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Abstract: All-solid-state batteries are promising candi-
dates for safe energy-storage systems due to non-
flammable solid electrolytes and the possibility to use
metallic lithium as an anode. Thus, there is a challenge
to design new solid electrolytes and to understand the
principles of ion conduction on an atomic scale. We
report on a new concept for compounds with high
lithium ion mobility based on a rigid open-framework
boron structure. The host–guest structure Li6B18(Li3N)
comprises large hexagonal pores filled with ∞

1½Li7N]
strands that represent a perfect cutout from the
structure of α-Li3N. Variable-temperature 7Li NMR
spectroscopy reveals a very high Li mobility in the
template phase with a remarkably low activation energy
below 19 kJmol� 1 and thus much lower than pristine
Li3N. The formation of the solid solution of Li6B18(Li3N)
and Li6B18(Li2O) over the complete compositional range
allows the tuning of lithium defects in the template
structure that is not possible for pristine Li3N and Li2O.

Introduction

In order to run on renewable energy, mobile applications
such as electronic devices and electric vehicles require safe

and lightweight batteries. Currently, lithium ion batteries
(LIBs) are widely used for this purpose because they are
characterized by large gravimetric and volumetric
capacities.[1] However, the combination of reactive inorganic
species, large voltages and organic electrolytes as well as the
possibility of short circuits by dendrite formation still pose
significant safety issues. Therefore, solid-state batteries in
which the liquid organic electrolytes are replaced by solid
electrolytes have become a major focus of LIB research.[2]

Quite a large variety of crystalline systems have been
investigated in the last two decades. Many of these can be
assigned either to oxidic perovskite type structures,[3] garnet-
type structures,[4] sodium super-ionic conductors (NASI-
CON)-type structures[5] and lithium super-ionic conductor
(LISICON)-type structures[6]) or sulfidic materials (thio-
LISICON-type structures, thiophosphates[7] and lithium
argyrodites[8]), and recently we introduced phosphide-based
super-ionic conductors as a new material class.[9] Apart from
these major classes, lithium hydrides,[10] lithium halides[11]

and lithium nitride[12] have also been studied. Especially
single crystalline Li3N has long been known to offer a very
high ionic conductivity above 10� 3 Scm� 1,[13] however, the
bulk conductivity of 10� 5 Scm� 1 together with the low
decomposition voltage limit its use.

Solid electrolytes with a high concentration of vacancies
and a rigid open framework structure with channels in which
the cation can move are ideal prerequisites for a successful
Li ion conductor. A well-defined porous architecture that
allows Li ions to be stored and reversibly inserted
established metal–organic frameworks (MOFs)[14] and cova-
lent organic frameworks (COFs)[15] as materials to be
explored for developing all-solid-state electrolytes for Li ion
batteries. Frameworks that are constructed from covalently
linked building units to form two- or three-dimensional
periodic architectures are expected to be more stable.
Among open framework structures, carbon-, silicon- and
boron-based materials are the most stable representatives,
since the frameworks consist of three-dimensional covalently
connected atoms. Open frameworks of these elements have
been realized and predicted,[16] and for silicon various open
frameworks have been discussed as anode materials through
the possibility of lithium insertion.[17] We have recently
reported on the ternary compound LiBSi2 comprising a
framework with B and Si atoms forming an ordered open
framework structure with boron exclusively engaged in
heteronuclear B� Si contacts and with encapsulated Li atoms
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as the guest species.[18] However, covalent framework
structures[19] that host lithium ion conductors are unknown.

Therefore, we extended our study on B and Si based
framework compounds towards bare boron based open-
framework structures in which Li2O and LiBH4 serve as a
templates (Tp). In Li6B18(Tp)x covalently interconnected B6

octahedra form three- and six-membered rings in the ab
plane of the crystallographic unit cell with the B6 octahedra
acting as vertices (Figure 1a). The layers are stacked along
the c direction in a primitive fashion with covalent B� B
bonds between B6 octahedra of adjacent layers. Small and
large pores of the structure, which run along the c direction,
are filled with Li as well as O atoms and BH4 units,
respectively.[20] Li6B18(Tp)x is structurally related to tetrago-
nal Li2B6

[21] and the cubic MB6 compounds (Figure 1b and c,
respectively),[22] which forms in absence of a template
species under otherwise similar conditions. The existence of
the very stable cubic MB6 structure for monovalent (KB6),

