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Abstract

The hydrogen trapping efficiency of metal functionalized BN system at various high electron
density sites is studied using the first-principles conceptual density functional theory employing
the M05-2X/6-311G+(d) level of theory. Metals are functionalized at three regions of BN system,
namely borazine, having high nucleus independent chemical shift values. Hy is trapped on the
metal sites resulting in BsNsHxM;H,, clusters [M = Li, Sc, Ti, V; X = 3,6; i« = 1-3; m up
to 30]. Global reactivity attributes have been computed which obey maximum hardness and
minimum electrophilicity principles. Adsorption energy for physisorbed hydrogen is found to be
low with Kubas-Niu interaction. Sc and Ti functionalized systems exhibit combination of hydrogen
chemisorption and physisorption phenomenon with storage capacity in the range of 11.0 to 13.2
hydrogen wt %. These simple metal functionalized systems can be building block for assembling

into two dimensional sheet or multidecker complex making it a potential hydrogen storage material.

Keywords:  Adsorption, Conceptual DFT, Hydrogen storage, Nucleus independent chemical shift, Elec-

trophilicity
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1. INTRODUCTION

Due to depleting resources and ever increasing demand, fossil fuels not only lead to the
near future energy crisis but also ravage the earth’s atmosphere by emission of CO, resulting
in global warming. Hydrogen energy is considered to be a best alternative for future demand
because of its renewable, highest energy density per unit mass and environmental friendly
nature since produces water when used in fuel cell.'"? However, transition to hydrogen
economy depends on three major issues, viz., the hydrogen generation, its storage in a
safe and economic mode, and efficient distribution for use. Hydrogen being light weight
gas storage in tanks in the compressed form requires sufficiently large volume and tank
made of expensive composite material, and in the cryogenic liquid form requires very low
temperature. The best alternative of storing hydrogen is in solid materials. The ideal
solid storage system should be stable, have high hydrogen reversibility and low adsorption

energy.® 4

Until now, many materials have been explored to make an efficient hydrogen storage

system for transport applications. During the last two decades, a large number of

8-14 15, 16

templates like hydrides,>” metal organic frameworks, graphenes, covalent organic

17-19 20, 21 22, 23 4 2527

frameworks and zeolites, alanates, clathrates,?* metal clusters, etc. have
been investigated. Although considerable work has been carried out to design new hydrogen
storage materials, currently, no material is meeting the US Department of Energy (DOE)
t28 of hydrogen gravimetric density of 9.0% and volumetric capacity of 81 g L=! by

targe
2015 for usable specific energy from Hy. As each material is having its own pros and cons
searching for new and better alternatives for hydrogen storage is an important area of
contemporary research. In general, the bonding of hydrogen is either too strong, or too
weak and hence rather difficult to attain all desired storage parameters, simultaneously.
The target parameters for hydrogen storage materials can only be attained if the hydrogen

binding energy is retained in between that of the physisorption and chemisorption energies.?’

The promising materials of hydrogen storage are the systems that possess boron and
nitrogen atoms since they can be constructed into BN structural motif. Such motif produces

7 electron cloud on the top and bottom of the plane similar to benzene. Hence metal
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atoms can be doped and hydrogen can be loaded on to the metal sites which will result
in chemisorption or physisorption or combination of both. This is due to charge transfer
between metal and 7 electron cloud resulting in reduced availability of charge at the metal
site for binding with Hy, with binding energies intermediate between physisorption and
chemisorption, which will make the system hydrogen reversible. The metal atoms interact
with the BN 7 electron cloud by Dewar coordination®® and simultaneously binds to Hy by
Kubas interaction.?" 32 Earlier, it has been found that metal decorated organic complexes

such as CgHg, B3N3Hg etc. exhibit promising hydrogen storage properties®33°

as they can
be constructed into two dimensional graphene, BN sheets or three dimensional carbon, BN
nanotubes, respectively. Experiments performed on the pristine BN nanotubes showed that
it could only uptake 2.6 wt % hydrogen while Pt metal functionalized nanotube enhanced

