
lable at ScienceDirect

Solid State Sciences 55 (2016) 83e87
Contents lists avai
Solid State Sciences

journal homepage: www.elsevier .com/locate/ssscie
LiCuS, an intermediate phase in the electrochemical conversion
reaction of CuS with Li: A potential environment-friendly battery and
solar cell material

Andreea Beleanu a, Janos Kiss a, Michael Baenitz a, Mayukh Majumder a,
Anatoliy Senyshyn b, Guido Kreiner a, Claudia Felser a, *

a Max-Planck-Institut für Chemische Physik fester Stoffe, N€othnitzer Strasse 40, 01187 Dresden, Germany
b Anatoliy Senyshyn, Heinz Maier-Leibnitz Zentrum, Lichtenberstrasse 1, 85747 Garching, Germany
a r t i c l e i n f o

Article history:
Received 8 January 2016
Received in revised form
16 February 2016
Accepted 17 February 2016
Available online 19 February 2016

Keywords:
Li-ion batteries
Crystal structure
DFT calculations
Optoelectronics
New materials
NMR
* Corresponding author.
E-mail address: claudia.felser@cpfs.mpg.de (C. Fels

http://dx.doi.org/10.1016/j.solidstatesciences.2016.02.0
1293-2558/© 2016 The Authors. Published by Elsevier
nd/4.0/).
a b s t r a c t

The crystal structure of a ternary sulfide with the approximate composition LiCuS, which is a promising
candidate for environment-friendly battery and solar cell materials is reported. The crystal structure was
solved by a combination of neutron and X-ray powder diffraction data, and 7Li solid-state NMR analysis.
A yellow powder, Li1.1Cu0.9S, was obtained by the reaction of CuS with a slight excess of Li metal. The
compound crystallizes in the Na3AgO2 structure type in the space group Ibam. An idealized crystal
structure of Li1.1Cu0.9S can be derived from the cubic Li2S structure by moving a part of the Li along the c
axis so that these Li atoms become linearly coordinated by S. All the metal sites are occupied by randomly
mixed Li and Cu atoms; however, there is a strong preference for linear coordination by Cu. The density
functional theory calculations show that Li1.1Cu0.9S is a direct band-gap semiconductor with an energy
gap of 1.95 eV in agreement with experimental data.
© 2016 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nowadays, Li-ion batteries are playing a major role in mobile
electronics applications, and are produced in an industrial scale for
mobile phones, laptops, and other gadgets. In the near future, it is
expected that electric cars will run on Li-ion batteries instead of
fossil fuels, and large-capacity Li-ion accumulators will provide
temporary storage for renewable energy applications such as solar
cells and wind turbines. Therefore, Li-based compounds have
widely been investigated in order to obtain new electrodematerials
for all types of battery systems: primary, secondary, or rechargeable
batteries [1e6].

The LieS battery system has been investigated for several de-
cades because its high theoretical specific energy density is much
greater than that of conventional Li-ion batteries [7]. An alternate
class of cathode materials is 3d-transition-metal sulfides because
they retain high capacities and reversibility even after prolonged
charge-discharge cycling. Although a large number of compounds
er).
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are now studied, there is an immense interest in developing alter-
native materials with higher energy densities at lower costs [8,9].
For example, Cu2S is not only a promising cathode material but is
also very attractive for various applications such as optoelectronic
devices [10,11], solar cells [12,13], and other types of batteries [14],
CuS is specifically interesting because of its high specific capacity
and good electronic conductivity [15e17]. The latter compound and
the corresponding electrochemical conversion reactionmechanism,
CuS þ 2Li ¼ Li2S þ Cu, have been investigated several times in the
past [18e30] and recently by X-ray diffraction (XRD) and solid-state
NMR spectroscopy [18]. It has been found that the electrochemical
conversion reactionof CuSwith Li is rather complex and involves the
formation of an intermediate phase, LixCuS, with x close to 1. CuS
inserts a small amount of Li in the first step of the process, forming
the terminal solid-solution phase, LixCuS, with x � 0.16. Then, the
latter reacts with more Li to afford the intermediate phase, Li~1CuS.
Li2S has been observed to form in significant amounts togetherwith
small amounts of Cu particles starting from x ¼ 0.85. Therefore, the
second step of lithiation is expressed by the reaction,
LiCuS þ Li ¼ Li2S þ Cu. A small amount of Cu1.96S has been found in
fully discharged samples, which was explained by the decomposi-
tion of Li~1CuS [18].
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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A detailed study of the thermal and electrochemical behavior of
Cu4�xLixS2 (x ¼ 1,2,3) phases has been reported in Ref. [30]. In this
work it was shown that Cu3LiS2 (x ¼ 1) and LiCuS (x ¼ 2) crystallize
with unique crystal structures of low symmetry at room tempera-
ture. It was not possible to solve the crystal structures but both
phases undergo a structural transformation at above 140 �C. The
compounds are then isostructural with the end members Cu2S and
Li2S [30].

