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Band structures and native defects of ammonia borane
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Band structures and native defects in molecular solid ammonia borane (AB) are investigated by using
first-principles calculations based on the density-functional theory (DFT). The native defects include NH;3 and
BH;, antisites, interstitials, and vacancies in the various charge states. Despite that the AB crystal is an insulator
with a DFT band gap larger than 6 eV, some of the charge-neutral native defects can be abundant, especially
at the NH;-rich growth conditions, due to their exceptionally low formation energies. This is in sharp contrast
to defects in semiconductors for which the formation energies of charge-neutral defects are usually high and
correspondingly the concentrations of those defects are low.
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I. INTRODUCTION

Ammonia borane (AB), also known as borazane, is a mo-
lecular solid at room temperature with a unit cell of NH;BH;
molecules. It has recently received considerable attention
due to its high hydrogen content (19.6 wt %), which offers a
good deal of promise as a candidate for onboard hydrogen
storage applications.! Furthermore, its volumetric energy
density (4.94 kWh/L) is superior to that of liquid hydrogen
(2.36 kWh/L). The AB solid is stable at room temperature,
with a melting point of 383-388 K.>3 The formation of solid
is originated from the difference in the electronegativity be-
tween B and N. The electronegative N takes electrons from
its three neighboring H atoms, leaving a partial positive
charge. The electropositive boron, on the other hand, gives
electrons away to its three neighboring H atoms, leaving a
partial negative charge. The solid is held together due to the
attraction between the opposite charges on the hydrogen at-
oms, or dihydrogen bonds. On average, each AB molecule
has six dihydrogen bonds. At sufficiently low temperatures,
the AB solid forms ordered orthorhombic phase. In this
phase, the NH;BH; molecules are locked into position and
are unable to rotate. At 225 K, however, the ammonia borane
undergoes an order-disorder phase transition*> to form a new
tetragonal phase.

There have been several thermal decomposition studies of
the ammonia borane. These studies consistently showed
that the thermal decomposition of NH;BH; takes place in
two exothermic steps, each of which releases a formula unit
of H,. The first step is the creation of the H, and polyami-
noborane (PAB), i.e., (NH3;BH;),— (BH,NH,),+xH,. This
reaction has an associated AH=-0.22 eV per H,. Although
the reaction is exothermic, a barrier exists so thermal energy
is required for the reaction to move forward. It is found that
the second step of the decomposition starts at temperatures
near 150 °C. The second step is the continued decomposi-
tion of PAB to H, and polyiminoborane (PIB), following the
reaction: (NH,BH,),— (NHBH),+xH,. Further decomposi-
tion requires a much higher temperature than that suitable for
hydrogen storage. While the first step in this decomposition
occurs very rapidly’ at the boiling point of AB (114 °C), it is
relatively slow in the temperature regime suitable for on-
board H storage, which is 30—85 °C.!0
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Increasing reaction kinetics at low temperature is a very
active area of research. Ball milling and doping the AB ma-
terials have shown some promise.'' AB in solutions has been
studied in the form of acid-catalyzed'?> and
transition-metal-catalyzed'> AB or solvated AB in ionic
liquids.'* With transition-metal catalysis, it is possible to get
up to nearly 2.5 H, off NH;BH;.!3 The AB material can also
be embedded in porous matrices, both in nanoscaffolds of
mesoporous silica’ and in carbon cryogels,!>!® which has
been shown to markedly improve the kinetics and thermody-
namics of the H desorption. Moreover, the replacement of
hydrogen by lithium and sodium in the form of NH,LiBHj;
and NH,NaBHj; has been suggested!’ to accelerate the reac-
tion kinetics.

First-principles studies ranging from density-functional
theory (DFT) (Refs. 18 and 19) to quantum chemistry?%->3
calculations have been performed in the past to determine the
reaction paths and energetics of H desorption. While this is a
very important problem, none of the previous works consid-
ered the potential role of defects. As a matter of fact, for all
hydride materials there are only a few studies of defects in
hydrogen release systems. For hydride materials that are in-
sulators with considerable band gaps, native defects might
not play an important role. It is known that for wide-band-
gap materials, neutral native defects are high in energy and
only charged defects can have reasonably low formation en-
ergies at certain Fermi levels. Under p-type conditions where
the Fermi level is near the valence-band edge, some posi-
tively charge native defects (donors) may have low energy.
On the other hand, under n-type conditions, where the Fermi
level is near the conduction-band edge, some negatively
charged native defects (acceptors) may have low energy. In
an insulator, however, the Fermi level is located in the gap,
far away from both valence-band and conduction-band
edges; resulting in no native defects with low energy. There-
fore, it may be reasonable to ignore the effects of native
defects on those materials.