storage capacity to 4.2 wt % under 10 MPa pressure at room temperature.36: 37

Theoretical calculations of hydrogen adsorption on metal functionalized borazine and
BN nanotube systems have been studied by various groups. Shevlin et al. have performed
the GGA-PWO1 calculations and found that various transition metals bind to top of
borazine with Sc and Ti having higher binding energy while Cr and Mn have lower binding
energy.®® Largely, the binding of transition metal in BN system is milder than in benzene.
Unfortunately, the GGA-PW91 functional used in their study is insufficient to describe
dispersion interactions. Li et al. have studied the hydrogen storage in borazine decorated
with Li, Na, K and Ti metals from the sides only at the B end without the substituted H
atom.?® The decoration on the borazine ring 7 cloud have not been considered. Hydrogen
storage capacity of Ti, Ni, Rh, and Pd functionalized on single-walled BN nanotubes have
been studied by Durgun and Zhang groups.?>* Wu et al. have studied the Hy adsorption
properties of Pt metal dimer doped on BN nanotubes.*? The adsorption of Hy on Ce-doped
BN nanotubes have been investigated and concluded that 5.7 hydrogen wt % can be stored

in the system.*3

In this paper, the density functional theory (DFT) calculations performed using reliable
hybrid functionals for hydrogen storage on light metal atoms such as Li, Sc, Ti and V
functionalized on to B3N3Hg ring from different sides is reported. The objective of the

present study is to identify the structural and electronic properties of hydrogen adsorption on
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stable B3N3Hx M, system by computing nucleus independent chemical shift (NICS) values,**
interaction energy, hydrogen adsorption energy and global reactivity descriptors. This study
will be useful in designing metal functionalized BN system to develop novel nanostructures
capable of trapping hydrogen with high storage densities and favorable energetic properties.
This work is the complementary study of Weck et al. which is limited to hydrogen storage
in C,,H,,M (M = Sc, Ti, V; m = 4-6) systems? and also to bridge, and extend the earlier
theoretical studies on BN systems. The paper is organized as follows: The details of the
computational methodology are given in section 2, followed by presentation of results and

discussion in section 3. A summary of our findings and conclusions are given in section 4.

2. COMPUTATIONAL DETAILS

The molecular geometries of BsNsHxM; (X =3, 6; i = 1-3; M = Li, Sc, Ti, V) and their
corresponding Hsy trapped analogues are optimized using the DFT’s M05-2X functional®
employing 6-311+G(d) basis sets as implemented in the Gaussian-09 program.?” The metal
atoms functionalized are at their ground state configurations. MO05-2X is a functional
with double the amount of non-local exchange and hence effective in representing weak
non-bonded intermolecular and dispersion interactions. It is reported to be effective in in-
corporating electron spin density, density gradient, kinetic energy density, and Hartree-Fock
(HF) exchange.*® 53 Harmonic vibrational analysis is performed to confirm the stability of

the system which resulted in all positive frequencies.

The stability of metal functionalized BN system is studied by computing binding energy

using the expression,
1 .
Ey = g[EBsNgHXMi — (1Em + Epynyriy )] (1)
where Ep,n, i, u; 1S the total energy of M;-BN system, Ep,n,m, is the energy of BsNsHy

and E); is the energy of M atom while ¢ stands for number of M atoms.

The adsorption energy per hydrogen, F,4, of metal-BN system is calculated by

1
IS E [EBsNngMi + nEHz - EBsNSHXMiHm] (2)
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where Ep,n,mym,m, 18 the total energy of number of hydrogen molecules (n) adsorbed on

M,;-BN system where m = 2n and Ey, is the energy of isolated Hy molecule.

The stability of hydrogen saturated metal functionalized BN system is studied by
computing interaction energy, AFE, which is negative of adsorption energy, E.4, reported

5

in kcal mol~'. Global reactivity descriptors such as electronegativity,®® hardness,® and

electrophilicity®® are used as tools for analyzing the stability and reactivity of the studied

systems using the conceptual DFT.5" Such descriptors are calculated as defined below.