Recently, it was suggested that LiCuS is a suitable substitute for
the CdS buffer layer in conventional chalcopyrite-based thin-film
solar cells [31]. CdS is harmful to the environment and expensive;
therefore, there is a strong demand for alternative buffer-layer
materials [32]. Thin films of LiCuS have been prepared by radio-
frequency sputtering using a target with a 1:1:1 molar ratio of Li,
Cu, and S. A target with a brownish surface has been obtained by
hot sintering fine powders of Cu2S and Li2S at ~870 K and 22 MPa.
The sputtered films on glass were transparent with a yellow color,
corresponding to an energy band gap between 2.0 and 2.5 eV.
Unfortunately, it was not possible to analyze the exact composition
of the film; however, the composition may be close to the inter-
mediate phase of the CuS/Li electrochemical conversion process.

The main objective of this work was the bulk synthesis of the
yellow phase close to the composition, LiCuS, and to determine its
chemical composition and crystal structure by powder diffraction
techniques and 7Li solid-state NMR spectroscopy.

2. Experimental

Polycrystalline Li1.1Cu0.9S was obtained by the reaction of Li foil
(99.999%) with CuS powder (anhydrous, 99.999%) both from Sigma
Aldrich, close to 1:1 stoichiometry, but with a slight excess of Li. A
mixture of the starting materials was pressed into pellets and
placed in Al2O3 tubes (∅ 14 mm, Al23, Friatec). The total mass was
~1 g per sample. Each crucible was enclosed by an evacuated and
with 300 mbar Ar backfilled fused silica ampoule. All handling was
performed in a glove-box in Ar atmosphere (Braun, pO2,
pH2O < 1 ppm) as protecting atmosphere. The heat treatment was
as follows: After increasing the temperature of themixture to 723 K
at a heating rate of 1 K/min, the temperature was held at 723 K for
96 h and then reduced to room temperature at a cooling rate of 1 K/
min. After the reaction, a yellow, air- and moisture-sensitive pow-
der was obtained. The optical microscopy revealed small Cu parti-
cles as a second phase. The sample was characterized using powder
X-ray diffraction (3� < 2q < 100�, Huber Gunier camera 670, Cu Ka1-
radiation, l ¼ 1.54051 Å, transmission geometry, Ge mono-
chromator, flat sample holder with Kapton foil). Refinement of the
lattice parameter: LaB6 as internal standard (SRM660a,
a ¼ 4.156916 Å).

In addition elastic coherent neutron scattering experiments
were performed on the high-resolution powder diffractometer,
SPODI, at the neutron research reactor FRM II (Garching, Germany)
[33]. Monochromatic neutrons (1.54832(2) Å) were obtained at a
155� take-off angle using the (551) reflection of a vertically focused
composite Ge monochromator. The two-dimensional powder
diffraction data were collected at 4 and 293 K and then corrected
for geometric aberrations and curvature of the Debye-Scherrer
rings as described in Ref. [33]. The measurements performed at
293 and 4 K reveal that the sample remained isostructural in this
temperature range. The powder patterns were indexed using
Werner's algorithm [34]. The crystal structure was solved with
Expo2013 [35] and refined using Jana2006 [36]. Details on the
crystal structure investigations may be obtained from the Fachin-
formationszentrum Karlsruhe, 7344 Eggenstein-Leopoldshafen,
Germany (fax: (þ49)7247-808-666; email: crysdata@fiz-
karlsruhe.de), on quoting the depository numbers CSD-427746
(4 K)and CSD-427747 (293 K). See also the Supporting information.
The intensity vs. 2q plots of the observed and calculated neutron

powder diffraction patterns are shown in Fig. S1 and S2 in
Supporting Information. The 7Li NMR (nuclear spin I ¼ 3/2) mea-
surements were performed in a fixed field of 2.734 T in a Janis 9 T
cryostat at 4.2 K using a Tecmag pulse NMR spectrometer. The
pulsed NMR spin echo 90e180� sequence was applied. A 5 ms pulse
was used to excite the entire spectra, and t ¼ 10 s repetition time
was used to accumulate the spin echo because of the long nuclear
spin-lattice relaxation time of the semiconducting material at low
temperatures. The Fourier transform of the spin echo in time
domain provides the NMR line as a function of frequency.

