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We present a first principles study of the dehydrogenation mechanism of a recently proposed
layered boron hydride (BzHz2) for hydrogen storage. The nudged elastic band method is employed to
study the kinetic energy barrier against the release of hydrogen. Introducing additional charges in to
the BoH2 system reduces the electron deficiency of boron layer thereby lowering the dehydrogenation
kinetic energy barrier. Finite temperature molecular dynamics simulation further confirms the
release of hydrogen atoms and the formation of molecular hydrogen upon charging the system. The
boron network remains intact throughout the simulation up to at least 500 K. These results suggest
a charging assisted dehydrogenation mechanism in this system.

PACS numbers: 71.15.Pd, 74.70.Ad, 88.30.R

I. INTRODUCTION

The hydrogen storage challenge impedes the broad application of this otherwise compelling energy carrier. Despite
the sheer number of materials investigated and proposed so far,'® practical on-board hydrogen storage remains one of
the major obstacles to fully utilizing hydrogen based fuel cells for transportation.? This is because on-board vehicular
hydrogen storage has strict demands on various aspects such as safety, cost, volumetric and gravimetric energy density,
thermodynamic efficiency, and kinetics and reversibility.!? 12 One of the key requirements for any hydrogen storage
material is its ability to release hydrogen at practical temperature and pressure. As a result, thermodynamically,
an ideal material for hydrogen storage must lie near the hydrogenation/dehydrogenation phase boundary. This
stringent requirement is unlikely to be satisfied with materials involving only conventional interaction mechanisms
(e.g., covalent, ionic, or van der Waals), and there is increasing interest in exploring unconventional and intermediate
bonding mechanisms™ '? in the search for hydrogen storage materials.

Fortunately, hydrogen, although being the simplest element, has a surprisingly rich chemistry. In addition to forming
conventional covalent and ionic bonds, hydrogen also forms various intermediate-strength bonds in many compounds
and structures, including the widely studied Kubas interaction'®2? between hydrogen and transition metals in many
dihydrogen complexes. On the other hand, boron also has an extremely rich and flexible chemistry. The rich chemistry
of boron and hydrogen provides compelling opportunities to search for new boron-hydrides for on-board hydrogen
storage. Recently, we proposed?? that the three-center two-electron (3c2e)?® boron-hydrogen bonds found in many
boranes may be able to stabilize the planar boron structure to form layered solid BoHs as shown in Fig. 1. The 3c2e
B—H bonds have also been proposed to stablize BH fullerene structures. 2! This structure is isoelectronic to MgBs
and can be doped with electrons. Charge may be introduced to the system through alkali metal intercalation or a
boron self-doping mechanism.?? We have investigated the electronic and dynamical properties of BoHa and showed
that the structure is dynamically stable. We have also studied the effects of charging on the dynamical properties of
BsHs and found that some hydrogen related phonon modes are softened significantly, whereas boron modes are either
hardened or not strongly affected. This finding suggests a charging-assisted hydrogen release mechanism.

In this paper, we extend our work to address the hydrogen release dynamics and kinetics by carrying out ab initio
molecular dynamics (MD)?* simulations and nudged elastic band (NEB)?? calculations. We have investigated both
neutral and electron doped systems and found that charging the BoHs structure with electrons significantly lowers
the dehydrogenation kinetic energy barrier and facilitates the release and possible formation of hydrogen molecules.
The underlying boron backbone structure, in contrast, remains intact.

II. COMPUTATIONAL DETAILS

The density functional theory?® calculations in the present work are performed using the QUANTUM ESPRESSO?”
package. The generalized gradient approximation of Perdew, Burke, and Ernzerhof?® is used for the exchange and
correlation energy. Ultrasoft pseudopotentials®® are used to describe the electron—ion interactions. The kinetic energy
cutoff for the plane wave expansion of the wave functions is set at 50 Ry and that for charge density expansion is
500Ry. A Nudged Elastic Band (NEB)?® method implemented in the QUANTUM ESPRESSO package®” is used to
compute the kinetic energy barrier. In the NEB calculations, we have used a climb-image method, in which we have
used an enough number of images (10 images to discretize the path). At each NEB step, we make sure that the



