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� A predictive model equation is proposed 
to estimate the binding energy of BH3 
molecule/s. 
� Design the active surfaces to split the 

B2H6 into two BH3 molecules. 
� BH3 is found to be universal secondary 

catalyst for bond exchange hydrogen 
spillover mechanism. .  
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A B S T R A C T   

A fundamental understanding of the spillover mechanism is an open and challenging problem and plays an 
important role in catalysis. In particular, bond-exchange spillover mechanism is considered to be effective for 
reversible storage and release of hydrogen at near ambient conditions. For this, three critical steps are needed: 
finding the right support (acceptor), the right catalyst to split H2, and ensuring that once H2 is split, the H atoms 
can migrate on the surface with the help of secondary catalysts and eventually hydrogenate the entire material. 
In this paper we address these challenges using density functional theory. We show that BH3, a secondary 
catalyst, can be produced by symmetrically splitting its stable precursor, B2H6, on doped metal-free surfaces such 
as graphene and h-BN as well as on MOF5. In addition, to reduce computational cost, we develop structural 
descriptor and predictive model equation to effectively screen potential BH3 binding sites. Symmetrical splitting 
of B2H6 on different types of materials can address the hydrogen spillover challenge, making efficient storage of 
hydrogen possible.   

1. Introduction 

Hydrogen can be used as a clean alternative to fossil fuels only if 

many challenges in its production, storage, and use in fuel cells can be 
overcome. Among these, the greatest challenge is to find ways to store 
hydrogen safely and efficiently under ambient conditions, with high 
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gravimetric and volumetric density [1,2]. While hydrogen is currently 
stored in automobiles in high pressure tanks or in liquid form, it is not 
ideal for widespread commercial use. Considerable research has been 
carried out to identify light-weight materials that can store hydrogen to 
meet industry requirements [3–7]. In this connection, hydrogen spill 
over mechanism has been shown to be useful because the first step in the 
hydrogen storage process is to split H2 molecules so that the hydrogen 
atoms can diffuse through the material and stay bound [8–11]. How
ever, splitting hydrogen would require high temperature, which can 
induce thermodynamic instability in the host materials [12–14]. Thus, 
secondary catalysts are needed to achieve H atom diffusion, without 
compromising the stability of the host material. Consequently, works 
[15–18] have focused on studies of hydrogen spillover mechanism and 
the role of secondary catalysts supported on different surfaces. 

In a theoretical work, Li et al. [19], aimed to achieve high hydrogen 
storage capacity in metal organic frameworks (MOFs) by introducing a 
bridge-building technique, which promotes the H spillover process. 
Under room temperature and 10 MPa pressure, reversible hydrogen 
storage capacity of 4 wt% was achieved in bridged IRMOF-8. Han et al. 
[20], using DFT, observed that the polar hydride molecules (shuttle gas) 
such as NH3, HF and H2O can provide a favorable thermodynamic and 
catalytic effect for reducing the migration barrier on the graphene sur
face. Similarly, it has been shown through DFT that h-BN and SiC 
monolayers can be hydrogenated via bond-exchange spillover mecha
nism with low H migration barrier energy [21,22]. Secondary catalysts 
(external mediators) such as borane (BH3), gallane (GaH3), ammonia 
(NH3) and silane (SiH4) were tested for bond-exchange spillover andit 
was found that only BH3 and GaH3 were suitable for h-BN and SiC 
surface. However, these two monomers are unstable and more reactive 
compared to their oligomers. 

Thus, generating a monomer from its stable oligomer using active 
catalysts is an important step to achieve a hydrogenated surface. In a 
recent First-principles work, Park et al., reported the possible 

dissociation of B2H6 into two BH3 molecules on TiN (001) surface with a 
small energy barrier of 1.11 eV [23]. The splitting of B2H6 is also 
necessary for the formation of borohydrides such as LiBH4, whose 
decomposition again results in diborane [24]. Tuning of this cyclic 
process is proposed to be a reversible hydrogen sorption reaction for 
hydrogen storage. Another study by Parry, where di-borane reaction 
with bases were studied, found that, whether the splitting of B2H6 is 
symmetric or asymmetric would depend on the dielectric constant of the 
base [25]. Also, reactions of B2H6 with ammonia has been studied in 
detail both experimentally and theoretically, where the first step in
volves cleavage and formation of an adduct with ammonia and the 
second step involves H2 release [26–29]. 