[23]

divalent (e.g., MgB6, CaB6),
[22,24] trivalent (e.g., LaB6,

YB6),
[22] and even mixed-valent (SmB6)

[25] metals M demon-
strate the structural and electronic flexibility of the boron
framework. Electronic structure calculations suggest semi-
conducting behavior for the electron-precise hexaborides
with divalent cations, whereas the electron-deficient or
excess-electron hexaborides should be metallic.[26]

Here we report on the synthesis and structural character-
ization of the first combination of an open framework boron
structure using the lithium ion conductor Li3N as a template.
Crystalline Li6B18(Li3N)x (x<1) has an exceptionally low
activation energy for lithium ion mobility, as shown by solid-
state NMR spectroscopic methods. Li6B18(Li3N)x combines
the very stable open-framework structure of Li6B18(Tp)x
with the outstanding Li ion conduction properties of Li3N.
Electronic band structure calculations on fully occupied
Li6B18(Li3N) reveal semiconducting behavior. In order to
test the possibility of tuning lithium defects we investigated
the solid solutions of Li6B18(Li3N) and Li6B18(Li2O). Where-
as the solid solution (Li3N)1� x(Li2O)x is not known, the solid
solution Li6B18(Li3N)1� x(Li2O)x covers the complete compo-

sitional range, and samples for x=0, 0.25, 0.5, 0.75, and 1
have been synthesized and characterized.

Results and Discussion

Synthesis and characterization of polycrystalline Li6B18(Li3N)
and Li6B18(Li2O)

All experimental details are given in the Supporting
Information. We have synthesized Li6B18(Li3N) using Li3N
as the template species from elemental Li, B and Li3N.
Using crystalline boron resulted in long needles of the
product, however, with larger amounts of side phases
(Supporting Information, Figures S2 and S4). In contrast to
the reported synthesis of Li6B18(Li2O)[20] we used nano-
boron, and a slight sub-stoichiometric amount of lithium and
a slight excess of Li3N. The products with the smallest
amount of impurities were obtained by using a ratio of Li/B/
Li3N=5/18/1.2, where only 2.9(4)% of Li2B6 and small
amount of another unknown impurity were detected. In
order to have comparable synthesis conditions we repro-
duced the synthesis of Li6B18(Li2O)x using also nano boron.
The reaction carried out with Li2O in place of Li3N (Li/B/
Li2O=6/18/1) resulted in Li6B18(Li2O) together with
2.3(1)% Li2O as an impuritiy. Li6B18(Li3N) and Li6B18(Li2O)
are obtained as red and orange powders, respectively
(Supporting Information, Figure S1).

The PXRD patterns of the resulting products Li6B18-
(Li3N)x and Li6B18(Li2O)x show a slight shift of the template
phase reflections, suggesting different unit cell sizes for the
structures crystallizing in space group P6/mmm. Incorpora-
tion of the larger Li3N unit in Li6B18(Li3N)x gives rise to
larger lattice parameters. Rietveld analyses were performed
using the single crystal data of Li6B18(Li2O) as a starting
model (Supporting Information Table S0 and Figure S0).
The complete Rietveld data are listed in Tables S1–S3
(Supporting Information).

The crystal structure of Li6B18(Li3N) is depicted in
Figure 2. The structure is built up by three-dimensional

Figure 1. a) Hexagonal open framework structure of Li6B18(Li2O)0.26. The boron octahedra form a 324862 network in which the lithium and oxygen
positions are located in the channels.[20] b) Tetragonal 412 structure of Li2B6 comprising only small channels.[21] c) Cubic 412 structure of CaB6 and
related rare earth metal borides.[27]
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interconnected B6 octahedra comprising two boron posi-
tions. B1 represent the four atoms of a distorted square of
the octahedra in the ab plane, and the B2 atoms are the caps
above and below the plane completing the octadedra. The
resulting interconnected B6 octahedra form a 3636 Kagomé
net in the ab plane, and the hexagonal primitive stacking of
these planes results in two different kinds of channels along
c. The smaller channels formed by three interconnected B6

octahedra host the Li1 atoms. The larger channels formed
by six interconnected B6 octahedra are centered by the
template N atoms, surrounded by the six-fold crystallo-
graphic site occupied by the Li2 atoms. The N atoms
alternate with Li3 atoms along the c direction, resulting in a
6+2 coordination of N by Li atoms.