norm of the forces orthogonal to the path is less than the threshold value of 0.05eV/ A on the individual images. The
initial and final structures are well relaxed before the NEB calculation. To increase the resolution around the saddle
point, we used a variable elastic constant scheme. Thermodynamic stability and charging assisted hydrogen release
are then investigated using Car-Parrinello molecular dynamics (CPMD)?* simulations. For the molecular dynamics
calculations, we have used a double layer supercell structure with a total of 288 atoms. In the CPMD calculation,
the ionic temperature is controlled using a Nosé-Hoover thermostat.3%3! Oscillation frequency of the thermostat is
chosen by taking an average vibration mode of the system to excite as many modes as possible. For the electronic
properties and NEB calculations, a k-point sampling of 12x12x4 is used. However, for the CPMD simulation, a "
point sampling of the supercell is used.

IIT. STRUCTURAL AND ELECTRONIC PROPERTIES

Figure 1 shows the proposed layered boron hydride BoHs. Boron atoms in BoHy form borane-like three-center two-
electron (3c2e) bonds?? with bridging hydrogen atoms and connect to other in-plane boron atoms via a conventional
sp? hybridization. The hydrogen atoms are weakly bound to the hexagonal boron plane in pairs, one above, and the
other below the plane as shown in Fig. 1. The weakly bonded hydrogens are crucial to stabilize the boron network
and are desirable for the release of hydrogen at practical conditions. The detailed structural information of this model
has been discussed in our recent paper.??

The electronic structure of this system has close resemblance with that of MgBs with some differences. For instance,
in the case of BoHs, the degeneracy of the po bands at the I'-point is removed due to the lowering of the symmetry
from Dgp, to Dap,. Consequently, only one of the po bands crosses the Fermi level and the hole pocket near the I'-point
comes from the upper po band. Furthermore, the degeneracy of the pm bonding and antibonding states near the
Fermi level is also removed. The Fermi surface of BoHy consists of both a po derived hole pocket and a pm derived
electron pocket, which is similar to that of MgBs.

The electronic structure of the BoHy system is further analyzed using the projected density of states (PDOS)
which is shown in Fig. 2. The PDOS shows significant involvement of the hydrogen s states in the bonding. The
electronic states near the Fermi level are derived from bonding B-p, and anti-bonding B-p. states. These states
determine how the boron-boron and hydrogen-boron bonds respond when additional electrons are introduced into the
system. At low charging levels, electrons occupy both the bonding B-p, and anti-bonding B-p, states. As a result,
the boron network is further stabilized and the energy of boron stretching mode along the y-direction increases with
charging at a low charging level.2? Occupying the anti-bonding B-p, states, on the other hand, tends to soften other
related phonon modes. As the charging level increases, electrons continue occupying the anti-bonding B-p, states, and
eventually the anti-bonding H-s states. Although the system is still dynamically stable at a relatively high charging
level, thermodynamically it may prefer to release hydrogen in exchange for stabilizing the boron network. In the next
section, we investigate the charging effects on the hydrogen release kinetic energy barrier.

IV. CHARGING EFFECTS ON DEHYDROGENATION KINETIC ENERGY BARRIER: AN NEB
STUDY

The electron deficient hexagonal boron layer could be stabilized through the formation of 3c2e with hydrogen.
Therefore, when the boron layer acquires extra electron (through doping or charging), it becomes less electron deficient.
This in turn weakens the bridge hydrogen-boron bonds. Consequently, as the boron layer gets enough electrons
to quench its electron deficiency, the hydrogen will no longer bound to the boron layer and gets released. One
possibility of making (and regenerating) BoHs is through atomic exchange with metal diborides such as LioBs as
follows: a-LisBs + Ho +— 2Li + BoHs. Interestingly, the calculated separation between the boron hydride layer
is about 4.0 A, which is large enough to accommodate lithium ions. This raises an intriguing possibility of coupling
hydrogenation/dehydrogenation with Li intercalation/extraction. In other words, the hydrogenation/dehydrogenation
process may be assisted by a Li-ion battery setup.