In this work, using density functional theory, we study the sym
metrical splitting of B2H6 to generate BH3 on metal-free surfaces and 
MOF5. Using the binding energy and energy barrier calculations, we 
have also developed a structural descriptor and a predictive model 
equation that provides a comprehensive road map to implement the 
bond-exchange spillover of hydrogen on graphene. We have considered 
N-doped graphene as well as O- and C-doped h-BN. On h-BN surface, two 
different doping levels were studied - two oxygen atoms at two next- 
nearest neighbor N sites and three carbon atoms doped at three 
consecutive B sites (see Fig. 1 (b)). Both doping levels are found to be 
sufficient to split B2H6 symmetrically, irrespective of their arrange
ments. Using the structural descriptor, we can find, without excessive 
computational cost, the suitable N-doped graphene surface capable of 
splitting B2H6. In addition, we discuss the migration of H on N-doped 
graphene surface using the secondary catalyst. Finally, the validity of 
bond exchange spillover mechanism and di-borane splitting has been 
tested on MOF5. 

2. Computational details 

The calculations are performed using spin polarized density 

Fig. 1. (a) 5x5 supercell of graphene with N-dopant 
sites marked by blue circles. This configuration is 
termed as 2O representing the C atom at the Ortho 
site with respect to the N-dopants. (b) 5x5 supercell of 
h-BN surface. The grey and red colored circles denote 
B sites replaced by C and N sites replaced by O, 
respectively. (c) Geometries of the hydride molecules 
BH3, GaH3, H2S, PH3, SnH4. (d) MOF5 modeled by 
two metal-oxide clusters linked by Benzene di- 
carboxylate linker. Dangling bonds are terminated 
with hydrogen. Grey, red, black, blue and light blue 
spheres denote carbon, oxygen, zinc, nitrogen and 
hydrogen atoms. (For interpretation of the references 
to color in this figure legend, the reader is referred to 
the Web version of this article.)   
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functional theory as implemented in the Vienna ab-initio simulation 
package (VASP) [30]. The exchange and correlation potential is treated 
using the generalized gradient approximation (GGA) due to Per
dew–Burke–Ernzerhof (PBE) [31]. The potentials of the atoms are 
described by the projected augmented wave (PAW) method [32]. The 
plane-wave basis set is considered with an energy cut-off of 500 eV. 
Brillouin zone is sampled using the Monkhorst Pack scheme with a 5 � 5 
� 1 K-point grid for monolayers and 2 � 2 � 2 K-point grid for MOF5. All 
structures are optimized until the total energy and the maximum force 
converged to less than 10� 4 eV per atom and 0.001 eV Å� 1, respectively. 
Henkleman’s Bader Charge analysis is used to study the accumulation or 
depletion of charge in a given system [33]. The climbing nudged elastic 
band (c-NEB) method is used to locate the saddle point [34]. In addition 
to DFT calculations, KMC method implemented in Material Studio can 
also be employed to study the reaction mechanisms [35]. We used 5x5 
supercell and 15 Å vacuum space along the c-axis to simulate the 2D 
surfaces. MOF5 is modeled with two metal oxide clusters linked by 
Benzene di-carboxylate (BDC) linker. Remaining ends in the metal oxide 
cluster are terminated with hydrogen atoms. 

3. Results and discussion 

Our first step is to identify the hydride molecule that could best serve 
as a secondary catalyst. Next, we determine the ways to split this pre
cursor molecule to produce the required secondary catalyst. Then we 
study the role of adsorbed BH3 in splitting the H2 molecule. Finally, we 
study the migration of hydrogen by generalizing the bond-exchange 
spillover mechanism. For catalyst support we considered three 
different substrates – graphene, h-BN, and MOF5. In the following we 
discuss our results. 