The purpose of this work is to contribute to the fundamen-
tal understanding of the material properties of AB solid. We
consider the AB solid here because as a molecular solid, its
physical behavior can be qualitatively different from many
other hydrides. Indeed, our calculation shows that unlike a
typical wide-gap semiconductor, the formation energy of a
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charge-neutral native defect in the AB solid can be excep-
tionally low. For example, under the BH;-rich growth condi-
tion, charge-neutral BH; interstitial has a formation energy
of only 0.75 eV. Under the NHj;-rich growth condition,
charge-neutral NH; interstitial and antisite have the forma-
tion energy of 0.3 and 0.2 eV, respectively. The formation
energy of BH; vacancy is even 0.1 eV negative. The physical
reason for the exceptionally low defect formation energies
can be traced back to the relatively low cohesive energy of
molecular solids.

II. COMPUTATIONAL METHOD

Our calculations have been carried out using density-
functional theory within the generalized gradient approxima-
tion (GGA) of Wang and Perdew (PW91) (Ref. 24) and pro-
jector augmented wave (PAW) pseudopotentials,>>?® as
implemented in the Vienna ab initio simulation package
(VASP) codes.202% In the calculations, the solutions to the
generalized self-consistent Kohn-Sham equations are calcu-
lated using an efficient matrix-diagonalization routine based
on sequential band-by-band residual minimization method
and Pulay-like charge-density mixing.>® We used a plane-
wave basis set with the cutoff energy of 400 eV in all calcu-
lations. For defects, a supercell approach was used with the
supercell size of 128 atoms, i.e., 16 NH;BH; molecules. To
find the optimized configuration of each defect, all atoms are
allowed to relax by minimization of the Hellmann-Feynman
force to a tolerance of less than 0.03 eV/A. In the k-point
sampling routine, a 2 X 2 X 2 Monkhorst-Pack’! mesh is used
for supercell calculations. However, for the band structures
calculations, the unit cell (consisting of two NH3;BH; mol-
ecules) was used with a much larger k-point sampling, i.e., a
15X 15X 15 mesh. For the molecular calculations, periodic
boundary conditions within a large supercell of 15X 15
X 15 A was used in order to represent the isolated species.
Bader analysis was performed on the molecular and solid AB
system.3? This analysis was performed using a grid-based
algorithm.33 In order to arrive at accurate Bader surfaces, the
analysis is performed on the total charge density. The core
charge which is associated with the PAW pseudopotentials
are added to the self-consistently calculated valence charge.
For a supercell, the defect formation energy is defined as**

AI_If = Etol(Dq) - Etot(o) + EAI/l)c/~L)c + qEF’ (1)

where E,, (D7) is the total energy of the cell with defect D in
the charge state g. E,,(0) is the total energy of the cell with-
out any defect and An, is the number of atoms from species
x being removed from a defect-free cell, to its respective
reservoir with chemical potential w,, to form the defect cell.
The chemical potential reflects the availability (or elemental
partial pressure) of each element.

In order for equilibrium growth to occur, it is required that

1
MAB = UNH, T EMBZHG’ (2)

where pap, pnu,, and up p  are the chemical potentials of
ammonia borane, the natural phase of NH; (ammonia), and
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the natural phase of BH; (diborane), respectively. Diborane
is lower in energy than an isolated BH; and consists of two
BH;’s bonded to each other by two bridging hydrogen.*® The
calculated energies per formula unit of AB, NH;, and %B2H6
are —37.79, —19.60, and —17.06 eV (with respect to the neu-
tral phase of each element), respectively. These calculated
energies of the natural states of NH; and %BzHé serve as
upper bounds on their respective chemical potentials. The
two limiting cases for this system are for growth under
BHj;-rich conditions (NH; poor) and growth under NH;-rich
conditions. Under BH;-rich conditions, %MB2H6=_17-06 eV
(maintaining BH3’s upper bound) which fixes wuyp, at
-20.73 eV (ZMAB—%,LLBzHé). Alternatively, under NH;-rich
conditions, unp,=—19.60 eV (maintaining NH3’s upper
bound) and 3 gy falls to ~18.19 eV (=ap— nm,)-

