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Abstract:

Electrides are ionic compounds where localized electrons act as anions. Because of their
exotic properties in optoelectronics and catalysis, electrides have attracted considerable
interest in recent years and many electrides, with anionic electrons distributed in zero-,
one-, two- and three-dimensions, have been studied. Here, using first-principles
calculations, we report a different class of inorganic electrides where Li;O super-alkali
clusters form the building blocks of one-dimensional hierarchical structures,
characterized by the presence of localized electrons with high charge density along a one-
dimensional chain. We further show that the stability of this electride can be improved by
embedding it inside a BN nanotube (BNNT). In addition, Li;O@BNNT exhibits powerful
reducing ability as well as anti-ferromagnetism, highlighting the importance of nano-

assembly in the development of new stable electrides with novel properties.
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Introduction

Electrides, named by Dye et al. four decades ago [1], constitute an interesting family of
ionic compounds whose anion components are not atoms, but electrons localized in
cavities of the structures. These anionic electrons are reminiscent of color centers in
alkali-halide crystals. However, instead of being localized at defect sites, anionic
electrons in electrides are arranged in a periodic lattice. These non-nucleus-bound
electrons exhibit high mobility and low work function, which enable applications of
electrides as high-performance optoelectronic devices [2-3] and catalytic agents [4-7].
Ever since the first discovery of room-temperature stable electride (CayyAlyg044)* ode™
[8-9], many more electrides, characterized by their zero-, one-, two-, and three-
dimensionally distributed anionic electrons, have been synthesized experimentally and
predicted theoretically using first-principles methods [10-17]. Efforts are under way to
identify and categorize these newly found electrides as well as study their electronic and

magnetic properties [10-20].

In this paper, using first-principles computational methods, we report a different
class of inorganic electrides where super-alkalis are the building blocks. Super-alkalis are
clusters of atoms that mimic the chemistry of alkali atoms, but the energy to remove an
electron from a super-alkali is significantly less than the ionization energy of any alkali
atom. First proposed in 1984 by Gutsev and Boldyrev [21], super-alkalis consisted of
clusters, M,A, where the number (x) of alkali metal atoms M surpass the valence of the
anion A by one. This cluster has one "redundant" electron, contributed by the out-
numbered alkali metal atom, which it can readily lose to become a cluster-cation (M, A)".
The main characteristic of electrides is that, once the electron is detached, it should
remain localized, forming a periodic pattern. We hypothesized that, because an electron
can be easily detached from a super-alkali, loosely bound electrons in the super-alkalis
could serve as anionic electrons of an electride, if such electrons remain localized in a
periodic pattern. Considerable research over the past decade has identified numerous
super-alkalis by using electron-counting rules, known in chemistry for over a century
[22]. Thus, if super-alkalis could be used as building blocks, it could vastly increase the

pool of electrides.
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To prove the above hypothesis, we chose Li;0, a well-known super-alkali. In the gas
phase, Li;O cluster adopts a planar configuration (see Figure Sla in Supporting
Information, SI) and has an ionization potential (IP) of 3.88 eV, which is much smaller
than that of the Li atom (5.62 e¢V). Due to the attraction between the lone pair of the
oxygen and the positive charge on the Li cations, Li;O clusters interact with each other
strongly [23]. We show that, under certain constrained environment, these clusters self-
assemble to a chain structure (see Figure S1b of SI). We carried out a computational
study of the properties of one-dimensional nano-structures assembled from Li;O super-
alkali clusters and show that Li;O can be polymerized to be one-dimensional electride
Li;O%ee™. The resulting material is dynamically and thermally stable. Further, we
explored its magnetic and catalytic properties originating from the anionic electrons,

finding it to be anti-ferromagnetic and a powerful reducing agent.