Most interestingly the content of the template in the
hexagonal channels matches exactly the structural details of
α-Li3N. There are six Li atoms forming a hexagon with the
N atom in the center and two lithium atoms located above
and below the N atom, resulting in a strand with composi-
tion ∞

1½Li7N]. However, whereas in α-Li3N the six Li atoms
of the hexagon coordinate to three neigboring N atoms
(Li3N= ∞

1½Li(Li6/3N]), the strands in Li6B18(Li3N)x are dis-
joint through the open boron framework. Consequently, the
formula in the strands corresponds to ∞

1½Li7N], and thus, the
content is Li richer (Figures 2c and d).

The structure is closely related to that of Li6B18(Li2O)x.
As pointed out before, the proportion of Li2O is subject to
change, and the amount of templated Li2O grows with an
increasing amount of Li2O used for the synthesis.[20] Accord-
ing to Rietveld refinements the occupation of the template
N and O atoms never reaches a full occupancy, but arises to
84(2)% for N in Li6B18(Li3N) and 90.7(7)% for O in
Li6B18(Li2O). For the novel compound with Tp=N, EDX

measurements confirm the presence and the amount of
nitrogen according to the partial occupation obtained from
the Rietveld refinement (Supporting Information, Figure S7,
Table S3).

NMR characterization and Li ion mobility in Li6B18(Li3N)

Since the samples are rather air sensitive, all sample
handling has to be performed in a glovebox with Argon
atmosphere. The 7Li MAS NMR spectrum of Li6B18(Li3N)
taken at room temperature exhibits a single 7Li signal at
2.3 ppm. The 11B MAS NMR spectrum shows a single,
slightly asymmetric signal at 5.0 ppm (Figure 3). After a few
seconds of exposure to air, a drastic color change (from
orange-brown to grey-green) is observed, and the 7Li MAS
NMR spectrum now shows two signals at 2.4 and � 5.2 ppm.
Corresponding changes are observed in the 11B MAS NMR
spectra, now featuring two signals at 5.0 and 25 ppm. From
the spread and the intensity of the spinning sidebands in the
11B MAS NMR spectrum, a quadrupolar coupling constant
of 1.1 MHz can be deduced (Supporting Information, Fig-
ure S8).

In order to check for a possible Li dynamic we
determined the evolution of the static 7Li NMR linewidth
and the 7Li T1 relaxation time with temperature for the
Li6B18(Li3N) sample. The 7Li NMR spectra as a function of
temperature are shown in Figure 4. For the I=3/2 nucleus
7Li, the overall static linewidth equals the magnitude of the
quadrupolar interaction represented by the quadrupolar
coupling constant CQ, which is related to the principal
component of the electric field gradient (EFG), VZZ via
CQ=eQVZZ/h, with e denoting the elementary charge, and

Figure 2. Crystal structure of Li6B18(Li3N). a) View along the c axis. The interconnected B6 octahedra form a network featuring large hexagonal
channels centered by N atoms. b) Side view towards the hexagonal pore. c) Depiction of the Li7N formula unit located inside the large hexagonal
pores of Li6B18(Li3N). d) Structure detail of α-Li3N.[13] B, Li and Tp=N atoms are depict as green, grey and pink spheres, respectively.
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Q the quadrupole moment (for 7Li: 4.0×10� 30 m2). In the
room temperature 7Li spectrum, the narrow central line
represents the m=1/2!m= � 1/2 central transition, whereas
the remaining signal comprises the two satellite transitions
m= �1/2!�3/2. A simulation employing the DMFIT[28]

software produces a quadrupolar coupling constant CQ=

54 kHz and an asymmetry parameter ηQ=0. The line width
of the central transition is not affected by the quadrupolar
interaction and therefore is governed by the homo (7Li-7Li)
and heteronuclear (7Li-11B) dipolar interactions, which both
exhibit an orientational dependence scaling with the second
Legendrian. In the absence of any motional processes (rigid
regime) this entails a broadening of the signals. Any
motional process, however, will result in an at least partial
averaging of the interactions entailing a narrowing of the
line width of the central transition. Although the measure-
ments extend to temperatures as low as 122 K, no character-
istic low-temperature plateau (rigid regime) is observed.

