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First-principles calculations based on density functional theory were carried out to investigate the
formation and migration of native defects in LiNH,BHs. The structural properties and formation
energies of H, Li, N and B related defects in various charge states were examined. Our analysis showed
that the dominant atomic H defects are positively and negatively charged H interstitial (/y* and /7).
The Li related defects are dominated by positively charged Li interstitial (/;;*) and negatively charged Li
vacancy (V7). For N related defects, the energetically favorable defects are positively and negatively
charged NH, interstitial (/np2*" and Iyp27), while B related defect is dominated by neutral BHs interstitial
(lsn3®). Further results indicated that the neutral H, interstitial (/y2) has the lowest formation energy
(0.31 eV), suggesting that the major defect in LiNH,BHj3 is /4. Investigation of migration processes of
the defects showed that the migration barriers for Vigu* (positively charged H vacancy on a B-H site),
Iy* and Iy~ are relatively high (0.50-0.68 eV), whereas moderate diffusion barriers are presented for

Received 29th August 2012, Vimn~ (negatively charged H vacancy on a N-H site) and /;;* (0.29 and 0.32 eV, respectively). The V|~

Accepted 16th November 2012 and Iy, defects can migrate with low energy barriers of 0.13 and 0.16 eV, respectively. With a low
activation energy of 0.47 eV, Iy, is the major diffusive species in LiNH,BHs. Our calculation results

further suggest that the creation of the Vyn~, /" and V|~ defects is the rate-limiting step for their
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1 Introduction

Hydrogen is an ideal candidate as an energy carrier due to a
series of advantages such as its high heating value per mass,
and being regenerative and environmentally friendly. However,
the lack of safe and efficient hydrogen storage technologies is
one of the key barriers in developing hydrogen as a fuel for
mobile and stationary applications.'” Recently, many efforts
have been focused on chemical hydrides due to their high
gravimetric energy density,"** among which ammonia borane
is a promising candidate for hydrogen storage and has received
disproportionately attention owing to its features of high
gravimetric storage density (19.6 wt%), and non-flammability
and non-explosivity under standard conditions.”” However,
along with the dominant hydrogen evolution, the decomposi-
tion of ammonia borane also produces volatile byproducts,
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e.g. ammonia and borazine, which not only reduce the hydro-
gen storage capacity but also poison the polymer electrolyte
membrane of fuel cells. During the past decades, various
attempts have been conducted to overcome the drawbacks of
ammonia borane, of which one approach is to substitute one
H atom in the NH; group by an alkali metal to form single
or double metal amidoborane (MAB), e.g. LiNH,BHj*®°
NaNH,BH;,"® Ca(NH,BH;),,'*"" Na,Mg(NH,BH;),'> and
NaLi(NH,BH;),."> These metal amidoborane compounds
presented significantly improved dehydrogenation properties
compared to AB in terms of the reduced dehydrogenation
temperatures, accelerated H, release kinetics and/or minimized
borazine release. For example, LiNH,BHj; is able to release a
high storage capacity (10.9 wt%) of hydrogen at easily accessible
dehydrogenation temperatures (about 90 °C) without the
unwanted by-product borazine,* thus enabling this material to
be a promising candidate for hydrogen storage.

It is well known that crystal defects play an important role in
chemical reactions and that their presence significantly affects
the atomic diffusion and mass transport properties in materials.'*
The transport properties of hydrogen are crucial to the kinetics of
(de)hydrogenation in hydrogen storage materials. Therefore, the
microscopic mechanisms behind the dehydrogenation of
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hydrogen storage materials may relate to the formation and
diffusivity of defects. Previous theoretical works have shown that
H diffusion in NaAlH,,">'® MgH,'”"*® and LiNH,'*** are domi-
nated by the existence of charged defects, while the mobility of H
in solid borohydrides is dominated by neutral H, interstitial (I,)
rather than the charged defects,”" indicating the varied effect of
defects on different hydrogen storage systems. The study of native
defects in NH;BH; suggested that the formation energies for the
charge-neutral defects, depending on the growth conditions, can
be surprisingly low. This can be understood in terms of the
molecular nature of the NH;BH;, which is made of the NH; and
BH; molecular building blocks.>> Although several first-principles
studies have been conducted on AB and MAB to determine the
structures, decomposition pathways and energetics of H
desorption during the past few years,>™° it is rare that detailed
theoretical studies by first-principles calculations have been
devoted to the formation ability and diffusion processes of native
defects in MAB. In this paper, we carried out detailed first-
principles calculations on the formation energies and diffusion
events of relevant native defects in LiNH,BH; with various possible
states. It is expected that this study may deepen the understanding
of the fundamental properties of LiNH,BHj3, and provide useful
clues for improving its dehydrogenation kinetics.