— :
P Pa— e
2 2l
2 - == =y
S -3t
=
& -4t
5}
=
m -5t ‘

— = ; [+ 3
—_ —6 'Y aPp «
> ofo b oo O
> v X : e
-~ 9p (]? .)J;tc e
= ap B 900
o] ¥ X
= o tﬁ !t.f--
g o L
2 b
2 3 2.5
N : 361
° 0 | L L L

1.5 2.0 2.5 3.0 3.5

Ni,i / N()

Fig. 1 Calculated energy gap and IP for chain structures with increasing ratio between the
numbers of lithium atoms (Ni;) vs. the number of oxygen (No) in the compositions. The red and
blue bars represent the LUMO and HOMO, respectively. The extrapolated point at N ;/Ng = 3
corresponds to the 1D Li;0 electride. With elevated lithium composition, both the energy gap and
the IP of the structure decrease. The solid line in purple shows the value of calculated work
function of the 1D Li30 and the dotted line shows the calculated work function of Li;O@BNNT.
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Stability of one-dimensional (1D) Li;O chain: As pointed out before, the geometry of
Li;0 cluster is planar. However, when two LizO clusters come close to each other, the

lone pair on the oxygen of one Li;O cluster attract (repulse) the lithium (oxygen) of the

other Li;0, making a pyramidal configuration, with oxygen out of the (Li3) plane (see Fig.

Sla). As more Li;O units come together, a stable chain structure forms with oxygen
linking the Li; planes. According to this "growth" model, a periodic chain, with the unit
cell given in Figure 2a, is expected. We optimized the geometry of (Li;O), clusters as a
function of n, which eventually leads to an infinite chain as n approaches . As shown in
Figure 2b, there are no imaginary modes in the calculated phonon spectrum; hence the
chain is lattice dynamically stable. The calculated electronic structure, given in Figure 2c,
shows that the Li;O chain is metallic. The flattened bands in both phonon and electronic
structures, especially the dispersion-less feature along the X--M direction, are results of

quantum confinement, originating from the one dimensionality of the material.
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Fig. 2 (a) Optimized unit cell of 1D Li;O. (b) Calculated phonon spectrum of the material. (c)
Calculated electronic band structure of the material with the Fermi level at 0 eV.
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We investigated the thermal stability of the 1D Li;O using molecular dynamics
simulations at room temperature (300 K) and found the structure to be stable, as shown in
Figure S2a of SI. We further drew the Li-O phase diagram using data from the Materials
Project [24]. Assuming that the three-dimensional (3D) Li;O adopts the same crystal
structure of Cs30 [16], where 1D LizO chains are aligned in a hexagonal lattice (Figure
S3 of SI), the calculated energetics indicate that Li;O lies above the convex hull (Figure

S4 of SI). This suggests that Li;O is metastable against stable oxide Li,O.

Li;O as an Electride: To see if the 1D Li30 is an electride, we first studied the electron
localization function (ELF) of the system. ELF measures the degree of electron
localization and has a value from 0 to 1. ELF = 0.5 corresponds to free electron gas,
while ELF = 1 corresponds to fully localized electrons with the same charge density. For
light elements with s and p electrons, localized electrons exhibit ELF values around or
above 0.7. For heavy elements with d and f electrons, ELF shows a value around 0.2 ~
0.3. As shown in Figure 3a, for the 1D Li30, localized electrons with ELF > 0.7 (colored
in yellow) form shells outside each Li; plane around the chain structure. The calculated
charge density, integrated along the chain axis and given in Figure 3b, shows periodic
peaks corresponding to the positions of these localized electrons. The coexistence of high
charge density and localized electrons provide the signature of anionic electrons in an
electride [12, 17]. The appearance of localized valence electrons around the outside of the
Li;0 chain is similar to the case of dicalcium nitride which has layers of anionic electrons
residing in the outside of atomic layers [25]. The material is identified as an electride

signaled by high charge density concurred with large ELF values around 0.7 [25].
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Fig. 3 (a) Calculated electron localization function (ELF) of the 1D LizO. The localized electrons
with ELF > 0.7 are found as shells around the chain on the (Li3) planes. (b) Calculated charge
density integrated along the chain axis for both the 1D Li;O and Li;O@BNNT. Peaks are present
at the positions of the localized electrons. Oxygen atoms are in red and Lithium in cyan.