For a system having N-electrons with total energy F, the electronegativity () and hard-

T (g_i) v(r) )

0*FE
n = ( ) (4)
ON? ()

where v (r) represents external potential.

ness (1) are obtained as follows

and

If vertical ionization potential (I) and vertical electron affinity (A) are calculated using

Koopman’s theorem,®® then, 1 is expressed as

n=1-A (5)
and y is expressed as
I+ A
- 6
X = (6)
Electrophilicity, (w), is defined as

2

X
_ A 7
=% @

The kinetic stability of the metal functionalized BN system is studied by evaluating their
energy separation between the highest occupied molecular orbitals (HOMOs) and lowest

unoccupied molecular orbitals (LUMOs), E.
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3. RESULTS AND DISCUSSION

Borazine is functionalized with various metals such as Li, Sc, Ti and V. Aromaticity of
the borazine has been computed on the basis of NICS values. A negative value of NICS
indicates aromatic while positive values indicate anti-aromatic and more negative the value,
more aromatic the system. NICS values are calculated at three different positions (1) in
center of borazine ring (2) 1 A above and below the center of the ring and (3) sides of
the ring away from B-N bonds. In the center, NICS value is found to be -0.84 ppm, while
from 1 A above and below the center of the ring has -2.26 ppm. In the sides of the ring,
close to B-N bonds, NICS values have been found to be -3.25, -3.31, and -3.54 ppm. NICS
value is very low in the center of the ring but has high value above and below the ring.

This indicates presence of 7 electron density on the top and bottom of the ring, as in benzene.

Due to presence of high electron density, metals are functionalized in borazine from these
three regions through Dewar coordination. When the H, is introduced sequencially on the
M functionalied BN system, some metals results in Hy chemisorption initially, while further
introduction of Hy results in physisorption. The Hy and metal forms Kubas type bonding
where the Hy molecule donate electrons to the empty d-orbitals of the metal atom which back
donate electrons to the anti-bonding orbital of the Hy molecule leading to chemisorption.

The physisorption is due to the charge polarization mechanism?®%

proposed by Niu et al.
where the charge on the metal atom, created due to charge transfer from BN, polarizes the
Hsy molecule resulting in the near molecular bonding of Hy. Such interaction is also known

in the Ti doped CsHs, C4H, and CgHg systems.5!

3.1. B3N3H6M (M = Ll, SC, Ti and V)

Metal atom (M) is bound to B3N3Hg above the ring where M = Li, Sc, Ti and V and its
binding energy Ej, is computed. FEj, is found to be positive indicating the metal propensity
to bound on the 7 electron cloud of borazine. H, is introduced sequentially on the metal
site and their geometries are optimized. Optimized geometries of BsN3sHgMH,, where m
= 2n are shown in Figure 1. Metal doped borazine is found to accommodate maximum 2

Hs molecules in Li, 4 in Sc and V, while 6 in Ti. The calculated interaction energy, AF,
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(c) (d)

FIG. 1: Optimized structures of (a) BsN3HgLiHy, (b) B3N3HgScHg, (¢) BsN3gHgTiHp2 and (d)
B3sN3HgVHs.

for BsN3HgLiH, is found to be -3.0 kcal mol~™!. For transition metals the AE is found
to be -13.5, -10.1 and -11.5 kcal mol~! for BsN3HgScHg, B3N3HgTiH o, and BsNsHgVHg,
respectively, as shown in Table I. The reactivity descriptors have been computed using the
equations (5)-(7). As the number of Hy molecules increases, the hardness () increases while
the electrophilicity (w) decreases which indicates the increase in the stability of the system
according to maximum hardness principle®? and minimum electrophilicity principle.®® Upon
adsorption of Hy molecules, the hardness is found to be maximum for BsN3HgTiH;5 reaching
7.10 eV while it is minimum for BsN3HgLiH, of 4.27 eV. Electrophilicity marginally increased
for BsN3HgTiH;2 to 0.73 eV when compared to BsN3HgTi system (0.36 eV) while maximum
for BsN3HgVHg of 4.35 eV. Electronegativity decreases up on adsorption of Hy molecules in
case of Li, and V and it increases in case of Sc, and Ti. The HOMO-LUMO energy gap, £,
increases after adsorbing the Hy molecules for all the systems which indicates the increase
in the kinetic stability. It is maximum for Ti reaching 7.3 eV, and minimum for Li with 3.5

eV. B3N3HgMH,, system is found to have hydrogen wt % of 12.8% in case of Ti, 10.5% for
Sc, 10.0% for V and 6.6 wt % for Li.

Adsorption energy, E,4, has been calculated and plotted against the number of H,
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TABLE I: Calculated binding energy (Ep), interaction energy/Hy (AE), electronegativity (),
hardness (7), electrophilicity (w), and the HOMO-LUMO gap (F,) of B3N3HgM and the Hy trapped

B3sN3HgM systems. The corresponding hydrogen wt % is also given.