2 Computation method

The calculations are based on density-functional theory (DFT)
within the generalized gradient approximation (GGA)*° and the
projector augmented wave (PAW) method®' as implemented in
the VASP code.>*** Plane waves with kinetic energy cutoff of
500 eV were used. The equilibrium lattice parameters of
LiNH,BH; were calculated using a 3 x 2 x 5 Monkhorst-Pack
k-point meshes.>* For the calculation of point defects, to
prevent the spurious interactions between neighboring defects
in the supercell and get well-converged results, various sizes of
supercells and k-points were examined. Tests showed the use of
a1l x 1 x 2 supercell (contains 128 atoms) with a 4 x 2 x 2
k-point mesh yields energies that converged within 0.01 eV/
(f.u.). Vacancy (interstitial) was created by removing (adding)
atoms from (to) the LiNH,BH; supercell. For charged defects, a
compensating background charge was included in order to
prevent divergence of the total energy for a charged system.
The geometry optimization was performed in fixed lattice
constants while atomic positions in the supercell were allowed
to fully relax until the residual forces were less than 0.03 eV A",

The concentration of defects in the solid states could be
determined by their formation energies by the following

eqn (1).*
c= Nsites Nconfig eXp(_Ef/kT) (1)

where E; is the formation energy; Ngies is the number of sites in
which the defect can be incorporated; Neonsig is the number of
configurations per site in which the defect can be formed; & is
the Boltzmann constant, and 7 is the temperature.

The formation energies of intrinsic defects depend on the
chemical potentials of Li, B, N and H, and also vary with the
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electronic chemical potential (the Fermi level) if a defect has a
charge of g. For a defect with the charge state of g, its formation
energy (Ey) is given by eqn (2).*

Ef(Xq) = Elol(Xl]) - Eml(bulk)

- Z nip; + q(ev + erAV) (2)

where Ey(X7) is the total energy of bulk with X defect in the
charged state g; E(bulk) is the total energy of bulk without
defect; u; is the chemical potential of species i; n; is the atoms of
species i being added to (n; > 0) or removed from (n; < 0) the
defect-free crystal supercell; ¢ is the Fermi level (referenced to
the valence-band maximum in the bulk, ¢y); AV is a factor that
aligns the electrostatic potential to make the average potential
in the defect-containing bulk the same as that in the defect-
free bulk.

To determine the chemical potential of Li and H, we assume
that there exist an equilibrium between the LiH, NH;BH; and
LiNH,BH;, and thus the chemical potential of Li and H can be
expressed as:

Myi = MLiNe,BH, — HMNH,BH, T HH 3)
Hp = Hiig — Hii (4)

For the B and N related defects, the chemical potentials of
BH; and NH, are referenced to the natural phase of diborane

(uen, = 3ps,n,) and ammonia (unm, = Unm, — Hn)-

3 Results and discussion
3.1 H related defects

The crystal structure of LINH,BHj; is illustrated in Fig. 1, where
the B-H and N-H bonds are drawn for clarity. The calculated
lattice parameters of a = 7.179, b = 14.196 and ¢ = 5.253 A are in
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Fig. 1 The conventional unit cell of LiNH,BHs.
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good agreement with previous experimental and calculated
results.*?* The calculated band structure for LiNH,BH; is
shown in Fig. S1 (ESIT), which exhibits a large energy gap of
about 4.1 eV, indicating that this compound is a wide-gap
insulator. However, the band gaps of semiconductors and
insulators are usually underestimated since density functional
theory has difficulties in treating the excited states. The actual
band gap of the LiNH,BH; could be even larger. It has been
reported that the excited states and band gaps can be further
corrected by using the GW approximation.>®