As an electride, the 1D Li;0 is expected to have low work function for the anionic
electrons. By gradually increasing the number of Li;O*ee™ units, as demonstrated in
Figure 1, the ratio between the number of lithium and the number of oxygen atoms in the
structure can be increased. Meanwhile, the system will act more and more like an alkali
metal with ever-decreasing IP and energy gap. The extrapolated end-point at ratio N ;/Ng
= 3 corresponds to the periodic 1D LizO, which has a zero band gap. The extrapolated IP
of the 1D material is 3.0 eV, which is consistent with the calculated work function
(Figure S5 of SI) of 2.5 eV. Such value is similar to the lowest work function of 2.6 eV
measured in dicalcium nitride -- a material once considered as having the most
delocalized anionic electronic system in the electride family [25]. This suggests that the
anionic electrons of the 1D Li;O are highly delocalized from the chain of atoms. The
elctride, therefore, can serve as a powerful reducing or catalytic agent. However, the
ultra-low work function and the metallicity of the 1D LizO also means that it could be
very reactive. This will limit the potential applications of the 1D Li;O electride. For
instance, if the electride is used in gas conversion, instead of serving as a catalyst to
reduce the gas, the chain structure could likely be destroyed by reaction with the gas

molecules.
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Fig. 4 (a) Optimized unit cell of Li;O@BNNT. Dimensions of the structure are in A. (b)
Calculated (partial) electronic density of states of Li;O@BNNT. The Fermi level is at 0 eV.
Oxygen atoms are in red and Lithium in cyan.

One-dimensional hierarchical structure: We studied ways to improve the stability of
1D Li30, without adversely affecting its reducing power. To this end, we embedded the
1D Li;0 inside a (4,8) boron-nitride nano-tube (BNNT). Because the BNNT is a wide-
gap semiconductor, it will not react with the gas molecules, while allowing 1D Li;0 to
contribute its electrons due to the very low work function. In addition, because BNNT is
hydrophobic, H,O molecules which are often present during the gas conversion process,
would not adversely affect the reaction. According to our calculations, 1D Li;O@BNNT
leads to a highly preferred exothermic reaction, releasing 0.66 eV/oxygen. The diameter
of the tube is chosen to prevent bond formation between the Li;O and the BNNT. Figure
4 shows the optimized structure of Li;O@BNNT and its calculated electronic (partial)
density of states (DoS). Although pure BNNT is a wide-gap semiconductor, the
combined material becomes metallic. The energy gap between —4 to —1 eV corresponds

well with the gap present within the pure Li;O chain in Figure 2c.
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Fig. 5 (a) Left panel: calculated difference charge density on one Li; plane, defined as Crizogennt
— Ceant — Crso. The unit is "electrons/Bohr?". Right panel: ELF calculated at Li; plane for
Li;O@BNNT. The arrows in both panels indicate the concurrence of positive difference charge
density and large ELF between the chain and the tube -- a signature for the presence of anionic
electrons. (b) Corresponding difference charge density (isosurfaces > 0.001 electrons/Bohr?
highlighted) and ELF (isosurfaces > 0.5 highlighted) displayed in 3D style to show the positions
(indicated by the arrows) of the anionic electrons relative to the atoms.

Interestingly, Li;O@BNNT remains an electride. This is evident from the
concurrence of the positive difference charge density and the large ELF value on the Li;
plane. The difference charge density is computed by subtracting the charge densities of
BNNT and LizO from that of Li;O@BNNT. For this calculation, the structures of BNNT
and Li;O in Li;O@BNNT are maintained, while only their electrons are allowed to
redistribute. As shown in Figure 5, the anionic electrons, signaled by large charge density
and large ELF, reside lopsidedly in the vacant space between the Li;O chain and BNNT.
The calculated work function of Li;O@BNNT is only 2.1 eV, even lower than the 2.5 eV
of the 1D Liz0. Thus, Li;O@BNNT is a hierarchical electride, with enhanced stability
and reducing power. Interestingly, it has been found that inorganic electrides can be
formed by adding alkali metals to pure silica zeolites, in which case anionic electrons

appear in vacant space along the metal chains residing in the channels of the zeolite [26].
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An analogy can be drawn here with Li;O@BNNT, where a "super-alkali metal", Li;0, is

adding to the channel of BNNT, forming a new inorganic electride.

