > Cr > Mo = Zn > Cd,

that approves the possibility of covalent bond between
chromium, nickel, zinc, molybdenum, palladium,
and cadmium, and hydrogen atoms in H, molecules
towards energy storage in battery technology.

Inthe NMR spectroscopy, it has been observed the
remarkable peaks around interaction of H, molecules
through adsorbing on the (Cr, Ni, Zn, Mo, Pd, Cd)—
BNNCc during molecule 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 use-
ful in the design of (Cr, Ni, Zn, Mo, Pd, Cd)—BNNc¢
based doped nanomaterials for increasing the adsorp-
tion of hydrogen molecules in addition to the struc-
tural studies using solid-state and solution NMR tech-
nique.

Infrared Spectroscopy and Thermodynamic Factors

The infrared (IR) calculations have been accom-
plished for adsorption of H, molecules by (Cr, Ni, Zn,
Mo, Pd, Cd)—BNNc during hydrogen sensing.
Therefore, it has been simulated the several clusters
containing H,— Cr—BNNc (Fig. 5a), H, — Ni—
BNNc (Fig. 5b), H, - Zn—BNNc (Fig. 5¢), H, —
Mo—BNNc (Fig. 5d), H, - Pd—BNNc (Fig. 5¢), and
H, — Cd—BNNc (Fig. 5f) using CAM—B3LYP—
D3/6-311+G(d, p), LANL2DZ.

The graph of Fig. 5a has been observed in the fre-
quency range between 100—1100 cm~! for H, — Cr—
BNNc with several sharp peaks around 370.79,
506.23, 582.86, 606.67, 750.79 and 827.10 cm~'. Fig-
ure 5b has shown the frequency range between 50—
1200 cm™! for H, — Ni—BNNc with sharp peaks
around 77.24, 114.98, 244.25, 573.88, and 718.47 cm™".
Figure 5c has indicated the fluctuation of frequency
between 500—5100 cm~' for H, — Zn—BNNc with
sharp peaks around 173.84, 567.81, 663.90, and 5089.
68 cm~!. The graph of Fig. 5d has been observed in the
frequency range between 100—1200 cm~! for H, —
Mo—BNNc with several sharp peaks around 393.04,
604.51, 736.86, 832.58 and 1109.51 cm~!. Figure Se
shows the frequency range between 100—1200 cm™! for
H, — Pd—BNNc with sharp peaks around 148.8]1,
327.29, 563.40, and 734.87 cm~'. Figure 5f has indicated
Vol. 19
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Table 2. Data of NMR shielding tensors (ppm) for selected atoms of H, - Cr—BNNc, H, - Ni—-BNNc, H, —» Zn—
BNNc, H, » Mo—BNNc, H, - Pd—BNNc, and H, - Cd—BNNc complexes using CAM—B3LYP—D3/6-311+G(d, p),
LANL2DZ calculation

H—H — Cr—BNNc

H—H — Ni—-BNNc

H—H — Zn—BNNc

atom Oiso Oaniso atom Oiso Oaniso atom Ciso Oaniso
Bl 70.26 58.79 Bl 300.63 683.37 Bl 68.94 212.51
N2 1365.30 2043.33 N2 7410.91 44923.50 N2 7461.99 8805.66
N3 619.51 1587.38 N3 8440.90 22135.34 N3 5626.33 19678.42
B4 70.11 60.27 B4 300.31 682.33 B4 68.59 214.13
B5 68.86 57.35 B5 300.37 684.01 B5 67.06 212.56
B6 68.53 59.86 B6 300.21 683.57 B6 67.39 213.38
N7 68.18 584.89 N7 3333.70 | 21040.92 N7 3095.82 14805.57
N8 118.72 1254.15 N8 8510.96 22312.55 N8 5726.78 19580.01
N9 435.37 1453.12 N9 1569.82 9173.70 N9 598.19 8738.028
N10 459.72 1446.93 N10 1588.75 9023.92 N10 594.40 8734.551
NIl 440.91 1402.27 NI1 1595.17 9119.80 N1l 573.76 8745.053
NI12 458.75 1487.02 NI12 1560.47 9091.05 NI2 572.00 8647.37
Crl3 15044.24 7802.68 Nil3 29284.05 | 56000.40 Znl3 248.78 2109.01
Ni4 61.85 594.18 N14 3335.62 21081.45 N14 3103.05 14779.11
NI15 1348.21 2093.25 NI15 7432.71 44860.24 NI5 7514.91 8838.80
H16 61.27 101.12 H16 53.13 151.90 H16 45.21 75.75
H17 34.49 32.28 H17 0.56 48.77 H17 31.97 36.68