For the H related defects in LiNH,BHj3, we first investigated
atomic vacancies (Vy?) and interstitials (Iy?) in three possible
charge states: ¢ = 0, —1 and +1. Since LiNH,BH; contains two
groups of H atoms: (B)H and (N)H (Fig. 1), hydrogen vacancies
were created in both cases. The notations Vgu? and Vinu?
represent a vacancy on a B-H and N-H site with a net charge of
g, respectively. In the case of Iy?, we examined multiple
possible initial positions to incorporate the H atom. In addition
to the configuration of the H atom combined with a NH, to
form a NH; unit, we also considered the configurations in
which the H atom was put in the middle of the Li-N and Li-B
bonds. Since previous DFT calculation works suggested that
more complex aggregations of defects, e.g. divacancy and H,
interstitials, could also contribute to H mobility in hydrogen
storage materials,”! we also calculated the formation energies
of divacancies (Vy,) and H, interstitials (Iy,) in LINH,BH3. The
divacancy was created by directly removing the (N)H and (B)H
atoms with the shortest dihydrogen bond in LiNH,BH;. In the
case of neutral Iy, a variety of possible configurations were
examined.

The formation energies of hydrogen vacancies and inter-
stitials for LINH,BH; as a function of the Fermi energy ¢ are
plotted in Fig. 2. The lower limit for the Fermi level ¢r = 0 eV
corresponds to the top of the valence band (VBM), while the
upper limit ¢ = 4.1 eV represents the bottom of the conduction
band (CBM). The vertical dashed line in Fig. 2 denotes the
position of the relevant value of the Fermi energy which is
found by determining the system with the lowest formation
energy that is charge-neutral overall. Among the charge defects
considered in this paper, the lowest formation energy is
associated with Vy; and I;;* with a formation energy of
0.50 eV. Thus, in the absence of extrinsic impurities, charge
neutrality is achieved by equal concentrations of Vi; and Ip;",
which pins the Fermi level at ~2.34 eV. It can be seen from
Fig. 2 that the major atomic H related defects are I;" and I,
with formation energies of 0.53 and 1.16 eV, respectively. The
formation energy of I;° is higher than either the positively or
the negatively charged one for any value of the Fermi level.
Hence, I;° is unstable in equilibrium and will decay into a
negatively charged state. The formation energy for Vg’ is
about 0.5 eV lower than that of V{n” in LINH,BH;. It can be
explained by the fact that the bonding strength of N-H is
stronger than that of B-H, which has also been reported by
previous DFT works.””?” The formation energy of Vwu' is
almost the same as V(B)H+ due to the fact that the V(N)H+ vacancy
is unstable and would transform into the V(B)H+ vacancy.
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Fig. 2 The formation energies for H vacancies and interstitials as a function of the
Fermi energy, .

It was reported that neutral H divacancies and neutral H,
interstitials are the dominant defects in LiBH, due to their low
formation energies. To consider the analogous situation for
LiNH,BH3;, the formation energies for forming H divacancies
and H, interstitials were examined. For the neutral H divacancy
(Vin), the calculated formation energy is 1.0 eV, which is about
1.86 eV lower than the sum of formation energies of the isolated
V(B)H+ and V) - Thus, the formation of the Vi, is favored over
the isolated V(B)H+ and Vpu . More importantly, it was found
that the formation energy for the interstitial H, neutral is only
0.31 eV, which is lower than that of the isolated H vacancies and
interstitials in all possible charge states. Additionally, the for-
mation energy of H, interstitial in LiNH,BH; is lower than the
analogous result in LiBH, (0.42 eV). Therefore, according to
eqn (1), the equilibrium concentration of neutral H, interstitials
will be higher in LiNH,BH; than in LiBH,. We further examined
the enthalpy for forming a H, interstitial from isolated inter-
stitials: Iy + Iy~ — Iip. This process has a net enthalpy of
1.38 eV. This huge enthalpy change favors the formation of a
neutral H, interstitial relative to individual interstitials, implying
that Iy" and Iy are present only in minute concentrations
relative to the neutral H, interstitial.