CO; activation using Li;O@BNNT: The ultra-low work function of the hierarchical
electride would make it easy to transfer electrons to carbon dioxide (CO,) molecule and
hence could activate it by bending its linear ground state structure, as is the case with
CO;™. Note that the activation of CO, to CO,™ is a key step towards converting this gas
[27]. The C-O-C angle of CO,™ is 137° and its stretched C-O bond is 1.24 A, compared to
the 1.15 A of its neutral ground state [27]. As shown in Figure 6a, the unit cell of
Li;O@BNNT can readily activate a CO, molecule to a bent configuration, with an O-C-
O angle of 129° and stretched C-O bond of 1.28 A. About 1.3 electrons (0.32 per Li;O in
average) are transferred from Li;O@BNNT to CO,. The binding energy between
Li;O@BNNT and the CO, molecule is 1.1 eV. All these results suggest that the electride
can efficiently capture and activate CO,. In fact, more than one CO, molecules can be
simultaneously activated, as demonstrated in Figure S6, where the four activated CO,
molecules have an average O-C-O angle of 146°. We note that, without the Li;O chain
inside, the empty BNNT cannot adsorb and activate CO,. Further calculations reveal that
other small molecules, such as H, and H,O, do not interact with the BNNT; thus, the

Li30 chain is protected.
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Fig. 6 (a) Optimized structure of Li;O@BNNT with an adsorbed CO, molecule. Oxygen is in red,
lithium in cyan and carbon in black. (b) Calculated (partial) electronic density of states (DoS),
showing the band alignment between Li;O, BNNT and CO,. (c) Schematics of a band model to
explain the electron transfer from Li;O to CO, molecule. The upper panel corresponds to case
without Li30, while the lower panel refers to the case after Li;O insertion.

To understand the activation process, we calculated the (partial) electronic DoS of
Li;O@BNNT+CO,, as shown in Figure 6b. According to the Bader charge analysis on the
unit cell in Figure 6a, Li;0 loses 2.71 electrons in total, 1.44 of which is taken by BNNT
and the rest 1.27 is taken by the CO, molecule. Based on these results, a band model can
be used to explain the process. Without the inserted Li;O, as shown in the upper panel of
Figure 6¢, the LUMO of CO, molecule is above the valence band (VB) of BNNT,
preventing the electron transfer from the tube to the molecule. After the insertion of Li;0,
the Fermi level of the metallic chain is above the conduction band (CB) of BNNT and the
tube will be readily n-doped. Now with electrons in the conduction band above the
LUMO of CO,, electrons are easy to transfer to the molecule. These are shown in the
lower panel of Figure 6¢. Given that the Li;O chain at the core of the hierarchical
structure is metallic, it is possible to replenish the transferred electrons by keeping the

chain in contact with an electron reservoir.
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Fig. 7 (a) Calculated spin density and electronic DoS of the ferromagnetic state of Li;O using the
unit cell containing two Li;O"*e™ units. (b) Calculated spin-charge density and electronic DoS of
the anti-ferromagnetic state of Li;O using the unit cell containing four Li;O*se units. The net
spins are contributed by the anionic electrons in the structure.

Magnetic property of the electride: Another interesting property of anionic electrons in
electrides is their contribution to magnetism. Studies, thus far, have focused on organic
electrides [19-20] and electrides with heavy transition metals [14, 18]. However, very
few reports are available for inorganic electrides, composed of light elements. We,
therefore, studied the magnetic states of the 1D Li;O. With the unit cell containing two
Liz;O"ee units, the electride has a ferromagnetic ground state, which is 17 meV/Li;O
lower in energy than that of the paramagnetic state. The calculated spin charge density
reveals that the net spins coincide with the position of the anionic electrons around the
(Li3) plane, as shown in Figure 7a. The calculated electronic DoS confirms that the
anionic electrons contribute to the net spins, since the spin density from either lithium or
oxygen is zero at the Fermi level (Figure 7a). The magnetic moment on the anionic
electrons is found to be 0.21 pg/Liz;O. However, if the unit cell is doubled with four
Li;O*ee™ units, the ground state becomes anti-ferromagnetic. This anti-ferromagnetic state
is 45 meV/Li;O lower than that of the ferromagnetic state. The corresponding spin-
density and the electronic density of states are shown in Figure 7b. The anionic electrons
of every two LizO*ee units group into opposite spins, which is consistent with the
localized nature of paired electrons. Because of the Coulomb repulsion, the different pairs