H—H — Mo— BNNc

H—H — Pd— BNNc¢

H—H — Cd— BNNc¢

Atom Oiso Oaniso atom Oiso Oaniso atom Oiso Coaniso
B1 59.53 58.91 Bl 96.36 168.36 B1 66.753 105.22
N2 534.84 2068.89 N2 3381.37 7908.529 N2 3343.74 3860.29
N3 419.12 4987.96 N3 1029.00 1121.605 N3 2534.35 6807.29
B4 62.28 60.60 B4 96.34 167.9665| B4 66.65 105.44
B5 61.85 84.96 B5 95.32 166.3486 B5 66.34 105.65
B6 61.32 91.14 B6 95.31 166.2311 B6 66.36 105.62
N7 375.18 1463.34 N7 571.00 3385.67 N7 585.26 5978.95
N8 3129.08 9298.23 N8 1062.70 1136.304 N8 2550.21 6802.59
N9 656.82 876.56 N9 37.25 3835.706 N9 35.21 3556.65
N10 639.76 778.04 N10 44.35 4015.94 N10 39.29 3557.94
NI11 661.95 775.09 N11 42.93 4027.371 NI11 34.05 3566.06
NI12 643.49 844.80 N12 35.01 3825.071 N12 31.18 3532.10
Mol3 1131.98 514.15 Pd13 1115.05 1036.646 Cd13 243.95 307.64
N14 418.69 1345.76 N14 571.55 3384.7 N14 586.65 5973.05
N15 527.86 1989.27 NI15 3382.21 7909.511 NI5 3351.76 3863.72
H16 1989.27 62.68 H16 23.53 45.3175 H16 42.98 23.69
H17 26.89 21.99 HI17 21.39 7.3431 HI17 31.48 13.10
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYB Vol.19 No.1 2025
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Fig. 4. The NMR spectra for (a) H, - Cr—BNNc, (b) H, = Ni—BNNc, (c¢) H) = Zn—BNNc, (d) H, - Mo—BNNc, (e) H, —
Pd—BNNCc, and (f) Hy — Cd—BNNc complexes using CAM—B3LYP—D3/6—311+G(d, p), LANL2DZ.
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Fig. 4. (Contd.)

the fluctuation of frequency between 100—5200 cm~! for The IR spectra of H, adsorption with (Cr, Ni, Zn,
H, — Cd—BNNc with sharp peaks around 303.53, Mo, Pd, Cd)—BNNc has demonstrated that the struc-
548.81, 569.92, 674.82 and 5122.66 cm™!. ture of the dominant complex correlates with the elec-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYB Vol.19 No.1 2025



MOLLAAMIN, MONAJJEMI

e, M~ cm™! (a) D, 10~* esu? cm?
250 - 41900
-4 800
200 - 700
-4 600
1 -
30 - 500
100k - 400
-4 300
50+ 4200
A 4100
0 1 1 1 1 1 | 1] 0
0 200 400 600 800 1000 1200
Frequency, cm™!
g, Mlcm™! (b) D, 10~ esu? cm?
- 4000
250
<3500
200 - 3000
-2500
150 -
-2000
100 - <1500
<1000
50
\ <500
0r =40
Il Il Il Il Il Il
200 400 600 800 1000 1200
Frequency, cm™!
e, M~'ecm™! (c) D, 10~* esu? cm?
900 =700
800 |- 1600
700
-500
600 -
500 - - 400
400 - 4300
300
<200
200
100} 7100
0 L1 ] ] ] —IJ 10
0 1000 2000 3000 4000 5000

Frequency, cm™!

Fig. 5. The frequency (cm_l) changes through the IR spectra for (a) H — Cr—BNNc, (b) H, = Ni-BNNc, (¢) Hy = Zn—
BNNCc, (d) H - Mo—BNN(, (¢) H, = Pd—BNNc, and (f) H, = Cd—BNNc complexes using CAM—B3LYP—D3/6-311+G(d, p),

LANL2DZ.
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Table 3. The thermodynamic characters of H, adsorption on the Cr—BNNc, Ni—-BNNc, H, - Zn—BNNc, Mo—BNNc,
Pd—BNNCc, and Cd—BNNc complexes using CAM—B3LYP—-D3/6-311+G(d, p), LANL2DZ calculation.