To gain more insight into the electronic structure of Li1.1Cu0.9S,
we carried out density functional theory (DFT) calculations by
employing the fully-relativistic Korringa-Kohn-Rostoker (KKR)
Green's function method, as implemented in the SPR-KKR package
[37]. For considering the disorder due to the random occupation of
the atomic sites in Li1.1Cu0.9S, we used the single-site coherent
potential approximation (CPA) [38,39] which is a rather efficient
mean-field technique. The electronic exchange and correlation in-
teractions were treated within the PBE [40] version of the
generalized-gradient approximation (GGA). In the calculations, we
used the experimental atomic structure and site occupations.

3. Results and discussion

3.1. Synthesis

The polycrystalline material of the yellow phase was obtained
by reducing CuS with Li metal according to the following chemical
reaction: CuS þ 1.1 Li ¼ Li1.1Cu0.9S þ 0.1 Cu. It was possible to
observe the elemental Cu as small particles using an optical mi-
croscope. Moreover, the Bragg reflections of Cu are clearly distin-
guished from that of the main phase in the X-ray and neutron
powder diffraction patterns. The refined phase fraction (5 wt% Cu)
is also in good agreement with the fraction (7 wt%) calculated from
the refined composition Li1.10Cu0.90S. The inductively coupled
plasma optical emission spectrometry (ICP-OES) chemical analysis
show a composition of Li1.17(3)Cu1.07(3)S for the product mixture.
Finally, the formation of Li2S according to the chemical reaction,
LiCuS þ Li ¼ Li2S þ Cu, was not observed. One Bragg reflection of a
low intensity (see the first Bragg reflection of the powder patterns
at 2q¼ 14.3� in Figs. S1 and S2 in Supporting Information) could not
be assigned to either the title compound or elemental Cu. This peak
originates from a new phase (≪1 wt%) with dark gray or black color
and probably forms in the CuS/Li electrochemical conversion pro-
cess with slightly less Li content than the title compound. The
mixtures of the yellow and the black phase and some (Li,Cu)2S
could be obtained after the heat treatment at 500 �C for 1 week
from Cu2S and Li2S mixtures in various ratios. Thus, all the exper-
imental data support the off-stoichiometric formation of the yellow
phase without perceptible homogeneity range. The title compound
is extremely moisture and air sensitive. After a short time in the
glovebox, the yellow powder becomes brownish at the surface. The
powder patterns of such samples showadditional Bragg reflections.

3.2. Crystal structure

The compound crystallizes orthorhombic with Na3AgO2 crystal
structure type (Li1.1Cu0.9S, Mr ¼ 96.89, neutrons, powder, ortho-
rhombic, Ibam, a ¼ 5.632(1) Å, b ¼ 11.209(3) Å, c ¼ 5.982(2) Å,
V ¼ 377.6 (2) Å3 (293 K), rcald ¼ 3.4051 gcm�3, Rp ¼ 0.0279,
RFall ¼ 0.0606). The crystal data and Rietveld refinements results for
Li1.1Cu0.9S and Cu are listed in Table S1. The atomic coordinates and
isotropic displacement parameters at 4 and 293 K are listed in
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Fig. 1. Crystal structure of Li1.1Cu0.9S. The metal sites, M, are occupied by randomly
mixed Li and Cu atoms. The M1 site shows a slight site-occupation preference for Li
atoms (Cu0.41,Li0.59). The M2 (Cu0.88,Li0.12) and M3 (Cu0.09,Li0.91) sites show a strong
preferential site occupation for Cu and Li atoms, respectively.

Fig. 2. Atomic environments for the four different crystallographic sites of Li1.1Cu0.9S at 293 K. Distances are given in Å.
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Tables S2 and S3, and the interatomic distances are listed in Table S4
in Supporting Information. The crystal structure is shown in Fig. 1,
and the coordination-type polyhedra are shown in Fig. 2. There are
24 atoms per unit cell, occupying four different crystallographic
sites. S occupies 8j (S), and the remaining metals, Li and Cu, occupy
8g (M1), 4c (M2), and 4b (M3). All the metals sites are occupied by
randomly mixed Li and Cu atoms.