System E, AE X n w E, H wt %
(eV) (kcal mol™1) (eV) (eV) (eV) (eV)

BsNsHgLi 0.16 2.20 2.83 0.86 3.0
B3sN3HgLiH, -3.0 2.08 4.27 0.51 3.5 6.6
B3sN3HgSc 0.55 2.72 3.91 0.94 4.0
B3N3HgScHg -13.5 3.08 6.00 0.79 6.0 10.5
BsNsHgTi 1.38 2.0 2.53 0.36 3.6
B3N3HgTiHyo -10.1 3.22 7.10 0.73 7.3 12.8
BsNsHgV 6.77 8.04 4.58 7.06 6.0
B3sNsHgVHg -11.5 7.73 6.87 4.35 7.2 10.0

molecules in Figure 2. The quantum effect of zero point energy due to the hydrogen
molecules reduces the magnitude of static adsorption energy up to 25 %.%* Two H,
molecules physisorbed on Li metal have low E, 4 value of ~0.2 eV. In Sc, the first hydrogen
molecule results in chemisorption where Hy molecule splits into H atoms. One H atom is
attached to the Sc atom having Sc-H bond length 1.91 A while other H atom bridge with B
atom having B-H bond length 1.28 A and Sc-H bond length 2.15 A. Introduction of second
hydrogen molecule onwards results in physisorption phenomenon. For Sc atom, maximum
adsorption energy is found to be 1.9 eV for first chemisorbed hydrogen molecule and least
for fourth adsorbed hydrogen molecule with the value of 0.6 eV. Adsorption energy is
highest for the first hydrogen molecule as it is chemisorbed while decreases gradually as the

introduced Hs, are physisorbed.

When Ti is doped on the borazine E,4 is found to be high as 1.5 eV for first chemisorbed
H; molecule and decreases gradually for physisorbed Hy; molecules reaching to 0.4 eV. For
accommodating all six hydrogen molecules on Ti, one chemisorbed hydrogen move to B

atom. It is observed that B-H bond length is 1.33 A and the H atom moved to form bridge
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FIG. 2: Adsorption energy of BsN3HgMH,, system as a function of number of Hy molecules, n,

where m = 2n.

TABLE II: Average bond lengths of metal to chemisorbed H atom (M-H.), metal to physisorbed

H atom (M-H,) and H-H of Hy saturated BsN3HgM systems.

System M-H,. M-H, H-H

(A) (A) (A)
B3sN3HgLiH, 1.91 0.76
B3sNsHgScHg 1.91 2.25 0.75
BsNsHgTiHio 1.75 1.98 0.78
B3sN3HgVHg 1.91 0.77

between Ti and B having Ti-H bridge distance is 1.98 A. Second chemisorbed H atom

remains attached on Ti atom with Ti-H bond length of 1.75 A. To accommodate all five

hydrogen molecules on Ti, Ti is shifted to side of the ring as structure is slightly distorted.

In the case of V, all 4 H, are physisorbed with adsorption energy for first adsorbed hydrogen

molecule is found to be highest of 0.77 eV and decreases attaining 0.5 eV for the fourth

physisorbed hydrogen molecule.

The changes in variation in the bond lengths with respect to metal and chemisorbed

hydrogen (M-H.), metal and physisorbed hydrogen (M-H,) and H-H in the B3NsH¢MH,,
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TABLE III: Calculated binding energy (Ej), interaction energy/Hs (AE), electronegativity (),
hardness (n), electrophilicity (w), and the HOMO-LUMO gap (£,) of BsNsHxM, and the Hj

trapped B3N3Hx My systems. The corresponding hydrogen wt % is also given.

System E, AE X n w E, H wt %
(eV) (kcal mol 1) (eV) (eV) (eV) (eV)

B;3N;3H;Lis 0.71 5.17 7.39 2.58 7.3
B3N3H;LioHyo 1.7 4.97 7.15 1.72 7.6 14.5
B;3N3HgSco 0.08 3.12 3.53 1.38 2.1
B;3N3HgScoHig 114 3.02 6.76 0.67 5.3 11.8
B;3N3HgTis 0.94 2.70 0.94 3.90 3.6
B3N3HgTisHig -13.9 2.97 6.80 0.65 6.5 115
B;3N3Hg Vs 9.31 14.56 5.98 17.74 4.7
B3N3HgVoHig -13.6 11.96 6.24 11.46 7.1 11.1

are provided in Table II. The average H-H distances have increased in all the systems as

compared to isolated Hy distance of 0.741 A.