III. RESULTS AND DISCUSSION
A. Structural properties of ammonia borane

Ammonia borane has an orthorhombic crystal structure
with two AB molecules per unit cell. The optimized super-
cell, containing 16 NH3;BH; molecules, has the following
calculated lattice parameters: a=5.29, b=4.89, and c
=5.13 A. This is in good agreement with the values deter-
mined from neutron-diffraction experiments, 5.395, 4.887,
and 4.986 A .36 The calculated sublimation energy of the mo-
lecular solid AB is 0.73 eV per formula unit. Since each H
participates in two dihydrogen bonds, this gives an average
bond strength of 0.12 eV. This is consistent with the previous
DFT calculations of Morrison and Siddick, which deter-
mined a sublimation energy of 0.78 eV per formula unit,"”
but it falls short of the 0.94 eV, found from a combination of
more sophisticated coupled cluster calculations and
experiment.?%2337

The molecules are held together by dihydrogen bonding.
Bader charge analysis reveals that H, which are bonded to
the N, carry a positive charge, while those bonded to the B
carry a negative charge. For the molecule, these partial
charges were found to be +0.62 ¢ and —0.44 ¢ for Hy and
Hg, respectively. These partial charges were found to be
quite consistent, the values of the bulk calculation differing
from the molecule by less than 2%. These charge polariza-
tions indicate that the basic bonding mechanism (dihydrogen
bonding) of this material is represented in the DFT calcula-
tions. While every H in the system participates in the bond-
ing, not all three H on NH; (nor on BH;) are equivalent.
Each NH; (and BH3) has two equivalent H atoms and one
inequivalent H atom. A top down view of a monolayer of
bulk AB is shown in Fig. 1. In the figure, the dihydrogen
bonds are explicitly shown and the equivalent and inequiva-
lent H are labeled. There are three different bond lengths,
HI(\?)---HS), H§)~--Hg), and Hg)”-Hg); which are found to
be 1.89, 2.19, and 2.22 A, respectively. The calculated bond
lengths of the AB molecule and solid are summarized in
Table 1. As can be seen, the values calculated here are very
consistent with previous DFT calculations,'®!® and generally
quite close to experiment with a largest error of approxi-
mately 6%. However, it should be noted that the DFT calcu-
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FIG. 1. (Color online) Top view of a monolayer of AB. A-B
bonds (not shown) are approximately pointing into the page and
dihydrogen bonds are explicitly shown. There are two equivalent H
atoms (labeled Hg)) and one inequivalent H atom (labeled Hg)) for
each BH; group. Similarly, there are two equivalent H atoms (la-
beled HI(\%)) and one inequivalent H atom (labeled Hl(\})) for each
NH; group. Each H atom participates in two dihydrogen bonds.

lations predict essentially unchanged B-H and N-H bond
lengths in the solid state, failing to produce the observed B-H
bond-length contraction.

Figure 2 shows the calculated electronic band structures
(left panel) along with the density of states (right panel). The
band structures indicate that solid AB has an indirect band
gap [the conduction-band minimum (CBM) at Z and the
valence-band maximum (VBM) at I'] of 6.0 eV, which is
larger than the calculated highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO) gap of 5.0 eV. Although currently there is no ex-
perimental results on the band gap of solid AB, we can still
put this material firmly in the realm of an insulator. This is
because the band gaps obtained from similar calculations are
always equal or smaller than the true gaps, due to the well-
known DFT band-gap underestimation.

To gain basic understanding on the electronic structures,
we compare the density of states (DOS) of AB to the calcu-
lated DOS of a NH3;BH; molecule (Fig. 3). For NH;BH;
molecule, the DOS simply show discrete molecular energy
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FIG. 2. (Color online) The left panel contains the calculated
band structure of the ground state of ammonia borane (orthorhom-
bic) using a two-molecule unit cell and a 15X 15X 15 k-point sam-
pling to obtain converged self-consistent charge density. The right
panel is the complete electron density of states, in arbitrary units.

levels. In addition, we also plot the decomposed partial den-
sity of states (PDOS) to identify the characteristic of each
energy level. From the PDOS of NH;BH; molecule (Fig. 4),
the lowest energy state at —17.2 eV (with respect to the
HOMO level) is composed of N s and Hy; s states. Therefore,
the state is clearly an N-H bonding state. The next state at
—7.1 eV is doubly degenerate and composed of N p and
Hy s states, which means it is another N-H bonding state.
These three states [-17.2 eV(1x) and 7.1 eV(2x)] are the
bonding states between three Hy s and N sp>. The next state
at —6.1 eV, composed of N p and B s, is the N-B bond with
a small mixture of Hg. At -2.1 eV, there is a state composed
of N p and B sp with a small mixture of Hy. This state is
another N-B bond. The highest occupied state (HOMO) is
doubly degenerate and composed of B p and three Hp.

