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Hydrogen storage material is a crucial research topic for future energy utilization employing hydrogen and among those of
DO: 10.1038/x0xx00000x interest, magnesium diboride (MgB,) has shown its prevalence. In this study, a first-principles analytical adsorption model
of one hydrogen molecule in vicinity of various magnesium diboride crystal surfaces was developed, in order to obtain
surface thermodynamic properties as functions of molecular and lattice properties. Henry’s Law constant (K#) and isosteric
heat of adsorption (AHa4s) - indicators of the affinity between a gaseous molecule and a solid surface are thus calculated.
The results in this paper not only address questions pertaining to the first stage of hydrogen storage processes but also
advance the understanding of physisoprtion thermodynamics of a neutral molecule (H,) coming in contact with a layered
metallic-like surface (MgB,). Although the model is built from a framework of classical calculations, quantum effects are
incorporated as fractional charge of the ions on the free surfaces, which is essential for calculation of analytic
thermodynamic values that approximate calculations from other methods. To benchmark our theoretical models, periodic
density functional calculations were performed to determine the interactions between H, and different MgB, surfaces from
first-principles. By considering both top and sublayer of MgB, in calculating interaction energy, we have analytically and
computationally calculated the interaction energies of H, molecule and MgB,’s terminated planes, and witnessed the strong
dependence of interaction energies to surface charges. We have also observed a dipole flipping phenomenon which explains
the discontinuity seen in the interaction energy graph of Mg (0001). Both analytical and computational results showed

heat of adsorption at zero coverage varying at very low range (< 7 kJ mol _1).

gaseous molecules coming in contact with MgB, and its interaction
Introduction energy at ambient temperature. The MgB, structure has alternating
layers of closed-packed trigonal magnesium and honeycomb-like
lattice of boron, featuring a hexagonal crystal structure with lattice
constants being: @ = 3.074 A and ¢ = 3.518 A7 Figure 1 displays
the crystal structure of pristine MgB,. Even though MgB, has a
metallic nature, the interaction of H, molecules and MgB, can be
different from the already well-developed knowledge about the
interaction between H, and metals.8?

The advancement of renewable technologies is a key current focus
of energy research, supported by government and corporate
investment and made exigent by challenges of climate change and
energy security. Forinstance, in 2022, a 9-billion-dollar initiative was
passed in the US government to increment the development of
hydrogen as fuel of the future.! One pertinent scientific challenge is
the pursuit of a practical hydrogen storage material that matches
with US Department of Energy (DOE) requirements?, which set
targets of gravimetric and volumetric capacities for specified on-
board systems, recommendation for ambient temperature, safe
operation, etc. Fundamentally, these requirements all derive from
the thermodynamics of hydrogenation and dehydrogenation
reactions of a candidate hydrogen storage material.

One promising candidate material for hydrogen storage, magnesium
diboride (MgB,), has theoretically and experimentally exhibited
greater than 11wt% of hydrogen storage capacity, thereby

exceeding the DOE’s gravimetric requnrement,_:fnd also has fayorable |&'1| _ |5.'2\ — a=3.074 A c—= 3518 A
enthalpy of hydrogen release (38k/mol™") but experimental
conditions for these observations remained extreme.3-® This material
poses a fundamental question regarding the mechanism of hydrogen . Mg atom @ B atom
Figure 1: Atomic arrangements in a pristine MgB, featusing

o Department of Mechanical Engineering, University of Hawai‘i at Manoa, Hawai'‘i hexagonal, layered crystal structure with two lattice vectors @1,a; in

96822, USA. the (0001) plane and the gap between two identical layers being
b-| aboratory for Energy Applications for the Future (LEAF), Lawrence Livermore distance C.
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In prior studies using carbon-based nanomaterials for hydrogen
storage, the addition of alkali/transition metals (TMs) was employed
because these metals act as catalytic sites for hydrogen molecule
dissociation, creating interaction between the occupied sigma orbital
of hydrogen with the vacant metal d-orbitals or hybrid sp orbital at
surface.1%-24 The mechanism of H, interaction with various metals is
well-known to initiate with a physisorption step, with subsequent
dissociative chemisorption where the H atoms penetrate and diffuse
to the lattice.’>'8 One early theory developed by Norskov and
Houmoller in 1981 thoroughly described the kinetic movement of H,
molecule adsorption on Mg (metal) fcc (100) surfaces, accomplished
via precursor states. The H, initially maintains a physisorbed state
and as approaching the surface, it encounters an outer activation
barrier. Passing the barrier, H, stays in a molecularly chemisorbed
state and can freely move along the surface. It then dissociates into
H atoms at energetically favorable sites.’® In 1985, Nakatsuji and
Hada used ab initio theory to show a stable molecular adsorption
state of H, on Pd surface at 1.5 A distance.0 This study also
witnessed a smooth equilibrium between molecular H, and its
dissociated form. Although dissociation is the dominant case for
adsorption on metals, there is no clear theoretical background on
metallic heterogeneous solids, such as MgB,.