Compound Dipole moment, | AE7, x 107, AH gy > 1072, AGags X 1072, ASqus»
Debye kcal/mol kcal/mol kcal/mol cal/K mol

BNNCc pristine 0.20 —420.55 —420.55 —420.58 100.65
Cr—BNNc 3.68 —459.20 —459.20 —459.23 98.70
Ni—BNNc 1.90 —511.24 —494.94 —511.27 99.66
Zn—BNNc 3.40 —446.11 —446.11 —446.14 104.58
Mo—BNNc 5.90 —447.46 —447.46 —447.49 96.55
Pd—BNNc 2.34 —484.50 —484.50 —484.53 102.59
Cd—BNNc 3.98 —435.06 —435.06 —435.09 106.19
H, - Cr—BNNc 4.98 —459.92 —459.92 —459.95 99.46
H, - Ni-BNNc 2.71 —511.96 —511.96 —511.99 103.47
H, - Zn—BNNc 4.67 —446.84 —446.84 —446.87 104.10
H, - Mo—BNNc 7.75 —448.18 —448.18 —448.21 96.77
H, - Pd—BNNc 3.17 —485.22 —485.22 —485.25 102.08
H, - Cd—BNNc 5.14 —435.78 —435.78 —435.81 105.28

tron potency of doped Cr, Ni, Zn, Mo, Pd, Cd on the
BNNc. The doped nanocage of Zn—BNNc¢ (Fig. 5¢)
and Cd—BNNCc (Fig. 5f) has shown the lowest fluctu-
ations and the lowest tendency for adsorption of H,
molecules than Cr—BNNc, Ni—-BNNc, Mo—BNNc,
and Pd—BNNc complexes, respectively, (Figs. 5a, 5b,
5d, 5e). Therefore, it can be found that IR spectros-
copy of H,-adsorbed Ni—BNNc (Fig. 5b) and Pd—
BNNCc (Fig. 5e) with two notable sharp peaks are now
well-placed to address specific questions on the indi-
vidual effect of charge carriers (hydrogen molecule-
nanocage), as well as doping atoms on the overall
structure. Table 3 through the thermodynamic speci-
fications concluded that (Cr, Ni, Zn, Mo, Pd, Cd)—
BNNc due to adsorption of H, might be more efficient
molecules for absorbing the hydrogen.

Thermodynamic parameters of H, molecules
adsorption on the (Cr, Ni, Zn, Mo, Pd, Cd)—BNNc
complexes have been determined using DFT theoreti-
cal technique. It has been shown that for a given num-
ber of hydrogen donor sites in H, molecules, the sta-
bilities of complexes owing to doping atoms of Cr, Ni,
Zn, Mo, Pd, Cd can be considered as:

Ni—BNNc > Pd—BNNc¢ > Cr—BNNc
> Mo—BNNc = Zn—BNNc > Cd—BNNc,

complexes (Table 3). It has been detected the maxi-
mum efficiency of Cr, Ni, Zn, Mo, Pd, Cd atoms dop-
ing of BNNc pristine for H, molecules adsorption

through AG,,, which depends on the covalent bond
between H, molecules and (Cr, Ni, Zn, Mo, Pd, Cd)—

BNNec.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

The adsorption process of H, molecules on the (Cer,

Ni, Zn, Mo, Pd, Cd)—BNNCc is affirmed by the AG,,.
quantities:

o 0
AGads - AGHZ—)(Cr, Ni, Zn, Mo, Pd, Cd)—BNNc

o o o
_(AGH2 + AGcy, Ni, zn, Mo, Pd, cd)—BNNe T AGBNNC)'

Table 3 has shown the key role of doped Cr, Ni, Zn,
Mo, Pd, Cd during interaction between the adsorbate
of H, molecules as the electron donors and the adsor-
bent of Cr—BNNc, Ni—BNNc, Zn—BNNc, Mo—
BNNc, Pd—BNNc, and Cd—BNNc nanocages as
electron acceptors. Therefore, the selectivity of atom-
doped on boron nitride nanocage for H, adsorption
can be resulted as:

Ni > Pd > Cr > Mo = Zn > Cd,
complexes (Table 3).

Stability Energy and Electron Localization
Function Analysis

Then, the adsorption of hydrogen molecules on the
BNNCc was studied while all boron atoms were substi-
tuted with transition metals of Cr, Ni, Zn, Mo, Pd, Cd
towards formation of CrsN;;,, NisN;, ZnsN,
MosN,y, PdsN,,, CdsN;, nanocages. Therefore, the
appreciable adsorption energy and dipole moment,
influenced by the different geometrical orientation of
the hydrogen molecule relative to the reaction site on
the TM (Cr, Ni, Zn, Mo, Pd, Cd) doping site based on
the bond angle of N11-TM13—H16 has been investi-
Vol. 19
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Table 4. Stability energy and dipole moment of hydrogen adsorption on the surface of CrsNj, NisNyj, ZnsNy, MosNq,
Pd;sN o, CdsN,, nanocages in different geometrical orientation based on bond angle of N11-TM13—H16

Nanocages Ex 1073, D, Ex 1073, D, Ex 1073, D,
kcal mol~! debye kcal mol™! debye kcal mol™! debye
N11-TM13—-H16 90° 120° 180°