As the molecules interact with each other in the molecular
solid NH;BHj, the DOS is broadened (Fig. 3). Note that the
energy in Fig. 3 is referenced to the valence-band maximum
of NH;BH; solid. We can see that the characters of the low-

TABLE 1. Comparison of the calculated bond lengths (in A) of molecular and bulk phase AB with similar

DFT calculations and experiment.

Bulk Molecule
Bond This work Calc.®P Exp.© This work Exp.¢
B-N 1.59 1.592 1.58 1.58 1.65 1.65
B-H(12 1.22,1.23 1.22° 1.15,1.18 1.22 1.21
N-H(1-2) 1.03,1.03 1.032 1.07,0.96 1.02 1.01
H)---HY) 1.89 1.91° 2.02
HY---HY 2.19 2.20* 2.17° 2.21
HY:---HY 2.22 2.27 2.23

Miranda and Ceder (Ref. 18).
"Morrison and Siddick (Ref. 19).

“Neutron diffraction study of Klooster et al. (Ref. 36).

dMicrowave spectra of the gas phase of Thorne et al. (Ref. 38).
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FIG. 3. (Color online) Electron density of states (DOS), in ar-
bitrary units, of (a) NH;BH; molecule and (b) molecular solid
NH;BH;. (b)—(d) Site decomposed DOS. For each atom center, the
local partial DOS in a sphere radius R (N:R=0.74 A, B:R
=091 A, H:R=0.37 A) is calculated. The partial DOS plots are
scaled up by a factor given in the parentheses for clarity.

est energy state is still the same as that of NH;BH; molecule,
i.e., a localized bonding state composed of N s and Hy s
states, with the exception that the DOS of the solid is slightly
broader. At higher energy, the molecular states interact with
each other due to the formation of dihydrogen bonds be-
tween Hy and Hy and the band dispersion. As can be seen
from Fig. 2, the band dispersion is of the order of 2 eV. As a
results, any molecular levels that are close together in energy
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FIG. 4. (Color online) (a) Electron density of states (DOS), in
arbitrary units, of NH;BH; molecule. The energy is referenced to
the HOMO level. (b)-(d) Site decomposed DOS.
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FIG. 5. (Color online) The calculated formation energies of na-
tive defects in ammonia borane. The left panel is under NH;-rich
conditions and the right panel is under BHs-rich conditions. The
Fermi energy is referenced from the VBM, and the plots range over
the calculated band gap.

are merged. For instance, the molecular bonding states be-
tween N-p and Hy are no longer isolated but are merged with
the higher state (N-p and B-s hybridization with a small
mixture of Hy for the molecular case). The higher states that
are more distinctive in energy are not merged but are signifi-
cantly broadened. It is interesting to note that the valence-
band and conduction band are both quite flat (especially be-
tween I' to Z direction). This is because the interactions
between the molecular units are much weaker than that of the
traditional solids, leading to a relatively small energy disper-
sion of the band structures.

B. Formation energies and charge states of native defects

The formation energies of various defects were calculated
as a function of Fermi energy. Figure 5 shows the main re-
sults for the ammonia and borane related defects for the dif-
ferent growth conditions. Their formation energies are shown
in Table II. Here, we present the results of two extreme con-
ditions: NHj;-rich (BH;-poor) and BH;-rich (NH;-poor). The
actual equilibrium growth conditions have to occur between
these two extreme cases. It can be seen that none of the
defects in positive charge (defects with a positive slope in
Fig. 5) cross with any of the defects in negative charge
(negative slope). This means there will not be significant
concentration of charged defects for an undoped sample as
this would not allow for charge conservation.

The formation energies of several neutral native defects in
AB were found to be surprisingly low at appropriate growth
conditions. The NHj-rich growth conditions (Fig. 5, left
panel) provide the best opportunity for some native defects,
which effectively increase the NH;3 stoichiometry, to form.
VgHS, A%H3, and I%Hs all have formation energies of less than
0.4 eV which are very low. The negative formation energy of
VgH3 (of =0.14 eV) indicates that the system reduces energy
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TABLE II. Calculated formation energies of ammonia and borane related defects. The first column is the
name of the defect. The next six columns are the calculated formation energies for the various charge states
[(=2), (0), and (+2)] for Eg=0 (relative to the VBM). Although (+1) and (—1) charge states were calculated,
they were not found to be stable for any of these defects. The last two columns are the Fermi energies at
which the stable charge state changes from (+2) to (0) and then from (0) to (-2).