Instead, the line width continuously decreases until T=

220 K and then reaches the motional narrowing plateau.
Thus, the evolution of the line width with temperature
clearly indicates the presence of a rather low activated
dynamic process. Since the rigid lattice regime is not
reached, we can only give an upper value for the activation
energy employing the Waugh Fedin relation of EA=

0.156Tonset, taking the lowest accessed temperature as the
onset temperature Tonset. This gives EA<19 kJmol� 1. An
alternative approach to determine the activation energy
relies on the analysis of the temperature dependence of the
spin lattice relaxation time T1, which was measured employ-
ing a standard inversion recovery sequence. The resulting T1

data is collected in Figure 5. An analysis of the data using
the BPP-model[29] (Bloembergen, Purcell, Pound) produces
an activation energy of 6.6 kJmol� 1. However, since the data
is dominated by the low-temperature portion of the BPP
curve, and it is well known that the low-temperature data of

Figure 3. 11B-MAS (left) and 7Li-MAS (right) NMR spectra of Li6B18(Li3N): top spectra: sample kept under inert conditions; bottom spectra: sample
exposed to air.

Figure 4. 7Li-solid-echo spectra (left) and the 7Li line width, determined as full width at half height of the central transition (right), as a function of
temperature for Li6B18(Li3N).
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T1 curves are often biased to lower values, this value marks
the lower boundary of the activation energy. Combining the
results of the line shape analysis and T1 data we come to the
conclusion that 6.6 kJmol� 1<EA<19 kJmol� 1, which is a
remarkably low value and renders these open-framework
materials interesting for solid electrolyte applications. A
detailed evaluation of the mechanism of ion transport within
these phases is beyond the scope of this contribution and
will be presented elsewhere.

Electronic structure of Li6B18(Li3N).

The electronic structure of the open-framework structure
was analyzed with quantum chemical methods at the DFT-
HSE06/TZVP level of theory, assuming full occupation of
all atomic positions in Li6B18(Li3N). The optimized lattice
parameters are a=8.216 Å and c=4.109 Å, deviating only
by 0.7% and 1.8% from the experimental lattice parame-
ters, respectively. Harmonic frequency calculations on the
optimized crystal structure result in a relatively small
imaginary mode of � 82 cm� 1. This imaginary mode can be
explained by the full occupation used for the N atom in the
calculations, instead of the partial occupation in the
experimental structure. A distortion of the structure along
the imaginary mode and a subsequent structure optimization
in a space group of lower symmetry led to an unreasonably
large distortion of the structure.

The electronic band structure and the density of states of
Li6B18(Li3N) are depicted in Figure 6. The band structure
reveals the material to be a semiconductor with a direct
band gap of 1.9 eV at the Γ point (Supporting Information,

Figure S9 for a depiction of the Brillouin zone), rendering
the structure type also as an interesting candidate for
optoelectronic applications. The size of the band gap
corresponds to the reddish color of the compound. Interest-
ingly, the top valence bands between 0 and about � 1.1 eV
correspond mainly to atoms located inside the large pores of
the open framework structure, as shown by the DOS curves.
N has the largest contribution to the total DOS in this part,
whereas it has almost no contribution at lower energies.
Thus Li6B18(Li3N) represents a true host–guest compound.

Raman spectroscopy

Experimental Raman spectra for Li6B18(Li3N) are depicted
in Figure 7. Based on the calculated spectra, which are in
good agreement with the experimental ones, the strongest
peaks 1 A1g, 2 A1g and 3 A1g correspond to the known modes
of the boron framework as described for MB6.

[30] Due to the
more complex structure of Li6B18(Li3N) compared to cubic
MB6 more signals occur (Table S4). For each mode the unit
cell contains three instead of one octahedral B6 units, which
can exhibit combinations of different vibrations and end up
in a higher variation of modes. All vibrational modes are
given in the Supporting Information (Figures S10 and S11).
Experimental spectra of Li6B18(Li2O) show a significant
difference to that of Li6B18(Li3N) which originates from the
lower lithium content (Li2O versus Li3N) with more disorder
on the Li sites. The corresponding Raman bands are slightly
shifted to higher wave numbers, and shoulders arise.