In the BsoHy structure, hydrogen atoms are bound to the hexagonal boron plane in pairs, one above, and the
other below the plane. These bridge hydrogen atoms serve as electron donors and stabilize the electron deficient
boron layer. Therefore, dehydrogenation will destabilize the hexagonal boron layer. To preserve the boron network,
additional charges (electrons) must be introduced to the system. In fact, as it will be shown later, it is very difficult
to release hydrogen from the neutral BoHs structure and therefore charging is a promising way to tune the strength of
the B—H bonds and to facilitate the release of hydrogen. Charges (electrons) can be introduced to the BoHs structure
by alkali atom intercalation or through a boron self-doping mechanism.32-33



There are many possible pathways for a hydrogen atom to detach itself from the boron plane and to recombine
with another hydrogen to form Hy. The presence of numerous pathways makes it difficult to identify and model a
realistic hydrogen release mechanism with the NEB method.?5 However, qualitative information regarding the kinetic
energy barrier as well as effects of charge doping can be obtained by considering selected hydrogen release pathways.
Here we consider two different hydrogen release pathways and investigate the charging effects on the dehydrogenation
kinetic energy barrier.

First, we consider a scenario in which hydrogen atoms are released from two adjacent self-doped BoH, layers shown
in Fig. 3(a) and diffuse to merge together to form Hy as shown in Fig. 3(b). Here we borrow the concept of self-doping
as introduced by Tang et al.3? and consider a low self-doping system, a B33Hss bi-layer structure. Before we discuss
the kinetic energy barrier associated with such a configuration, we calculate its formation energy and compare it
with an undoped BssHso structure. The formation energy is calculated using a super cell model. We compare the
calculated energy of BssHszo with that of BsaHsa + B (solid alpha boron) and find that it is indeed energetically
favorable to introduce a self-doped boron to the system: AE = E[Bs2Hss | + E[B(solid alpha boron)] — E[BssHsa].
The energy gain, AE, is about 1.96 eV per boron atom. In the dilute limit, we estimated that the energy gain is about
2.4 eV per boron atom.

The calculated kinetic energy barrier for both a neutral (Bs2Hsz) and a self-doped (BssHsz) systems is shown in
Fig. 3(c). As it is shown in the figure, it is clear that releasing hydrogen from the neutral BoHs system would be very
difficult. However, with the presence of a self-doped boron, the kinetic energy barrier is significantly reduced. The
additional boron donates electrons to the BoHs sheet, which makes the system less electron deficient and weakens the
bridge B—H bonds, thereby facilitating the hydrogen release. Therefore, one may use charging (in this case, through
self-doping) to tune the strength of the B—H bridge bonds and the dehydrogenation kinetic energy barrier.

The second scenario that we consider involves the release of hydrogen and formation of Hs from a single BoHo
layer as shown in Fig. 4. Again, we have studied both a neutral and an electron doped systems. In the case of
electron doping, we introduce one additional electron per unit cell so that the system is isoelectronic to AlBs. The
additional charge is balanced by a uniform positive background. Practically, the additional charges can be introduced
by incorporating electron donors like lithium (Li) into the BoHy structure. The calculation is much more involved
in this case since we have to explore a two-dimensional energy surface. To characterize the energy barrier, we have
examined the energy profile of a single layer BoHs structure by considering different hypothetical paths over which
the H—B bridge bonds are broken to form Hy. The calculation is performed using NEB by fixing the hydrogen atoms
at a given point along the z-axis and allowing the two hydrogen atoms to move along the y-axis. Along the y-axis, the
H—H distance is allowed to change from the initial value of 3.0 A to 0.7 A. By analyzing the calculated energy profile,
we find a minimum energy path for the formation of Hy molecule as shown in Fig. 4(b). We again observed significant
lowering (by about 1.5 eV) of the dehydrogenation kinetic energy barrier when additional charges (electrons) are
introduced to the system.

In both of the dehydrogenation pathways considered above, we find that the kinetic energy barrier is lowered
significantly as a result of charge doping. It is also possible that the two charge doping mechanisms (i.e., boron
self-doping and alkali metal intercalation) may be combined to achieve optimal results. While boron self-doping may
serve as a convenient means to pre-tune the strength of the B—H bonds, alkali atom intercalation may be introduced
at the time of dehydrogenation. This brings an interesting possibility of utilizing the electrochemical reactions to
facilitate the dehydrogenation process. It may also be interesting to investigate the possibility of combining the
Kubas interaction mechanism!® with the B—H 3c2e bonding mechanism?? to fine tune the dehydrogenation kinetics
and thermodynamics of boron hydride solids.