3.2. B3N3;H M, (X = 3, 6; M = Li, Sc, Ti and V)

Two M atoms are functionalized on the top and bottom positions of BsNsHg where M
= Li, Sc, Ti and V and their binding energy is found to be positive. Hj is introduced
sequentially on the metal functionalized sites. Optimized geometries of BsNsH xMsH,,, sys-
tems where m up to 16 are shown in Figure 3. The structure of B3N3sHgLis is found to
be distorted hence B3N3H3Lis and B3N3HyLiy structures are explored. The stability of the
two systems is studied by computing the binding energy. For BsN3H3Lis, binding energy is
0.71 eV while for BsN3HLis, binding energy is found to be 0.28 eV. B3N3H;3Lis is chosen
for Hy adsorption study due to its high binding energy. B3zN3HxMs system with Li is
found to accommodate maximum of 6 Hy molecules 3 each on top and bottom sites, while
Sc, Ti, and V sites can accommodate 8 Hy molecules each with 4 each on top and bottom

sites. The interaction energy of 6 Hy molecules adsorbing to system containing Li resulting

10
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FIG. 3: Optimized structures of H2 saturated (a) B3N3H3L12H12, (b) B3N3H68C2H16, (C)
B3N3H6Ti2H16 and (d) B3N3H6V2H16‘

to BsN3HzLisH is found to be -1.7 kecal mol™! while interaction energy of 8 Hy molecules
adsorbing to system containing Sc, Ti and V resulting to BsN3HgScoH1 6, B3N3sHgTioHyg and
B3N3HgVyH g are found to be -11.4, -13.9, and -13.6 kcal mol~!, respectively. It is observed
that the interaction energy is found to increase gradually as more H, is introduced on the

metal atoms.

Hardness and electrophilicity follows the similar trend for B3N3HxMsH,, as that of
B3N3sHgMH,,, except system containing Li where it marginally decreases as shown in Ta-
ble III. Hardness increases for systems containing Sc, Ti and V. In case of Ti, there is surge
in hardness value from 0.94 eV to 6.80 eV as the number of adsorbed H, molecules increases.

A reverse trend is observed in case of electrophilicity as compared to hardness which obeys

11
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FIG. 4: Adsorption energy of BsN3HxMsH,, system as a function of number of Hy molecules, n,

where m = 2n and X = 3, 6.

maximum hardness and minimum electrophilicity principles. All the clusters exhibit de-
crease in electrophilicity upon adsorbing Hy molecules. Electronegativity of BsN3HxMsH,,
decreases for Li, Sc, and V containing systems while it increases for Ti system. Hydrogen
wt % is found to be 14.5% for Li, 11.8% for Sc, 11.5% for Ti and 11.1% for V. Although
Li containing system has high hydrogen wt % its interaction energy is found to be very low
with a value of -1.7 kcal mol~! while other metal containing system is found to have high
interaction energy ranging from -11.4 to -13.9 kcal mol~!. The HOMO-LUMO energy gap
increases for the BsN3sH yMsH,, system indicating increased kinetic stability. It is doubled
after Hy adsorption in Sc and Ti systems reaching 6.5 eV for Ti, and 5.3 eV for Sc containing

systems.

Figure 4 shows the variation of adsorption energy with the sequential addition of H,
molecules. Li has very low adsorption energy close to 0.1 eV where all 6 Hy molecules
are physisorbed with H-H distance slightly increased to 0.75 A as shown in Figure 3(a).
Adsorption energy is high for Sc containing system for the first and second chemisorbed
Hs molecules which is ~1.5 eV. First Hy molecule introduced on top Sc atom result in
chemisorption phenomenon forming 2 Sc-H bonds with bond length of 1.84 A. Second H,
molecule introduced on bottom Sc atom also results in chemisorption with 1 H forming

Sc-H bond with bond length 1.86 A and other H forming Sc-H-B bridge bond in which Sc-H

12
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TABLE IV: Average bond lengths of metal to chemisorbed H atom (M-H.), metal to physisorbed
H atom (M-H,) and H-H of Hy saturated BsN3sHyM; systems.