AHf (eV) €
NHj; rich BH; rich

Defect -2 0 +2 0 +2 (+2/0) (0/-2)
Agn, 10.24 2.84 1.09 7.97 0.57 -1.17 0.88 3.70
Iy, 14.08 1.84 -2.65 12.94 0.71 -3.78 2.25

VBH, 10.84 —-0.14 -0.52 11.97 0.99 0.61 0.19 5.49
Anm, 11.23 0.25 -3.48 13.50 2.52 -1.21 1.87 5.49
Inn, 9.71 0.38 -4.39 10.84 1.52 -3.26 2.39 4.66
VNH, 10.92 2.46 2.65 9.79 1.32 1.53 4.24

by forming V%H , rendering AB unstable under NHj-rich
growth condltlons To avoid forming AB crystal full of VBH,
defects, uny, has to be reduced at least to the point where the
energy of BH, tUINS Zero. This means, strictly speaking, the
extreme puyy, has to be redefined to -19.74 (=
-19.60-0.14) eV and the formation energies of V%H , AONH ,
and I%H would increase by 0.14, 0.28, and 0.14 eV, respec-
tively. S1nce the differences are quite small, we choose to
present our numerical results under extreme NHj-rich
growth conditions for simplicity. If needed, the formation
energies of defects under other conditions (different chemical
potentials), including the case discussed above, can be recal-
culated using Eq. (1).

The BH;-rich growth conditions (Fig. 5, right panel) pro-
vide the best opportunity for some native defects, which ef-
fectively increase the BH; stoichiometry, to form. The three
defects with the lowest formation energy are ABH , 1(1)311 , and

V%H with formation energies of 0.57, 0.71, and 099 eV,
respectlvely The formation energies are slightly higher than
V%H , AONH , and IY nu, under NHj-rich growth conditions
(even after the redefined extreme ,LLNH) Nevertheless, the
formation energies of these defects are stlll quite low, espe-
cially when comparing with the neutral defects in traditional
wide-gap materials. The structure of each of these defects as
well as a discussion of the chemistry in the different charge
states will be provided in the next section.

C. Structure and stability of native defects
1. Ammonia antisite (ANHs)

ANH3 refers to the defect where a BH; group is replaced
with NH;. The relaxed structure of the neutral defect is
shown in Fig. 6(f). The enlarged version is also shown in
Fig. 7 (middle), for direct comparison of the structure in
other charge states. For the neutral charge state, the two NHj
are essentially just separated into two ammonia molecules;
each of which have a localized lone pair on the N atom. The
two NHj; do not directly bond, but instead orient themselves

such that their lobes point directly away from each other.
This defect is further stabilized by the orientation of each
NH; with respect to the neighboring atoms. The lone pair of
antisite NH; is pointed midway between two positively

(b) Vi, ©B ON °H

(a) bulk

() lgw,

Q

)

FIG. 6. (Color online) (a) Atomic structure of bulk ammonia
borane and (b)—(f) defects. The dark (green) atoms are B, the gray
atoms (blue) are N, and the small white atoms are H. In the case of
each defect, the location of the defect has been highlighted in gray
(green).
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(C)ARn,

FIG. 7. (Color online) Lowest energy structure of the different
charge states of the Ann, defect; Alz\,_l_13 (a), AONH3 (b), and A12\1+H3 (c).
Direct N-N bonding is only possible when the NH; lone pairs have
been depleted, i.e., in the (+2) charge state.

charged adjacent H which are bound to N (Hy), yielding a
N..H distance of 2.23 A. This is only slightly shorter than
the 2.30 A hydrogen bond length of the isolated NH; dimer,
as determined from highly accurate CCSD(T) calculations.*®
Additionally, the other associated NH3, which is at the cor-
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FIG. 8. (Color online) Lowest energy structure of the stable
charge states of the Agy, defect; AzB}{3 (a), and AOBHZ (b). The top
figure is a zoom-in version of Fig. 6(e) and is included for a direct
comparison with the neutral charge state (b). In the neutral charge
state, B,H¢ forms the familiar diborane structure, where two BH,’s
are connected by two bridging hydrogen atoms. In the (-2) charge
state (a), the lowest energy structure was found to have direct B-B
bonding. The antisite BH; causes the two nearby NH3;BH; mol-
ecules to rotate more than 45°, so that the H from the nearby NHj
groups can bind to the antisite BHj;.

rect lattice position, reorients to increase the number of di-
hydrogen bonds; one of its H is located midway between 3
Hp (each 2.25 A away); and the other two each point toward
two Hy about 2.30 A away.