Figure 5. 7Li-T1 NMR spectroscopy data for Li6B18(Li3N). Experimental data points are shown as black squares. The red dashed line corresponds to
a simulation of the data employing a BPP model for the low-temperature process, resulting in values of C1=7.5×109 s� 2, t0

C
=2.6×10� 11 s,

EA,1=6.6 kJmol� 1.
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Synthesis and characterization of the solid solutions
Li6B18(Li3N)1� x(Li2O)x (x=0.25, 0.50, 0.75)

The products of the solid solution Li6B18(Li3N)1� x(Li2O)x
(x=0.25, 0.50, 0.75, 1) were synthesized by heating of
lithium, nano-boron and the template species in steel

ampules at 1173 K. The results of a single crystal structure
determination of Li6B18(Li2O)x was used as initial structural
model for the solid solution Li6B18(Li3N)1� x(Li2O)x (x=0,
0.25, 0.50, 0.75, 1). By increasing the amount of Li2O, the
color of the products change from red-brown to orange
(Figure S1). The Li3N-rich compounds contain small

Figure 6. a) Band structure of Li6B18(Li3N) in the range of � 6 eV to 4 eV; b) total and partial DOS curves with enlargement between � 1.5 and 0 eV;
bands marked in red mainly correspond to states of the atoms located in the large pores of the structure. The Fermi level EF is set to 0 eV.

Figure 7. Raman spectra of Li6B18(Li3N)x (experimental) in black and of Li6B18(Li3N) (calculated) in red with assigned modes (upper part) and
Li6B18(Li2O)x as well as for direct comparison that of Li6B18(Li3N)x (lower part). The Raman shifts of Li6B18(Li3N)x are marked by dotted lines. Exact
Raman shifts are listed in Table S4 (Supporting Information).
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amounts of unknown impurities, with weak reflections at
around 30° 2θ. By contrast, the compound Li6B18(Li3N)0.25-
(Li2O)0.75 is phase pure according to the powder X-ray
diffractogram. The solid solution Li6B18(Li3N)1� x(Li2O)x (0�
x�1) has no miscibility gap and crystallizes in the hexagonal
space group P6/mmm.

From Li6B18(Li3N) to Li6B18(Li2O) the reflections are
shifted to higher 2θ angles, which is shown for higher 2θ
angles in Figure 8. Cell parameters of the solid solution
Li6B18(Li3N)1� x(Li2O)x (x=0, 0.25, 0.50, 0.75, 1) obtained
from indexing of the reflections of the experimental powder
X-ray diffraction patterns are given in Table 1. The
correlation of the cell parameter with x is not linear and
therefore not fully in accordance with Vegard’s law. From
Li6B18(Li3N) to Li6B18(Li2O) the cell parameter c decreases
almost linearly, whereas a and therefore also the volume V
decreases exponentially (Supporting Information, Fig-
ure S12).The cell parameters determined from Rietveld

refinements follow the same trend (Supporting Information,
Table S1). The anisotropic changes might be related to the
lithium vacancies created in the structure by the substitution
of Li3N by Li2O. With increasing x and partial substitution
of N by O template atoms, the lithium content decreases,
since according to Rietveld refinements the occupation of
the Li2 position changes, whereas other positions remain
fully occupied (Supporting Information, Table S2), and the
Li2 atoms are all located in the ab plane. EDX measure-
ments confirm the presence of N in the solid solution
Li6B18(Li3N)1� x(Li2O)x (x=0.25, 0.50, 0.75, 1.0) (Figure S13).
For x=0 and 0.25 the amount of N measured by EDX is in
very good agreement with the partial occupation of the
template species determined by Rietveld refinement (Ta-
ble S3). For the solid solutions, rudiments of needles can be
observed, although the formation of needles is much less
pronounced as in the Li6B18(Li3N) sample (Supporting
Information, Figure S14).