Schematic representations of the relaxed local structures
induced by H vacancies and interstitials are shown in Fig. 3.
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Fig. 3 Local structures induced by H related defects. (a) Vigu*, (0) Viun ™, (©) ",
(d) Iy~, (e) Viyz and (f) /o

It shows that the B-N bond changes significantly due to the
removal of a H atom from the BH3/NH; unit. For example,
the B-N bond length reduces from 1.546 to 1.392 A for
V(B)H+ vacancy. The calculated results also show a noticeable
rotation of the B-H bonds toward the vacancy site of V(B)H+
(see in Fig. 2(a)). After creating the Vpyu vacancy, the B-N
bond length reduces from 1.546 to 1.485 A, accompanied
with the rotation of N-H bonds toward the vacancy site (see
in Fig. 2(b)).

For the positively charged H interstitial, I', the most stable
configuration is achieved when the interstitial proton combines
with a NH, unit to form a NH3;-BH; complex, as shown in
Fig. 3(c). This can be explained by the Coulomb attraction
between the extra H' cation and the [NH,]™ anion. In addition
to the formation of NH; unit, the structure is further stabilized
by stretching the nearest-neighbor Li-N distance from 1.793 A
to 3.642 A. In the case of I; , the extra H™ is stable between Li
and NH, unit with the Li-H and H-H(N) distances of 1.747 and
1.923 A, respectively.

The stable configuration of neutral H divacancy was
obtained by rotating and moving the BH,NH, complex close
to the adjacent NHBH; complex until a new bridge N-B bond
could be formed (see in Fig. 3(e)). The calculated formation
energy of the neutral H divacancy is 0.96 eV, which is much
lower than the sum of the formation energies of V(B)H+ and
Voou (2.86 eV). The decreased formation energy of Vi, can be
attributed to the formation of the covalent B-N bond which
strongly compensates for the energy increase due to the lattice
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distortion, resulting in a relatively low formation energy
compared to that of individual vacancies.

However, as shown in Fig. 3(f), the presence of the neutral
H, interstitial molecule does not induce significant local lattice
relaxations. The extra H, molecule is stable between two
NH,BH; units. The atomic distance of the H, molecule
(0.756 A) incorporated in the LiNH,BHj lattice is still identical
with the bond length of the free H, molecule.

3.2 Li related defects

The formation energies of vacancies and interstitials for the
Li atom were calculated in three possible charge states: g = +1, 0
and —1. For the Li vacancy (V;7), a Li atom was directly
removed from the LiNH,BH; molecule. In the case of
Li interstitials (1), a variety of possible initial positions
were considered to incorporate with the I;;. In addition to
locating the Li atom in the middle of the two NH, units, we
also examined the configurations in which the Li atom
was located between the NH, and BH; groups, and only the
I;7 with the lowest formation energies were discussed in
this paper.

The formation energies of various charged states for Li
related defects as a function of the Fermi level are shown in
Fig. 4. It shows that the Li vacancy is stable only in a negatively
charged state (Vi;~), and the formation energies of V;;” and Vi;*
are relatively high at any position of the Fermi level. Therefore,
incorporation of Vi;® and Vi;" into the LiNH,BH; lattice are
unfavorable. For Ij;7, it can be stable only in a positively
charged state, which is energetically favorable over neutral
and negatively charged states in the whole range of the band
gap. I;; shows the highest formation energy among the three
types of Li interstitials in the entire band gap.

The local atomic relaxations around Ip;" and V;;~ are shown
in Fig. 5. After removing the Li~, a noticeable rotation of the
neighboring N-H bonds toward the vacancy site was observed.
For the I;;" interstitials, the extra Li cation sits in an arrange-
ment between two LiNH,BH; molecules with Li-H(B) distances
of 1.948 and 2.005 A, respectively.

Formation energy (eV)

Fermi level (eV)

Fig. 4 The formation energies for Li vacancies and interstitials as a function of the
Fermi energy, éf.
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Fig. 5 Local structures induced by (a) /;;* and (b) V|;~.

3.3 N and B related defects

The formation ability of NH, and BH; defects in LiNH,BH; was
further investigated. The NH,/BH; vacancies were created by
removing an NH, or BH; from one LiNH,BH; molecule in the
solid lithium amidoborane. The NH,/BH; vacancies (Vipo?/
Vems?) and interstitial (Inpp?/Ipus?) in charged states from —1
to +1 were investigated. The calculated formation energies as a
function of ¢ for these defects are shown in Fig. 6. Among the

Formation energy (eV)

Formation energy (eV)

Fermi level (eV)

Fig. 6 The formation energies for (a) NH, and (b) BH3 related defects as a
function of the Fermi energy, &
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Fig. 7 Local structures induced by (a) /ynz*, (0) Inmz ™, (©) Vens® and (d) fgps®.