H, — CrsNy, —614.08 1.87 —614.07 2.29 —614.07 2.76
H, - NisN g —874.22 1.58 —874.23 1.79 —874.22 1.22
H, — ZnsNjg —548.49 2.62 548,51 2.53 —548.50 2.49
H, = MosNy, —555.38 3.08 —555.37 3.55 —555.37 3.80
H, — PdsN,, —740.55 2.35 —740.55 1.99 —740.56 1.62
H, = CdsNy —493.25 2.55 —493.25 2.37 —493.26 2.25

TM = (Cr, Ni, Zn, Mo, Pd, Cd).

gated (Table 4). It has been indicated that the stabili-
ties of hydrated nanocages can be evaluated as:

H, —» Ni;N,, > H, —» Pd;N,, > H,
— CN,, > H, - MosN,, = H,
— ZnsN, > H, — CdsN,
considering different adsorption orientation (Table 4).

A type of scalar fields called electron localization
function (ELF) may demonstrate a broad span of
bonding samples. Nevertheless, the distinction
between  deduced/raised electron delocaliza-
tion/localization into cyclic m-conjugated sets stays
encouraging for ELF [72]. The grosser the electron
localization is in an area, the more likely the electron
movement is restricted within it. Therefore, they
might be discerned from the ones away if electrons are
totally centralized. As Bader investigated, the zones
with large electron localization possess extensive mag-
nitudes of Fermi hole integration. But, with having a
six-dimension function for the Fermi hole, it seems
hard to be studied directly. Then, Becke and Edge-
combe remarked that spherically averaged like spin
conditional pair probability possesses a direct correla-
tion with the Fermi hole and proposed the parameter
of ELF in Multiwfn program [48] and popularized for
spin-polarized procedure [73]. Regarding kinetic energy,
ELF was rechecked to be more punctual for both Kohn-
Sham DFT and post-HF wavefunctions [74].

Adsorption of hydrogen molecules by different
geometrical orientation (90°, 120°, 180°) on the nano-
cages of CrsNy,, NisN,y, ZnsN,;, MosN,,, PdsN,
Cd;N,, can be defined by ELF graphs owing to explor-
ing their delocalization/localization characterizations
of electrons and chemical bonds (Fig. 6). A vaster
jointed area engaged by an isosurface map for H, —
Cr;N,, with optimized adsorption at 90° (Fig. 6a), H, —
Ni;N,, with optimized adsorption at 120°(Fig. 6b),
H, » ZnsN,, with optimized adsorption at 120°
(Fig. 6¢), H, > MosN,, with optimized adsorption at

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 19

90° (Fig. 6d), H, — Pds;N,, with optimized adsorption
at 180° (Fig. 6e), and H, —» Cd;N,, with optimized
adsorption at 180° (Fig. 6f) means that electron delo-
calization in these nanoclusters is easier than other

geometrical orientations through labeling atoms of
NI11, Cr13, Nil3, Zn13, Mo13, Pd13, Cd13 and H16.

CONCLUSIONS

This research has investigated doping of (Cr, Ni,
Zn, Mo, Pd, Cd) elements on the boron nitride nano-
cage (BNNc) for enhancing H, sensing applying in the
hydrogen-based energy storage technology. There-
fore, H, molecules adsorption involving the (Cr, Ni,
Zn, Mo, Pd, Cd)-BNNCc nanocages has been experi-
mented based on electrostatic interactions between
the H, molecules and (Cr, Ni, Zn, Mo, Pd, Cd)—
BNNc complexes. The PDOS can evaluate a deter-
mined charge assembly between hydrogen molecules
and (Cr, Ni, Zn, Mo, Pd, Cd)-BNNCc which indicates
the competition among transitions metals consisting
of chromium, nickel, zinc, molybdenum, palladium,
and cadmium. Based on NQR analysis, nickel and
palladium with atomic charges of 0.2658 and 0.3266
coulomb on the complexes of Ni—BNNc and Pd—
BNNc, respectively, have shown much more tendency
for H, adsorption than other complexes. The electro-
magnetic and thermodynamic properties of (Cr, Ni,
Zn, Mo, Pd, Cd)—BNNc complexes were computed
using density functional theory. The results have illus-
trated that chosen hydrogen molecules adsorbed on
the (Cr, Ni, Zn, Mo, Pd, Cd)—BNNCc are rather stable
with the most stable adsorption site being in the center
of (Cr, Ni, Zn, Mo, Pd, Cd)—BNNc system. The
selectivity of atom-doped on boron nitride nanocage
for H, molecules adsorption can be resulted as:

Ni—BNNc > Pd—BNNc > Cr—BNNc
> Mo—BNNc = Zn—BNNc > Cd—BNNc,

No.1 2025
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complexes, respectively. This work proposes that tran-
sition metals as ferromagnetic semiconductor can be
examined through doping on the nanomaterials for
enhancing the adsorption potency.
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