System M-H,. M-H,, H-H

(&) (A) (&)
B3sNsH;3LioHio 2.28 0.74
B3sNsHgScoH6 1.84 2.25 0.76
B3sNsHgTioHjg 1.75 2.00 0.78
BsNsHgVaHig 1.96 0.77

bond length found to be 2.18 A. Bond length of H-B bond is 1.28 A as shown in Figure
3(b). Third Hy onwards all the Hy molecules get physisorbed with the adsorption energy
decreasing gradually from 1.1 to 0.5 eV.

In case of B3N3HxMyH,, system containing Ti the first and second Hy molecules on
each Ti is chemisorbed forming Ti-H bonds with bond lengths 1.75 and 1.73 A. Third
Hy; molecule exhibits physisorption phenomenon and to accommodate Hs, chemisorbed
H atoms form Ti-H-B bridging bonds with bond length 1.94 A for Ti-H, and 1.29 A for
H-B. Similar trend is also observed for the fourth H, molecule as the Hy is introduced
on second Ti from the bottom side of the B3N3Hg ring as shown in Figure 3(c). As the
first two Hy molecules are chemisorbed the adsorption energy is found to be high with the
value of 1.4 and 1.3 eV, respectively. From the third Hy onwards result in physisorption
with adsorption energy decreasing from 1.1 to 0.6 eV gradually as depicted in Figure
4. In V containing system, all the introduced Hs; molecules are physisorbed, similar to
B3sN3HgV, as shown in Figure 3(d). Since all the Hy molecules are physisorbed, the ad-

sorption energy is found to be low falling in the range of 0.5-0.6 eV as shown in the Figure 4.

In Table IV the variation in the average bond length of chemisorbed and physisorbed
M-H and H-H bonds are provided. The average H-H distances have increased in all the
systems and the increase is longer in Ti and V systems and their Ti-H (2.00 A), and V-H
(1.96 A) distances are shorter compared to Sc system indicating stronger interaction. This

feature is also evident from their higher interaction and higher adsorption energies.

13
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FIG. 5: Optimized structures of (a) B3N3H3Li3H18, (b) B3N3H38C3H24, (C) B3N3H3T13H30 and
(d) BsN3H3V3Hs0.

3.3. B3N3H3M3 (M = Ll, SC, Ti and V)

Metals are functionalized on the equitorial sides of BsN3Hg system away from B-N bonds
as the electron density is found to be maximum. H atoms are also replaced to accommodate
M which results in B3N3H3Mj3 system. M atoms bind to N ends of the borazine with
positive binding energy. On the metal doped system, Hy molecules are loaded resulting in
maximum of three, four, five, and five Hy on each Li, Sc, Ti and V functionalized systems,
respectively, as shown in Figure 5(a)-(d). B3N3H3Lis system can trap nine Hy molecules
resulting in the interaction energy of -1.5 kcal mol~! while for Sc atoms results in -8.3 kcal
mol~! for 12 H, molecules. In Ti and V functionalized systems, interaction energy is found

to be -9.5 and -7.2 kcal mol™!, respectively, for 15 H, molecules. Interaction energy for Li

14
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TABLE V: Calculated binding energy (Ep), interaction energy/Ho (AE), electronegativity (),
hardness (n), electrophilicity (w), and the HOMO-LUMO gap (£,) of BsNsHxM3 and the Ha

trapped B3N3HxMj systems. The corresponding hydrogen wt % is also given.

System E, AE X n w E, H wt %
(eV) (kcal mol 1) (eV) (eV) (eV) (eV)

BsNsHgsLis 1.2 3.66 7.54 0.89 6.9
B3sN3HsLisH;g -1.5 3.46 7.47 0.80 7.0 18.1
B3N3H3Scs3 1.5 3.56 5.05 3.56 4.5
B3N3H3Sc3Hoy -8.3 4.78 8.59 4.78 7.4 11.4
BsN3sH3Tis 1.9 14.7 3.3 32.5 6.3
B3N3H3TisHsg -9.5 13.7 6.7 14.1 6.8 13.2
B3sN3H3zV3 8.8 13.9 21.7 4.5 6.6
BsN3sH3V3Hsg -7.2 13.5 13.4 6.8 7.0 12.8

containing system is found to be lowest among all the systems.