NH, related defects, negatively and positively charged NH,
interstitials show the lowest formation energies over the entire
range of Fermi level values. The neutral NH, vacancy and
interstitial are high in energy, implying that these defects are
not stable in equilibrium. In the case of the BH; defect, unlike
the presence of charged NH, interstitial, the lowest-energy
defect is Izys” with the formation energy of 0.84 eV as shown
in Fig. 6(b).

The lattice relaxations that occur around the NH, and BH;
defects are illustrated in Fig. 7. The different charge states of
the interstitial, Iyp," and Inp,~ give rise to very different local
lattice rearrangements. The introduction of Iy, resultsina H
atom breaking away from a nearby BH; unit and forming a NH;
interstitial. In addition, the NH; unit moves toward BH, until a
new N-B bond is formed. In other words, Iy, leads to the
formation of a NH;-BH,-NH; complex. Upon the introduction
of Inuz', the two nearest-neighbor BH;NH, complexes signifi-
cantly relax outward by ~43% of the B-B equilibrium distance.
The extra NH, is stable in the interstitial site of the LINH,BH;
lattice. The distances between the extra N and the two near Li
atoms are 2.093 and 2.172 A, respectively.

In the case of Vgy;°, the creation of a BH; vacancy leaves the
system with an isolated NH, unit which moves toward the
vicinity of Li cations due to the Coulombic attraction. Finally,
this NH, unit is coordinated with three Li cations with Li-N
distances of 2.016, 2.070 and 2.172 A, respectively. The intro-
duction of Iy’ results in a H atom breaking away from a
nearby BH; unit (B-H bond stretches from 1.234 to 1.342 A) and
forming a bond with the BH; interstitial (with B-H bond length
of 1.275 A). In other words, the final geometry can be consid-
ered to consist of a hydrogen vacancy in the (B)H neutral charge
defect, plus an interstitial BH, unit.

3.4 Diffusion barriers and activation energies

In addition to the formation energies of native defects and their
effect on the local structures, we further investigated the

Phys. Chem. Chem. Phys., 2013, 15,893-900 | 897
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migration process of the H and Li related defects, which
involves mass transport and is related to the dehydrogenation
of LiNH,BH;. Although numerous diffusion pathways in
LiNH,BH; were examined, only the lowest energy paths
observed were described herein. For better understanding
of the diffusion processes, documents which include the
trajectories of these diffusion events were given in the ESL.f

We first investigated the diffusion paths of hydrogen vacancies
and interstitials in LINH,BH; and estimated the energy barriers
for diffusion using the climbing image nudged elastic band
(CI-NEB) method.*® The migration barrier is defined as the
energy difference between the saddle point and the ground
state. For vacancies, the migration paths were calculated by
moving a hydrogen atom from a nearby lattice site into the
vacancy. The migration paths of interstitials were calculated by
moving the extra hydrogen between ground state, i.e., between
two LiNH,BH; molecules in the lattice.

The V(B)H+ vacancy can be viewed as the removal of H™ from
the BH;. We calculated the migration barrier for this defect by
moving a H atom from a neighboring BH; unit into the
vacancy. As shown in Fig. S2 (ESIf), the migration barrier of
this defect is relatively high (0.61 eV). The concerted diffusion
pathway for V(g  is shown in Fig. 8. The relatively high
migration barrier for V(B)H+ can be explained by the fact that
this diffusion process involves two stages: first the rotation and
stretching of the B-H and B-N bonds in the nearby LiNH,BH;
molecules, and then the breaking of one B-H bond and the
formation of another.

The Vi~ can be thought of as the extraction of a proton
from the NH, unit, and the calculated migration barrier for this
defect is only 0.29 eV (see in Fig. S2, ESIf). The saddle-point
configuration of this defect consists of a hydrogen atom located
midway between two NH,BH, complexes with the H-N dis-
tances of 1.326 A. Compared to the diffusion process of the
V' vacancy, the diffusion of Vinu~ has a relatively small
impact on the geometry (see Fig. 9).

