
Amendment of the Li-Bi Phase Diagram Crystal
and Electronic Structure of Li2Bi

Volodymyr Pavlyuk, Martyn Sozanskyi, Grygoriy Dmytriv, Sylvio Indris, and Helmut Ehrenberg

(Submitted June 13, 2015; in revised form September 5, 2015; published online September 21, 2015)

The phase diagram of the Li-Bi binary system was amended by x-ray analysis and differential
scanning calorimetry. The formation of the binary compound Li2Bi was confirmed and its
structure determined by x-ray single crystal diffraction. The Li2Bi compound crystallizes with
the Mg2Ga structure type (space group P-62c, hP18, a = 8.0712(4) Å, c = 6.8352(3) Å). The
analysis of the interatomic distances together with electronic structure calculations using the
tight-binding linear muffin-tin orbital atomic spheres approximations (TB-LMTO-ASA) indicate
the dominance of a metallic type of bonding, although there is a weak partially ionic bonding,
caused by charge transfer from Li to Bi.
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1. Introduction

The binary, ternary and multicomponent lithium alloys
and intermetallic compounds have been extensively studied
in different fields and applications, including electrode
materials for lithium-ion batteries, hydrogen storage mate-
rials, lightweight alloys and others.[1-12] In spite of intensive
studies on lithium-containing binary systems, not all
equilibrium phases are known yet. The Li-Zn[13,14] and
the Li-In[15] systems are two examples with new binary
phases established recently. The phase diagram of the
system Li-Bi was first investigated by Grube et al.,[16]

mainly based on thermal analysis and electrical resistivity
measurements. The LiBi and Li3Bi compounds were
identified by Zintl and Brauer,[17] and their crystal structures
were determined by x-ray diffraction.

The peritectic melting and polymorphic transformation
of LiBi was also confirmed by Weppner and Huggins.[18]

The Li3Bi phase melts congruently and was later also
prepared as solid films by the direct reaction of Bi(s) and
Li(g) at low pressure and 200 �C.[19] The thermodynamic
properties of Li-Bi alloys are described in references.[18,20-
23] The assessed Li-Bi phase diagram is based on data from
Sangster and Pelton[24] and shown in Fig. 1(a).

The thin films of Li-Bi alloys were prepared by Hiratani
et al.[25] It was found that a new compound Li2Bi was
formed in addition to two known intermetallic compounds,
LiBi and Li3Bi. The x-ray diffraction patterns after heat
treatment showed that this new compound was frozen in a
meta-stable state at room temperature.

This paper includes new results on the Li-Bi phase
diagram. The synthesis and crystal structure of the binary
phase Li2Bi are described.

2. Experimental Details

Lithium and bismuth, all with a nominal purity higher
than 99.9% w/w, were used as starting materials for
syntheses of Li75Bi25, Li66.7Bi33.3 and Li50Bi50 binary
alloys. All preparation steps were performed in a glove
box under dried argon atmosphere. The melting of the
metals was carried out within sealed tantalum crucibles in an
induction furnace at 1100 �C. After 10 min, the sample was
rapidly cooled down to room temperature by removing the
crucible from the furnace. After thermal treatment at 200 �C
during 400 h, the sample could easily be separated from the
opened tantalum container. No side-reaction of the alloy
with the crucible was detected. The brittle dark-gray
metallic alloys are very sensitive to the humidity in air.
The amount of Li-loss during sample preparation in
hermetically closed crucibles can be estimated, based on
previous studies with successive detailed chemical analyses
of similar systems.[6-8,26] Accordingly, a lithium loss up to
1% versus the nominal composition can be expected. In
addition, for the alloys the content of lithium was deter-
mined by means of Flapho-4 flame photometer (Carl Zeiss
Jena) with interference filter (671 nm).