3.1. Identifying the preferred secondary catalyst 

As pointed out earlier, BH3 and GaH3 were found to be good sec
ondary catalysts to split the H2 molecule on h-BN and SiC surface. 
Because both BH3 and GaH3 are unstable monomers and combine to 
form stable B2H6 and Ga2H6, respectively, we first study the binding of 
several other hydride gas molecules such as H2S, PH3, and SnH4 on pure 
and doped graphene and hexagonal boron nitride (h-BN) monolayer to 
see if they are suitable as secondary catalysts. The structures of 2D 
graphene, h-BN, and a model representing MOF5 are shown in Fig. 1 (a), 
(b), and (d), respectively. The geometries of monomeric hydrides are 
shown in Fig. 1 (c). The sites where N atoms are doped in graphene and C 
and O atoms are doped in h-BN are marked in Fig. 1a and b, respectively. 
The binding energy of the hydride molecule is chosen as the determining 
factor in the search of suitable secondary catalyst molecule (binding 
energy should be near to the chemisorption range, ~1–10 eV, for bond- 
exchange spillover mechanism). Note that the secondary catalysts, 
bound weakly to the surface, are not suitable for bond exchange 
mechanism as more energy would be required to form an adduct or to 
bind with the adsorbed hydrogen atom. In addition, weakly bound hy
dride molecules cannot lower the energy barrier associated with the 
migration of hydrogen atom on the host surface. 

The binding energy of a molecule to a surface is defined by  

EB.E. ¼ E(surface þ molecule) – E(surface) – E(molecule)                           

where E(surface þ molecule), E(surface), and E(molecule) are the total 
energies of the surface with molecules adsorbed on it, the surface, and 
the molecule, respectively. A negative value of EB.E. means that the gas 
molecule is bound to the surface. In Table 1 we list the calculated 
binding energies of the hydride molecules on pure and N-doped gra
phene as well as pure and C and O doped h-BN. In the case of N-doped 
graphene, we calculate the binding energy of the gas molecules attached 
to both N and nearest C site. In h-BN, the hydride molecule is attached to 
both B and N sites. In C doped h-BN, binding energies are calculated for 

hydride molecule attached to B, C, and N sites, while on O-doped h-BN B, 
O and N sites are studied. We see that, with exception of SnH4 bound to B 
site in O-doped h-BN, the binding energies are small compared to those 
of BH3 and GaH3 on all surfaces. Thus, we do not consider H2S, PH3, and 
SnH4 as preferred candidates for secondary catalysts. The binding en
ergies of hydride molecules with h-BN surface (both pure and doped) are 
greater than that on graphene. The increased binding energy on doped 
h-BN can be attributed to the creation of localized states near the Fermi 
level. To be noted that during relaxation of BH3 on O site of O-doped h- 
BN, the molecule drifted and settled on neighbouring B atom, repelling 
from the O atom. Likewise, on N site of O-doped h-BN, GaH3 settled on B 
atom drifting away from the N atom. We also perform Bader charge 
analysis to study charge transfer between the molecules and the surface, 
quantitatively. The results are given in Table S1. Note that the charge 
transfers in the case of BH3 and GaH3 are more than other hydride 
molecules, consistent with the binding energy trend. Charge density 
difference is also calculated for BH3 molecule on all possible sites of the 
surfaces and on B site of O-doped h-BN, it is calculated for other mole
cules as well (See Fig. S2). In all the cases the there is accumulation of 
charge between the molecule and the surface and charge on the active 
site is depleted. 

Further, a similar binding energy study is carried out for the mono
meric hydrides interacting with a single H atom adsorbed on pure and 
doped surfaces (h-BN and graphene). The magnitude of this binding 
energy determines the ability of each molecule to desorb hydrogen atom 
from the surface. The increased binding energy between external cata
lyst and the chemisorbed hydrogen on surface may lead to the formation 
of a possible adduct (see Table S2). In the case of an H atom chemisorbed 
on pure and N-doped graphene, BH3 (B.E. ¼ � 0.45 eV and � 0.52 eV, 
respectively) shows stronger interaction than GaH3 (B.E. ¼ � 0.25 eV 
and � 0.29 eV, respectively). Also, for H atom adsorbed on C and O- 
doped h-BN, BH3 (B.E. ¼ � 0.53 eV and � 1.05 eV, respectively) shows 
stronger interaction than GaH3 (B.E. ¼ � 0.10 eV and � 0.69 eV, 
respectively). The binding in GaH3 lies closer to physisorption range in 
most cases, indicating that it is not suitable as a universal secondary 
catalyst. Thus, we conclude that BH3 is the only preferred secondary 
catalyst for the H-atom migration on both the surfaces. Thus, for the 
remaining studies, we focus on BH3 as the preferred molecule for bond- 
exchange spillover study. 