The diffusion pathways of I;* and I;~ are shown in Fig. 10
and 11, respectively. The migration barrier for Iy" was calcu-
lated by moving a H atom from the NH; unit to the nearest
NH,. The diffusion barrier of this process is 0.68 eV (see in
Fig. S3, ESIT). In the case of Iy, the extra H™ moves from a H
interstitial site to the nearby interstitial site. The saddle-point
configuration in this case consists of a hydrogen atom located

(@
© 0 o >
© © c ¢ <

Fig. 8 Concerted diffusion pathway of V(gy* vacancy in LiNH,BHs. (a) Initial,
(b) transition state and (c) final state.
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Fig. 9 Concerted diffusion pathway of V™ vacancy in LINH,BHs. (a) Initial,
(b) transition state and (c) final state.
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Fig. 10 Concerted diffusion pathway of /4" interstitial in LINH,BHs. (a) Initial,
(b) transition state and (c) final state.
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Fig. 11 Concerted diffusion pathway of /™ interstitial in LINH,BHs. (a) Initial,
(b) transition state and (c) final state.
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midway between two LiNH,BH; molecules. As shown in Fig. S3
(ESIt), the migration barrier of I;" was calculated to be 0.50 eV.

In the case of Iy,, it was found that the extra H, could move
from one interstitial site to another along the [001] direction
with a low barrier of 0.16 eV, and the migration energy barrier
for Iy, along the [100] direction is 0.19 eV. The energy profiles
for the two processes are shown in Fig. S4 (ESIf). The low
migration barriers suggest that Iy, could be mobile even at
relatively low temperatures. The diffusion pathways of Iy,
along the [100] and [001] directions are shown in Fig. 12 and
13, respectively, which show that the bond length of the H,
molecule is preserved along the migration path of Iy,.

Next, the migration of Li related defects were characterized,
which would be relevant to the transport of Li in LiNH,BH;.
The diffusion pathways of I ;" and Vy;~ are shown in Fig. 14 and
15. The migration of I;" involves moving the Li" ion between
two ground states, and the energy barrier of this process is
0.32 eV (see in Fig. S5, ESIY).

For Vi;~, the migration involves moving Li~ from a nearby
lattice site to the vacancy and this gives a relatively low energy

This journal is © the Owner Societies 2013
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Fig. 12 Diffusion pathway of neutral H, interstitial along the [100] direction.
(a) Initial, (b) transition state and (c) final state.
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barrier of 0.13 eV, indicating the high mobility of Vi . As
shown in Fig. 15 and Fig. S5 (ESI}), the Li~ first moves into the
local minimum state (Fig. 15(c)) where the Li sites between two
NH,BH; complexes with Li-N distances of 2.065 and 2.179 A.
This migration process involves the movement of Li~ and the
rotation of the nearby NH, toward the vacancy site. Starting
from the local minimum state, the finial configuration was
achieved by rotating the NH, units opposite to the vacancy site.

The activation energy (E,) for self-diffusion can be obtained
by combining the calculated defect formation energy with the
migration barrier. A summary for the activation energies of
selective H and Li related defects is presented in Table 1. It is
shown that Iy, has the lowest activation energy (0.47 eV) for
self-diffusion in all the defects considered above, indicating
that Iy, is the predominant diffusion species in LiNH,BH;. The
low activation energy of Iy, suggests that it can diffuse even at a
relatively low temperature, resulting in fast kinetics for the
dehydrogenation process of LiNH,BH;. On the other hand,
Vg processes the highest activation energy (1.76 eV) due to
its high formation energy and migration barrier (Table 1). In
the case of Vyu , the formation energy is much higher than its
migration barrier. Hence, according to eqn (1), the equilibrium
concentration of Vg~ is low and the formation of Vipgy~ is
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Fig. 14 Concerted diffusion pathway of /;;* interstitial in LINH,BHs. (a) Initial,
(b) transition state and (c) final state.
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Fig. 15 Concerted diffusion pathway of V|;~ vacancy in LiNH,BHs. (a) Initial,
(b) transition state, (c) local minimum state, (d) transition state and (e) final state.