The focus on MgB,/Mg(BH),; as well as borohydrides for hydrogen
storage has been discussed elsewhere with the key advantage being
the potential for high gravimetric and volumetric storage densities as
noted above.521-%> For hydrogen storage purposes, the interaction
between hydrogen with an ideal sorbent material can be intuitively
understood to have an optimal range (reportedly ~15—48kJ
mol ! by Prayogo et. al)?6, where it is larger than physical adsorption
for better retention at room temperature and smaller than
chemisorption in order to allow low energy desorption.?’” A study
from Ray et al. in 2017 showed a direct hydrogenation from MgB, to
Mg(BH),, , which went through two steps: (1) dissociation of the H,
molecule and (2) diffusive absorption initially from the high energy
B-B bond.?! This could be attributed to the electron tunneling of the
occupied hydrogen orbitals and a suitable surface plane’s electron
wave functions.'® Among the recent research on MgB, for hydrogen
storage, exclusive study into the dissociated state and H-atom
diffusion into lattice mechanism dominates;21-2527.28 yet the very
initial physisorbed state has only been vaguely discussed. The
dissociation enables better hydrogen storage capacity and at the
same time, makes it thermodynamically more expensive to desorb
these H,. The first stage of hydrogen storage, in which H, gas remains
in its molecule form, is thus important because we expect the
adsorption energy here to fall within the optimal range discussed
above. Studying singular gas adsorption on a layered material like
MgB, is also of current interest because this group of material,
despite in its 3D form, shows 1D and 2D properties in the
perpendicular and lateral directions of the layers, respectively.?®
Magnesium diboride is fundamentally interesting in the study of
layered materials because it is a heterogeneous layered material. The
interface between adjacent layers is atomically thick and exhibits
metallic interaction. The in-plane and inter-plane distances between
two B atoms are different. This leads to anisotropy in mechanical,
thermal and electronic properties of this material. With the chemical
structure MgB,, Mg is nominally understood to have valence charge
of 2 + . However, it was previously observed that there is back charge
transfer from B to Mg which means MgB, is not fully ionized.30-32
More interestingly, the charge values of individual atoms on each
plane also vary with terminated planes and their sublayers. It is thus
appealing to examine gas adsorption on different terminated planes
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of a layered material. Computational tools are specifically powerful
in this case to identify charge density on a plane. Meanwhile,
interaction energy between a gaseous molecule and a solid surface
is a complex integration of many factors: sorbate and sorbent
electronic properties, sorbent’s crystal structure, the distance
between the two, and the surrounding environment, which can be
considered as vacuum for this study. Steele set a foundation for
analytical representation of gas-solid interactions, which played a
crucial role in modern interface science, yet the studied sorbent was
limited to graphite. 33 The opportunity then presents itself to develop
a model for more complex materials such as a metal-like layered
++++sorbent like MgB,. Having an analytical theory can clarify the
important factors contributing to the calculated interaction energy.
Surface charge effects can be examined here through a sensitivity
analysis to establish their importance to the overall interaction
energy. With a formulated approach, future studies may be able to
expand the theory to incorporate other effects such as intercalation
into layered materials, depending on the charges of intercalant.
Intercalation is a known process that enables dramatic charge
transfer between the layers.2 Such a study can also pave the way for
strategies to improve hydrogen storage capacity by manipulating
contributing factors in the analytical representation.

In this paper, an analytical model of H, adsorption on MgB, at
different terminated planes was developed. The interaction energies
at different terminated planes and varying charge values were
calculated. We performed our study at ambient temperature, which
is a crucial factor in choosing H, storage material because hydrogen
uptake at room temperature creates ease of activation, maintain H,
cyclic stability and cycle life.3* From the model, a thermodynamic
property — the isosteric heat of adsorption at zero coverage was also
calculated. Computationally identified surface charges of MgB, using
density functional theory (DFT) are also presented and incorporated
as ion charge inputs to the adsorption analytical theory.3> To validate
our adsorption analysis, we performed DFT calculations at the SCAN-
rVV10 level of theory to explicitly determine the binding energies of
H, to the different MgB, surfaces that we explored.