Hardness for hydrogen adsorption increases from 5.0 eV to 8.5 for Sc and 3.3 to 6.7 eV for
Ti while it remains same at 7.5 eV for Li functionalized BsN3H3zMj3 systems. Electrophilicity
decreases from 0.89 to 0.80 eV for 9 Hy adsorbed on Li system, 32.5 to 14.1 eV for 15 Hy on
Ti system, while increases from 3.6 eV to 4.8 eV for 12 Hy on Sc system and 4.5 to 6.8 eV
for 12 Hy on V system due to Hy adsorption. F; also increases after adsorption of Hy for
all the BsN3H3Mj3 systems. For BsN3HsLisHig, hydrogen wt. % is found to be 18.1 which
is interestingly very high but the system has very low interaction energy of -1.5 kcal mol !
while it is 11.42 wt. % for BsN3H3ScsHay, 13.2 wt. % for BsN3H3TisHsg and 12.8 wt. % for
B3N3H;3V3Hyy, systems with high interaction energies ranging from -7.2 to -9.5 keal mol .

The details of data obtained are provided in Table V.

Adsorption energy has been calculated for M functionalized BN regions and is shown in
the Figure 6. Li system has very low adsorption energy (< 0.1 eV) since all the Hy are
physisorbed. Adsorption energy for Sc system is high (~1.0 eV) for the first three adsorbed
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FIG. 6: Adsorption energy of BsN3sH3MsH,, system as a function of number of Hy molecules, n,

where m = 2n.

TABLE VI: Average bond lengths of metal to chemisorbed H atom (M-H.), metal to physisorbed

H atom (M-H,) and H-H of Hy saturated BsN3H3M; systems.

System M-H, M-H, H-H

(A) (A) (A)
B3sN3HgLisH;g 2.23 0.74
B3sNsHgScsHay 1.84 2.33 0.75
B3sN3HgTisHsg 2.07 0.79
B3sN3HgVsHsg 2.04 0.79

Hy molecules as it leads to chemisorption in each metal. Then it decreases gradually to

0.35 eV when the Sc metal functionalized system is saturated with 12 Hy molecules due to

physisorption phenomenon. In Ti and V doped systems, 15 Hy molecules physisorb resulting

in low adsorption energy in the range of ~0.5 and ~0.4 eV, respectively. The average bond

lengths of the M-H and H-H in case of BsN3H3M3H,, systems are provided in Table VI. In

Ti and V systems, the H-H bond lengths elongation is larger in magnitude (0.79 A) than Li

and Sc (~0.75 A) systems.
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TABLE VII: Hirshfeld charges for metals on BsN3H3Ms and BsN3sH3sM3sHg systems where M =

Li, Sc, Ti, V and M, My, M, are index numbers of M3 atoms.

System Hirshfeld charges System Hirshfeld charges
B3N3H3M;3 Mg, My, M, B3N3H3MsHg Mg, My, M,
a.u. a.u.
BsN3H3Lis 0.438, 0.440, 0.442 B3N3H3LisHg 0.340, 0.338, 0.342
B3sN3Hj3Scs 0.300, 0.270, 0.254 B3sN3H3ScsHg 0.641, 0.640, 0.641
B3N3H3Tis 1.072, 1.113, 1.071 B3N3H3TisHg 0.961, 0.908, 0.900
BsN3H3V3 1.057, 1.007, 1.007 B3sN3H3V3Hg 0.834, 0.895, 0.828

3.4. Hirshfeld charge analysis of BsN3;H3Mj3

The first Hy molecule functionalized on Scs system result in chemisorption while Tis
and V3 system results in physisorption. In order to account for the observed behavior the
Hirshfeld charge analysis has been performed on the BsN3H3Mj system. Hirshfeld charges
for metals before loading and after loading of 3 Hy are tabulated in the Table VII. Transition
metals having relatively large Hirshfeld charge (electron deficient) results in Hy physisorption
while with relatively low Hirshfeld charge (electron rich) result in chemisorption. Hirshfeld
charge of Sc atoms is found to be ~0.3 a.u. while Ti and V is ~1.0 a.u. Due to relatively high
electronic charge density, Sc bind strongly with the Hy resulting in H-H bond breaking while
Ti, and V have low electronic charge density resulting in weak binding with the Hy. The
charge analysis of Hy loaded Ti and V systems indicate that charge of the metal decreases
to ~0.9 and ~0.8 a.u., respectively, indicating charge transfer taking place from Hy to Ti,
and V while, charge of the metal increases in Sc to ~0.65 a.u. In Li system, considering
that it is alkali metal, the Hirshfeld charge is found to be ~0.4 a.u. which is weak to break

Hs bond and hence results in physisorption.