X-ray powder diffraction of the samples was carried out
using a STOE STADI/P powder diffractometer (Mo Ka1-
radiation, step scanning). Rietveld refinements, based on x-
ray powder diffraction data (XRPD), were performed with
the FULLPROF program.[27]
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X-ray singe crystal diffraction was used for detailed
crystal structure refinements. The intensity data were
collected by an automatic four-circle diffractometer Xcal-

ibur from Oxford Diffraction, equipped with CCD detector
and graphite- monochromatized Mo Ka radiation. Scans
were taken in x mode, and CrysalisRed[28] was used for

Fig. 1 The phase diagram of Li-Bi system redrawn from[27] (a) and amendment (b)
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analytical absorption corrections. The crystal structure was
solved by direct methods and refined using the SHELX-97
program package.[29,30]

The electronic structures of the compounds were calcu-
lated using the tight-binding linear muffin-tin orbital (TB-
LMTO) method in the atomic spheres approximation (TB-
LMTO-ASA,[31-33] using the experimental crystallographic
data reported here. The exchange and correlation were
interpreted in the local density approximation.[34] All the
figures and graphics concerning electron structure calcula-
tions were generated using wxDragon.[35]

The thermal DSC-TG-DTG analysis was carried out with
the NETZSCH STA-449 simultaneous thermal analyzer.
Samples of approximately 0.030 g were heated in corundum
crucibles. The heating was performed under static condi-
tions in argon atmosphere in the range of 30-600 �C with
the temperature rate increase of 5 K/min. They provided
the 0.5 �C precision in reading of temperature.

Both 6Li and 7Li nuclear magnetic resonance (NMR)
spectroscopy has been extensively applied on inorganic and
intermetallic lithium-containing compounds. The 6Li iso-
tope has as smaller nucler spin (I = 1), a smaller magne-
togyric ratio, and a much smaller nuclear quadrupole

moment. Therefore, sharp linewidths are achieved compared
to the 7Li isotope. Thus, 6Li NMR was used to get a better
resolution in the spectrum. The 6Li magic angle spinning
(MAS) NMR spectra were recorded with 2.5 mm zirconia
rotors at room temperature with a single-pulse sequence, a
RF pulse length of 2 ls, and a rotation frequency of 5 kHz.
Chemical shifts are given relative to that of an aqueous 1 M
6LiCl solution.

3. Results and Discussion

3.1 Phase Diagram of Li-Bi System

A re-examination of the Li-Bi system, based on
differential scanning calorimetry, x-ray diffraction analysis
and flame photometry of binary alloys (Tables 1, 2),
revealed a more complex phase diagram in the composi-
tion range between LiBi and Li3Bi than originally reported
(Fig. 1b). The XRPD phase analysis shows that Li75Bi25
cast alloy is single-phase with cubic BiF3 structure type.
The Li50Bi50 cast alloy as a main phase consists of a
tetragonal LiBi (AuCu structure type) and two Li2Bi and

Table 1 Nominal composition, XRPD and flame photometry data on selected Li-Bi as cast and annealed at 200 �C
alloys

Nominal composition Cast alloys Annealed alloys

Compositions of alloy by

flame photometry (at.%)

Phases content

(%) by XRPD

Compositions of alloy by flame

photometry (at.%)

Phases content (%)

by XRPD

Li75Bi25 Li75.3Bi24.7 Li3Bi (100) Li74.3Bi25.7 Li3Bi (100)

Li66.7Bi33.3 Li68.7Bi31.3 Li2Bi (18) Li68.1Bi31.9 Li2Bi (47)

LiBi (34) LiBi (32)

Li3Bi (48) Li3Bi (21)

Li50Bi50 Li50.8Bi49.2 LiBi (82) Li49.6Bi50.4 LiBi (95)

Li2Bi (7) Li2Bi (5)

Li3Bi (11)