Theory

Within the adsorption medium, a H, gaseous molecule can arbitrarily
approach a terminated surface plane of MgB, to the point of
physisorption. A surface plane of MgB, comprises multiple lattice
unit cells, and the positions of atoms in each unit cell repeat
throughout the surface. As one H, gaseous molecule translates in x-
y direction (in-plane), the total interaction energy (Us(7)) between
one H, and the MgB, surface plane can be described as a periodic
function represented via Fourier series:

us(r) = ng(z)exp (ig-1) @
g

where g =2m(g1b1 + g2b2)is the multiple of reciprocal lattice

vectors, T = S1a1 + S2a; is the two-dimensional translation vector,
C:

- — sc 6
wy is the Fourier coefficient, |b1| = |bz|= ]’ 6 is the angle between
1

two lattice vectors aiand @z , (s1.52) are coordinates of the H,
adsorption sites in the unit lattice cell.

This total interaction energy Us(7) can also be understood as the
summation of single interactions between the H, molecule and each
atom on the solid’s surface. The single interaction discussed in this

This journal is © The Royal Society of Chemistry 20xx
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study (H, — MgB,;) includes the dispersion-repulsion interaction
which can be represented through the Lennard-Jones 12-6 model
(Eqg. 2), termed as the “fluctuating dipole interaction”, and the ion-
induced dipole interaction (Eq. 3), termed as the “induced dipole
interaction”.

—4 Ogs 12 Ogs ¢ (2
egs— Sgs (rij) - (Tij)
where egs (k] mol™) is the Lennard-Jones 12-6 interaction energy,
OMgB, t OH,

ggs (k] mol™1) = \/emMgB.£H; js the potential well depth, 0gs = 2
(m) is the distance at which the interaction energy equal zero, 7ij (m)
is the distance between two entities. The term omgp,was taken as
the bonding length between two atoms on a lattice plane of MgB,.
The &My, term was taken as 0.4 k] mol ~* for B planes? and 0.46 kJ
mol ! for Mg plane.?”

—aq’ 3)
Pina = 214 (4meg)?
where ®ma (k] mol™") is the induction energy, @ (Cm N ™) is the H,
polarizability, g (C) is the charge of each atom on the solid surface, €
(C*m™2 N s the vacuum permittivity. In this study, the charges of
Mg and B are calculated with DFT using the Bader formalism.3841
Based on equation (1), (2) and (3), the total interaction energy of one

H, molecule at a distance z (m) from a surface can be illustrated as
below:

us(r) = ) (egs(r) + bind) ®)

j
= ZZ[egs(za, T+l+ m—)k) + Oina(Ze, T+1+ 771()]

Il k

From equation (1), the Fourier series coefficient W, can be displayed
as:

1 — >
wy(za) = exp (= i - Dus( z, T)dT )
Combining equation (4) and (5), we have:

wy(z,) = (6)
1 — L, —
aexp (=g m) [Lexp (=i Degs(aa T+ T+m) + O
S
k

2m I o 7
woz) = - exp (=i m) [ Jolanenrynae @
Tk
2m L —
+ e (= ig-m) [ oo Onatrede
S
%
It is also known according to Bessel function identities that:
® 1 19 (8)
n+1 — (< \n
J a0 ieae= G
19 1 9)
i (2 \n -
;1_% n!(Zz) K. (g2) P n>0

where Jo is the Bessel function of the first kind, of zeroth order.
Plugging equation (8) and (9) into equation (7), we can obtain the
fluctuating dipole interaction energy and induced dipole interaction
energy from the first and second terms in Fourier series coefficient
Wy in equation (7), respectively.