3.5. Electrostatic potential maps of BsNsH x M,

In order to understand the physisorption and chemisorption phenomenon exhibited

by different metal functionalized BN systems, electrostatic potential maps superimposed
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FIG. 7: Electrostatic potential maps superimposed on the HOMO and LUMO orbitals of BsN3Hg,
B3sN3Hx Li;, BsN3H xSc;, BgN3H xTi; and BsN3Hx V; clusters with ¢ = 1-3 and X = 3, 6.

on the HOMO and LUMO orbitals of metal atoms binding to all the three regions of
borazine resulting in BsN3HxM; structures (M = Li, Sc, Ti, V; i = 1—3) are obtained and
shown in Figure 7. The HOMO-LUMO energy gap, E

¢, increases after adsorbing the Hj

molecules which indicates the increase in the kinetic stability of the system as shown in
the Tables I, III, and V. The red color in the electron density plots indicates electron rich
sites while green color indicates electron deficient sites. Also, isolated borazine molecule

electrostatic potential maps superimposed on the HOMO and LUMO orbitals are shown.
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On the sides of borazine, metal binds to N atom since it has electron rich orbital as shown
in the figure. As evident from the plots in Figure 7 that Hs chemisorption takes place
in the B3N3HgSc (d), BsN3HgSce (e), BsN3HsScs (f), BsN3H3Ti (g) and B3N3HgTiy (h)
systems. The reduced electron density in the B3sN3H3Tis (i) and all the V containing
BN systems, B3N3HxV; (j)-(1), are shown in green and yellow colors. Due to electron
deficiency in such systems result in Hy physisorption which is also confirmed from the

high positive values of Hirshfeld charges for BsN3H3Mj3 [M = Ti, V] as provided in Table VII.

Simultaneous metal functionalization on all three electron rich sites of BN system, namely,
on top, on bottom and on the side of B-N bonds at once resulting in B3NsHxM; with i =
5 leads to clustering of metals similar to clustering of Ti on a Cgy surface and reduction in
the hydrogen storage capacity® and hence Hy adsorption studies could not be performed on

such systems.

4. SUMMARY AND CONCLUSIONS

In this paper, the hydrogen storage capacity of BsN3HxM; system where M = Li, Sc, Ti
and V has been studied using the first-principles density functional calculations employing
the M05-2X/6-311G+(d) level of theory. Metals are functionalized on the top, bottom,
and side of the borazine ring having high NICS value. By Dewar coordination metals are
functionalized on the 7 electron cloud in borazine. Simultaneous metal functionalization
on all three electron rich sites of BN system at once resulted in clustering of metals. Hs is
trapped on the metal sites resulting in BsNsH xyM;H,, clusters with m up to 30. Hy loading
in Li and V results in physisorption while in Sc and Ti initially there is chemisorption
and with additional loading of Hs results in physisorption. The adsorption energy for
chemisorbed hydrogen is high while low for physisorbed hydrogen due to charge polarization

mechanism.

The computed global reactivity attributes for the hydrogen adsorbed B3N3H xM; system
obeys maximum hardness and minimum electrophilicity principles indicating the high sta-
bility of the studied systems. The results indicate that Ti containing systems B3N3H3TisHg
and B3N3H3TigHsy can be used as high capacity storage media with 11.5 and 13.2 hydro-
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gen wt %, respectively. This is closely followed by Sc containing systems, B3N3HgScHsg,
B3N3H3ScoHig and BsN3HsScsHoy with the capacity of ~11.0 wt %. Though B3N3HsLizHg
system has highest hydrogen storage capacity of ~18 wt %, it could not be considered as
storage material due to its low interaction energy resulting in less stability whereas transition
metal-borazine system interaction energy is found to be high. These simple metal function-
alized borazine systems can be used as building blocks for assembling into two dimensional
sheet or multidecker complex making it a potential hydrogen storage material although their

ability to reversibly trap Hs is expected to decrese marginally.
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We investigate the hydrogen trapping efficiency of various metals functionalized on BN
systems for potential hydrogen storage application using conceptual DFT’s stability and
reactivity descriptors.