Table 2 Li-Bi solid phases

Phase Entry prototype/Pearson symbol SG symbol

Lattice parameters, Å

T, �C Reaction typea c

Li W, cI2 Im-3 m 3.5130(1)[37] … 180.6 Melting

Li3Bi BiF3, cF16 Fm-3 m 6.7063(2) … 1145 (10) Congruent

6.708[17] … 1145[24] L � Li3Bi

Li2Bi Mg2Ga, hP18 P-62c 8.0712(4)* 6.8352(3)* 211(2) Peritectoid

Mg2In, hP9 P-62 m 8.054[25] 3.427[25] Li3Bi +LiBi � Li2Bi

a-LiBi AuCu, tP2 P4/mmm 3.36104(3) 4.24404(6) 401(2) Polymorphic transformation

3.361[17] 4.247[17] 400[16] a-LiBi � b-LiBi
b-LiBi … … … … 423(2) Peritectic

415[16] L + Li3Bi � LiBi

Bi As, hR6 R-3 m 4.3532(1)[37] 11.8147(2)[37] 271.4 Melting

In bold—experimental data specified in this work

* Single crystal data
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Li3Bi additional phases the content of which was signif-
icantly reduced after annealing. Even after annealing the
Li66.7Bi33.3 alloy was three-phase, and the content of the
main Li2Bi hexagonal phase was less than 50%. This is
caused by such conditions as low temperature (200 �C) at
which the process of phase formation in solid state cannot
proceed rapidly. Good correlation between starting nominal
composition and lithium content obtained by flame pho-
tometry for Li75Bi25 and Li50Bi50 annealed alloys is

observed (Table 1). The difference between nominal
composition and composition obtained by flame photom-
etry is slightly higher for three phase Li66.7Bi33.3 alloy. The
presence of Li2Bi hexagonal phase in cast alloys and
increase in the content of the annealed alloys suggest that
it is the stable phase in contrast to results of the authors,[28]

who observed this compound in thin films of Li-Bi alloys
as a meta-stable phase. This compound forms at 211 �C by
peritectoid reaction:

Fig. 2 Observed x-ray powder diffraction patterns in temperature range 50-300 �C (a) and selected powder patterns between 200 and
230 �C (b)
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Li3Biþ LiBi � Li2Bi:

Powder patterns from a Li2Bi alloy, measured sequentially
with increasing temperature show that the hexagonal phase
exists from room temperature up to 211 �C (Fig. 2). Above
this temperature all powder patterns reflected only the
coexistence of the tetragonal LiBi and the cubic Li3Bi
phases. The results of the Rietveld refinements of the as cast
and annealed at 200 �C Li2Bi alloy are shown Fig. 3. In
addition to the reflections from the new hexagonal phase

reflections from the known cubic and tetragonal phases are
detected. The annealing of this alloy during 400 h at 200 �C
increase the Li2Bi phase content from 18% (for cast alloy)
up to 47%. Subsequent continuation of annealing slightly
increases the content of this phase. Differential scanning
calorimetry determined the accurate temperature of the
peritectoid reaction at 211 �C (Fig. 4).

For the already known phases Li3Bi and LiBi congruent
and peritectic reactions with the liquid melt (L) were
confirmed at temperatures of 1145 and 423 �C, respectively:

Fig. 3 Observed (red circles), calculated (black line) and difference (bottom blue line) x-ray powder diffraction patterns for Li66.7Bi33.3
as cast alloy (a) and annealed at 200 �C (b). Vertical bars indicate the Bragg positions of the corresponding phases. Symbols for phase
identification: m—Li2Bi, j—LiBi and d—Li3Bi (Color figure online)
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L � Li3Bi

Lþ Li3Bi � LiBi

For the equiatomic LiBi phase Grube et al.[16] observed two
invariant reactions at 415 and 400 �C, assigned to the peritectic
melting of LiBi and the polymorphic transformation a-LiBi �
b-LiBi, respectively. According to our DSC data these temper-
ature are 423 and 401 �C respectively. The tetragonal structure
(AuCu structure type, P4/mmm) of the low temperature

modification a-LiBi was confirmed in this study and more
precise unit cell parameters could be refined: a = 3.36104(3),
c = 4.24404(6) Å. The refined lattice parameter for cubic Li3Bi
(BiF3 structure type, Fm-3m) at room temperature is
a = 6.7063(2) Å. All known crystallographic data for solid
phases in the Li-Bi system are summarized in Table 2, together
with the types of reaction and the temperature of formation.