This journal is © The Royal Society of Chemistry 20xx
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ufluctuating(r) 2w 20-‘% 0—25 N P — (10)
72*ZN 0" 4 +ZZ exp (—ig-[m
Egs as p SZa Zg k=1

g#0
2m ¢ N R 9. (11
uinduced:a*Z[Nfz'l- ZZ exp(_lg'[mk"'f])x(czk( )
S s 2z g70 k=1

where as(mz) is the unit lattice cell area, N is the number of atoms
2

. . . i 4
in each unit lattice cell and C = 2(4meg)? Jm®

In this analytical model, both the top layer and one sublayer are
considered. MgB, was evaluated at 5 types of terminated planes: B-
terminated (0001), Mg-terminated (0001), B-terminated (1010),
Mg-terminated (1010), and Mg-B (1120), along with their sublayers,
as listed in Table 1. Visual display of these planes and their sublayers
are presented in Figure 2. Because of the consideration of sublayer,
the use of singular electrostatic interaction energy between one
nonpolar molecule and an ionic surface as in equation (3) is not
sufficient. The coefficient C in equation (11) should involve charges
of atoms of top layer and its subsequent sublayer. Distances of the
two planes to the H, molecules should be reflect here too.

Fluctuating dipole interaction energy is the summation of interaction
between H, and each atom on MgB, surface, without consideration
of charge. However, for the induced dipole interaction energy, this
requires further elucidation. To illustrate for the electrostatic
interaction energy in regard of heterogenous charges within the
surface layer and sublayer, we review one example of the B-
terminated (0001) plane (sublayer: Mg-terminated (0001) plane).

B; and B, negative charges exert an electric field on the H, nonpolar
molecule that polarizes the H, molecule.

—_ 1 (12)
1_4n£0r%r1

o Las- (13)
2_47'[807"% 2

— — a qp~

p1= aEl = er%rl (14)

— —  a gz~ (15)
p2=ak;

= 4nsor%r2
Respectively, the Mg positive charge exerts an electric field on the H,
molecule that polarizes the H, molecule.

oo L amg- (16)
3_47T€0 r% "3

o Men 17
p3=a 3—W3

—_— — —

where E1 , E; and E3 are electric field exerted by negative By,
negative B, and positive Mg charges on H, molecule; p1, P2 and pP3

are the respective dipole moments on H, molecule, 1, 72 and '3 are
the distances between H, molecule to B;, B, and Mg atom
respectively. A simplified illustration of the entities’ positions with
respect to each other and dipoles is presented in Figure 3.

Because 71 = 7’2, the total dipole that two B atoms acting on the H,
molecule is as below:

J. Name., 2013, 00, 1-3 | 3
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— a lggl 18 . — o
SPE — qs 2(1 + cos @)7y, (18) where 6 is the angle between two vectors P12 and P3. This dipole
! creates three respective fields E1, E%, E3 on charge 51, 452 and quyg-
where 12 describes the direction of the sum vector, ¢ is the angle 2—» 20)
— el —_— — 1
between two vectors p1 and pz. The final dipole of the H, molecule g, =F, = 4—711323
induced by both B atoms and the Mg atom is described below TEo 11 @D

— 1 2piz

2 2 3=
— a 9B qmg |CIB|CIMg (19) ey 13
=— | -2 20+
P123 4‘71'50\/1“1*2(1 + cos @) + w +2 22 (1 + cos ¢)cos Here,73=d Xri=d X1,
Table 1: List of 6 terminated top planes of MgB, and their sublayers that are considered in the analytical model.
Terminated Surface Plane Sublayer(s)
B-terminated (0001) Mg (0001)
5 types of Mg-terminated (0001) B (0001)
terminated planes _ _
B-terminated (1010) (average of the two B Mg (1010)
planes)
Mg-terminated (1010) Average of the two B (1010)planes
Mg-B-terminated (1120) itself

[ d
L]

-
e

@® Magnesium e Boron

Figure 2: Top view of the 5 terminated planes of MgB,. (a) B-terminated and Mg-terminated (0001) planes (b) B-terminated (1010) plane

(c) Mg-terminated (1010) plane and (d) the Mg-B (1120) plane.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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@ H, molecule
@ B atoms

) Mg atoms

@

N e
N

Figure 3: Illustration of the positions of H, molecules in respect to Mg
and B atoms on the soLbent layers, with 7 being the distance
between two entities and P being the dipole.

T
B-terminated(_l:)UOl) g T2

Mg (Q0OL)subIEYET

These fields exert respective forces on the three charges

W @2
—2(1+
T‘f ( cos @)

— — - 1 \?2aqp
Fi=F,=qpxE1=

- | T 2 2
4 3 gl
T 13 qmg qBlqmg 201 ¥ cos
avi rid
=—] —— M BlYM,
(4nso |+ d_‘:] +2 pm 2 2(1 + cos ¢)cos 6

q}2d*(1 + cos @) (23)

F E’ 1 \“2aqug
3T Mg X B3 \amey) T 15\ + ahig + 2d2lqplqugy/2(1 + cos.