On the other hand, in the (+2) charge state (Fig. 7, bot-
tom), each of these lobes are half empty, allowing for the
formation of a direct N-N bond. The N-N bond length is
slightly smaller (1.44 A) than the B-N bond length
(1.59 A). The geometry of (N,Hg)?* is similar to that of an
ethane (C,Hy) molecule. All six N-H bonds are almost equal
(in the range of 1.05—1.07 A) and the dihedral angles are in
the range of 55-62°. Furthermore, The (N,H¢)>* rotates
such that all of the H point toward H on B.

The charge stability of this defect is shown in Fig. 5 (left).
This defect is likely to form under NH;-rich conditions, the
neutral defect having a formation energy of only 0.25 eV
(this increases to 2.5 eV under BH;-rich conditions).

2. Borane antisite (Agy,)

The relaxed structures of Agy, in the (-2) and the neutral
charge state are shown in Fig. 8 (top) and (bottom), respec-
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tively. Because the defect increases the number of BH; mol-
ecules in the material, the defect is much more likely to form
under BHj-rich (AH;=0.57 eV) conditions than NHj-rich
(AH;=2.84 eV) conditions.

In the neutral charge state, B,Hg forms the familiar dibo-
rane structure, where two BH; molecules are connected by
two bridging hydrogen atoms. These are the three-center
two-electron bonds which are ubiquitous in boron
chemistry.*%#! This structure is quite stable (isolated dibo-
rane is in fact the reference energy structure of BH; for the
formation energy calculations) and is the most easily formed
neutral defect under BH;-rich conditions, having a formation
energy of only 0.57 eV.

On the other hand, the structure of the defect in (-2)
charge state is different from the neutral one. For the (-2)
charge state, the antisite B binds directly to another B, which
sits at the lattice site, forming BH;BH;. The geometry of
(BH;BH;)?" is similar to that of an ethane molecule with the
exception that all of the bonds are longer. All six B-H bonds
are almost equal (1.24—1.25 A) and the dihedral angles are
all within the range of 58—62°. Although the B atom stays
almost perfectly substitutional for N, there are substantial
relaxations of the neighboring atoms. This is due to the fact
that the H atoms on the antisite BH; carry a partial negative
charge instead of the partial positive charge that would exist
if they were part of a NH; group. So the antisite BH; repel
the two nearby BH; and attract the H of the nearby NH;j
groups. This results in a clear rotation (more than 45°) of the
adjacent BH;NH; molecules [Fig. 8(a)]. In this case, the ex-
cess electrons seem to be concentrated on the antisite H,
strengthening the dihydrogen bonding. The smallest
App, *NH; dihydrogen bond length is 1.55 A, which is
much smaller than that of bulk AB (1.97 A).

3. Ammonia vacancy (VNH3)

The NH; vacancy is the defect which remains when an
NH; is removed from one the NH3;BH; molecules in solid
AB. This is equivalent to a BHj; sitting in a (AB) molecular
vacancy. The neutral charge state of this defect has rather
high formation energy, ranging from 1.3 to 2.4 eV in
BHj;-rich to BH5-poor conditions, making it unlikely to form
in any substantial quantity. In the neutral charge state, the
remaining BH; in the molecular vacancy exists as it would in
vacuum, i.e., as borane with a trigonal planar shape [Fig. 9,
(bottom)]. Isolated BHj; is electron deficient, therefore one
should not expect that its H atoms should possess the partial
negative charge as they do in NH;BHj;. Indeed, while one of
the H atoms on borane might participate in dihydrogen bond-
ing (though it could be accidental), with a H-H distance of
2.06 A from two nearby Hy atoms. The other two are about
2.6 A away from nearby Hy even though this distance can
easily be reduced. In order for the NH; vacancy to exist in
quantity, the Fermi energy would have to exceed 4.2 eV
(above the VBM). This is where the (-2) charge state be-
comes stable.

In the (-2) charge state, BH; is no longer electron defi-
cient and takes on a trigonal pyramidal structure (Fig. 9, top).
The charge separation is regained, and its H once again pos-
ses a partial negative charge. The B stays nearly on site, and
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FIG. 9. (Color online) The lowest energy configuration of the
L2
two charge states of Vyp,; VNH, (a) and V%H3 (b). For V%l_l}, the BH;
in the molecular vacancy exists as it would in vacuum, as borane,
which is trigonal planar. For VIZ\I}{%, the isolated BH; regains a trigo-
nal pyramidal structure. \

the H orient themselves to maximize the number of dihydro-
gen bonds. Two of the H atoms form two dihydrogen bonds
with lengths of 1.95 and 2.19 A and the third H forms three
dihydrogen bonds; two with length of 1.98 A and one with
length of 1.92 A.