Table 1 Calculated defect formation energies (£¢), migration barriers (E.,) and
activation energies (Q = E¢ + Ey,) for self-diffusion for selective defects in
LiNH,BHs3. Formation energies are taken at the position of the Fermi level

+ +

Defect Vi Vi~ I Ly Lo, I Vi~
E¢ 1.15 1.71 0.53 1.16 0.31 0.50 0.50
Em 0.61 0.29 0.68 0.50 0.16 0.32 0.13
Q 1.76 2.0 1.21 1.66 0.47 0.82 0.63

the bottleneck for its transport. The activation energy for I;" is
1.66 eV, which is about 0.45 eV higher than that of I;; . The
calculated activation energies of V;;~ and I ;" are 0.63 and 0.82 eV,
respectively. It should be noted that the formation energy for
Vi is slightly higher than its migration barrier, while the
formation energy of I;" is about 0.37 eV higher than its
migration barrier. The high formation energy of Ir;" would
limit Li transport in LiNH,BH; bulk.

The results above show that the diffusion of defects in
LiNH,BHj; is very different from the situation in MgH,, NaAlH,
and LiNH,."®?° In the latter materials, charged defects
dominate H diffusion, while in LiNH,BHj;, neutral H, inter-
stitial is the relevant species. The previous DFT calculation
results suggested that the H diffusion in LiBH,, NaBH, and
KBH, are dominated by motion of neutral H, interstitial
molecules with activation energies of 0.66, 1.41 and 0.78 eV,
respectively.21 However, the activation energy of neutral H,
interstitial in LiNH,BHj is significantly lower than that in these
borohydrides, suggesting the high mobility of neutral H,
interstitial in LiNH,BH; compared to that in borohydrides.
Therefore, the low activation energy of neutral H, interstitial
probably contributes to the experimental observation of fast
kinetics for the dehydrogenation process of LiNH,BH; (with a
dehydrogenation peak at 89 °C).*

It should be noted that the migration barriers of Vo, Vii~
and I;" are relatively low, indicating that the formation ener-
gies of these defects are the dominate terms in the activation
energies for self-diffusion. The relatively high formation
energies would result in the low concentration of Viu™, Vii
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and I;" defects, which limit their transport in bulk LiNH,BHj.
Since the formation energies of charged defects are Fermi level
dependent, the formation energies of these point defects can be
tuned by shifting the Fermi level, and then resulting in the
improvement of the dehydrogenation kinetics of LiNH,BHj;.
This can be achieved by adding appropriate impurities that are
electrically active into the systems.

4 Conclusions

In summary, native defects in LiNH,BH; were studied using
first-principles calculations. Defect-induced local structures
and defect formation energies of H, Li, B and N related
vacancies and interstitials in various charged states were examined.
The energetically favorable atomic H defects are positively and
negatively charged H interstitials (I;" and I;~). The Li related
defects are dominated by a positively charged Li interstitial
(I;") and a negatively charged Li vacancy (Vy;"). For N related
defects, positively and negatively charged NH, interstitials
(Inuz" and Inp, ) have the lowest formation energies. In the
case of B related defects, the lowest-energy defect is neutral BH;
interstitial (Igys”). Furthermore, the formation energy of
neutral H, interstitial (Iy,) is as low as 0.31 eV, indicating that
the dominant defects in LiNH,BH; are neutral H, interstitial
rather than the charge defects associated with the individual H
and Li atoms or B/N related defects. Investigation of the
migration of H and Li related defects in several possible
diffusion pathways indicated that the migration barriers for
Vieu (positively charged H vacancy on a B-H site), Iy and Iy~
are relatively high (0.50-0.68 eV), whereas moderate diffusion
barriers are presented for Vpgu (the negatively charged H
vacancy on a N-H site) and I ;" (0.29 and 0.32 eV, respectively).
The migration barriers for V;;~ and Iy, defects are calculated to
be 0.13 and 0.16 eV, respectively. With a low activation energy
of 0.47 eV, I, is the major diffusive species in LiNH,BH;. Our
calculation results further suggest that the creation of the
Vinu s I;" and Vi;~ defects is the rate-limiting step for their
transportation in LiNH,BHj;.
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