The interaction energy between H, molecule with these three
charges are described below:

E=der

E1=E; @9
42(1 + cos
() 2 iy
==\ = 9 9
4meo) 2ry ' Zd—r\IZ(l + cos ¢)cos 6
(25)

Fom 1 “2aquy q32d*(1 + cos ) + q¥
37 T \amey) 204 | +2d%qslqugn2(1 + cos @)cos 6

As distance between H, and MgB, planes change, there is a
possibility that the direction of dipole is fIip_p)ing, aishown in Figure
4, because it is a vector addition between P12 and p3. With that said,
in case (A) where pf2 —(P3 + p%23) is negative (the dipole has its
negative head closer to the solid plane), Especific = E1+ E2 + E3.
Conversely, as in case (B) where ph —(p% + p%zg) is positive (the

dipole has its positive head closer to the solid plane), Especific =

mical Phys

—(E1 + Ez + E3). Itis often more convenient to describe equations

and dimensionless

zZ
* _ 2. %
zZ —al,g

(10), (11) in terms of lattice vectors ai, a;

Qas
parameters rather than Cartesian coordinates: a;° = @

4

Tgs

=ga; A= -

ay

@

-

Figure 4: lllustration of the possibility of witnessing H, molecule
dipole flipping as the distance between H, and MgB, plane changes.

us(r) (26)
us = = £gs X [Eomm—specific(z*) + Z Ennun—specific(z* )fn(5152)]
g3 n>0
2mASq 24° 1 27
E nun_spelelC(Z )— o Zp O(S(Z s )10_ = +pAz )4) @7)
.y 2mA’fa X (28)
Ennun—specific (Z )=F’30(22 ) Ks(gnz ) 2(22 ) KZ(g 4 )]
2n:NC 1
Ey specLﬂc(Z )— a p o(m) (29)
(30)

( Kl(g Z*)]

2m
En_specifir: (Z*) = ar

S

where exp ( —ig - [mk + ‘?]) = fn(s51,52) and the coefficient C is

described as

|‘IB|‘IM
zTg«/Z(l +cos p)cos

NES 1 \aqs ahg
s 2t q52(1 + cos @) + 7+

1 \22a
_ (4115 ) ql;lg  JaB2d%(1 + cos @) + qhy + 241 qplqu2(L + <05 g)cos g]
0,

C=(+or—)

In order to solve equation (26), we need an analytical representation
of fn(s152). Each pair of (s1,52) along with other parameters provided
in Table 1S (Supplementary Document), produces a trigonometric
function of fn(s152). The (s1.52) - dependent terms in the energy
equation (26) (En) were calculated for n up to 5. The isosteric heat
of adsorption in the limit of zero coverage (referring to adsorption of
the very first H, molecule on an ideal MgB, surface plane)!® and the
Henry’s law constant can be expressed as below:

Please do not adjust margins
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a(InK)
o(7)
where AHqgs (k] mol™1) is the isosteric heat of adsorption in the
limit of zero coverage, k (mzkg sT2K _1) is the Boltzmann constant

T(K) is the temperature, V(m3)is the gas space volume in the

B

lim AHgqs = R X ( -T)
n—-0

adsorption container, R (atmm3K/mol) is the gas constant, Ky
(nm) is the Henry’s Law constant . In this scenario, there is no
adsorbate-adsorbate lateral interaction, and the moles of adsorbed
H, molecules (Gibbsian surface excess of a pure gas), n,, is linearly
dependent on equilibrium pressure (p)*?, leading to the calculation
of Henry’s law constant (Ky) as below:

)
Ky=1lim|—
H p—0 p

(32)

This Henry’s law constant can also be theoretically calculated via
interaction energy of an isolated molecule with a surface and later
obtained to calculate the isosteric heat of adsorption at zero
coverage, AHaas (Clausius — Clapeyron equation)

Ky (33

:%fv[exp (%;(r)) —H(z—zp)]dr = %j
o nl pl () +E

Jo S

e o ol

where Eo, En(n=1—5)are functions of z* only and thus
independent of 51,52, so E¢ can be extracted from the double integral
of 51,52; fn (N =1 —5) are trigonometric functions of s1.52; H is the
Heaviside function and Zo is the distance value at which the total
interaction energy has a value of zero. MATLAB was used to find a fit
equation for In(Ky) and 1/T.