4. Borane vacancy (VBH3)

The BH; vacancy has the lowest formation energy among
the neutral native defects investigated here. It is primarily a
neutral defect, the calculation shows that it becomes (-2)
charge state only for Fermi energies near the CBM (5.49 eV
above the VBM). VgH3 has a formation energy of 1.00 eV
(under BH;-rich conditions) and —0.14 eV (under NH;-rich
conditions). This calculated negative formation energy of the
neutral defect implies that AB is unstable under certain
growth conditions, namely, under NH;-rich conditions.

The relaxed structure of V%Hg is shown in Fig. 10 (bot-
tom). The remaining NH; in the molecular vacancy exists as
ammonia with the lone pair populated and trigonal pyramidal
structure. The NHj shifts to the center of the molecular va-
cancy and reorients in order to minimize energy. Instead of
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FIG. 10. (Color online) The lowest energy configuration of the
two charge states of Vg, ; Véﬁ} (a) and V%H3 (b). For VOBH3’ the NH;
in the molecular vacancy exists as ammonia the lone pair populated
and trigonal pyramidal structure.

maximizing the number of dihydrogen bonds, the NH; ori-
ents so that its lone pair is located midway between the H of
two nearby NHj; groups, which would have bonded to the
missing BH;. This is essentially hydrogen bonding with the
N-H distance of 2.28 A, nearly identical to that of the NH,
dimer. While this hydrogen bonding occurs at the expense of
one of the H forming any dihydrogen bonds, the other two H
do still each form two dihydrogen bonds with bond lengths
of 2.07 and 2.31 A.

The chemistry involved in the (-2) charge state is much
less apparent. The N stays near the proper lattice site, but
does not participate in dihydrogen bonding, see Fig. 10 (top).
Instead, it orients itself so that none of its H are near any of
the H on B (the closest distance being over 2.9 A away).
Furthermore, the lone pair which participated in hydrogen
bonding in the neutral case is nowhere near a N bonded H,
almost 3.5 A away.

5. Ammonia interstitial (INH3)

Interstitial NH; can form fairly easily under NHj-rich
conditions with a formation energy for the neutral charge
state of only 0.38 eV (1.52 eV under BH;-rich conditions).
The relaxed structure of this defect is shown in Fig. 11 (top).
Although NHj; does not covalently bond to any atoms in the
lattice, its orientation substantially lowers the energy. Much
like NH; in the molecular vacancy, the highly electronega-
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FIG. 11. (Color online) Inn, in the (0) (a), (+2) (b), and (-2)
(bottom) charge states. The atoms (either B or N) which are dark-
ened in the center have lost a H due to the presence of the defect. In
the (+2) and (-2) charge states, the relaxed structure involves con-
siderable rearrangement of the host lattice. In the (+2) charge state,
two H come of an adjacent BH;NH;. One of these H bond directly
to Iu,, while the other bonds to a nearby H (from BH3), forming
NH;BH,. In the (-2) charge state, a H comes off two separate N
and forms interstitial H,. This energy cost is partially offset by the
formation of two strong hydrogen bonds with In,-

tive N carries a partial negative charge and forms a hydrogen
bond with a H (from a nearby NH;), albeit a stronger one
with a shorter bond length of 1.89 A. Additionally, the three
positively charged H participate in dihydrogen bonding with
H (from adjacent BH; groups). Two of the H form only
single dihydrogen bonds, though they are stronger than those
found elsewhere in the lattice, having relatively short bond
lengths of 1.68 and 1.75 A. The third H forms three weaker
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dihydrogen bonds with the bond lengths of 2.04, 2.20, and
2.11 A

The (+2) and (-2) charge states yielded unexpected re-
sults. In both of these charge states, INH3 was found to be
highly reactive with the lattice. For the (-2) charge state, the
initial structure relaxed to the configuration shown in Fig. 11
(bottom) in which two H atoms vacate different N and form
interstitial H,. Although this structure seems strange since
two covalent bonds (N-H) are broken and only one (H-H) is
reformed, it is relatively low in energy. In addition to the
formation of a covalent H-H bond, the structure is further
stabilized by the formation of two hydrogen bonds (1.54 and
1.81 A in length). It should be noted that these bond lengths
are substantially shorter than would be expected for a
NH;..NH; hydrogen bond.3*#? Iﬁ_l_I3 is the most stable nega-
tively charged defect under NH;-rich growth conditions, be-
coming stable for Ex>4.66 eV.