3.2. Splitting of B2H6, structural descriptor, and predictive model 
equation 

Note that BH3 is unstable and readily dimerizes to produce B2H6 [36, 
37]. To produce BH3, one must, therefore, start with the stable precursor 
B2H6 and find efficient ways to split it. B2H6 molecule is formed by two 
bridging and four terminal hydrogen atoms (see Fig. S1 in supplemen
tary information). The bridging hydrogen atoms are bonded with the 
boron atom through 3-center 2-electron bonding (banana bond). The 
two boron atoms are sp3 hybridized, of which two orbitals are bonded 

Table 1 
Binding energies of monomeric hydrides.   

Site Binding Energy (eV) 

System BH3 GaH3 H2S PH3 SnH4 

Pure Graphene – � 0.34 � 0.43 � 0.12 � 0.09 � 0.29 
N-doped Graphene On C � 0.35 � 0.39 � 0.09 � 0.13 � 0.29 

On N � 0.19 � 0.28 � 0.12 � 0.13 � 0.27 
h-BN On B � 0.24 � 0.39 � 0.13 � 0.06 � 0.25 

On N � 0.69 � 0.52 � 0.13 � 0.11 � 0.32 
C_h-BN On B � 0.65 � 0.53 � 0.20 � 0.12 � 0.28 

On C � 1.15 � 0.91 � 0.16 � 0.15 � 0.31 
On N � 0.77 � 0.60 � 0.15 � 0.12 � 0.31 

O_h-BN On B � 1.90 � 1.48 � 0.19 � 0.32 � 0.55  
On O – � 0.83 � 0.27 � 0.42 � 0.26  
On N � 0.62 – � 0.21 � 0.26 � 0.34  
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with terminal hydrogen. The remaining two orbitals of each boron atom 
has one empty and one filled orbital from the bridge hydrogen atom. 
Consequently, two sp3 orbitals from two boron atoms combine to form 
the two bridging (banana) bond. This bridge hydrogen bond is weaker 
than the terminal hydrogen bond and hence symmetrical splitting of 
B2H6 is more probable through breaking of the bridge hydrogen bonds. 
The splitting of B2H6 molecule into two BH3 molecules would require 
high energy barrier of 2.28 eV (see Fig. S3), implying the need for a 
catalyst to split B2H6. Role of catalysts in splitting B2H6 is discussed 
further. 

3.2.1. B2H6 splitting on graphene surface 
To see if a single N atom doped on the graphene surface is sufficient 

to bind two BH3 molecules, we placed them near the dopant atom and 
optimized the structure. After relaxation, one of the BH3 molecules was 
bound on the N atom while the other drifted away. This led us to 
conclude that more than one N atom is required to bind them, once B2H6 
molecule is cleaved. 

To find the active carbon sites and the number of nitrogen dopants 
needed to anchor the two BH3 molecules strongly, it is necessary to first 
identify active sites relative to the nitrogen atom. We illustrate these 
active C sites as 1, 2, 3-Ortho, 1, 2, 3-Meta, and 1, 2, 3-Para sites with 
reference to the N dopants (see Fig. 2). The nearest site from the dopant 
is identified as Ortho, the site that is next to the ortho position is Meta, 
and the site that is diagonally opposite to the dopant atom in the hex
agonal ring is the Para site, respectively. When more than one dopant 
atom is used, the ortho/meta/para sites are numbered as 2O, 2 M, 2P 
and 3O, 3 M, 3P, as shown in Fig. 2a. We calculate the BH3 binding 
energy on all the nine sites (see Table S3). The binding energies corre
sponding to Ortho, Meta and Para positions with respect to the number 
of dopants varies linearly with different intercepts and slopes (shown in 
Fig. 2b). From this plot we construct structural descriptor-based equa
tions for Ortho, Meta and Para positioned sites, respectively, as,  

y ¼ 0.61–0.905x (Ortho)                                                                   (1)  

y ¼ � 0.293 - 0.065x (Meta)                                                              (2)  

y ¼ � 0.06 - 0.27x (Para)                                                                  (3) 