€95 X [Eo,p, i Paon-

Computational method

Plane-wave, periodic supercell DFT calculations were performed with
the Vienna ab initio simulation package (VASP), version 5.4.4,%3 using
augmented wave treatment of core-valence

with the SCAN (Strongly Constrained
Appropriately Normed) functional with rvVV10 vdW corrections.*47

the projector
interactions**4> and
The initial bulk structure of metal diborides was obtained from the
Materials Project.*® For all calculations, the energy cutoff for the
plane-wave basis set was set to 400 eV, and self-consistent-field
electronic energies were converged to 10~ eV and atomic forces to
<0.03 eV/A. Five slab models were created from the bulk structure,
including B-terminated (0001), Mg-terminated (0001), B-
terminated (1010), Mg-terminated (1010), and (1120). Each slab
was separated from periodic images by at least 15 A of vacuum with
monopole/dipole and quadrupole corrections applied perpendicular
to the slab to the total energy to avoid undesired cross-cell
interactions. The Brillouin zone was sampled with a l-centered
4 x 4 x 1 k-point mesh for (0001) slab structures, and a -centered 1

x3 x 3 k-point mesh for (1010 slab structures, and a l-centered

6 | J. Name., 2012, 00, 1-3

3x1x3 k-point mesh for the (1120) slab structures. Geometry
optimization of the B-terminated (1010) leads to extensive surface
reorganization into an amorphous state suggesting that the surface
energy of that plane is too high to be stabilized. POSCAR files of
optimized structures are included in the Supplement Information.
Bader charge analyses were performed using the algorithm
developed by Henkelman et al.38*! For H, adsorption calculations,
binding strength was quantified by referencing to gas phase H,
following

EHzads = Esurface +H, — Esurfar:e - EHZ

where Esurface + Hy, Esurface and En, are DFT-computed energies of
a surface with an adsorbed H,, the adsorbate-free clean surface and
H, in gas phase, respectively.

Result

Analytical Study: Interaction Energy

The fluctuating dipole (red, square), induced dipole (green) and total
(blue, triangular) interaction energies of the five planes: B-
terminated (0001), Mg-terminated (0001), B-terminated (1010),
Mg-terminated (1010), and Mg-B (1120), over a reasonable range
(1 —10 &) of distances between H, and MgB, were plotted in Figure
5.

Generally, as the distance between two entities decreases, the
fluctuating dipole and total interaction energies show increasing
attraction (energy value goes more negative) to its depth and then
rises to positive values which indicates increasing repulsion. From
Figure 5, Mg (0001) has the smallest attractive energy (~ — 5 kJ
mol™') while the other 4 terminated planes have interaction
energies falling in the range of —15 to — 20 kJ mol™!, Among the
two basal planes (B (0001) and Mg (0001)), which are
experimentally more often seen as terminated planes of MgB,,*°->2
B-terminated (0001) showed higher affinity to H, molecules.
Recalling equations 26 - 30, this interaction energy is dependent on
the calculated charge values of the surface atoms and thus subjected
to deviation. A detailed discussion of this effect is presented in the
subsection below. Regarding the induced dipole interaction energy,
it does not follow a trend. This energy depends on the total induced
dipole direction (referring to discussion about Figure 5), which
simultaneously creates attraction to one layer and repulsion to the
other layer. At discreet distance and specified charge values, either
repulsion force or attraction force prevails. Therefore, as the
distance between two entities decreases, we witnessed a similar
trend among the three lines in Figure 5 a,b,d,e; while in Figure 5 c
and f, the induced dipole interaction energy was decreasing. By
observing the proximity between the “green” - induced dipole and
“blue, triangular”- total interaction energy lines in all 5 terminated
planes, it can also be concluded that the total interaction energy is
dominated by the induced dipole interaction energy. A similar
conclusion was drawn from Cygan et. al. about molecular models for
interaction with minerals, which claimed the dominance of
Coulombic forces (induced dipole energy) over short-range
repulsion, and attractive van der Waals, which both contribute to
fluctuating dipole energy.>? In Figure 5b at x = 6.2 A, we observed a
sharp change in total interaction energy. This results from the dipole

This journal is © The Royal Society of Chemistry 20xx
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change at distance x = 6.2 A and the analytical calculation were run
in MATLAB software at discreet values of distance, leading to a

Chemical Physics

discontinuity in the graph. This, however, does not change the
physical nature of adsorption potential.