V. CHARGING ASSISTED HYDROGEN RELEASE: A MOLECULAR DYNAMICS SIMULATION
STUDY

To further unravel the charging effects on the thermodynamics of the layered BoHg structure and its dehydrogenation
kinetics, we have performed an extensive Car-Parrinello molecular dynamics?* simulations for both neutral and charged
BoHs systems. We use a 288 atoms double layer supercell structure of BoHs for our MD calculations. The newly
formed structure is then relaxed before the simulation. For the system size we considered here (288 atoms), the
calculations become very time consuming. This is because the small mass of hydrogen requires an extremely small
time step (0.025 fs used in this study) to integrate the equations of motion. Despite these issues, we have performed
a long-time simulation of more than 10 ps with a time step of 0.025 fs using 400,000 MD steps both for the neutral
and charged BoH,. Here we would like to emphasize the fact that in many cases, molecular dynamics simulations
of few ps are found to be sufficient to obtain qualitative understanding of the dynamics of the system. From that
perspective, we believe that the 10 ps time step is enough to offer some insight into the charging assisted hydrogen
release mechanism in this system.



A. Neutral System

To analyze the thermodynamic stability of the BoHy structure, we have performed CPMD simulations at different
temperatures (300 K, 400 K and 500 K). Figure 5 shows a snapshot of the BoHy structure taken after an MD simulation
time of 3.5 ps at 500 K. It is clear that hydrogen atoms remain tightly bound to the boron framework and the boron
layer remains intact. Consequent snapshots of the BoHo structure at different simulation time steps (as well as at
different temperatures) up to 10 ps show similar structural arrangements without any significant weakening of the
hydrogen-boron bridge bonds.

To further characterize the structural changes for the neutral BoHsy structure, we have also tracked various atomic
distances (or bond lengths) throughout the simulation to analyze the possibilities of bond breaking and the formation
of molecular hydrogens. Figure 6 shows the calculated atomic distance distribution for boron-boron, boron-hydrogen
and hydrogen-hydrogen at T=500K. These distances are calculated at each MD step and the histogram, which is
normalized to unity, represents the bond lengths distribution over the simulation time. Before the MD simulation, the
initial nearest neighbor boron-boron (B—B) distances were 1.8 A and 1.7 A and the hydrogen-boron (H—B) distance
was 1.3 A. The inter-layer H—H distance between was 1.3 A. After the MD simulation, as can be seen from Fig. 6,
the H—H distance distribution is significantly broadened, indicating a large fluctuation of the positions of hydrogen
atoms. In contrast, broadening of the B—B distance is significantly smaller, which again suggests the rigidity of the
boron network. These results show that BoHs structure is sufficiently stable at least up to 500 K and that the strength
of the B—H bridge bonds are indeed intermediate. However, we do not observe the release of hydrogen atoms or the
formation of hydrogen molecules at the simulation temperatures.

B. Charged System

As discussed in the previous sections, the B—H bridge bond in the BoHs structure is formed as a result of electron
deficiency of the underlying hexagonal boron sheet. As the boron layers acquire extra electrons, they become less
electron deficient and the strength of these B—H bonds can be significantly weakened. This may allow the release
of hydrogen at practical temperatures. We have carried out CPMD simulations for the charged system with one
additional electron per unit cell. The simulation is performed on the same structure and conditions as in the case of
the neutral system discussed above. Unlike the case of the neutral BoHs structure, the simulations for the charged
system show considerable structural rearrangements. Figure 7 shows a snapshot of the BoHs structure at T=>500 K,
which reveals considerable rearrangements in the H—B bridge bonds and the formation of an Ha molecule.