Here y and x denote the binding energy of BH3 and number of Ortho/ 
Meta/Para position with respect to the dopant site. We see that the 3- 
Ortho/Meta/Para carbon site has higher affinity for binding than 2 
and 1-Ortho/Meta/Para carbon site. Moreover, the Ortho site has higher 
binding energy than all other possible sites. Using the above three 
structural descriptor-based equations, we construct a model equation to 
predict BH3 binding energy for other active sites,  

B.E. (BH3) ¼ (� 0.905nO þ 0.61)O þ (� 0.065nM - 0.293)M þ (� 0.27nP - 
0.06)P                                                                                            (4) 

Here, nO, nM and nP denote the number of Ortho, Meta and Para posi
tions, which are created by N dopant atoms and O, M, P describe the 
Ortho, Meta and Para identifiers. For example, according to the pre
dictive model equation a single BH3 that lies on two Ortho positions, (O 
¼ 1 & nO ¼ 2; M ¼ P ¼ 0) would have a binding energy of � 1.2 eV. DFT 
based calculations performed for this configuration yields the binding 
energy to be � 1.09 eV, which is in good agreement with that predicted 
by the model equation. This agreement confirms that the structural 
descriptor discussed above can account for the preferred binding site. To 
get a better picture, we plot the BH3 binding energy, estimated for 
different sites, using the predictive model equation and compare them 
with those calculated using DFT. The results in Fig. 2c show the fit to be 
good with R2 ¼ 0.95. Similarly, we estimated two BH3 molecules bound 
to the dopant site with varying concentration and minimum three N 
atoms doped at different configurations (2Ortho-1Para, 2Meta-2Meta, 
3Ortho-3Ortho, 3Ortho-2Para) (see Fig. S5(a)–(d)). We find that the 
binding of two BH3 molecules also follows the prediction of the model 
equation and the estimated binding energies match well with that 
calculated using DFT. For example, the binding energy obtained using 
the model equation for 2Ortho-1Para configuration is � 1.53 eV, which 
is close to the DFT calculated energy of � 1.38 eV. The goodness of the fit 

Fig. 2. (a) Model structure showing the 1,2,3 Ortho/Meta/Para carbon sites with respect to the dopant atoms. (b) Binding energy of BH3 on carbon site corre
sponding to 1,2,3 Ortho, 1,2,3 Meta and 1,2,3 Para positions. Binding energy calculated using DFT vs. binding energy estimated using the predictive model equation 
for (c) single BH3 molecule and (d) two BH3 molecules. 
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in this case is found to be R2 ¼ 0.89 and the plot is shown in Fig. 2d. 
From the above analysis of binding energy, minimum four N dopant 
atoms are required to split the B2H6 and the structure must contain one 
2- or 3-Ortho site and another 2-Ortho/Para/Meta site. We believe that 
our model equation is adequate to predict accurate binding sites and 
dopant concentration for BH3 binding. This can reduce the computa
tional effort of otherwise expensive DFT calculation. 

From the above prediction, two sites with 2-Ortho configuration (4 N 
atoms as dopants), are considered for adsorption of two BH3 molecules 
on graphene (see Fig. 1a). On 4N-doped graphene, the energy required 
to dissociate B2H6 into two BH3 molecules is 0.77 eV, implying that BH3 
production is possible at ambient temperature (see Fig. 3a). In a recent 
work Zhang et al. use graphene as a support to anchor MgH2 nano
particles to produce Mg(BH4)2 by symmetrical splitting B2H6 on MgH2 
nanoparticles. The enthalpy of formation for Mg(BH4)2 is � 308 kJ/mol 
[38].Nitrogen is also considered as a binding site and out of several 
configurations only one is found to be optimal (Figure S6 (a)). However, 
the barrier energy in this case is too high, indicating that nitrogen is not 
suitable as a site for B2H6 splitting (Figure S6 (b)). On the H-atom 
adsorbed on 3N-doped graphene surface, the B2H6 splitting barrier en
ergy is 1.74 eV (see Fig. 3d). The low energy barrier in the two 2-Ortho 
carbon site is due to higher π electron occupancy of these C atoms, which 
helps to bind BH3 more strongly. This increased π occupancy is 
contributed by the electrons in the π orbital of the adjacent nitrogen 
atom (back donation), where the carbon atoms have more than half 
filled π orbital [39,40]. 