10 X 1.8 x10% a 5 150 b % 0 c
£ &5 ¥-31 £ £ X2.9x10710
2 : X 4.5 x1010 2 Y-19.4
T o T T 100 vz =35 y
& & A & '
by H = X3.2 %1070
2 X1.7x10710 / c g Y-16
ul Y-185 w X 6.2 x1010 I d
g g Y-5.8 g
£ g T g __._T
@ ®© ©
& £ .10 2
c £ £
6 3 5 710 2 3 El’D
-10 - €
Distance (m) * 10 Distance {m) * 10 Distance (m) * 19
N d = 80 & & Fluctuating dipole interaction energy
3] <] X 2.5 x1010 . . ;
£ :3;01040 £ ooy Induced dipole interaction energy
2 - E A —&— Total interaction energy
- - 40 X2.9 x101°
5 X3.2 X100 z V19 H, adsorption on
s V151 = ;
= == T a B-terminated (0001)
c c 0
2 M 0 ;
E S E b Mg-terminated (QOOI)
S I g 30 ¢ B-terminated (1010)
- -
< N = . _
- = d Mg-terminated (1010
2 £ % 2 3> X 10.51’0 : 5 ( )
Distance (m} %10 Distance (m) e (1120)

Figure 5: The interaction energies of H, molecule adsorption onto 5 types of MgB, surface exposed planes. The black boxes on the red and

blue lines indicate distance X and energy value Y of the potential well d
respectively.

Analytical Study: Dependence on charge. The total interaction
energy, as described in equations (26) — (30), is a function of charge
values. The charge values used as inputs to the analytical model were
found using DFT-computed Bader charge approximation, with an
acceptable deviation (0) of * 0.2 depending on the functional
used. The interaction energies of the 5 planes were mapped out as
Mg and B charges deviate * 0.2 e from their calculated values. A
table of interaction energies at different charge values is presented
in Supplementary Document — Table 2S. As we can see from Figure
6, the interaction energy varies significantly within the range of
charge deviation [—0.2,0.2], in which the strongest interaction
energy can be twice as large as the weakest one. Previous studies
have shown that, in hydrogen physisorption on metal-doped
structures and metallic frameworks, interaction energy does not
exceed 30K/ mol~15+57 Adsorption on pure carbon-based
structures can have even lower interaction energies, as discussed in
the introduction. Therefore, as we vary the charge values, all
interaction energy that exceeded 30 kJ mol ~! should be considered
with caution. Examining the results in Figure 6, we again confirm the
possibility of manipulating surface charge to change adsorption
energy. This is another avenue for engineering in materials research
for applications of separations or energy storage, in which the
arduous quest for new materials or chemical modifications may be
supplanted with tunability of surface charge. The integrated effect of
van der Waals and electrostatic attraction present in layered
materials’ intra- and inter-layer interactions have been significantly
studied recently, demonstrating that the calculation of surface
charge cannot be omitted.”®>° The intercalation process, which is
enabled in layered materials, can potentially weaken the intralayer

This journal is © The Royal Society of Chemistry 20xx

epth of fluctuating dipole energy and total interaction energy

interaction by disturbing the electron sharing between Mg and B
atoms, thereby easing delamination.0

Analytical Study: Isosteric Heat of Adsorption

Calculation of the the Henry’s law constant enabled fitting to a linear
1

function: (Ky) =ax (}) +b with @ and b defined as constants for

the 5 various terminated planes. Increasing [n(K) with increasing

reciprocal temperature implies positive values of the constant a. As
1
introduced by Steele, equation (19) can be written as: Ky =17

— Us(T

I lexp ( kT( )) — 1] dr using absolute void volume; this leads to
negative values of the Henry’s law constant. 33 Do et al. later adjusted
this equation, as shown in equation (33), by considering accessible
volume, resulting in positive values of the Henry’s law constant.5!
Recalling equation (31) for isosteric heat of adsorption, with positive
constant @, we should expect a trend of decreasing qst values with
increasing temperature. Table 2 — column 2 presents the isosteric
heat of adsorption at zero coverage for hydrogen adsorption on 5
terminated planes at varying temperatures. The qs: values of each
terminated plane all have magnitudes in the small range of 1 — 4 kJ
mol L. With a very small coefficient for temperature (T), we can
conclude that at the limit of 0 K, isosteric heat of adsorption is
independent of temperature.
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Figure 6: Surface plots illustrating the interaction energy (us)
sensitivity to the change in charge values of Mg and B by * 0.2 with
(omg:0B). (a) B-terminated (0001) plane (b) Mg-terminated (0001)
plane (c) B (1010) (d) Mg (1010) plane (e) the (1120) plane.