Each site has been checked for disorder by a separate refinement
without constrains. Then, in the final cycles of the refinement all
metal sites has been constrained to a value of one for each site
occupation factor. The M1 site shows a slight site-occupation
Fig. 3. (left) Crystal structure of Li2S (a ¼ 5.716 Å, Fm-3m, anti-CaF2 structure type) in
unconventional setting emphasizing the atomic environment of S. (right) Hypothetical
crystal structure of Li2S (P42/mcm), showing the same structural features of Li1.1Cu0.9S.
The structure was obtained by moving Li from sites ½, ½, ¼ to ½, ½, 0.
preference for Li atoms (Cu0.41,Li0.59), whereas the M2
(Cu0.88,Li0.12) and M3 (Cu0.09,Li0.91) sites show a strong preference
for Cu and Li atoms, respectively. Thus, the crystal structure of
Li1.1Cu0.9S is a disordered variant of the crystal structure of Li3AuS2
[41]. In the latter structure the sites 4b and 8g are fully occupied by
Li atoms and the 4c site by Au atoms.

The S atoms are surrounded by seven metal atoms (SLi2.7Cu4.3).
Its coordination-type polyhedron can be derived from a distorted
cube. Herein, one edge of the cube was omitted, and the two cor-
responding metal atoms were replaced by an atom (M2) located at
the midpoint of the former cube edge. The distances, SeM, range
from 2.129 Å to 2.637 Å. The coordination-type polyhedron ofM1 is
a distortedM1S4 tetrahedronwith theM1eS distances, 2.310 Å and
2.637 Å. TheM2 site forms a dipole, i.e., it is linearly coordinated by
two S atoms (M2S2), and the distance, M2eS, is 2.129 Å.

Such a distance is rather short, but still physically reasonable.
Distances in the range 2.1e2.2 Å have been reported for several
phases with fully occupied sites for LieS as well as for CueS in the
Pearson's Crystal Data Bank [42]. An example for Li is the crystal
structure of Li4Re6S11 [43] with a distance LieS ¼ 2.09 Å and an
example for Cu is Cu5NaS3 with a distance of CueS ¼ 2.19 Å [44].
The sum of the effective ionic radii according to Shannon [45] for
Cuþ (0.6 Å, CN¼ 2) and S2� (1.7 Å, CN¼ 6) is 2.3 Å. A reliable radius
for Liþ with coordination number 2 is not reported. However, it is
justified to use for Liþ with coordination number 2 the same radius
as for Cuþ because the radii for coordination number 4 are similar
(0.73 Å for Liþ and 0.74 for Cuþ). The shortest distance (2.13 Å) in
Fig. 4. 7Li solid-state NMR of Li1.1Cu0.9S. The two well-separated lines are assigned to
Li2 with linear coordination by S and Li1, Li3, both tetrahedrally coordinated by S. Both
the lines show a sizeable chemical shift anisotropy typical for the tetragonal symmetry.



Fig. 5. Band structure of Li1.1Cu0.9S calculated using the PBE functional and CPA alloy
theory.
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the crystal structure of Li1.1Cu0.9S is then about 7% shorter than the
sum of the ionic radii. The unit cell volume of Li1.1Cu0.9S was con-
tracted by ~1.4% at 4 K compared to that at room temperature.
However, the short distance, M2eS, remains constant within error
margins in this temperature range, while longer distances become
significantly smaller (Table S4). This indicates that a distance be-
tween 2.1 Å and 2.2 Å is a lower limit for the contacts between Cu,
Li, and S. The coordination polyhedron of the M3 site is a nearly
regular M3S4 tetrahedron with d(M3eS) ¼ 2.475 Å.

The crystal structure can be described as an alternate stacking of
two different types of layers along the b axis as shown in Fig. 1. The
first layer is composed of M1S4/4 tetrahedra, which are joined via
four of their edges. The resulting composition of this layer is
(Cu0.41,Li0.59)S. This type of edge-sharing layer is known from the
structure of red PbOwith O at the tetrahedron centers and Pb at the
vertices. The Li2S structure with anti-CaF2 structure type is a three-
dimensional network of edge-sharing LiS4 tetrahedra, i.e., the
structure was obtained by stacking LiS4/4 layers along the remain-
ing direction. The second type of layer was obtained by connecting
the linear chains of composition (Cu0.09,Li0.91)S4/2 via linearly co-
ordinated M2 (Cu0.88,Li0.12). The chains were formed by M3S4
tetrahedra, which are linked via opposite edges. These tetrahedra
share edges with the tetrahedra of the M1S4/4 layers.