3.2.2. B2H6 splitting on h-BN surface 
The barrier energies for B2H6 splitting on h-BN surface doped with C 

and O atoms are calculated. Unlike graphene, it is not necessary to 
identify the dopant sites in h-BN since the two BH3 molecules bind 
irrespective of the arrangement of the dopant. We found that O-doped h- 
BN surface can act as a better catalyst for B2H6 splitting than C-doped h- 
BN. The barrier energies for B2H6 splitting on 3C and 2O-doped h-BN 
system are 1.61 eV and 0.94 eV (shown in Fig. 3b and c), respectively. In 
the case of 2O-doped h-BN, three of the six valence electrons of oxygen 
contribute to the bonding with surrounding boron atoms, forming a 
sigma bond. The remaining valence electrons and lone pair make the 

adjacent boron sites more reactive than the 3C-doped h-BN surface. The 
barrier energies for B2H6 splitting on H-atoms adsorbed 3C and 2O- 
doped h-BN systems, are 1.81 and 1.52 eV, respectively (see Fig. 3e 
and f). This increased barrier is mainly due to the stronger binding of the 
H-atom to the surface, which requires more energy to desorb the H-atom 
to possibly form BH4. Relatively, 2O-doped h-BN is more efficient than 
3C-doped h-BN for BH3 production. All the values of B2H6 splitting on 
various surfaces are given in Table 2. For the doped h-BN, localized 
donor state is created near the Fermi level. The 2O-doped h-BN surface 
shows large density of state at the Fermi level, which causes a reduction 
in barrier for B2H6 splitting (see Figure S4 (h) and (i)). The bonding 
analysis between the surfaces and the molecule is given in the supple
mentary information (Fig. S4). 

3.2.3. B2H6 splitting on metal organic framework 
Next, we consider a third surface, metal organic framework (MOF5), 

to examine its effectiveness for B2H6 splitting. We study two different 
sites: (i) nitrogen atoms as binding sites in benzene dicarboxylate (BDC) 
linker of MOF5 where two of the C atoms on the opposite side of the 
benzene ring (referred to as 2 N doped) (see Fig. 1d) and (ii) oxygen 
atoms labelled 1 and 2 in Fig. 1d as binding sites on metal-oxide cluster 

Fig. 3. Barrier energy for B2H6 splitting on (a) 4N-doped Graphene, (b) 3C-doped h-BN and (c) 2O-doped h-BN without adsorbed hydrogen atom. Barrier energy for 
B2H6 splitting on (d) 3N-doped Graphene, (e) 3C-doped h-BN and (f) 2O-doped h-BN with adsorbed hydrogen atom. I.S., T.S. and F.S. indicate the initial, transition 
and final state respectively. Insets show the initial, transition and final state structures. (Black line is to guide the eye.) 

Table 2 
Barrier energies of B2H6 splitting on various surfaces.  

Barrier energy for B2H6 splitting 

System Site EA - Forward 
(eV) 

EA - Backward 
(eV) 

4N-doped graphene Carbon 0.74 0.51 
3C-doped h-BN Carbon 1.61 2.62 
2O-doped h-BN Boron 0.94 2.00 
3N-doped graphene Nitrogen 2.15 0.22 
H adsorbed on 3N-doped 