For the (+2) charge state, once again two covalent bonds
are broken. However, in this case they are both reformed. A
nearby NH3;BH; molecule donates two of its H (one from B
and one from N), leaving a planar NH,BH,. The removal of
an electron from the lone pair of Inn, allows for the bonding
of an additional H, forming NHj. The other goes to the B of
a nearby NH;BH;. While there are four H in the vicinity of
this nearby B, they do not all directly bind. Instead it seems
as if only two are directly bound, having a bond length of
1.2 A. The other two H atoms exist as H, (H-H bond dis-
tance of 0.85 A) and an elongated bond length with respect
to the B (1.35 and 1.4 A).

6. Borane interstitial (I'sn,)

In the neutral charge state, interstitial BH; is similar to a
bond centered defect, where the interstitial BH; group
bridges an existing dihydrogen bond. While it breaks the
dihydrogen bond, the structure is stabilized in two ways.
First, Ign, forms a hydrogen bridged bond with the BH; side
of a NH;BH; molecule, see Fig. 12 (top). This is a three-
center two-electron bond, which is very common in B
chemistry.*%#! The B reference structure, diborane, contains
two such bridging hydrogen. Second, the dihydrogen bonds
are reconstructed by Iy, For Eg of less than 2.25 eV above
the VBM, the (+2) charge state is more stable. In the (+2)
charge state, Ign, donates a H atom to the host lattice in order
to form two hydrogen bridged bonds with a BHj;, see Fig. 12
(bottom). The resulting structure is very similar to diborane,
having two bridging hydrogen, but with one of the H substi-
tuted with NH;.

IV. CONCLUSIONS

Using first-principles methods, we have calculated the
atomic structures and formation energies for a number of
native defects in ammonia-borane including Vgy (VNH%)
App, (AN, ), and Iy, (Inn, ). We found that the formation en-
ergies for the charge neutral defects, depending on the
growth conditions, can be surprisingly low. For example, at
the NHj-rich growth conditions, the formation energies for
V0BH3, A%H3, and I%H3 are —0.14, 0.25, and 0.38 eV, respec-
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FIG. 12. (Color online) 1(1)31{3 (a) and I H (b). In the neutral
charge state, the interstitial BH; forms a bond centered type con-
figuration. While it breaks a dihydrogen bond, it reconstructs it on
both sides. On one side, Ipn, forms a H bridged bond with a BH;
group from a BH;NHj;. Whlle on the other side, one of its H’s
participate in two dihydrogen bonds. In the (+2) charge state, Iy,
donates a H to the host lattice in order to form two hydrogen
bridged bonds with a BH;. The resulting structure is very similar to
diborane, but with one of the H substituted with NH;.

tively. A slightly negative formation energy for V%H indi-
cates that even the range of the chemical potential for equi-
librium growth of the AB can be modified by the defect
formation. At the BH;-rich growth conditions, although neu-
tral defects in general have higher formation energies, sev-
eral of them can still maintain relatively low energies, 0.57,
0.71, and 0.99 eV, respectively, for ABH , IgH , and V%H
The relative ease of neutral defect formatlon here can be
understood in terms of the molecular nature of the AB solid,
which is made of the NH; and BH; molecular building
blocks. In addition, the ease of the defect formation can be
traced back to a rich variety of bonding types in this system.
The defect-free AB solid can be described by a mixture of
dative N-B bonds for intramolecular bonding and much
weaker dihydrogen bonds responsible for intermolecular
bonding. While the presence of a native defect breaks the
strong N-B bond, it also allows for the formation of interme-
diate strength hydrogen bonds (stronger than the dihydrogen
bonds) to make up for the energy increase and hence lowers
the overall system energy. The lone pair on the NH; makes it
particularly prone to the formation of hydrogen bonds, ex-
plaining why the NHj-related defects are so low in energy.
While the AB molecular solid model is successful in ex-
plaining most of the native defects that we have studied (in
which the NH; and BHj; units maintain their initial molecular
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forms), this view breaks down for a number of charged in-
terstitials. For example, the introduction of 1@3, [12\1_1-13’ and
IZB}'{ results in complicated structures involving the release of
H. In particular, I, ;3 and 123H form complexes with the re-
lease of interstitial atomic H, whereas INH forms a complex
with the release of interstitial H,. Understandlng the mecha-
nisms behind these defect formations may be of particular
interest in the context of hydrogen storage. Given that INJ;{
and If;[i have low formation energies for Fermi level near
the VBM but INH have low energy for Fermi level near the
CBM, these ﬁndlngs open up the possibility of changing hy-
drogen desorption energetics by shifting the system Fermi

PHYSICAL REVIEW B 80, 064109 (2009)

energy via extrinsic doping, carrier injection, or photoexcita-
tion.
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