Lithium rich ionic compounds are in principle interesting
candidates for possible lithium ion conductors. Single
crystalline α-Li3N has been described with a high ionic
conductivity above 10� 3 Scm� 1 parallel to the Li2N planes,[13]

but the bulk shows a conductivity of 10� 5 Scm� 1. A major
advantage for the design and improvement of high lithium
ion mobility is the tuning of vacancies that allow for the
mobility of ions. For examples shows the structurally related
Li3P rather low ionic conductivity[31] which however can be
significantly increased by the formation of a solid solution
with Li2S and vice versa.[32] In a simplified picture the P
atoms occupy the same positions of the cubic closest atom
array of S atoms in the Li2S structure type. For charge

Figure 8. Experimental powder X-ray diffraction pattern of the solid solution Li6B18(Li3N)1� x(Li2O)x (x=0, 0.25, 0.50, 0.75, 1). Especially at higher 2θ
angles a shift of the reflections from lower angles in Li6B18(Li3N) to higher angles in Li6B18(Li2O) is observed. Black lines mark the reflections of
Li6B18(Tp). In the PXRDs of Li6B18(Li3N)1� x(Li2O)x (x=0, 0.25, 0.50) some unknown reflections occur, whereas Li6B18(Li3N)1� x(Li2O)x (x=0.75) is
phase-pure, and Li6B18(Li2O) exhibits only reflections of Li2O as impurities.

Table 1: Cell parameters of the solid solution Li6B18(Li3N)1� x(Li2O)x (x=

0, 0.25, 0.50, 0.75, 1) from indexing of the reflections of the
experimental powder X-ray diffraction patterns.

x in Li6B18(Li3N)1� x(Li2O)x a [Å] c [Å] V [Å3]

0[a] 8.2484(13) 4.1711(7) 245.77(5)
0.25 8.2285(23) 4.1610(12) 243.99(8)
0.50 8.220(3) 4.1499(15) 242.84(11)
0.75 8.2130(14) 4.1424(8) 241.99(6)
1[a] 8.2127(12) 4.1374(8) 241.67(5)

[a] value set to 0=and 1, respectively.
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compensation of the higher charged P atoms (P3� versus S2� )
the number of Li atoms increases in the solid solution
(Li3P)x(Li2S)1� x with increasing x.

Solid solution of α-Li3N and Li2O are not reported, most
probably due to the rather different crystal structures of the
two boundary compounds. The rigid open-framework boron
structure Li6B18 allows hosting both Li3N and Li2O as
templates and is thus capable to form a solid solution of the
templates. We found in addition that the partial structure
Li3N in the host–guest structure Li6B18(Li3N) comprises
∞
1½Li7N] strands in the large hexagonal pores of the host that
represent a perfect cutout from the α-Li3N structure. The
template phase Li6B18(Li3N) and the solid solutions Li6B18-
(Li3N)1� x(Li2O)x can be readily synthesized for x=0, 0.25,
0.5, 0.75, and 1 by the reaction of stoichiometric ratios of
Li3N/Li2O with elemental Li and B.

Variable-temperature 7Li NMR spectroscopy reveals a
very high Li ion mobility in the template phase Li6B18(Li3N)
with a remarkably low activation energy below 19 kJmol� 1.
Since the pristine compound shows already a rather high
ionic conductivity the investigation of the Li6B18(Li3N)1� x-
(Li2O)x might even improve this property. Since the
structure hosts Li atoms at chemically rather different
positions such as exclusively surrounded by B6 octahedra
and two positions in the vicinity of the N atom in perfect
analogy to the structure of Li3N, the compound also
represents an interesting candidate to determine Li ion
migration pathways. A study of the solid solution including
theoretical and experimental determination of Li ion
migration pathways is presented in a forthcoming paper.[33]

Supporting Information

Supporting Information includes experimental details of
synthesis of Li6B18(Li3N), Li6B18(Li2O), Li6B18(Li3N)1� x-
(Li2O)x.with x=0,25, 0.50, and 0.75. Details of powder X-ray
diffraction, Rietveld analysis, scanning electron microscopy,
Raman spectroscopy, NMR spectroscopy, electronic struc-
ture calculations, and tables of crystallographic data of
Li6B18(Li3N) and Li6B18(Li2O). Deposition Numbers 2207446
(for Li6B18(Li3N), 2207443 (for Li6B18(Li3N)0.75(Li2O)0.25),
2207447 (for Li6B18(Li3N)0.5(Li2O)0.5), 2207464 (for Li6B18-
(Li3N)0.25(Li2O)0.75), and 2207445 (for Li6B18(Li2O)) contain
the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cam-
bridge Crystallographic Data Centre and Fachinformations-
zentrum Karlsruhe Access Structures service.
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