graphene 
Hydrogen 1.74 0.18 

H adsorbed on 3C-doped h- 
BN 

Hydrogen 1.81 0.24 

H adsorbed on 2O-doped h- 
BN 

Hydrogen 1.52 1.36 

TiN(001) [23] Nitrogen 1.11 –  
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in un-doped MOF5. Note that in the case of pure MOF5, the BDC linker is 
unlikely to capture two BH3 molecules (2BH3) as it has a lower binding 
energy, namely � 0.35 eV compared to � 0.62 eV on 2 N doped BDC 
linker. Doping on the BDC linker does not influence binding on metal 
oxide cluster which is evident from the 2BH3 binding energies on metal 
oxide of � 1.46 eV on undoped MOF5 and -1.47 eV on 2 N doped MOF5. 
For nitrogen atoms as binding site for 2 N doped MOF5, it requires 1.98 
eV to dissociate a B2H6 molecule into two BH3 molecules (Fig. 4a). For 
the second case, the barrier energy for B2H6 splitting is reduced to 1.36 
eV (Fig. 4b). The possibility to reduce the barrier energy for splitting is 
further tested with replacing one Zn atom in the metal oxide cluster with 
Co and Fe atom. Botas et al. synthesized Co doped MOF5 which shows 
good gas (H2, CH4 and CO2) adsorption behavior [41]. Also, the band 
gap of MOF5 can be tuned towards metallicity by varying the concen
trations of the substituted Co atoms [42]. In another work, Brozek et al. 
have synthesized MOF5 with various metal ions replacing Zn atom and 
have shown that Fe-MOF5 activates NO more efficiently [43]. One Zn 
atom is replaced with Co atom and Fe atom on the metal cluster. In the 
case of Co-doped MOF5 the barrier energy for B2H6 splitting is 1.38 eV 
(Fig. 4c) and for Fe-doped MOF5, the barrier energy is 1.34 eV (Fig. 4d). 
Though the change in barrier energy is low in magnitude before and 
after doping, the type and concentration of dopants can be varied and is 
open to exploitation in reducing the B2H6 splitting energy. 

3.3. Splitting of H2 on BH3 anchored to dopant sites in graphene 

We now consider the splitting of H2 molecule in the presence of BH3 
secondary catalyst. For this we focus on the 4N-doped graphene surface 
where one BH3 molecule is adsorbed on 2-Ortho carbon site as model 
structure (see inset Fig. 5a). To estimate the barrier energy, we place the 
H2 molecule at ~2 Å above the surface as the initial step. In the final step 
we consider the two hydrogen atoms adsorbed on 1-Ortho_1-Para and 2- 
Ortho carbon sites (see inset of Fig. 5a and b). The energy to split iso
lated H2 molecule is 4.5 eV [44] experimentally while it is 2.62 eV on 
pristine graphene [45]. However, on 4 N doped graphene this energy is 
reduced to 1.13 eV. In the presence of adsorbed BH3, the corresponding 

energy is 1.70 eV. So, nitrogen doped graphene surface can help to split 
both B2H6 and H2 (even in the presence of BH3). Relatively higher en
ergy for H2 splitting in the presence of adsorbed BH3 is due to the 
reduction of charge distributed on the 1-Ortho_1-Para carbon by nitro
gen dopant atom in the presence of adsorbed BH3. 

3.3.1. Splitting of H2 on BH3 anchored to dopant sites in h-BN and undoped 
MOF5 

We then study H2 splitting in the presence of BH3 adsorbed on 3C- 
doped h-BN, O-doped h-BN and on undoped BDC linker of MOF5. BH3 
is placed on carbon dopant at the end and sites for 2H are, carbon in 
middle and boron atom (Fig. 5c). In this case, the barrier energy to split 
H2 is 0.15 eV and in absence of adsorbed BH3 the barrier energy is 0.25 
eV (Fig. 5d). This shows that presence of BH3 can reduce the barrier 
energy in splitting H2. Even without adsorbed BH3 the surface (3C- 
doped h-BN) itself is efficient in reducing the H2 splitting energy from 
4.5 eV to 0.25 eV. Finally, on MOF5, BH3 is adsorbed on one side of BDC 
linker while 2H are adsorbed on the opposite side (Fig. 5e). The barrier 
energy in presence of BH3 is 1.48 eV and the corresponding energy 
without BH3 is 0.97 eV (Fig. 5f). The increased barrier energy with 
adsorbed BH3 could be attributed to reduced charge on C atoms due to 
the presence of BH3. 0.97 eV of barrier energy shows that BDC linker can 
split H2 molecule effectively. 