3.2 Crystal and Electronic Structure of the Li2Bi Binary
Compound

From the annealed alloy of nominal composition
Li66.7Bi33.3 a small prismatic single crystal was isolated by
mechanical fragmentation. The structure solution by direct
methods and subsequent structure refinement was performed
using the SHELX97 software package. The structure was
solved after an analytical absorption correction in the non-
centrosymmetric space group P-62c, since the solution and
refinement in centrosymmetric variants were not satisfac-
tory. Selected information on single crystal x-ray data
collection and refinements is given in Table 3, and the
fractional atomic coordinates and thermal displacement
parameters of the Li2Bi compound are compiled in Table 4.

Fig. 4 DSC and TG curves for Li2Bi sample at the cooling

Table 3 Crystal data and structure refinement

Empirical formula Li2Bi

Formula weight 222.86

Temperature T = 293 K

Wavelength Mo Ka, 0.71073 nm

Crystal system, space group hexagonal, P-62c (190)

Pearson symbol, Z hP18, 6

Crystal dimensions (mm3) 0.0290.0390.08

Unit cell dimensions a = 8.0712(4) Å

c = 6.8352(3) Å

Volume 385.62 (3) Å3

Calculated density 5.758 g/cm3

Absorption coefficient 68.16 mm�1

F(000) 534

Scan mode x
Theta range for data collection hmax = 27.2�, hmin = 2.9�
Index ranges �5 £ h £ 5, �10£ k £ 10, �8 £ l£ 8
Reflections collected/unique 1284/322

Refinement method Refinement on F2

Least-squares matrix: full

Weighting scheme w = 1/[r2(Fo
2) + (0.010P)2] where

P = (Fo
2 + 2Fc

2)/3

Data/parameters 322/13

Goodness of fit on F2 0.92

R[F2> 2r(F2)] 0.023

wR(F2) 0.102

Largest diff. peak and hole 1.34 and �1.79 e/Å3

Table 4 Fractional atomic coordinates and isotropic
or equivalent isotropic displacement parameters (Å2)
for Li2Bi

Atoms Site x/a y/a z/a Uiso*/Ueq Occ.

Bi1 4f 1/3 2/3 0.03260(8) 0.0228 (3) 1

Bi2 2b 0 0 1/4 0.0210 (3) 1

Li1 6h 0.383(5) 0.376(4) 1/4 0.0301 (4)* 1

Li2 6g 0.289(4) 0 0 0.0310 (4)* 1

Atoms U11 U22 U33 U12 U13 U23

Bi1 0.0228(4) 0.02283(4) 0.0228(5) 0.0114(2) 0.00000 0.00000

Bi2 0.0203(4) 0.0203(4) 0.0223(4) 0.0102(2) 0.00000 0.00000
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The structure of title compound crystallizes in the
Mg2Ga-type.

[36] Atoms of bismuth in the Li2Bi structure
occupy the 4f and the 2b sites, which are occupied by
gallium atoms in Mg2Ga. The lithium atoms occupy 6h and
6g sites as the magnesium atoms in Mg2Ga. The unit cell of
the Li2Bi structure and the coordination polyhedra of all
representative atoms are shown in Fig. 5(a). The coordina-
tion polyhedron of Li1 has 13 vertices and is a tricapped
pentagonal prism [Li1Bi5Li8]. The coordination polyhedron
of Li2 is an anticuboctahedron [Li2Bi4Li8]. For Bi1 the
coordination polyhedron is a trigonal prism, in which the
quadrilateral facets are centered by lithium atoms and the
one base facet centered by a Bi atom [Bi1Li9Bi]. Bi2 is
surrounded by 11 atoms and the coordination polyhedra is a
trigonal prism, in which the quadrilateral facets are centered
by lithium and the two bases triangular facets by Bi atoms
[Bi2Li9Bi2].