An idealized crystal structure of Li1.1Cu0.9S can be derived from
the cubic Li2S structure with a ¼ 5.716 Å as shown in Fig. 3. On the
left side, a unit cell of the Li2S structure with anti-CaF2 structure
type is shown in an unconventional setting, highlighting the
arrangement of the SLi8 cubes. Moving the central chain of Li atoms
by 1/4c, i.e., the Li atom at the crystallographic site½,½,¼moves to
½, ½, 0 results in a crystal structure with P42/mcm symmetry. This
idealized structure shows already all the important features of the
structure of Li1.1Cu0.9S. The S atoms have coordination number 7.
Two Li atoms per unit cell are linearly coordinated by S such asM2,
and the two remaining Li positions are tetrahedrally coordinated by
S, comparable to M1 and M3. Then, the doubling of the b axis to 2b
and a body-centered arrangement allow the distances of the
structure to be optimized with respect to the chemical composi-
tion. This was achieved by puckering themetal atoms (M1) in the a-
c plane and by a slight change in the unit cell parameters.

The 7Li solid-state NMR spectrum of polycrystalline Li1.1Cu0.9S,
as shown in Fig. 4, can be fitted by two well-separated lines with a
sizeable chemical shift anisotropy, typical for a tetragonal sym-
metry. The two lines indicate two different types of atomic envi-
ronment for the Li atoms. The peak with a lower intensity can be
assigned to the linearly coordinated Li2 species, and the large peak
can be assigned to Li1 and Li3, which are both tetrahedrally sur-
rounded by S. This assignment is based on the NMR intensity ratio,
which should be equal to the ratio of Li atoms in linear and tetra-
hedral coordination modes. The intensity ratio, 17, was slightly
larger than the number ratio, 10. However, one should keep inmind
that the error of the intensity ratio is expected to be large due to the
small intensity contribution of the Li2 line. Notably, 7Li has nuclear
spin 3/2, which can result in a quadrupolar interaction if the crystal
structure is noncubic. However, no satellites were detected, which
is probably caused by too small a quadrupolar interaction, forcing
the satellites to merge with the central transition. The 7Li solid-
state NMR spectrum of polycrystalline Li1.1Cu0.9S is compared to
that of cubic Li2S in Fig. S3 in Supporting Information.

3.3. DFT calculations

The Bloch-spectral function (BSF) of Li1.1Cu0.9S is shown in Fig. 5.
The data obtained show that Li1.1Cu0.9S is a direct band-gap semi-
conductor with an energy band gap (at G point) of 1.95 eV, and the
indirect energy band gap in the vicinity of the R point is 2.55 eV.
This is in very good agreement with the 2.0 and 2.5 eV optical direct
and indirect band gaps measured for the radio-frequency sputter
deposited Li~1CuS thin film on quartz glass [31]. The calculated BSF
indicates that because of the (Li,Cu) disorder in Li1.1Cu0.9S, the
bands close to the top of the valence band were rather flat, showing
little dispersion. Due to the strong disorder on the Li and Cu sites
the valence bands are rather smeared compared to an ordered
compound.

4. Conclusion

In summary, the crystal structure of the yellow intermediate
phase of the CuS/Li electrochemical conversion process shows off-
stoichiometric formation without perceptible homogeneity range.
The crystal structure is a disordered variant of the Na3AgO2 struc-
ture type. All the metal sites are occupied by randomly mixed Cu
and Li atoms, which are linearly and tetrahedrally coordinated by S
atoms. The crystal structure is closely related to that of Li2S. The
main features of the crystal structure may be derived by moving a
part of the Li chains in such a manner that the atoms change their
environment from tetrahedral to linear coordination by S. These
sites show a strong site-occupation preference for Cu. Li1.1Cu0.9S is
extremely moisture and air sensitive and a direct band-gap semi-
conductor with a band gap of 1.95 eV, thus causing the yellow color.
There is strong evidence that at a slightly lower Li content, a further
intermediate phase of black color is formed in the CuS/Li electro-
chemical conversion process, thus making the process even more
complex.
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