of electrons partition the space along the chain into different localized regions (Figure 7b).
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The behavior is similar to that of the recently reported Mott-insulating electrides a- and
B-YbsSbs, where the anionic electrons, instead of metal elements, serve as the localized
magnetic centers with large moments [28]. Although the anionic electrons seem to be
much more localized given the strong correlation in these systems, an alternatively up-
and-down spin distribution along one dimension is also observed [28] as that in
Li;O%ee. It turns out that the 1D Liz;O is an ideal system to demonstrate the anti-

ferromagnetic behavior, consistently found in electrides [19-20].

Conclusion

In this work, we show that super-alkalis, known in cluster science for decades, can be
used as building blocks of inorganic electrides, consisting of light elements. Using Li;O
super-alkali as an example, we found that it could form an electride with one-dimensional
structure. Embedding this one-dimensional chain inside a boron-nitride nanotube (BNNT)
produces an electride with 1D hierarchical structure and improved stability and properties.
For example, Li;O@BNNT possesses ultra-low work function, making it an ideal
material capable of activating CO,. In addition, Li;O electride is anti-ferromagnetic, with
the anionic electrons carrying the magnetic moment. We note that, recent studies based
on data mining of crystalline materials have revealed bulk Cs;O and LisN to be electrides
[16-17]. The cluster counterparts of these materials are super-alkalis. In Cs;0 cluster, the
valence of oxygen (Vo= 2) is less than 3xV, by one, where V=1 is the valence of Cs.
Similarly, in LiyN, the valence of N is 3 which is smaller than the total valence number of
the four lithium atoms. Thus, super-alkalis as building blocks of electrides can bridge
cluster science and solid-state chemistry. Our study demonstrates that using super-alkali,
combined with nano-assembly, is a viable strategy for rational design of new electrides

with novel properties.

12
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Method

Cluster calculations: The calculations are carried out using the GAUSSIAN 09 package
[29]. The hybrid density functional theory (DFT) with Becke three parameter Lee-Yang-
Parr (B3LYP) [30-31] functional for exchange-correlation energy and 6-31+G(d,p) basis
sets are used. The optimized ground states correspond to stable structures without any

imaginary frequency.

Extended structures: Calculations based on Density Functional Theory (DFT) are
carried out to optimize the unit cell of the studied materials using Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation (GGA) [32] implemented in the
VASP package [33]. The projector augmented wave (PAW) [34] pseudopotential method
and a dense Monkhorst-Pack k-point mesh are employed in the calculation. The cutoff
energy is 550 eV. The energy convergence is set to 107 eV and the force convergence is
set to 0.005 eV/A. During the optimization calculations, the van der Waals interaction (as

implemented in the DFT + D2 method [35-36]) is considered.

Lattice Dynamics: The phonon dispersion relation of the material is calculated using the
Density Functional Perturbation Theory (DFPT) including the van der Waals interaction.
Geometry of the unit cell is optimized with an energy convergence of 10~® eV and force
convergence of 10~* eV/A. Phonon frequencies are first calculated on a q-grid of 5X 5 X

5. Frequencies for other q points are then interpolated from the calculated points.

Molecular dynamics simulations: Ab initio molecular dynamics (AIMD) simulations
are conducted using a 1 X 1 X 6 supercell and 1.0 fs time step in an NV'T ensemble to

study the thermodynamics of the materials at room temperature (300 K).
Charge analysis: Bader charge analysis is used to obtain charge distribution on atoms.

Magnetic Properties: To find the correct magnetic state of the material, spin polarized
optimizations are conducted. The energy of the optimized system is calculated with the
tetrahedron method with Blochl corrections. Very dense k-points of (1x1x21) are

sampled in the Brillouin zone to ensure the accuracy.
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