The crystal structure of Li2Bi (Mg2Ga-type) compound is
also closely related to the Mg2In (or Fe2P) structure type
which has a twice shorter unit cell dimension c. In this
structure, both non-equivalent indium atoms have the same
atomic coordination (c.n. = 11), while in the Li2Bi com-
pound the atoms of p-element (Bi) have different coordi-
nation numbers c.n. = 10 and c.n. = 11. This difference
probably is the reason for doubling of unit cell dimension c.

At the refinement of the Li2Bi in the Mg2In (or Fe2P)
structure model proposed by Hiratani et al.[28] the R-factors

are growing almost twice more (R = 0.054 in compare to
R = 0.023 for Mg2Ga type), and all refinement parameters
are worse. Also our experimental data clearly shown that the
model with P-62c space group is more correct, because the
single crystal data consist enough visible reflexes which are
absent in the model with P-62m space group, such as 011,
013, 023, �143 etc.

The structure of Li2Bi (Fig. 5b) can be described by two
different atomic networks: The lithium atoms form three-
dimensional 63-nets with Bi atoms distributed in the
hexagonal channels. Bismuth atoms form Kagome 36-nets.

Li2Bi belongs to the ‘classical’ Zintl phases, because it
contains an alkaline metal (Li) and a p-element (Bi), it is
electronically balanced (lithium atoms form positively
charged 2n[Li]d+ polycations, which compensate the neg-
ative charge of n[Bi]2d� polyanions) and has a very narrow
or no homogeneity width (see phase diagram, Fig. 1).
Electronic structure calculations using the TB-LMTO-ASA
confirm the Zintl concept and a charge transfer from Li to
Bi. The electron localization function (ELF) mapping and

Fig. 5 Unit cell and coordination polyhedral of atoms (a) and
atomic nets (b)

Fig. 6 The electron localization function (ELF) mapping (a)
and isosurfaces (b) for Li2Bi
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isosurfaces for Li2Bi are shown in Fig. 6(a) and (b).
Generally, in the case of a fully delocalized electron the
ELF value is equal 0 and in the case of a fully localized
electron equal 1. For the investigated phases the ELF is
numerically bound between 0 (around Li) and 0.953 (around
Bi). Thus, despite the partial ionization of all atoms, there
are still sufficient delocalized electrons available that
provide a dominant metallic bonding. A significant decrease
of the density of states (DOS) at the Fermi level (Fig. 7a)
indicates a semi-metallic behavior. Such a behavior is
typical for Zintl phases, which are poor conductors or
semiconductors.

The quantitative evaluation of the bonding strength between
the different types of atoms in Li2Bi was obtained from the
crystal orbital Hamilton population (COHP) and integrated
COHP (iCOHP) calculations (Fig. 7b; Table 4). From the

COHP curves the strongest interactions are concluded between
Bi-Bi atoms. The Bi1-Bi1 distance (2.9720 Å) is shorter than
Bi2-Bi2 (3.4176 Å), indicating an increase of the bond
strength and an increases of the -iCOHP parameter from
1.727 to 0.754 eV, respectively. The interactions between Li
and Bi atoms are somewhat weaker and for the shortest
distances within 0.363-0.585 eV (Table 5).

An analysis of the interatomic distances together with
electronic structure calculations indicates the dominance of a
metallic type of bonding, although there is also a weak partially
ionic bonding, caused by charge transfer from Li to Bi.

The 6Li MAS NMR spectrum of Li2Bi (Fig. 8) is
dominated by a main peak at +15.4 ppm. The large positive
shift is a so-called Knight shift resulting from interaction of
the Li nucleus with delocalized electrons, further confirming
the metallic character of the sample. Some minor contribu-

Fig. 7 Density of states (DOS) (a) and crystal orbital Hamilton populations (–COHP) per bond (b) for Li2Bi from LMTO calculations
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tion was observed at about 3 ppm, probably from an
impurity phase or an interstitial Li site in the structure with
very low occupation probability.
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