3.4. Generalization of the bond-exchange mechanism 

Our final step is to study the migration of H once the H2 is split. To 
generalize the bond-exchange mechanism, we focus on the migration of 
H-atoms on pure and N-doped graphene. First, we calculate the energy 
barrier for hydrogen atom migration on graphene surface without the 
aid of secondary catalyst. On pure graphene, the migration path is from 
one C site to the next site and in N-doped graphene, the path is from the 
site adjacent to the dopant to the next site. The energy barriers are given 
in Fig. 6 (a) and (c), which are 1.02 and 1.45 eV for pure and N-doped 
graphene, respectively. To facilitate final step of the spillover process, 
we need to reduce this energy barrier. Next, we consider BH3 as the 

Fig. 4. Barrier energy for B2H6 splitting on (a) 2N- 
doped BDC linker (MOF5) on (b) Metal-oxide cluster 
(MOF5) on (c) Co doped Metal-oxide cluster (MOF5) 
and on (d) Fe doped Metal-oxide cluster (MOF5). I.S., 
T.S. and F.S. indicate the initial, transition and final 
state respectively. Insets show the initial, transition 
and final state structures. Green and yellow spheres 
represent Co and Fe atoms respectively. (Black line is 
to guide the eye only.). (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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secondary catalyst for hydrogen atom migration via bond-exchange 
mechanism. For pure and single N-doped graphene, the energy barrier 
is found to be 0.21 eV and 0.07 eV, respectively (shown in Fig. 6 (b) and 
(d)). 

The probability of BH3 as secondary catalyst for facilitating the 
hydrogen atom migration is also studied in MOF5. In general, hydrogen 
uptake efficiency of MOF5, following spillover mechanism, is facilitated 
by the presence of metals such as Pt and Pd [46–49]. The energy barrier 
for H migration on the un-doped BDC linker is 1.4 eV without the aid of 
the secondary catalyst (Fig. 6e), which is reduced to 0.5 eV when BH3 is 
used as a secondary catalyst by bond-exchange mechanism (Fig. 6f). 
These results confirm the importance of BH3 as a secondary catalyst to 
lower the H-atom migration barrier. 

4. Conclusion 

In summary, we have studied symmetrical splitting of B2H6 on N- 
doped graphene, C and O-doped h-BN surface, and MOF5. We have 
shown that the resulting reduction in the energy barrier would facilitate 
the production of BH3 as a secondary catalyst, and, hence, hydrogen 

sorption following the spillover mechanism. A structural descriptor 
based predictive model equation is developed to help screen active 
dopant sites for symmetrical splitting of B2H6. The validity of this model 
equation is established by comparing the predicted energies with those 
based on explicit DFT-based calculations. We show that B2H6 can be 
efficiently split on N-doped graphene, C and O-doped h-BN and MOF5. 
The lowest energy barrier for the B2H6 splitting is 0.77 eV for 4N-doped 
graphene. We have studied the role, BH3 molecule plays in splitting H2 
molecule on all the surfaces and all surfaces are effective in reducing the 
inherent high H2 splitting energy of 4.5 eV. We also studied the 
migration of the H atom through bond-exchange mechanism on gra
phene surfaces. The energy barrier for H migration, namely, 1.02 eV and 
1.45 eV are reduced to 0.21 eV and 0.07 eV when BH3 is used as a 
secondary catalyst on pure and N-doped graphene, respectively. In the 
case of MOF5, the metal-oxide cluster is more efficient than the BDC 
linker for splitting B2H6. Overall, the structural catalytic descriptor, 
predictive model equation and the symmetrical splitting of B2H6 can 
address the reversible hydrogen storage problem through the spillover 
mechanism. 

Fig. 5. Barrier energy for H2 splitting on 4N-doped graphene (a) in presence of adsorbed BH3, (b) without adsorbed BH3; on 3C-doped h-BN (c) in presence of 
adsorbed BH3, (d) without adsorbed BH3; on undoped BDC linker of MOF5 (e) in presence of adsorbed BH3 and (f) without adsorbed BH3. I.S., T.S. and F.S. indicate 
the initial, transition and final state respectively. Insets show the initial, transition and final state structures. (Black line is to guide the eye only). 
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