First-principles Study

Physical Chemistry Chemical Physics

The first-principles DFT study calculated the binding strength of H, to
various MgB, terminated planes. The results are reported in the third
column of Table 2. Binding of H, on B (0001) showed the strongest
interaction, with —6.3 kJ mol ™!, There appears to be no significant

difference in binding energies on other terminated planes,

approximately —3 kJ mol ™!,

Even though the analytical interaction energies fall in the desired
range (~15 — 48 k] mol 1) 26 both isosteric heat of adsorption and
first-principles binding energy calculations show low values
(physisorption) between one gaseous H, molecule and all 5 studied
terminated planes of MgB,. Considering these results in light of the
high storage capacity that was experimentally witnessed on MgB,,
we lean towards the postulate that H, dissociates subsequent to
adsorption, followed by H atoms’ diffusion into the crystal lattice.3®
Noticeably, all of these energies fall within the range of interaction
energies (Table 2 - column 4), which change with the deviation of
charges. Even though there is variation between the analytical and
computational results, the 2—3k/mol™! difference between
analytical isosteric heat of adsorption and first-principles binding
energy is insignificant. Based on this result, there is no distinct
preference of the H, molecule among the different terminated
planes of MgB,. We examined the (1120) plane, which has not been
well studied, and even this plane shows similar interaction energy to
other planes.

Table 2: Isosteric heat of adsorption at zero coverage of the 5 terminated planes.

Plane Isosteric Heat of First-principles study Analytical Interaction Energy (kJ mol ™)
Adsorption (k] mol™! | energy (k] mol™}) Energy at depth in Max. value ** Min. value **
) Figure 5 *
B (0001) 1.8 —6.3 —18.5 —67.6 —4.9
—0.0083 X T + 1.816
Mg (0001) 1.9 -3.1 -5.8 -19.3 —0.1
—0.0083 X T + 1.9047
B (1010) 1.3 —3.8 —19.4 —33.3 —3.8
—0.0083 X T + 1.291
Mg (1010) 1.25 -38 —15.1 —19.1 -29
—0.0083 X T + 1.26
(1120) 3.35 —-3.0 —21.3 —-31 —1.6
—0.0083 X T + 3.63
*This is the lowest point in the total interaction energy curve (blue, rectangular line) in Figure 5. **¥These are the maximal and minimal magnitudes of (*) when charges of Mg and

Barevaried T 0.2¢€

Conclusions

An analytical model was formulated to examine the interaction
energy of a singular nonpolar H, molecule physisorbed on MgB,
material surfaces. A first-principles DFT study was able to
calculate the surface charges of Mg and B on each terminated
plane, which provided input to the analytical calculations. This
analytical study incorporates both van der Waals and
electrostatic interactions. Because MgB, is a layered material,
charges of Mg and B are not the same between the terminated,
exposed plane and its direct sublayer/sublayers. Mg-terminated
(0001) was analytically found to have the weakest interaction
energy( —5.8 k] mol™) | while the values for remaining four
planes range from —15 to — 20 kJ mol ™. We also witnessed
that a dipole flipping phenomenon emerged from the analytical

8 | J. Name., 2012, 00, 1-3

study, in the approach of an H, molecule to the Mg-terminated
(0001) surface. The isosteric heat of adsorption values at zero
coverage of these terminated planes do not differ significantly
from each other (1 — 4 kJ mol™1). Computational results also
showed low binding energies with the strongest one being
—6.3 k] mol ™! for B (0001). The low interaction energies
between molecular H, and MgB, planes suggest that another
subsequent chemical step exists, or extreme reaction condition
is required for the previous observation of high hydrogen
storage in MgB,. The formulation exhibits a significant
dependence of interaction energy on surface charges and is
able to offer an analytical representation for gas adsorption on
solid surfaces, or more specifically, gaseous molecule
adsorption on a layered, metallic sorbent.

This journal is © The Royal Society of Chemistry 20xx
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