By analyzing the atomic distances (bond lengths) as we did for the neutral system, we made the following observa-
tions: (a) The H—B bridge bonds are weakened significantly and occasionally break during the simulation period. The
broken B—H bonds sometimes result in the release of hydrogen atoms, which may combined with another hydrogen to
form Hy molecules. Sometimes the broken bridge bond simply result in single B—H bond. (b) Like the neutral system,
the boron plane remains intact. In Fig. 8, we show the bond distance distribution for B—B, B—H, and H—H for the
charged BoHs structure at T=500 K. The higher simulation temperature smears out the two B—B bond lengths so
that the B—H bond length distribution shows only one peak. However, the boron network still remains intact, again
confirming stability of the boron plane. Unlike the neutral system, the H—H distance distribution shows a significant
number of counts at small (less than 1.0 A) H—H distances. When the H—H distances gets smaller than 1.0 A, it
is very likely that a molecular hydrogen will form. In fact, we observe a peak in the H-—H distance distribution
around 0.75 A which corresponds to the formation of hydrogen molecules. These results clearly indicate the presence
of weakly bonded and unbonded hydrogen atoms and the formation of hydrogen molecules during the simulation
period, a feature that was not seen in the simulation of the neutral system. Therefore, the presence of extra charge
leads to significantly weakened B—H bridge bonds, which suggests a charging assisted dehydrogenation mechanism.

VI. CONCLUSION

We presented an ab initio study of hydrogen release mechanism in layered BoHy system. We have investigated the
charging effects on the dehydrogenation kinetic energy barrier for two possible hydrogen release pathways. The addi-
tional charges introduced into the BoHs system reduce the electron deficiency of boron network and thereby modulate
the strength of the B—H bridge bonds and dehydrogenation kinetic barriers. As a result, for both dehydrogenation
pathways, we find a significant decrease in the energy barrier required for hydrogen release upon charge doping. We
have also carried out finite temperature MD simulation both for the neutral and charged BoHs supercell structures.
Our MD result shows a significant weakening and breaking of the B—H bonds with charging, which suggests a charging
assisted dehydrogenation mechanism. The boron framework remains stable for both the neutral and charged systems



at least up to 500 K. The stabilization of the electron deficient boron network by additional charges is desirable to
preserve the boron framework through dehydrogenation cycle. Boron self doping as well as alkali atom intercalation
can be used as a means of introducing extra charges to the system to tune the strength of the B—H bonds. This
brings an interesting possibility of utilizing the electrochemical reactions to facilitate the dehydrogenation process.
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FIG. 1: (Color online) Structure of single-layer BoH2 and the corresponding bond angles and bond lengths. Boron is blue (big
spheres) and hydrogen is orange (small spheres).
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FIG. 2: (Color online) Projected density of states (PDOS) and total density of states (DOStot) of single-layer BoHz. (a) PDOS
for B 2s and H 1s; and (b) PDOS for B-2p.., B-2p, and B-2p.. The Fermi level is at 0eV. Units are in states/eV /cell.
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FIG. 3: (Color online) (a) Self-doped BszHsz structure, (b) A possible Ha formation pathway from two adjacent B3zHsz layers

and (c) Kinetic energy barrier as a function of a reaction path for both self-doped (Bs3Hs2) and neutral (BszHsz) structures.
Boron is blue (large spheres) and hydrogen is orange (small spheres).
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FIG. 4: (Color online) (a) A possible hydrogen release pathway from a single layer BoHs and (b) Kinetic energy barrier (E;)
as a function of a reaction path for such a process. Boron is blue (big spheres) and hydrogen is orange (small spheres).
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FIG. 5: (Color online) A molecular dynamics simulation snapshot of a neutral BoHa structure. Boron is blue (big spheres) and
hydrogen is orange (small spheres).
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FIG. 6: (Color online) Bond distance distribution for hydrogen-hydrogen, boron-hydrogen and boron-boron, bond distances for
a neutral BoHs at a temperature of 500 K.
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FIG. 7: (Color online) A molecular dynamics simulation snapshot of a charged BaHjy structure which exhibits considerable
rearrangements of the H-B bridge bonds and a formation of a Hy molecule (shown in circle). Boron is blue (big spheres) and
hydrogen is orange (small spheres).
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FIG. 8: (Color online) Bond distance distribution for boron-boron, boron-hydrogen and hydrogen-hydrogen bonds for a charged
BoHs system at a temperature of 500 K.



